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During a 3-hour interval on August 21 and 22, 1978, a compressional Pc 5 event was 
observed by the ISEE-! magnetometer and medium energetic particle experiment instru- 
ment. During the event the ISEE spacecraft was inbound near the equator and near the 
dusk meridian at distances between !1 and 7 Re. The finite Larmor radii of the energetic 
protons allow us to deter'mine unambiguously both the azimuthal and radial components 
of the phase velocity, and consequently the wave length and the azimuthal wave number. 
A 2n•r ambiguity in evaluating the phase velocity is removed by finding a consistent and 
physically reasonable solution for different energy channels. As the spacecraft approached 
the plasmapause, a quasi-sinusoidal wave form having a 165-s period was observed; it was 
found to be propagating azimuthally westward with a phase velocity of about 33 km/s and 
an azimuthal wave number of 60. In the outer magnetosphere, more irregular wave forms 
were observed. These waves also propagated azimuthally westward and may possibly have 
had a small earthward (radial) component of phase velocity. To examine the effect of heavy 
ions on the estimated wavelength, we have derived the perturbation of differential flux by 
calculating the first-order perturbed phase space distribution of plasma consisting of two 
ion species. We found that, for the detector we used, the effect is very small even there 
is a significant fraction of heavy ions present. This is because for each energy channel, 
the detector response to the heavy ions is more sensitive to those with higher energy than 
those with the nominal proton energy, while the flux drops exponentially with the energy. 
In all cases the modulation amplitude of ion fluxes decreases with an increasing ratio of 
the ion Larmor radius to the wavelength. 

INTRODUCTION 

Since the late 1960s, efforts have been made to un- 
derstand the structure of long-period magnetic pulsa- 
tions (T > 10 s) in terms of resonant field line the- 
ory (see reviews by Lanzerotti and Southwood [1979]; 

Sowoo. tinsel). 
line resonance theory successfully accounts for many 
important features of observed long period pulsations 
which are believed to be transverse mode Alfven waves 

standing along magnetic fields. Harmonic oscillations 
of standing waves have been observed near the equa- 
torial plane at the geostationary orbit [e.g., Takahashi 
and McPherron, 1982], on the ground [Tonegawa et al., 
1984], and along magnetic field lines (Singer and Kivel- 
son [1979], Singer et al. [1982], and more recently, Linet 
al. [1986]). The nodal structure of oscillating field lines 
has also been observed by the DE-1 satellite [Cahill et 
at., 1986]. 

Recently, interest has focused increasingly on com- 
pressional waves which may be global oscillations of the 
magnetospheric cavity [Kivelson and Southwood, 1985a, 
1986; Southwood and Kivelson, 1986; Allan et at., 1985, 
1986a, hi, or caused by instabilities of inner-magne- 
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tospheric plas•na, e.g., the drift mirror instability [Ha- 
segawa, 1969; Lanzerotti and Hasegawa, 1975]; the drift 
compressional instability [Ng et at., 1984]; the instabil- 
ities in a high k• plasma [Pokhotelov et at., 1986], or 
by resonance with drifting particles [Southwood, 1980; 
Kivelson and Southwood, 1985b]. 

The characteristic phase relations between particle 
and magnetic signatures, wave polarizations, parallel 
and perpendicular wavelengths and wave phase veloc- 
ity in the plasma rest frame differ for different types of 
theoretically predicted waves. Evidently, to determine 
which ULF wave generation mechanisms are significant 
in the magnetosphere, one must characterize the wave 
properties fully and compare the measurements with the 
theoretical predictions. For example, waves driven by 
Kelvin-Helmholtz instability at the magnetopause are 
expected to have phase velocities directed antisunward 
from the noon meridian. On the other hand, drift mir- 
ror waves in the afternoon sector are expected to have 
phase velocities oriented toward the noon meridian. 

Wave polarization and phase relations can be estab- 
lished from single spacecraft measurements without dif- 
ficulty. However, wavelengths and phase velocity in the 
plasma rest frame are hard to determine unambiguously. 
For example, measurements from three spacecraft non- 
colinear in a plane oblique to the magnetic field vector 
are needed to determine the direction of wave propa- 
gation from the phase delays in magnetic perturbations 
and such simultaneous measurements are rarely avail- 
able. Even multipoint measurements remain ambiguous 
because phases are uncertain by integral multiples of 2•r. 
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In this paper, we will determine the perpendicular 
phase velocity of a compressional ULF wave by exploit- 
ing a technique that uses the finite Larmor radius effects 
in the signature of a multichannel energetic ion detec- 
tor on a single spacecraft. We demonstrate that this 
technique determines unambiguously the propagation 
characteristics of the wave in two orthogonal directions 
in the plane perpendicular to the background •nagnetic 
field; our results re,hain valid even if heavy energetic 
ions with Larmor radii larger than proton Larmor radii 
are present in the plasma. We believe that the approach 
demonstrated in this paper will prove to be a powerful 
tool for the study of waves in the magnetosphere. 

There have been many studies of compressional ULF 
waves, mostly at geostationary orbit. In addition to 
the earlier works on the storm-time compressional pulsa- 
tions [e.g., Brown et al., 1968; Barfield and McPherron, 
1972; Barfield et al., 1972), more observations and stud- 
ies of compressional waves in various geomagnetic con- 
ditions have been made in recent years [Suet al., 1977; 
Barfield and McPherron, 1978; Kremser et al., 1981; 
Higbie et al., 1982; Nagano and Araki, 1983; Takahashi 
eta!., 1985; Takahashi and Higbie, 1986; Engebretson 
et al., 1986, and others], but there have been few cases 
where radial structure was observed. Two examples of 
the latter are Kivelson et al. [1984], and Greenstadt et 
al. [1986]. 

The event reported by Greenstadt et al. [1986] is an 
unusually clear example of storm-time compressional Pc 
5 pulsations observed during an inbound, nearly equa- 
torial pass of ISEE-1 and 2 in the dusk sector on Au- 
gust 21-22, 1978. Using magnetic observations from the 
ISEE-1 and 2 satellites, the authors studied wave propa- 
gation, polarization, and the relation of the pulsations to 
the interplanetary magnetic field and magnetic activity. 
Assuming that the phase delay between quasi-sinusoidal 
signals (T- 165 s) recorded at the two spacecraft rep- 
resented only azimuthal propagation of the wave, the 
authors estimated that the azimuthal wave number was 

about 55. However, this result was ambiguous, because 
there is a 2ha' ambiguity of phase. As well, the phase 
delay could have been modified by radial propagation of 
the wave. In this paper we will remove the above-noted 
ambiguity in the determination of the propagation prop- 
erties of the wave by using the remote sensing capability 
of the energetic particle detector on board the ISEE-1 
satellite. 

