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[1] Solar wind-driven magnetospheric ULF waves in the Pc5 band (1.7–6.7 mHz) have

been suggested to mediate the radial transport of electrons in the outer radiation belt. To
identify the wave generation mechanism and the impact of the waves on the electrons,
we performed correlation and superposed epoch analyses of the solar wind control
parameters measured by the ACE spacecraft and the amplitude of Pc5 waves and the flux of
radiation belt electrons measured at the GOES 12 geosynchronous satellite. The analyses
were carried out for solar minimum year 2006, when the solar wind exhibited recurrent
co-rotating interaction regions. We used hourly averages of solar wind velocity Vsw, the
root-mean-square amplitudes of the solar wind dynamic pressure variations in the Pc5 band
sPsw, the azimuthal (sBy) and compressional (sBz) magnetic field components of
geosynchronous Pc5 waves, as well as relativistic (>2 MeV) electron flux Je at
geosynchronous orbit. We found that sPsw has a higher correlation with sBy and sBz than
Vsw and that the correlation between sPsw and the wave amplitudes peaks at or very near
zero time shift. We conclude that the major driver of geosynchronous Pc5 waves is solar
wind pressure variations rather than the Kelvin–Helmholtz instability on the
magnetopause. Solar wind pressure pulses propagate into the inner magnetosphere at the
MHD wave speed and it takes less than 1 hour for the signal to reach GEOS 12 from
the bow shock nose. The pressure pulses also excite standing Alfvén waves that contribute
to the sPsw –sBy correlation. There is a positive correlation between Vsw and Pc5
amplitude, but the correlation peaks at a time shift of about 1 day (the Pc5 peak occurs
earlier than the Vsw peak). We attribute this shift to an intrinsic time shift between sPsw and
Vsw. Je exhibits a minimum at the Dst minimum, coincident with the maximum of sPsw,
sBy, and sBz, and increases by 2 to 3 orders of magnitude over a period of about one day
during which sBy and sBz decrease by one order of magnitude and Vsw reaches a peak
value. However there are storms that do not exhibit electron flux enhancement despite the
presence of strong Pc5 activity. Therefore the correlation between Pc5 amplitude and
electron flux at geosynchronous orbit is not unique. The difference in electron response
implies either the existence of other competing acceleration/loss mechanisms or that
electron response to the Pc5 driver is nonlinear: similar driving conditions produce different
response.
Citation: Takahashi, K., and A. Y. Ukhorskiy (2008), Timing analysis of the relationship between solar wind parameters and
geosynchronous Pc5 amplitude, J. Geophys. Res., 113, A12204, doi:10.1029/2008JA013327.