The propagation direction and the azimuthal wave 
number of ULF waves have been determined for events 

observed at the geostationary orbit by several authors 
using data from multisatellite observations. Hughes et 
al. [1979], applying the coherence analysis technique, 
measured phase differences among magnetic signals re- 
corded by three geostationary satellites; they were able 
to determine the propagation direction and estimate the 
wave number in the azimuthal direction. Unfortunately, 
no information concerning radial propagation could be 
obtained from these measurements. In deriving m val- 
ues (azimuthal wave number), Hughes et al. selected 
phase differences lying between -180 ø to 180 ø, which 
gave consistent m values for different pairs of satellites. 
The authors stressed that these small azimuthal wave 

numbers implied much larger azimuthal phase velocities 

at the magnetopause than would be expected for waves 
generated by the Kelvin-Helmholtz instability. 

Suet al. [1977] attempted to determine bot. h the azi- 
muthal and radial co•nponents of the propagation vector 
for a co•npressional wave at synchronous orbit. In study- 
ing a proton pulsation event observed on ATS-6, they 
exalnined the finite gyroradius effects that cause phase 
differences in particle flux oscillations among different 
energy channels, and between two oppositely oriented 
detectors. Suet al. were able to determine the propaga- 
tion direction of the wave and to estimate the phase ve- 
locity both in the azilnuthal and radial direction. Their 
analysis was not straightforward because their detectors 
were not strictly back-to-back, and the inferred phase 
velocities had rather large uncertainty (60-70 %). 

The above two methods, comparing the data from 
pairs of geosynchronous satellites and making use of fi- 
nite Larmor radius effects of energetic particles observed 
at a spacecraft, were also used by Takahashi et al. [1985]. 
They used data of tilt angle variation of the •nagnetic 
field from two geostationary satellites to determine the 
azimuthal phase velocity and wave number, while us- 
ing the flux variations of energetic protons (105 to 187 
keV) detected by a detector (LOP) on board the satel- 
lite 1979-053 to examine the radial component of the 
wave vector. Because the detector scans only the plane 
perpendicular to the radial vector, it cannot be used to 
determine the azimuthal phase velocity. 

The method used in our study is essentially the same 
as the "finite Larmor radius effect" method mentioned 
above [Suet al., 1977]. It was also discussed by Kivel- 
son and South wood [1983]. The idea is the following: a 
spinning detector with spin axis parallel to the ambient 
magnetic field samples distributions of particles whose 
gyrocenters fall on a circle at a distance RL (the Larmor 
radius of particles) from the spacecraft. Back-to-back 
detectors (180 ø apart in spin) sample distributions of 
particles with gyrocenters separated by 2RL and thus 
are affected by different parts of the wave structure. In 
a wave with wavelength comparable to the particle gy- 
roradii, the dependence of flux wave phase on look direc- 
tion, will occur, and fixed back-to-back detectors that 
measure particles at different phases of the wave may 
display oscillations with a lag between observations in 
the two detectors. In this study, we have used the ISEE- 
1 medium energy particle detector whose spin axis is 
approximately parallel to the ambient magnetic field to 
sample particles with gyrocenters separated in both ra- 
dial and azi•nuthal directions, and deternfined the wave 
propagation in the two directions. 

OBSERVATIONS 

The compressional wave reported here was observed 
between 2145 UT, August 21, 1978, and 0100 UT of 
the next day. The ISEE-1 magnetometer record for the 
event is shown in Figure 1 in GSE coordinates. The 
spacecraft was traveling inbound at about 1700 local 
time from L • 11 to 7 near the equatorial plane. The 
waves have strong compressional components B• and 
By; the y direction is close to radial in this case. During 
the first 2-hour interval, the wave form of the pulsations 
is quite irregular with spectra containing a major peak 
at 250 s and smaller peaks. at about 165 s and 100 s 
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Fig. 1. A magnetic pulsation recorded by ISEE I on August 
21 to 22, 1978. Three components B•,By, Bz in GSE coor- 
dinates are shown. B T is the total magnetic field. Spacecraft 
magnetic latitude, geocentric radial distance in Earth radii 
(Re) and local time are provided. 

[see Figure 5 of Greenstadt et al., 1986]. Starting about 
0100 UT, a quasi-sinusoidal wave developed and reached 
a maximum amplitude in Bz (and also in BT) at about 
0030 UT. The period of this wave was 165 s. 

The energetic particle data we used were obtained 
by the medium energy particle experiment (MEPE) in- 
strument on board the ISEE-1 satellite [Williams el. al., 
1978]. The instrument measures both ion and electron 
fluxes over the respective energy ranges front 24 to 2081 
keV for protons and 22.5 to 1200 keV for electrons. The 
data for this event were acquired in the low bit rate 
mode which provides the flux of protons and electrons 
in eight energy channels (see Table 1). The detector 
continuously scans in polar angle relative to the ISEE-1 
spin axis which in turn is oriented normal to the ecliptic 
plane. This scan is synchronized to the satellite spin 
rate (--•3 s/spin) and covers 160 ø (polar angle)in 12 
spin periods (Figure 2). In low bit rate, samples are 
taken in eight azimuthal sectors each spin (one sample 
per sector). In figures discussed later in this paper, the 
count rate is actually the number of counts per readout 
interval (counts/sector). A three-dimensional sampling 
of 96 points is made over the unit sphere every 12 spins 
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ISEE-1 MEPE Detector Sampling Schematic 

Fig. 2. MEPE instrument sampling schematic. See text for 
description. 

(•36 s). Each of these samples contains eight simulta- 
neously observed energy channels of ions and electrons. 
Unfortunately, data for the two lowest energy channels 
of proton flux were not usable because of interference 
from the ISEE-1 electron density experiment. 

The MEPE instrument does not distinguish among 
ion species. Although there may be a significant popu- 
lation of heavy ions in the storm time ring current (see, 
for example, review by Williams [1987]), the protons are 
essential in the bulk of the ring current. For example, 
recent observations of the storm-time ring current com- 
position from the AMPTE-CCE satellite [Gloeckler et 
al., 1985] showed that more than 70% of the number 
density of ring current ions (5 to 315 keV/e) at L • 6 to 
7 consisted of protons. Thus in the following discussion 
we initially assume the observed ions are protons, and 
then later discuss the effects of the presence of other ion 
species. 

Figure 3 shows the time variation of particle fluxes 
measured by the MEPE instrument. Figure 3a displays 
the spin averaged flux of large pitch angle (80 ø to 100 ø) 
protons (scatter plot) in energy channels 3 to 6; Fig- 
ure 3b displays analogous data for electrons in different 
channels. To emphasize the flux variation of greatest 
interest in this study, we filtered the data by taking run- 
ning averages over 27 data points {81 s), and have su- 
peri•nposed the results (solid curves) on the same plots 
(Figures 3a, 3b). 

In the s•noothed particle flux data, there are obvious 

TABLE 1. MEPE Energy Channels (Low Bit Rate) 

Proton Energy Center Electron Energy Center 
Channel Passband, Energy, Channel Passband, Energy, 

keV keV keV keV 

1 24.0-44.5 34.25 1 22.5-39 
2 44.5-65.3 54.9 2 39-75 
3 65.3-95.5 80.4 3 75-120 
4 95.5-142 118.75 4 120-189 
5 142-210 176.0 5 189-302 
6 210-333 271.5 6 302-477 
7 333-849 591.0 7 477-756 
8 849- 2081 1465 8 756-1200 

30.75 
57.0 
97.5 

154.5 
245.5 
389.5 
616.5 
978.0 
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Fig. 3. (a) Spin averaged time variations of 90 ø -I- l0 ø pitch 
angle proton fluxes (scatter plots) for the Pc 5 event over- 
plotted by 80-s running average curves (solid lines). Particle 
fluxes are plotted on a logarithmic scale. Only data of energy 
channels 3 to 6 are shown. Proton flux bursts starting near 
0040 UT represent interference by the electron density ex- 
perhnent. (b) Same as 3a but for electron fluxes in channels 
1 (lnultiplied by 10), 2, 4 (multiplied by 10), and 6. 

variations that can be associated with the magnetic pul- 
sations throughout the 3-hour interval. Both proton and 
electron data show that, after somewhat irregular oscil- 
lations in the first 2-hour period (2145 to 2400 UT, Au- 
gust 21), a quasi-sinusoidal wave developed and reached 
a maximum at about 0030 UT, just as is the case for 
the associated magnetic pulsations. 

A comparison between power spectra of particle and 
magnetic pulsations is shown in Figure 4a for 80 ø to 
100 ø pitch angle protons, and in Figure 4b for electrons. 
The spectra are for three successive 1-hour intervals. In 
the first hour (2145 to 2235 UT, Figure 4a), the proton 
spectrum exhibits a major peak at 250 s period which 
coincides with a peak at the same period in the magnetic 
spectrum. In the second interval (2300 to 2400 UT), the 
proton spectrum contains a broad peak at 250 s and a 

peak at 165 s which is similar to, but not identical to 
the magnetic spectrum. In the final interval (0000 to 
0050 UT, August 22), when the quasi-sinusoidal wave 
occurred, the spectra of both particle flux and magnetic 
field display a pronounced peak at 165 s. There is also 
a minor peak at about 70 s period in the proton spec- 
trum which was not observed in the magnetic spectrum. 
Similar correspondence between particle and magnetic 
spectra was also observed in the electron data (Figure 
4b). 

The above comparisons suggest that the dominant 
fluctuations of both proton and electron fluxes were pro- 
duced by the compressional Pc 5 waves. The magnetic 
field oscillated in phase with the variation of spin aver- 
aged intensity of 90 ø pitch angle electrons while oscil- 
lating out of phase with the spin averaged intensity of 
90 ø pitch angle ions (not shown). 

ANALYSIS OF THE WAVE PROPAGATION 
In this section we study the propagation of the Pc 5 

wave in directions transverse to the main field by exam- 
ining the wave form of proton flux variations at specific 
look directions relative to the spacecraft. As illustrated 
schematically in Figure 5, a detector looking radially 
(azimuthally) detects the flux of protons with gyrocen- 
ters at A and B (C and D) displaced from the satellite 
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Fig. 4. Normalized power spectra of the smoothed particle 
data (solid lines) and the spectra of the total magnetic field 
B T (dashed lines) for successive three 1-hour intervals: 2145 
to 2235 UT, 2300 to 2400 UT, August 21, and 0000 to 0050 
UT, August 22. (a) for 90 ø + 10 ø pitch angle protons in 
channel 3. (b) for 90 ø + 10 ø pitch angle electrons in channel 
1. Before Fourier transformation, the data were aletrended 
by subtracting 450 s running averages. 
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Earth 

ISEE- 

Fig. 5. Schematic diagram showing the gyromotion trajec- 
tories of protons seen by the detector looking in radial and 
azimuthal directions in the equatorial plane. R L is the Lar- 
mot radius of the particle, and R is the radial distance of the 
spacecraft from the Earth. 

in the azitnuthal (radial) direction. By measuring the 
phase delay between the wave forms of flux variations 
taken in two opposite look directions, and knowing that 
the corresponding particle gyrocenters are separated by 
twice the Larmor radius of the particles, we can deter- 
mine propagation direction and phase velocity of the 
wave. Only particles whose gyroradii are comparable to 
the wavelength can be used in this kind of study. 
Interval 0000 to 0100 UT, A u#ust œœ 

We first use the above technique to examine the quasi- 
sinusoidal wave (T- 165 s) appearing in the last hour 
of the event. Figures 6a and 6b show the count rate vari- 
ation of 90ø-t - 10 ø pitch angle protons in the 65.3 to 95.5 
keV band (channel 3) and the 95.5 to 142 keV band 
(channel 4), respectively, when the detector was look- 
ing earthward {solid curve), and outward (dashed line). 
Thus the solid curve (the "westside wave") represents 
the flux variation of protons with gyrocenters to the 
west of the Spacecraft. {point A in Figure 5), while the 
dashed line (the "eastside wave") gives the flux variation 
of protons with gyrocenters to the east of the spacecraft 
(point B in Figure 5). The plotted data were derrended 
by subtracting a 450 s running average. 

Figure 6 shows that therd is a time shift r between 
the eastside wave and the westside wave. The time shift 

indicates that the propagation of the wave has an azi- 
muthal (east-west) component. The actual ti•ne delay 
between the two sinusoidal wave forms could be r + nT, 
where T is the wave period and n is an integer that 
can be greater than or equal to zero (implying westward 
propagation of the wave), or less than zero (implying 
eastward propagation}. The phase shift is equal to the 
difference of the wave phase s at the two opposite gy- 
roeenters [Kivelsøn and Southwood, 1983], and thus the 
phase velocity of the wave can be calculated by 

•, .• Vp - aR/(nT + 7-) (1) 

and the wavelength is A - Vp. T, where AR is the dis- 
tance between the two gyrocenters. The integer n corre- 
sponds to th e number of wavelengths contained between 
the two gyrocenters. The value of r can be obtained by 

doing cross-correlation analysis of the two wave forms 
under investigation. 