1. Introduction
[2] The variation of the fluxes of energetic (energy >
1 MeV) electrons in the outer radiation belt (L range of
approximately 3 to 7) has been a subject of intense research
in recent years. One of the main drivers of the research is
the recognition that the electron flux variations are not
related to the global geomagnetic field variations that occur
during geomagnetic storms (represented by the Dst index)
in a simple manner. For example, a survey of radiation belt
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electron fluxes over a complete solar cycle [Reeves et al.,
2003] reported that geomagnetic storms can either increase
or decrease the fluxes: only about half of all storms
increased the fluxes, one quarter decreased the fluxes, and
one quarter produced little or no change in the fluxes.
Reeves et al. conclude that there is delicate balance between
the amount of acceleration and the amount of loss for
the electrons. To understand the behavior of the electrons,
we need to quantitatively understand electron transport
processes that result from both the immediate (time sales
of minutes) and delayed (hours and days) magnetospheric
responses to solar wind input.
[3] While our understanding of storm time magnetospheric
processes remains far from complete, one can gain significant insight into the processes by examining the correla-
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tions between various solar wind and magnetospheric
parameters. It has been well known that the flux of energetic
(MeV) electrons measured at geosynchronous orbit (part
of the outer radiation belt) is highly correlated with the
velocity of the solar wind [Paulikas and Blake, 1979].
Rostoker et al. [1998] suggested that ultra-low-frequency
(ULF) waves driven by the Kelvin – Helmholtz instability
(KHI) on the magnetopause are responsible for the variation
of the electron flux, based on a strong similarity in the time
series of the intensity of Pc5 waves (1.7 – 6.7 mHz) observed
on the ground and the flux of energetic electrons measured at
a geostationary satellite. Theory indicates [e.g., Fälthammar,
1968] that magnetic and/or electric field oscillations in the
Pc5 frequency range can violate the third adiabatic invariant
of geomagnetically trapped electrons and may strongly
contribute to the radial transport of the electrons if the
waves have proper spatial and spectral properties. Many
studies followed up the solar – wind– Pc5 – electron relationship using both observational [Mathie and Mann, 2000a;
Green and Kivelson, 2001; O’Brien et al., 2001, 2003;
Posch et al., 2003] and theoretical [Elkington et al., 1999;
Perry et al., 2005; Fei et al., 2006; Ukhorskiy et al., 2005,
2006a] approaches. Although these studies generally indicated that Pc5 wave-mediated electron transport is a viable
process in the outer radiation belt, it is still not clear what
the dominant generation mechanisms of the Pc5 waves is
and how efficient they are in scattering radiation belt
electrons. In this paper we compare the efficiency of various
generation mechanisms of the Pc5 waves at geosynchronous
orbit.
[4] Pc5 waves can be generated by both external and
internal source mechanisms. The external mechanisms
include buffeting of the magnetosphere by the solar wind
dynamic pressure variations [Kepko et al., 2002; Mathie and
Mann, 2000b] and the KHI. The KHI excites both surface
waves [Southwood, 1968; Pu and Kivelson, 1983] and body
waves termed waveguide modes [Samson et al., 1992;
Mann et al., 1999; Mills et al., 1999] that propagate between
the magnetopause and a turning point located in the magnetosphere. All of these external source waves couple to
standing Alfvén waves in the magnetosphere [Chen
and Hasegawa, 1974; Southwood, 1974; Southwood and
Kivelson, 1990; Mills and Wright, 1999]. The internal
mechanisms include drift mirror instability [Hasegawa,
1969] and drift – bounce resonances of ring current ions
with standing Alfvén waves [Southwood, 1976].
[5] We investigate the relative efficiency of external
source mechanism that are believed to be responsible for
Pc5 waves with low (<10) azimuthal wavenumbers [Ogilvie
and Fitzenreiter, 1989; Matsuoka et al., 1995], which can
exhibit drift resonance with radiation belt electrons [e.g.,
Elkington et al., 1999] and therefore violate their third
adiabatic invariant [e.g., Ukhorskiy et al., 2005].
[6] While a positive correlation is generally found between
solar wind speed (Vsw) and Pc5 amplitude in favor of the