Formula { 1) shows that an apparent time shift r may 
correspond to a family of possible phase velocities and 
thus wavelengths. Simultaneous measurements of ion 
fluxes in several channels allow us to rexhove this uncer- 

tainty by finding a unique wavelength consistent with 
all measurements. As an example, we analyze the two 
wave •forms in Figure 63. They are well correlated, with 
a correlation coefficient as high as 0.91 and an appar- 
ent tixne delay r - 51 s. For a nominal 80.4 keV en- 
ergy of the protons in this channel (the center of the 
channel), and the observed 50 nT magnetic field (the 
average field value for the interval), the Larmor radius 
R L is 820 hn. Taking n - 0 (implying azimuthally 
westward propagation of the wave), and AR = 2RL, 
we calculated •' the phase velocity of the wave as • 32 
km/s, and the wavelength A --• 5300 km. A si•nilar cal- 
culation (taking n = 0) for channel 4 data in Figure 6b 
with r - 63 S gives about the same phase velocity (32 
km/s) and wavelength (5216 km). There are otn½ so- 
lutions that may also suit the observations of the two 
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rig. 6. •)The variation of count rate (counts/sector)of 90 ø •k 10 pitch ang le protons (65.3 to 95.5 keV) with gyro- 
centers at the east side (dashed line) and the west side (solid 
l•e) of the satellite for the interval 0000 to 0050 UT, August 
22, 1978. r is the time delay between the two wave forms. 
Irregular fluctuations after 0040 UT result from interference 
with the electron density experiment. (b) Same as 63 but for 
channel 4 (95:5 to 142 keV ). 
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TABLE 2. Possible Wavelengths of Azimuthal Propagation of the 165 s Wave as 
Determined From Proton Fluxes for Interval 0020 to 0040 UT, August 22, 1978 

Channel AR, Correlation Lag (r), '•1, km '•2, km 
Pair km Coefficient s (n = O) 

6w-6e 3011 0.78 84 5915 -402 -8 
5w-3e 2032 0.85 66 5079 -442 -5 
5w-4e 2208 0.82 66 5520 -394 -6 
5w-Se 2424 0.68 66 6061 -432 
5w-6e 2718 0.73 87 5155 -420 -7 
4w-3e 1815 0.87 63 4754 -393 -5 
4w-4e 1992 0.81 63 5216 -431 -5 
4w-Se 2208 0.77 63 5783 -393 -6 
4w-6e 2501 0.76 84 4913 -456 -6 
3w-3e !638 0.91 51 5302 -444 -4 
3w-4e 1815 0.86 54 5546 -388 -5 
3w-Se 2032 0.73 54 6208 -435 -5 
3w-6e 2325 0.76 78 4918 -421 -6 

average 5413 419 

Negative values of ,• and n represent eastward propagation of the wave. 
In the calculations we have used B = 50 nT, wave period T = 165 s, and L = 8. 

channels. For example, taking n - -4 for channel 3, 
we have A - -444 km, while taking n - -5 for chan- 
nel 4, we have A - -431 kin. The negative sign here 
denotes eastward propagation of the wave. This means 
that an eastward propagating wave with a wavelength 
of about 440 km may also produce ion flux oscillations 
with apparent time delays seen in Figures 6a and 6b. 

To determine unambiguously the propagation direc- 
tion and the wavelength of the wave, we have taken ad- 
vantage of simultaneous multichannel measurements of 
ion fluxes with the MEPE instrument. Data of channels 

3 to 6 were used in this study (data for higher energy 
protons in channels 7 and 8 were not usable owing to 
very low count rates). Since each channel provides mea- 
surelnents of wave phases at two gyrocenters of ions at 
both sides of the spacecraft, 4 energy channels then pro- 
vide information of wave phases at eight effective mea- 
surement points aligned azimuthally provided the de- 
tector was looking in radial direction. We have applied 
cross-correlation analyses to every possible pair of pro- 
ton flux waves measured at two effective measurement 

points located at different sides of the spacecraft. For 
each pair of flux waves, the time delay r between them 
was determined, and the phase velocities of the wave 
and the wavelengths corresponding to various Inl were 
calculated. Froin solutions thus obtained we select the 

ones that appear consistent with all lneasurements. The 
results are shown in Table 2, where we list only those cal- 
culated from pairs of well-correlated fluxes (correlation 
coeffecient _ 0.68). The effective measurement point of 
each flux oscillation in Table 2 is denoted by the channel 
number followed by w (the flux of protons whose gyro- 
centers are west to the spacecraft) or by e (the flux of 
protons whose gyrocenters are east to the spacecraft). 
For example, "Sw-3e" in the first column in Table 2 
represents the cross-correlation study between fluxes of 
protons in energy channel 5 with gyrocenters at west of 
the spacecraft and those in channel 3 with gyrocenters 
at east of the spacecraft. 

Table 2 shows that there are two possible wavelengths 

which seem to be consistent with all pairs of measure- 
ments. One is about 5000 km with average value ,• - 
5413 km, for which n - 0 which implies westward prop- 
agation of the wave; the other is about 400 km (,• - 419 
kin) with negative n, which implies eastward propaga- 
tion of the wave. The standard deviation for the above 

averages is 468 kin for 5413-km solution (8.7%) and 23 
km for 419 km solution (5.5%). There are other so- 
lutions corresponding to even smaller wavelengths that 
may fit all the observations, but they were discarded 
since those wavelengths are too small compared to the 
proton gyroradii for the proton flux to be modulated by 
the wave field. 

Using the above two possible wavelengths, we simu- 
lated the time variation of fluxes at the 8 effective mea- 

surement points •ri as 

where the amplitude ai is taken as unity, and the wave 
period T- 165 s. The origin for measurements of the 8 
points ,•i was chosen at the point one Larmor radius of 
the channel 3 protons to the west of the spacecraft. The 
luodel wave forms are compared to the real flux data in 
Figure 7. The amplitudes of the flux data have been nor- 
lnalized for this comparison. Froin Figure 7a we see that 
the wave models (solid lines) with ,• = 5413 km agree 
well with the principal feature of the real data (dashed 
lines) at all effective measurement points, but the model 
with A - 419 km (Figure 7b) is not consistent w•ith all 
observations; there are obvious phase discrepancies be- 
tween the models and the data at some measurement 

points. 
The above studies show that in azimuthal direction 

the wave was propagating westward with a wavelength 
of about 5400 km and a phase velocity of ,--33 km/s. 
Since the spacecraft was. at about 8 Re away from the 
earth when the sinusoidal wave was observed, the wave- 
length gives an a•imuthal wave number m ,--60. 

We now consider the flux variations seen for fluxes 
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Fig. 7. Comparison of normalized observed proton flux os- 
cillations (dashed lines) at 8 effective measurement points 
with modeled flux waves (•ond lines): (a) for model waves 
with 5413-km wavelength propagating westward, and (b) for 
model waves with 419-kin wavelength propagating eastward. 

with gyrocenters separated in the radial direction (cor- 
responding to points C, D in Figure 5). Figures 8a and 
8b show the count rate variations of 90 ø q- 10 ø pitch an- 
gle protons in channels 3 and 4 when the detector was 
looking eastward (solid curves, correspond to the flux 
variations for gyrocenters at the point radially earth- 
ward of the spacecraft, designated as the "inside wave") 
and looking westward (dashed line, corresponding to the 
"outside wave"). 

The correlations between inside and outside wave 

forms in both Figure 8a and 8b are high (> 0.90) when 
the wave was fully developed around 0030 UT, and show 

particle fluxes inside and outside the spacecraft (the cor- 
relation coefficient is 0.25 for channel 5 and 0.55 for 

channel 6). 
Similarly, we may also determine the phase velocity 

of the wave in other directions perpendicular to the am- 
bient magnetic field by analyzing the 90 ø pitch angle 
ions measured in other pairs of sectors. Since we have 
already obtained velocity components in two orthogo- 
nal direction, the tranverse propagation of the wave is 
completely determined. The velocity component paral- 
lel to the ambient ]nagnetic field cannot be determined 
by this "finite Larmor radius" method. 

Interval œ200 to œd O0 UT, A tt#ust 21 

We now apply the above analysis to the fluctuations 
that were observed in the outer magnetosphere during 
the 2 hours, 2145 to 2400 UT, August 21. Figure 90. 
shows the count rate variations of the protons in channel 
3, fo• th• westside (solid line) and eastside (d•hea line) 
of ISEE-1. We can see a clear phase difference (clear- 
est in the first hour, from 2145 to 2300 UT) indicating 
westward propagation of the wave. A cross-correlation 
between the two wave forms in the first hour gives a 
correlation coefficient of 0.88 at a lag of 60 s with the 
eastside wave leading the westside wave. Since the wave 
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Fig. 8. (a) Same as Figure 6a but for protons whose gyrocen- 
ters are radially inside (sond line) and outside (dashed line) 

no time delay. This implies that the quasi-sinusoidal of the spacecraft position. No time delay is seen between the 
wave does not propagate radially. Similar analysis of two wave forms. (b) Same as 8a but for channel 4 protons 
channels 5 and 6 shows very poor correlation between (95.5 to 142 keV). 
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two Wave forms separated radially were poor in all chan- 
nels (less than 0.65) as shown in Table 4. To illustrate 
this point a comparison is made in Figure 9b for chan- 
nel 3 protons. Table 4 suggests, however, that the flux 
variation during the first interval (2155 to 2230 UT) 
may have a radially earthward component of propaga- 
tion (the "outside waves" lead the "inside waves" in all 
channels). Since the correlations are relatively low, the 
quantitative results are probably not significant. In the 
second interval (2310 to 2350 UT), the correlations are 
poor, and no consistent direction of propagation can be 
determined from the lag times. 

EFFECTS OF HEAVY IONS 

Since the determination of the wavelength depends on 
the gyroradii of the energetic ions, the presence of heavy 
ions which have gyroradii different from those of protons 
may require some modification in the calculation of the 

Fig. 9. (a) Same as Figure 6a but for the interval 2150 to wavelength. In this section we will discuss the problem 
2400 UT, August 21, 1978. (b) Same as 9a but for the waves by considering that the plasma contains two ion species seen radially inside (solid line) and outside (dashed line) of 
the spacecraft position. only: protons and another species of heavy ions. 

form is rather irregular, there is no 2n•r ambiguity. as 
in the case of the sinusoidal wave discussed previously. 
Taking the average magnetic field for this time interval 
as 34 nT and L • il, we calculated the proton gyrora- 
dius and the phase velocity Vp • 40 kin/s, giving an nt 
value of 44 for waves of 250-s period. The same calcula- 
tion was done for other proton channels in the interval 
2155 to 2230 UT. The results are listed in Table 3. The 

., 

results differ from channel to channel, with m numbers 
ranging from 20 to 44. However, phase differences in all 
channels consistently indicate westward propagation of 
the wave (the waves at eastside of the spacecraft lead 
the waves at west in phase). The disagreement between 
calculated phase velocities for different channels may be 
caused by the broad band nature of the wave. Pro- 
tons in different energy channels may respond strongly 
to different wave frequencies; thus the calculated phase 
velocities may not be the same for all energy channels. 

For the second interval, 2300 to 2400 UT, the correla- 
tions between proton flux variations at two points sepa- 
rated azimuthally are generally bad. The only channel 
that gives a significant correlation (0.88) is channel 3 
with a lag ti•ne of 15 s, also indicating westward prop- 
agation. With the average magnetic field equal to 32 
nT and L - 9.3, this time delay gives an even higher 
velocity (170 kin/s) and lower wave number. 

Propagation in the radial direction was also examined 
for the first 2-hour interval. The correlations between 

The energy response of the M.EPE instrument changes 
with ion species. For example, particles detected in 
channel 3 with nominal center energy of 80.4 keV could 
be 80.4 keV protons, or 92.9 keV helium ions, or 153 
keV oxygen ions. ThUs the differential flux observed by 
the detector consists of the contribution of protons with 
nonfinal energy and that of the heavy ions with higher 
energy. 

The measured perturbation of differential flux in a 
two-ion species plasma can be expressed as 

jl _ jl 1 -I- j• -- (2DV1/M12)fl 1 -I-(2W2/M22)f• (•) 

where / is the phase space density of the ions, M and W 
are tile mass and the energy of the ions, respectively. Su- 
perscripts I represent the first-order perturbation, while 
subscripts I and 2 denote the proton and the heavy ion, 
respectively. 

The first-order perturbed particle distribution f• can 
be obtained by integrating the unperturbed particle dis- 
tribution function f0 in the Viasoy equation along the 
unperturbed particle trajectory [Se et al., 1977]. Fol- 
lowing a similar derivation in the appendix of Suet al. 
and integrating their expression (A3), we found that the 
first order perturbation fl has a form as 

fl OC Vñ J1 (kRL)(Ofø/OW)e i(+•sz;-"'t) (4) 

where Vñ is the velocity of the gyromotion of the patti- 

TABLE 3. Properties of Azimuthal Propagation of the 250-s Wave as Determined 
From Proton Fluxes for Interval 2155 to 2230 UT, August 21• 1978 

(B • 34 nT, L -• 11.9) 

Channel AR, Correlation Lag (r), Vp, .•, 
Pair km Coefficient s km/s km 

, 

3w- 3e 2410 0.88 60 40 10041 44 
4w--4e 2929 0.7! 63 47 11622 37 
5w-Se 3566 0.83 60 59 14856 29 
6w--6e 4428 0.63 51 87 21708 20 
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TABLE 4. Cross Correlation Between Proton Flux Waves 
at Opposite Points in the Radial Direction for the 

Interval 2155 to 2230 UT, August 21, 1978 

Channel Correlation Lag (r), 
Pair Coefficient s 

3 in-3 out 0.65 25 
4 in-4 out 0.57 30 
5 in-5 out 0.48 21 
6 in-6 out 0.49 81 

cles which is assumed to be much larger than the drift 
velocity of the particles, R L is the gyroradius, w is the 
wave frequency which is much slnaller than the gyrofre- 
quency, k is the wave number and J1 is the Bessel func- 
tion of the first kind. The plus or minus sign apply to 
effective measureIncurs points at east and west sides of 
the spacecraft which is located at the origin. In the 
derivation we have assumed that the wave propagates and 
purely in the azimuthal direction, as in the case of !65- 

24 
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Fig. l l. Cycle-by-cycle time delay from magnetic signal of 
ISEE-1 to that of !SEE-2 [after Greenstadt et al., 1986]. 