KHI, some studies noted a puzzling time delay between the
arrival of fast solar wind speed streams and the onset of the
Pc5 power enhancement. For example, Engebretson et al.
[1998] reported that the peak wave power on the ground
often occurred 1 day before the Vsw peaks. Mann et al.
[2004] noted significant ULF wave power on the ground
during the rising phase of solar wind velocity. Vassiliadis et
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al. [2007] found a time shift between the ULF wave power
and Vsw.
[7] In a recent study [Takahashi and Ukhorskiy, 2007,
hereinafter referred to as TU2007] we identified the solar
wind dynamic pressure variations as a major driver of Pc5
waves observed at geosynchronous orbit. Using hourly
parameters for both the solar wind bulk plasma parameters
(propagated to the bow shock nose) and Pc5 power at
geosynchronous orbit, we found that the power of dynamic
pressure variations integrated over the Pc5 band had higher
correlation with geosynchronous Pc5 power than Vsw. We
compared the temporal profiles of solar wind and Pc5
parameters across a solar wind stream structure and noted
that the peak of the Pc5 power occurred simultaneously with
the peak of the power of the solar wind pressure variation
but earlier than the peak of Vsw. We demonstrated that solar
wind dynamic pressure variations excite toroidal standing
Alfvén waves in addition to compressional oscillations that
are a direct result of magnetosphere buffeting by dynamic
pressure pulses. In a paper just published, Kessel [2008]
reported a study that supports the result of TU2007.
[8] In this paper we conduct a statistical analysis of ACE
and GOES data for 2006, a period around a solar minimum,
and confirm the results of TU2007 obtained for 2001, a
solar maximum year. The solar wind dynamics during 2006
were dominated by the recurrence of co-rotating interaction
regions (CIRs) with solar wind velocity ranging from
300 km/s to 700 km/s. Since high-velocity (Vsw >
500 km/s) solar wind streams are identified as the main
driver of the KHI [e.g., Mann et al., 1999; Claudepierre et
al., 2008], these data are more suitable for addressing the
possibility of the KHI than the time interval used in
TU2007. An additional new aspect of the present study is
the timing analysis of solar wind and Pc5 parameters. This
analysis is motivated by the time shift between Vsw and Pc5
power noted above and provides further evidence that solar
wind dynamic pressure variations are the dominant source
mechanism of Pc5 waves at geosynchronous orbit and that
the KHI play only a secondary role.
[9] The remainder of this paper is organized as follows.
Section 2 describes the data. Discussion is presented in
section 3, and the conclusions are presented in section 4.

2. Data
2.1. Data Set
[10] Data for this study come from the ACE spacecraft
located at the Lagrangian point L1 and the GOES 12
spacecraft on a geostationary orbit. The ACE solar wind
data used in this study were derived from the proton flux
measured with the Solar Wind Electron Proton Alpha
Monitor experiment [McComas et al., 1998] and time
shifted to the bow shock nose at the Space Physics Data
Facility of NASA Goddard Space Flight Center. The data
have been provided in 1-min time resolution. In 2006,
GOES12 was located at 75° West geographic longitude,
which corresponded to a magnetic latitude of 10.5° and a
local time (LT) and universal time (UT) relationship of LT =
UT – 5 h. The GOES 12 magnetic field data used in this
study are also 1-min averages of vector samples acquired
with a fluxgate magnetometer [Singer et al., 1996] and
provided by NOAA at http://www.swpc.noaa.gov/Data/

2 of 13

A12204

TAKAHASHI AND UKHORSKIY: PC5 WAVES DRIVEN BY SOLAR WIND

A12204

magnitude exceeded 100 nT, as described by TU2007. In
addition we used the GOES 12 energetic (energy > 2 MeV)
electron flux data that were included the magnetic field data
files. GOES12 entered the magnetosheath once in 2006, and
this interval was excluded from the analysis.
2.2. Solar Wind and Pc5 Parameters Over a Solar
Rotation
[11] Figure 1 shows hourly solar wind and magnetospheric parameters for one solar rotation period (27 days) in
2006. Figures 1a – 1d show the proton bulk velocity Vsw,
proton number density Nsw, dynamic pressure Psw
(= NswMpV2sw, where Mp is proton mass), and the root-meansquare amplitude of the oscillating component of Psw, which
is defined as the square root of the integral of the power
spectral density (PSD) of Psw over the Pc5 frequency
band as
Z