Ofø/Ol/V- cM2(_8,- 1)W -•-2 

s wave studied, and we neglected the drift velocity of 
the ions which is much smaller than the velocity of the Expression (5) show that the phases of the ion flux os- 
gyromotion. cillation at points +RLi are 

Assuming that the unperturbed differential fluxes of 
protons and heavy ions have the same spectrum c•+ - +kRLi -wt + 7ñ 

j0_ cW-• and the phase difference between the fluxes at two op- 
posite gyrocenters is then 

jl •x Dñ cos(+kRLi - oot + 7ñ) 

where 

Dñ-(A2+B•) 1/2 
A -- Ji([eRL1)+ B1 cos[k(nL2 - RL1)] 

B+ -- +B1 sin[k(RL2 - RL1)] 

- ) 
tan 7ñ - Bñ/A 

negligible even there is a significant fraction of heavy 
(5) ions present (e •- 0), because W2 > W1, M2 > M1, and 

•. is much larger than 1 (in this event, •; .-• 6). Thus our 
previous analyses that assulne proton plasma only are 
justified. 

Equation (5) shows that the aluplitude of the ttux 
modulation is proportional to a factor D which is Bessel- 

(6) function-like (".'Ji(kRL1)). Its envelope decays with 
kRL1 as shown in Figure 10, i.e., the modulation of ion 
fluxes by a wave tends to decrease in amplitude with a 
decreasing ratio of the wavelength to the Larmor radius 
of the ions. 

In the derivation, we used the relations 
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Fig. 10. The dependence of the amplitude factor D on kR L 
in proton plasma (• = 0.). 

COMPARISON WITH THE MAGNETIC FIELD ANALYSIS 

The above analysis of energetic particle data has 
shown that the Pc 5 wave in this event propagated az- 
imuthally westward. In the outer magnetosphere, where 
a broad band wave was observed, the wave may have a 
radially earthward component as well. Near the outer 
edge of the plasmapause (L • 8 in this event, as deter- 
mined by Greenstadt e• al. [1986], and also by Fraser 
et al. [1986]), the wave becalue nearly monochromatic 
(T • 165 s at around 0030 UT, August 22) and prop- 
agated purely westward with phase velocity • 33 km/s 
and wave number about 60. 

To compare the above conclusions to the results ob- 
tained ill the previous study of magnetic field alone, we 
reproduce a diagram summarizing the phase delay anal- 
ysis of Greenstadt et al. [1986] in Figure 1].. The fig- 

where c and n, are positive constants, and that the ratio 
of the unperturbed phase space density of the two corn- •- qb+-•_ - 2kRL1 + •+-'7- - -w(r + nT). (7) 

0 0 ponents • - f2/fl is independent of energy, we may 
substitute the expression (4) for the proton and for the In the absence of heavy ions, e - 0 and thus 7ñ - 0; 
heavy ion into equation (3) and, get a simple form of equation (7) then reduces to equation (1). In fact, it 
the perturbed differential flux' can be seen from (6) that B1 and thus q' are usually 
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ure shows the cycle-by-cycle phase delay between signals 
from ISEE-2 and ISEE-1. At in the figure is the lagtime 
of the signal recorded in ISEE-1, following behind !SEE- 
2 inbound. During the event ISEE-2 was 390 km west 
of ISEE-1, so positive At in Figure 11 corresponds to 
westward propagation of the wave, assuming the time 
delay results only from azimuthal propagation of the 
wave. Figure 11 shows predominantly westward propa- 
gation (At • 0) except for the interval 2300 to 2330 UT, 
when the results of the correlation study of proton data 
are poorly determined. Greenstadt et al. estimated the 
wave number as 55 for the 165-s quasi-sinusoidal wave 
which is close to our result. 

The phase velocity and the wavelength can be esti- 
mated roughly from At in Figure 11 and the azimuthal 
separation of ISEE-2 and 1, s- 390 kin. Around 0030 
UT, August 22, At has an almost constant value of 12 
s. If we rule out the possibility of having 2n•r more (or 
less) in the phase difference, based on our study of par- 
ticle data, we obtain a phase velocity Vp -- s/Zkt - 32.5 
kin/s, and the wavelength A = VpT -- 5362 kin. The 
results are quite consistent with that obtained from par- 
ticle data. 

From data of the first hour (2200 to 2300 UT) in Fig- 
ure !1 we obtain smaller time delays (less than 8 s) im- 
plying a somewhat larger phase velocity. These results 
also agree qualitatively with those of proton data analy- 
sis, but from the proton data we are able to distinguish 
the wave propagation in the azimuthal and the radial 
directions, while the analysis of the magnetic measure- 
ments simply assumes a purely azimuthal propagation. 

We have also applied the finite gyroradius technique 
to proton data from the ISEE-2 medium energetic parti- 
cle instrument WAPS (T. Fritz, private communication, 
1986) for the 165-s wave in this event. In most of the 
12 energy channels of WAPS proton data (proton en- 
ergy ranges froIn 25 to 800 keV), we have confirmed 
azimuthally westward propagation of the wave. Data in 
9 out of 12 channels give quite consistent results with 
calculated m value ranges from 50 to 60, and give an 
average of m - 57. Thus the ISEE-2 observation sup- 
ports the conclusions based on the analysis of ISEE-1 
data and of two spacecraft delay measurements. 

SUMMARY AND DISCUSSION 

The oscillation of differential fluxes of energetic ions 
modulated by a ULF wave often shows a phase shift be- 
tween measurements in back-to-back detectors with look 

directions perpendicular to the ambient magnetic field 
(the MEPE instrument on board the !SEE-! spacecraft 
may serve as such detectors). In a plasma of a single 
ion species, the phase difference is caused by displace- 
ment of the effective measurement positions by one ion 
gyroradius to each side of the detector. Because of the 
periodicity of the wave phase, the observed phase shift 
may correspond to a family of possible wavelengths. Si- 
multaneous measurements of the flux modulation in dif- 

ferent energy channels, which is equivalent to probing 
the wave phase at several positions, may allow one to 
single out a unique wavelength consistent with all the 
measurements. 