1=2

6:7mHz

PSD Psw ð f Þdf

sPsw ¼

ð1Þ

1:7mHz

[12] We subtracted the best-fit second-order polynomial
from the original time series prior to computation of the
PSD by Fourier transforming the input time series. It is
likely that the Psw variations are caused not by waves but by
density and velocity fluctuations imbedded in the plasma.
Even if they are waves, their propagation speed in the solar
wind plasma rest frame is likely much slower than the solar
wind speed seen from the Earth frame. This implies that the
frequency of the observed Psw oscillations is approximately
given by l/Vsw, where l is the length scale of the Psw
structures. The solar wind data in Figure 1 are characterized
by CIRs consisting of four high-speed streams. The peak
Vsw values are 460, 680, 680, and 590 km/s. Each Vsw peak
is preceded by 1 day by a peak of Nsw, Psw, and sPsw.
[13] Figures 1e and 1f show Pc5 wave root-mean-square
amplitudes sBy and sBz defined as
Z

1=2

6:7mHz

PSD By ð f Þdf

sBy ¼

ð2Þ

1:7mHz

Z

1=2

6:7mHz

sBz ¼

PSD Bz ð f Þdf

ð3Þ

1:7mHz

Figure 1. Twenty-seven-day plots of solar wind parameters from ACE (propagated to the bow shock nose),
magnetic pulsation parameters, and electron flux at GOES
12, and the Dst index. See text for the definition of the
parameters.
goes.html. We have rotated the magnetic field vector
samples into a coordinate system referenced to the T89c
model magnetic field [Tsyganenko, 1989]. In this system,
Bx, By, and Bz represent the radial, azimuthal, and compressional components, respectively, where ez is along the
model magnetic field and ex and ey are perpendicular to it.
As a result of a format problem in the original data file, the
Bz component had a high digitization step equivalent to a
root-mean-square amplitude of 0.2 nT when the field

[14] The time series of sBy and sBz are nearly identical to
each other and closely track sPsw without any discernible
time delay. The main difference between the time series of
sPsw and the pulsation amplitudes (sBy and sBz) is the
existence of spikes separated by 24 hours in the latter. As
described in TU2007, the spikes in sBy occur when the
spacecraft is on the nightside and are attributed to substorms. The spikes in sBz occur at noon as a result of strong
compression of the magnetic field in response, at this local
time, to changes in the solar wind dynamic pressure. The
large digitization noise, equivalent to a root-mean-square
amplitude of 0.2 nT, mentioned in section 2.1, also
contributes to the sBz enhancement on the dayside.
[15] Figure 1g shows the flux of energetic (energy >
2 MeV) electrons, Je, at GOES 12. The electron flux was
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measured by a solid-state detector directed westward
with a field of view of 2.0 radians. The flux varied
by 3 orders of magnitude between 10 (cm2sstr)1 and
104 (cm2  s  str)1 during the second and third geomagnetic storms (days 100 – 112) that are identified in the Dst
plot (Figure 1h). These two storms were associated with
peak Vsw values that exceeded 600 km/s. By contrast, there
was only little change in the electron flux during the first
storm (days 93– 98) despite the fact that the Dst minimum
(85 nT) for this storm was comparable to those (80 nT,
111 nT) of the second and third storms. During the fourth
storm (days 112– 117) the Dst minimum was only 40 nT,
but there was a moderate enhancement of Je to 102 (cm2  s 
str)1. It is not clear why the first and fourth storms did not
produce elevated Je although we see lower Vsw peaks for
these storms. The Pc5 amplitude at GEOS 12 was at a
similar level among the four storms, so the Pc5 amplitude
does not appear to be the major controlling factor of Je. In
confirmation of previous studies [e.g., O’Brien et al., 2003],
we also note anti-correlation between sBy (and sBz) and Je.
For example, the Je minimum on day 104 is associated with
a maximum of sBy and sBz, and the Je maximum on day
103 is associated with a minimum of sBy and sBz.
[16] In the present study we do not make a distinction
between broadband and narrowband Pc5 waves. Field
variations arising from irregular oscillations driven by solar
wind dynamic pressure pulses, toroidal standing Alfvén
waves, and time-varying field aligned currents associated
with substorms all contribute to the integrals given by
expressions (2) and (3). TU2007 did separate out narrowband azimuthal field oscillations that most likely come from
the fundamental toroidal standing Alfvén waves and
showed that this narrowband component behaved quite
similarly to the total band-integrated Pc5 intensity in terms
of the dependence on the solar wind parameters. The reason
for the similarity is that solar wind dynamic pressure pulses
routinely excite toroidal waves. Therefore, in this study, we
assume that the band-integrated sBy exhibit similar dependence on the solar wind control parameters as toroidal
waves.

Figure 2. Superposed epoch analysis of hourly parameters
from solar wind (ACE), magnetosphere (GOES 12), and Dst
for 2006. Twenty-three storms entered the plot with zero
epoch time given by the Dst minimum.

2.3. Superposed Epoch Analysis
[17] To better characterize the relative timing of the
variation of various parameters shown in Figure 1, we
performed a superposed epoch analysis of the hourly
parameters used in Figure 1 for the whole year 2006. The
results are shown in Figure 2. In this analysis we identified
23 Dst minima in 2006 that were equal to or lower than
40 nT and following O’Brien et al. [2001, 2003] chose the
time of the minima as the zero epoch time, tDst = 0. In each
panel of Figure 2 the heavy trace indicates the median and
the thin traces the upper and lower quartiles. The upper and
lower quartile values of the solar wind parameters do not
differ much, which indicates that the CIRs were a highly
repetitive phenomenon. CIRs are the nearly exclusive driver
of geomagnetic storms during the late declining phase of the
11-year solar activity cycle [Denton et al., 2006]. Since
data from all GOES 12 local times were used in Figure 2,
some of the vertical spread of sBz, sBy, and Je come from
the local time dependence of these parameters. However the
magnitude of the diurnal variations is smaller than the
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flux. This is seen in the traces of the upper quartile Je and
demonstrates the difficulty in relating the solar wind and
magnetospheric ULF wave amplitude to the electron flux.

Figure 3. Cross correlation between solar wind parameters Vsw and sPsw and GOES Pc5 amplitude sBy and
sBz.
variations that are caused by the solar wind structure as seen
in Figures 1e – 1g.
[18] A few important observations can be made of
Figure 2. First, a rapid rise of sBy and sBz occurs at tDst
 0.5 d, coincident with the sudden decrease of Dst. The
peaks of sBy and sBz occur at tDst  0.1 d, nearly
coincident with the Dst minima (tDst = 0). Second, the
peaks of Nsw and sPsw occur simultaneously, and they
coincide with the peaks of sBy and sBz. Third, the peak
of Vsw occurs at tDst  1 d and is broader than those of sPsw,
sBy, and sBz. Finally, the median electron flux has a
minimum at tDst = 0, increases until tDst = 1 – 2 d, and stays
at an elevated level for 3 – 4 d. The flux minimum has often
been attributed to the adiabatic response (Dst effect) of the
electrons to the magnetic field configuration changes associated with the development of storm time ring current
[Dessler and Karplus, 1961; Kim and Chan, 1997]. However outside of L = 5 nonadiabatic loss mechanisms are
considered to be more important [Li et al., 1997]. For
example, Ukhorskiy et al. [2006b] showed that deformation
of electron drift orbits during storm main phase can lead to
nearly complete loss of the electrons into the magnetopause
outside L  5. The electron flux exhibits a 24-hour
variation, most evident in the median trace, which is
attributed to local time sampling bias (Je seen from a
geostationary satellite has an intrinsic local time dependence
since the geosynchronous orbit does not match the electron
drift orbit). However the variation of Je over the course of
geomagnetic storms is much larger than the diurnal variation.
Also, there are storms that are preceded by a high electron

2.4. Cross Correlation Analysis
[19] The relative timing between geosynchronous Pc5
amplitude and solar wind parameters is further investigated
using cross correlation analysis. Figure 3a shows the cross
correlation of sBy and sBz versus Vsw, where the time shift
(horizontal axis) is denoted t. The two curves are nearly
identical, which means that oscillations of both By and Bz
respond quite similarly to the solar wind input. The correlation shows a peak value of 0.55 (for sBy) or 0.52 (for sBz)
at t  0.8 d, meaning that geosynchronous Pc5 amplitude
on average leads Vsw by about 1 day. Figure 3b shows the
cross correlation of sBy and sBz versus sPsw. The sBy and
sBz curves are once again nearly identical, but the peak
correlation of 0.60 occurs at t = 0 for sBz and the peak
correlation of 0.56 occurs at t = 0.1 d for sBy. This means
that the response of Pc5 power to changes of sPsw is
essentially instantaneous.
[20] The result seen in Figure 3 can be easily explained
by assuming that sPsw is the main driver of geosynchronous
Pc5 waves and that the time delay between the Pc5
amplitude and Vsw results from the intrinsic time delay
between sPsw and Vsw. Figure 4 shows the cross correlation
of sPsw versus Vsw. The peak correlation has a value of 0.52
and occurs at t = 1.04 d, which are nearly identical to the
corresponding values seen in Figure 3a.
[21] The hourly solar wind and GOES Pc5 parameters are
subjected to further statistical analyses to facilitate comparison with previous studies. Figure 5 shows scatter plots of
all available samples of sPsw, Vsw, sBy and sBz for 2006.
Both sBy and sBz are positively correlated with sPsw with
log –log correlation coefficients of 0.56 and 0.60, respectively (Figure 5a). The Vsw dependence of sBy and sBz
(Figure 5b) is weaker and results in moderate positive
correlation coefficients of 0.43 and 0.47, respectively. Note
that the local time variations of sBy and sBz seen in Figure 1
have amplitudes of less than 1 order of magnitude and thus
make only a minor contribution to the variation shown here,
which spans 2 orders of magnitude overall. Figure 5c demonstrates that sBy are sBz are highly correlated, an indication
that they are controlled by a common source mechanism or
mechanisms. The features seen Figures 5a–5c are consistent
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Figure 5. Scatter plots using all samples of hourly parameters sPsw and Vsw from ACE and sBy and sBz
from GOES 12 for 2006. The number in each panel indicates the log-log correlation coefficient between
the parameters plotted. (a) Dependence of sBy and sBz on sPsw. (b) Dependence sBy and sBz on Vsw.
(c) Relationship between sBy and sBz. (d) Relationship between sPsw and Vsw.
with the results obtained by TU2007 for the solar minimum year 2001. Finally, Figure 5d shows that the overall
correlation between Vsw and sPsw is low, with a correlation coefficient of 0.28. This may appear contradictory to
what the time series plots in Figure 1 indicate: both Vsw
and sPsw exhibit quasiperiodic peaks associated with
CIRs. However the apparent contradiction can be reconciled by noting that the peaks are time shifted and that
slow variations (i.e., running averages over a few high
speed streams) of sPsw and Vsw are not correlated. The
low correlation seen in Figure 5d between Vsw and sPsw
implies that we can take that these parameters (at zero time
shift) are statistically nearly independent.
[22] We can extract additional information on the Pc5
waves by binning the hourly data. Figure 6a shows the
result of correlation analysis after binning the data by the
local time of GOES 12. This is a repeat of an analysis done
in TU2007 for a solar maximum year 2001 using ACE and