To examine the effect of heavy ions on the estimated 
wavelength, we have derived the perturbation of differ- 

entia! flux by calculating the first-order perturbed phase 
space distribution in a plasma consisting of two ion 
species. We found that for a detector with character- 
istics like those of the ISEE-1 medium energy particle 
experiment the effect is very small even when there is 
a significant fraction of heavy ions present, assuming 
that the unperturbed differential flux of the energetic 
ions has a spectrum as j0 = cW-•. This is because 
the detector responds to the heavy ions with higher en- 
ergy than the nominal proton energy for each energy 
channel, whereas the flux drops exponentially with the 
energy. In all cases the envelope of the modulation 
plitude of ion fluxes decreases with an increasing ratio 
of the ion Larmor radius to the wavelength. 

We have applied the above theory to a study of a 
compressional Pc 5 wave observed on August 21 to 22, 
1978, and determined unambiguously the propagation 
properties of the waves in both the azimuthal and the 
radial directions. The quasi-sinusoidal wave (T- 165 
s) in this event propagated azimuthally westward with a 
phase velocity of about 33 kin/s, a wavelength of-• 5400 
kin, and an m number of 60. This result is in good 
agreement with that of magnetic field study. The waves 
in the outer magnetosphere, which were more irregular, 
also propagated westward with a somewhat smaller wave 
number, but they may have a component of radially 
inward propagation, too. 

The westward propagation of the waves rules out the 
possibility of the waves' having been generated by Kel- 
vin-He!mholtz instability at the magnetopause, since 
such waves would propagate antisunward from the noon 
meridian, i.e., eastward in the afternoon sector. The 
fact that the irregular waves in the outer magnetosphere 
have a radially earthward phase velocity component may 
be a clue that there is a wave source at the magne- 
topause, but the nature of such a source is not under- 
stood. The theory of the global excitation of compres- 
sional waves [e.g., Allan et al., 1985; Kivelson and South- 
wood, 1986] is not applicable to this event, as discussed 
iu Greenstad! et al. [1986], because the observed azimu- 
thal wave number is too large. 

Our waves seem similar to those classified as "out-of- 

phase events" by Kremser et al. [!981]. These waves 
were observed around dusk during geomagnetically dis- 
turbed periods and propagated westward; the ion in- 
tensity oscillated 180 ø out of phase with the magnetic 
variation. Kremser et al. suggested that a likely source 
of the waves is the drift mirror instability [Hasegawa, 
1969]. The instability requires an anisotropy of hot pro- 
ton pressure, ftñ • f/ll (f/ is the ratio of the plasma 
pressure to the magnetic pressure). For our case, this 
requirement cannot be tested with the available data of 
protons with energy higher than 65 keV, but the pitch 
angle distributions (not shown) of the ions in all chan- 
nels we used peaked at 90 ø pitch angle, consistent with 
the anisotropy required. The propagation direction of 
drift mirror waves depends on the direction of the pres- 
sure gradient. The !65-s sinusoidal wave occurred at the 
outer edge of the plasmasphere, where the plasma den- 
sity gradient is radially inward. The energetic ion fluxes 
also show an inward gradient when the wave was ob- 
served (see Figure 3a). The gradient implies a net west- 
ward drift of ions and is consistent with the observed 
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propagation direction of the wave. The azimuthal wave 
number predicted bY the theory is given by 

kñ - '---•-- RL 

the perpendicular and parallel temperatures of the hot 
ions, respectively. If we take a typical value of A as 
0.2 [Hasegawa, 1969], then the observed wave number 
for .-• 5400 km wavelength requires R L - 180 km, i.e., 
the LaPmoP radius for 90 ø pitch angle protons of 4 keV, 
which is a reasonable energy for ring current protons. 

There is another possible mechanism for generating 
waves which may be consistent with our observation. 
Large amplitude ULF waves can be generated through 
resonance with particles which bounce and drift through 
the wave field (see, for example, Southwood [1980]; Kivel- 
son and Southwood [1985b]). The wave frequency w must 
satisfy the resonance condition 

where Wd and wb are the angular drift and bounce fre- 
quency, respectively, and N is an integer. Our event has 
a large m and small w which are favored for this kind 
of instability [Southwood, 1980]. Since the event has 
significant transverse components around the magnetic 
equator, one expects it to have antisymmetric structure 
along field lines (i.e., N is an odd number). Thus if we 
take N- I in the above resonance condition, then two 
groups of particles may resonate with the observed wave 
(T = 165 s, m = 60 at L = 8): high-energy protons of 
-• 255 keV which satisfy 

mwd 

and low-energy protons of-•4 keV which satisfy 

a; • w b 

More con•plete particle data (in the energy range 
lower than that used in this study) will be needed to 
cast further light on the source or sources of the waves. 
Since the main purpose of this study is to demonst. rate 
a powerful method in investigating wave propagation by 
making use of the remote sensing capability of energetic 
particle detectors, more detailed analysis on wave gen- 
eration mechanism is left for future work, but the above 
brief discussion shows that an unambiguous determina- 
tion of the propagation properties of a wave contributes 
critical information to wave studies. 

AcknowledgmentS. One of the authors (N.L) is grateful 
to El. Hameiri of Courant Institute, New York University, 
for his helpful discussions. Work at UCLA has been sup- 
ported by NSF grant ATM 87-21904, JPL contract 955232, 
NASA NGL-05-007-004, and ONR N00014-85-K-0556. Work 
at Johns Hopkins University is supported by NSF Atmo- 
spheric Science Section, grant ATM 8219436 to JHU/APL, 
NASA contract to JHU/APL, and the Department of the 
Navy under task I2UOS10, contract N00039-87-C-5301. 

The Editor thanks L. J. Cahill and G. Kremser for their 

assistance in evaluating this paper. 

REFERENCES 

Allan, W., S. P. White, and E. M. PouRer, Magnetospheric 
coupling of hydromagnetic waves-initial results, Geophys. 
Res. Lett., 1œ, 287, 1985. 

Allan, W., S. P. White, and El. M. Poulter, Impulse-excited 
hydromagnetic cavity and field line resonances in the mag- 
netosphere, Planet. Space Sci. 3•, 371, 1986a. 

Allan, W., S. P. White, and El. M. Poulter, Hydromagnetic 
wave coupling in the magnetosphere-plasma pause effect 
on impulse-excited resonances, Planet. Space Sci., 3.•, 
1189• 1986b. 