GOES 8 data and reproduced in Figure 6b. During the
solar minimum year 2006 the sPsw control is stronger
than the Vsw control on both sBy and sBz. An exception
occurs at 17– 20 LT where the log – log correlation of 0.5
is found for both sPsw and Vsw. During 2001 the sPsw
control was about the same but the Vsw control was lower at
all local times, making sPsw by far the dominant controlling
parameter.
[23] We next binned the data by tDst as shown in Figure 7.
This is motivated by previous studies that emphasized the
role of Pc5 waves in electron transport during storm
recovery [e.g., O’Brien et al., 2001] and by studies that
excluded storm onset from solar wind – pulsation correlation
analysis [e.g., Mathie and Mann, 2000a]. Inspection of
Figure 2 indeed suggests that tDst is useful for separating
solar wind parameter regimes. For example, one regime is
characterized by low Vsw and high Nsw and occurs prior to
storm onset. Another regime is characterized by high Vsw
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Figure 6. Local time dependence of the control of Pc5 pulsation amplitude in the By component (top)
and Bz component (bottom) at geosynchronous orbit by solar wind parameters sPsw and Vsw. (a) Result
from the GOES 12 data for 2006 (solar minimum) used in the present study. (b) Result for the solar
maximum year 2001 obtained using GOES 8 data, modified from Figure 9 of TU2007.
and low Nsw and occurs after storm onset. Considering the
local time dependence of various possible source mechanisms we also separated GOES 12 location between dayside
(0600 – 1800 LT, Figure 7a) and nightside (otherwise,
Figure 7b). Furthermore, in each local time sector the
azimuthal amplitude sBy and compressional amplitude
sBz are examined separately.
[24] The four panels of Figure 7 show qualitatively the
same tDst dependence of the correlation coefficients. Before
the storm onset (tDst < 0) sPsw exhibits much stronger
control of both sBy and sBz than Vsw. At the storm
maximum (tDst = 0), the Vsw control becomes very weak.
However, during the recovery phase, from tDst = 1 – 2 d, the
Vsw control becomes stronger and nearly equal to the sPsw
control. This coincides the time when Vsw reaches the peak
value. Later in the storm recovery (tDst > 2 d) the Vsw
control becomes low again, making sPsw the stronger
parameter.

3. Discussion
3.1. Driver of Pc5 Waves
[25] Cross correlation and superposed epoch analysis
have been used in previous investigations of the causal
relationship between solar wind condition, ULF waves, and
the radiation belt electron fluxes. We took a similar approach
but explicitly included sPsw as a solar wind parameter in
addition to the ‘‘dc’’ parameters Vsw, Nsw, and Psw. Our
analysis clearly demonstrates that sPsw is strongly correlated

with magnetospheric ULF wave amplitude and needs to be
considered as a crucial solar wind parameter in studying
excitation mechanisms of magnetospheric ULF waves.
[26] Regarding the sPsw control of Pc5 amplitude, the
first feature to note is that the Pc5 amplitude at geosynchronous orbit peaks simultaneously with sPsw. This has
been seen both in the superposed epoch analysis (Figure 2)
and the cross correlation analysis (Figure 3). In the superposed epoch analysis the period of the most intense ULF
waves occurs in the storm main phase when Dst rapidly
decreases. This relative timing can be most easily explained
by assuming that magnetospheric Pc5 waves are directly
driven by solar wind pressure variations.
[27] On average, the width of the sPsw peak is about half
a day, which corresponds to the time between the arrival of
the leading edge of a high-Vsw stream (Figure 2a) and the
start of the rapid decease of Nsw (Figure 2b). The peak value
of the median sBy is 1.3 nT, which is greater than the prestorm level (tDst < 1 d) of 0.1 nT by a factor of 13. The
peak value of the median sBz is 1.1 nT, and the pre-storm
value is 0.2 nT, which is higher than for sBy because of
the digitization noise mentioned in section 2.1. At the peak
of Vsw, which occurs at tDst  1 d, we find sBy  sBz 
0.3 nT, down from their peak values by a factor of 3.
This translates to approximately an order of magnitude
power (= amplitude squared) reduction.
3.2. Time Shift Between Vsw and Pc5 Waves
[28] Previous statistical studies identified Vsw as the key
solar wind control parameter of the ULF wave amplitude in
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Figure 7. Log –log correlation coefficients between solar wind parameter (sPsw or Vsw) and Pc5
amplitude at GOES 12 (sBy or sBz) as a function of tDst, the time from Dst minimum for 2006. The width
of the tDst bins is 1 day. (a) Results for GOES 12 position on the dayside (0600 –1800 LT, where LT =
UT – 5 hours). (b) Results for GOES 12 position on the nightside (0000 – 0600 and 1800 – 2400 LT).
the magnetosphere [Greenstadt et al., 1979; Wolfe and
Meloni, 1981; Junginger and Baumjohann, 1988]. In these
studies the KHI was usually suggested as the main mechanism for wave generation since the instability threshold at
the magnetopause is more likely to be exceeded when the
solar wind velocity is higher. Once the instability threshold
is met, a wave can grow to substantial amplitude, controlled
by the threshold value, in a few wave periods (tens of
minutes). Thus a change in the instability threshold affects
the distribution of the ULF wave amplitude in the inner
magnetosphere almost immediately compared to the 1-hour
time resolution used in this and other statistical studies.
[29] However some of previous studies reported a finite
time shift (>1 h) between the peak ULF wave power and the
peak Vsw, posing a potential problem in interpreting the
observations with the KHI mechanism. For example,
Engebretson et al. [1998] noted that wave power time series
from the magnetometers at Cape Dorset (magnetic latitude
64.2°) and Kevo (69.8°) frequently led the Vsw time series
by 1 day. Engebretson et al. [1998] provided an explanation
for this time shift in terms of the dependence of the KHI
threshold on the plasma mass density. For simplified magnetopause geometry, Engebretson et al. [1998]showed
that the mass densities on both sides of the magnetopause
have a non-negligible role in controlling the instability
threshold. Thus the temporal profile of solar wind density
shown in Figure 2 will correspond to the lowest Vsw
threshold that occurs before the peak in Vsw. This timing
difference was estimated to be about 0.5 day.

[30] More recently, Vassiliadis et al. [2007] reported in
their Figure 4 a similar (15 h) timing difference between Vsw
and Pc5 power on the ground and provided a different
explanation. In this alternative scenario, the timing difference is attributed to strong absorption of wave power during
the period of high Vsw. A possible mechanism of the
absorption is wave –particle interaction, where the relevant
particle population can be energetic electrons in the radiation belt, cold electrons in the plasmasphere, and ring
current ions.
[31] In our view, the timing difference occurs simply
because most of the time Pc5 waves are driven not by the
KHI but by a sequence of Psw pulses, which we envision to
be distributed according the Kolmogorov spectrum
[Ukhorskiy and Sitnov, 2008]. Buffeting of the magnetosphere by Psw pulses has been documented by many authors
[e.g., Sarafopoulos, 1995; Matsuoka et al., 1995; Kepko et
al., 2002]. The pulses drive compressional magnetic field
oscillations with waveforms identical to the applied pulses.
These oscillations contribute to sBz. In addition, damped
standing Alfvén waves are excited with frequency locally
determined by the plasma mass density and magnetic field.
These waves contribute to sBy as reported by TU2007.
[32] The magnetospheric consequence to Psw pulses is
well documented in theoretical studies. Southwood and
Kivelson [1990] used an analytical approach to demonstrate
that both forced compressional oscillations and standing
Alfvén waves are excited in the magnetosphere in response
to a finite-duration impulse applied on the outer boundary of
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Figure 8. Schematic representing externally driven ULF
waves in the magnetosphere. The dayside magnetosphere is
filled with compressional magnetic pulsations driven by
solar wind dynamic pressure variations. The amplitude of
the pulsations is largest at the magnetopause nose but still is
substantial at geostationary orbit. The Kelvin– Helmholtz
instability generates surface waves on the magnetopause on
the dawn and dusk flanks but their amplitude decays rapidly
with distance from the generation region. The magnetopause is drawn in realistic shape and size based on Shue et al.
[1998] magnetopause model with input parameters of Bz = 0
and Psw = 4.2 nPa. A realistic drift orbit is shown for
equatorial electrons.
the magnetosphere. A numerical simulation of the response
of a dipole magnetosphere to a Psw impulse [Lee and Lysak,
1989] demonstrated excitation of both global cavity waves
and standing toroidal waves. Simulation studies of waveguide modes in simpler plasma geometry but with realistic
random variations of the magnetopause position [Wright
and Rickard, 1995a] or running pulses on the magnetopause
[Wright and Rickard, 1995b] produced similar results. In the
real magnetosphere the cavity/waveguide modes are hard to
detect [e.g., Waters et al., 2002], but there is abundant
evidence in real data about the excitation forced compressional oscillations and the associated standing Alfvén
waves.
[33] The dynamic pressure variations propagate from the
bow-shock nose into the magnetosphere at approximately
the Alfvén velocity, and the magnetospheric response time
to the external disturbance will be of the order of 5 minutes,
which explains the high correlation of sBy and sBz with
sPsw at or nearly at zero time shift. In addition, TU2007
have shown that the amplitude of dayside Pc5 waves has a
local time dependence that matches field variations caused
by the changes in the magnetopause Chapman – Ferraro
current, in strong support of the direct solar wind source
mechanism.
[34] There is no question that the KHI operates at the
magnetopause or in the low-latitude boundary layer. Satellite observations have confirmed Pc5-band oscillations
unique to the boundary region that are consistent with the
KHI [Takahashi et al., 1991; Chen et al., 1993]. However
how much energy this instability feeds to the geosynchronous region is unclear. The instability generates surface
waves that decay with distance from the generation region.
Unless the magnetosphere is highly compressed, the effect
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of the instability to Pc5 band waves at geosynchronous orbit
may be quite limited. According to Figure 2c the peak
median Psw is 4.2 nPa (tDst = 0.2 d). At tDst = 1.0 d the
median Psw goes down to 1.8 nPa. This means that the
magnetosphere expands from the storm main phase to
the recovery phase, moving the KHI region away from
the geosynchronous orbit. According to the model of Shue
et al. [1998], the dawn and dusk magnetopause, the likely
site of KHI, is located at 13.8 RE for Psw = 4.2 nPa and at
15.6 RE for Psw = 1.8 nPa, where we used BzIMF = 0 as input
to the magnetopause model. Correspondingly, a geosynchronous satellite located at 0600 LT sees the magnetopause
about 7 RE away at tDst  0 and at about 9 RE away at tDst
1 d. This change in distance will tend to cancel out the
effect of enhanced KHI waves at the time of peak Vsw. The
limited influence of KHI surface waves on geosynchronous
ULF power is also evident in a recent simulation study
reported by Claudepierre et al. [2008]. We note that
waveguide modes are body waves that propagate outside
the turning point thus need not be localized to the close
vicinity of the magnetopause. Interestingly, there is no clear
indication of waveguide modes in the simulation of
Claudepierre et al. [2008], at least in the Pc5 band. Perhaps
the realistic geometry of the simulated magnetosphere
makes it more difficult to excite waveguide modes than in
the planer geometry employed in theoretical studies.
[35] Figure 8 schematically illustrates the spatial variation
of ULF wave amplitude for the two source mechanisms
discussed above. Solar wind pressure pulses produce compressional magnetic field oscillations that fill the dayside
magnetosphere. The amplitude of these oscillations is
strongest at the magnetopause nose and decreases toward
the tail, but the amplitude is still substantial at geosynchronous orbit [Matsuoka et al., 1995; Ukhorskiy et al., 2006a;
Takahashi and Ukhorskiy, 2007] (the closure current flowing in the magnetotail produces small perturbations that are
in anti-phase with the dayside perturbations). Energetic
electrons near geosynchronous orbit, whose drift orbit is
illustrated in Figure 8 assuming mirroring at the magnetic
equator, encounter the region of solar wind driven compressional pulsations over a wide range of local time. This
interaction leads to changes of the energy and the drift shell
of the electrons as demonstrated by a test particle simulation
[Ukhorskiy et al., 2006a].
[36] The KHI produces surface waves on the flanks of the
magnetopause. The magnetopause is stable against this
instability at the nose, where the solar wind speed is zero,
and becomes unstable at the location where the velocity
exceeds the threshold that is determined by the local plasma
and magnetic field parameters on both sides of the magnetopause. Analytical studies as well as numerical simulations
[Wright and Mann, 2006; Claudepierre et al., 2008] indicate that the instability starts to grow at around dawn and
dusk. However, as a result of the exponential decay of the
surface waves excited by the KHI, the effect of the surface
waves will be limited at geosynchronous orbit except when
the magnetopause is highly compressed [Takahashi et al.,
1991] or when Vsw is very high so that KHI grows to
substantial amplitude.
[37] We have shown in Figure 7 that around the time of
Vsw peak (1 day after the Dst minimum) the Vsw control of
the geosynchronous Pc5 amplitude is elevated and becomes
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[Wright et al., 2000; Mills et al., 2000; Wright et al., 2002]
where the magnetosheath flow speed becomes close to the
speed of the solar wind. Because the magnetosheath flow is
stagnant at the magnetopause nose, the dayside magnetosphere is an unlikely region to be populated with waves
generated by the KHI. Therefore it is difficult to explain
the quite similar Vsw dependences seen on the dayside
(Figure 7a) and on the nightside (Figure 7b) solely in terms
of the KHI.
3.3. Correlation Between IMF Variations and Pc5
Waves
[38] Kozyreva et al. [2007] noted that the time series of
ULF power of the interplanetary magnetic field (IMF) is
quite similar to the time series of ground ULF power and
that there is no time shift between the two. This finding
motivated us to examine the relationship between sPsw and
IMF fluctuations. Figure 9 shows a superposed epoch
analysis of the relevant parameters for 2006. For this figure
we used non-time-shifted ACE data, but the average temporal profiles of Vsw and sPsw are essentially identical to
those shown in Figure 2 that used the time-shifted ACE data
(the Dst plots are identical). In Figure 9 the amplitude of
IMF oscillations, sBIMF, is defined as

1=2
sBIMF ¼ sB2xGSM þ sB2yGSM þ sB2zGSM

ð4Þ

where sBxGSM, sByGSM, and sBzGSM are Pc5-band amplitudes of the GSM components of the interplanetary magnetic
field obtained using same integral as equations (2) and (3).
Figures 7d and 7c indicate that the peaks of sPsw and sBIMF
occur simultaneously, between t = 0.5 d and t = 0,
although sBIMF decays more slowly than sPsw. This
indicates that regions of intense variations in Psw and IMF
are collocated in the solar wind. Accordingly, sBIMF can be
used as a proxy of sPsw in discussing Pc5 enhancement in
the magnetosphere. However sBIMF should be treated only
as a marker of a disturbed region of the solar wind. The
magnetic field variations do not produce strong pressure
variations in the magnetosphere upon impact on the
magnetopause. It is the dynamic pressure variations that
exert the pressure variations that launch MHD waves into the
magnetosphere.

Figure 9. Superposed epoch analysis of solar wind
plasma, solar wind magnetic field, and Dst. ACE data are
not time shifted for this figure. The Dst plot is identical to
that of Figure 2.
comparable to the sPsw control. Therefore, at this particular
phase of geomagnetic storms, Vsw-driven waves may play
some role in radial transport/acceleration of energetic electrons in the outer radiation belt [Rostoker et al., 1998;
O’Brien et al., 2001]. However it is not clear if the KHI
is the cause of the elevated Vsw control. KHI-driven waves
are considered dominant on the flanks and further tailward

3.4. Geosynchronous Electron Flux and Pc5 Waves
[39] Although both Pc5 wave amplitude and energetic
electron fluxes are definitely related to the solar wind
structure, it is not clear if there is a causal relationship
between the waves and the electron fluxes. In the time series
plots (Figure 1) we found that the electron flux may or may
not increase during the storm recovery for similar types of
Pc5 enhancement.
[40] The superposed epoch analysis (Figure 2) also indicated a wide range of electron flux variations both prior to
and after the Dst minimum despite the fact that Pc5
amplitude exhibits a highly repetitive pattern with small
variances about the median. As noted in Figure 2, the
electron fluxes commonly show a minimum or dropout at
the Dst minimum (0.5 < tDst < 0.5 d), which coincides
(within a timing error or less than 0.5 d) with the peak of
Pc5 amplitude at GOES. Despite this timing agreement it is

10 of 13

A12204

TAKAHASHI AND UKHORSKIY: PC5 WAVES DRIVEN BY SOLAR WIND

not clear if Pc5 waves at Dst minimum play any significant
role in the electron flux dropout. The dropout has been
attributed to the adiabatic response of the electrons to
rapidly reconfigured magnetic field in the ring current
region [Dessler and Karplus, 1961; Kim and Chan, 1997]
and to possible additional nonadiabatic losses [Li et al.,
1997] such as electron encounter with the magnetopause
[Ukhorskily et al., 2006a, 2006b]. In contrast, during the
storm recovery (tDst > 0.5 days) the electron fluxes on
average becomes higher than the prestorm level, which
requires acceleration or radial transport of the electrons.
During this period Pc5 waves are more likely to mediate the
electron transport [e.g. Rostoker et al., 1998].
[41] Two possible explanations can be suggested for the
observed variability of the electron flux responses to the Pc5
wave activity during storm recovery. One commonly
accepted theory suggests that the electron flux levels are
determined by the superposition of multiple loss and acceleration mechanisms [e.g., Friedel et al., 2002]. Relative
contribution of various mechanisms may differ from storm
to storm, producing a highly variable response in electron
fluxes [Reeves et al., 2003]. Recently however Ukhorskiy et
al. [2006a] and Ukhorskiy and Sitnov [2008] showed that
radial transport of radiation belt electrons because of Pc5
waves can exhibit large deviations from radial diffusion.
Test particle simulations showed that electron motion
becomes stochastic because of the overlap of electron
populations trapped in the vicinities of drift resonances with
adjacent harmonics of the field spectrum. However, in spite
of the underlying stochasticity, the radial diffusion limit is
not fully attainable in the outer radiation belt, because phase
correlations in electron motion do not have time to decay
because of the finite size of the system. As a result the
electron flux varies nonlinearly: collective motion of the
outer belt electrons can exhibit large deviations from radial
diffusion.
[42] Finally, it is possible that the electron flux increase is
caused by mechanisms not involving Pc5 waves. For
example, Nishimura et al. [2007] showed that a timedependent electric field in the inner magnetosphere derived
from satellite observations can account for the recovery
phase enhancement of relativistic electron fluxes observed
at CRRES at L = 5. The electric field will depend on Vsw,
which means we need to take such a mechanism into
consideration in interpreting the Vsw dependence of electron
fluxes in the outer radiation belt.

4. Conclusions
[43] We have studied the relationship among the solar
wind parameters, magnetospheric Pc5 wave amplitudes, and
flux of energetic electrons using data from the ACE and
GOES 12 spacecraft for 2006, which was characterized by
highly repetitive CIRs and the associated geomagnetic
storms of moderate intensity. The results of data analysis
can be summarized as follows.
[44] 1. Variations of the solar wind dynamic pressure,
measured by the root-mean-square amplitude in the Pc5
frequency band (sPsw), have higher correlation with magnetic wave amplitude in the Pc5 band (sBy and sBz) at
geosynchronous orbit than the solar wind velocity Vsw.
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[45] 2. The correlation between sPsw and Pc5 amplitude
(sBy and sBz) peaks at zero or near-zero time lag. This
means that the pressure effect on the Pc5 waves is nearly
instantaneous, which is explained by short propagation
times (5 min) of pressure pulses through the inner
magnetosphere for fast magnetosonic waves.
[46] 3. The correlation between Vsw and Pc5 amplitude
peaks with a time shift of about 1 day (the Pc5 peak
occurs earlier than the Vsw peak). We explain this by taking
sPsw to be the true driver of the Pc5 waves and noting an
intrinsic time delay between sPsw and Vsw.
[47] 4. The geosynchronous electron flux exhibits a
minimum at the storm maximum (= Dst minimum), which
nearly coincides with the maximum of sPsw and the
associated maximum of the Pc5 wave amplitude. The flux
minimum has been attributed to the adiabatic response of
electrons to the global configuration change of the magnetic
field (Dst effect) and also to loss mechanisms such as
electron encounter with the magnetopause. Therefore the
role of Pc5 waves in electron transport at this phase of storm
is not clear. The electron flux increases by 2 to 3 orders of
magnitude in a period of about one day, during which the
wave amplitude decreases by one order of magnitude and
solar wind velocity reaches a peak value. There are storm
events that do not exhibit geosynchronous electron flux
enhancement despite the presence of strong Pc5 activity.
Therefore the correlation between Pc5 amplitude and electron flux at geosynchronous orbit is not unique, pointing to
other mechanisms that contribute to the variations of the
electron flux.
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