Barfield, J. N., and R. L. McPherron, Statistical character- 
istics of storm-associated Pc 5 micropulsations observed 
at the synchronous equatorial orbit, J. Geophys. Res.,77, 
4720, 1972. 

Barfield, J. N., and R. L. McPherron, Storm time Pc 5 
magnetic pulsations observed at synchronous orbit and 
their correlation with the partial ring current, J. Geophys. 
Res., 83, 739, !978. 

Barfield, J. N., R. L. McPherron, P. L. Coleman,Jr., and 
D. J. Southwood, Storm-associated Pc 5 micropulsation 
events observed at the synchronous equatorial orbit, J. 
Geophys. Res.,77, 143, 1972. 

Brown, W. L., L. J. Cahill, Jr., L. R. Davis, C. E. McIlwain 
and C. S. Roberts, Acceleration of trapped particles dur- 
ing a magnetic substorm on April 18, 1965, J. Geophys. 
Res., 73, 153, 1968. 

œ,'ahill, L. J., N. G. Lin, M. J. Engebretson, D. R. Weimer, 
and M. Sugiura, Ellectric and magnetic observations of the 
structure of standing waves in the magnetosphere, J. Geo- 
phys. Res., 90, 8895, 1986. 

Engebretson, M. J., L. J. Cahill, Jr., J. H. Waite, Jr., D. 
L. Gallagher, M. O. Chandler, M. Sugiura, and D. R. 
Weimer, Wave and plasma observations during a compres- 
sional Pc 5 event August 10, 1982, J. Geophys. Res., 91, 
6884, 1986. 

Fraser, B. J., J. C. Samson, R. L. McPerron, and C. T. Rus- 
sell, Ion cyclotron waves observed near the plasmapause, 
Adv. Space Res., 6, 223, 1986. 

Gloeckler, G., B. WiIken, W. Studemann, F. M. Ipavich, D. 
Hovestadt, D.C. Hamilton, and G. Kremser, First com- 
position measurement of the bulk of the storm-time ring 
current (1 to 300 keV/e) with AMPTE-CCE, Geophys. 
Res. Lett., 12, 325, 1985. 

Greenstadt, El. W., R. L. McPherron, M. M. Mellott, R. 
R. Anderson, and F. L. Scarf, A storm-time Pc 5 event 
observed in the outer magnetosphere by ISElE 1 and 2' 
Wave properties, J. Geophys. Res., 91, 13,398, 1986. 

Hasegawa, A., Drift nfirror instability in the magnetosphere, 
Phys. Fluids, 1œ, 2642, 1969. 

Higbie, P. R., D. N. Baker, R. D. Zwickl, R. D. Bettan, J. R. 
Asbridge, J. F. Fennell, B. Wilken, and C. W. Arthur, The 
global Pc 5 event of November 14-15, !979, J. Geophys. 
Res., 87, 2337, 1982. 

Hughes, W. J., Pulsation research during the IMS, Rev. Geo- 
phys., 20, 641, 1982. 

Hughes, W. J., R. L. McPherron, J. N. Barfield, and B. 
H. Mauk, A compressional Pc 4 pulsation observed by 
three satellites in geostationary orbit near local midnight, 
Planet. Space Sci. œ7• 821, 1979. 

Kivelson, M. G., and D. J. Southwood, Charged particle be- 
havior in low-frequency geomagnetic pulsations, 3, Spin 
phase dependence, J. Geophys. Res.,88, 174, 1983. 

Kivelson, M. G., and D. J. Southwood, Resonant ULF 
waves' A new interpretation, Geophys. Res. Left., 12, 
49, 1985a. 

Kivelson, M. G., and D. J. Southwood, Charged particle be- 
havior in low- frequency geomagnetic pulsations, 4, Com- 
pressional waves, J. Geophys. Res.,90, 1486, 1985b. 

Kivelson, M. G., and D. J. Southwood, Coupling of global 
magnetospheric MHD eigemnodes to field line resonances, 
J. Geophys. Res., 91, 4345, 1986. 

Kivelson, M. G., J. Etcheto, and J. G. Trotignon, Global 
compressional oscillations of the terrestrial magneto- 



5612 LIN ET AL.: PROPAGATION CHARACTERISTICS OF A Pc 5 WAVE 

sphere: The evidence and a model, J. Geophys. Res., 89, magnetic waves in the magnetosphere, Space Sci. Rdv., 
9851, 1984. 35, 301, 1983. 

Kremser, G., A. Korth, J. A. Fejer, B. Wilken, A. V. Gure- Southwood, D. J., and M. G. Kivelson, The effect of paral- 
rich, and E. Amata, Observations of quasi-periodic flux lel inhomogeneity on magnetospheric hydromagnetic wave 
variations of energetic ions and electrons associated with coupling, J. Geophys. Res.,91, 6871, 1986. 
Pc 5 geomagnetic pulsations, J. Geophys. Res., 86, 3345, Su, S.-Y., A. Konradi, and T. A. Fritz, On propagation di- 
1981. rection of ring current proton ULF waves observed by ATS 

Lanzerotti, L. J., and A. Hasegawa, High •3 plasma instabil- 6 at 6.6 Re, J. Geophys. Res.,8œ, 1859, 1977. 
ities and storm time geonmgnetic pulsations. J. Geophys. Takahashi, K., and P. R. Higbie, Antisymetric standing wave 
Res., 80, 3131, 1975. structure associated with the compressional Pc 5' pulsation 

Lanzerotti, L. J., and D. J. Southwood, Hydromagnetic of November !4, 1979, J. Geophys. Res., 91, 11,163, 1986. 
waves, in Solar System. Plasma Physics, vol. 3, p.109, Takahashi, K., and R. L. McPherron, Harmonic structure of 
North-Holland, Amsterdam, 1979. Pc 3-4 pulsations, J. Geophys. Res., 87, 1504, 1982. 

Lin, N. G., L. J. Cahill, Jr., M. J. Engebretson, M. Sug- Takahashi, K., P. R. Higbie, and D. N. Baker, Azimuthal 
iura, and R. L. Arnoldy, Dayside pulsation events near propagation and frequency characteristic of compressional 
the plasmapause, Planet. Space Sci.3.•, 155, 1986. Pc 5 waves observed at geostationary orbit, J. Geophys. 

Nagano, H., and T. Araki, Long-duration Pc 5 pulsations ob- Res., 90, 1473, 1985. 
served by geostationary satellites, Geophys. Res. Left., I0, Tonegawa, Y., H. Fukunishi, T. Hirasawa, R. L. McPher- 
908, 1983. ton, T. Sakurai, and Y. Karo, Spectral characteristics of 

Ng, P. H., V. L. Patel, and S. Chen, Drift. compressional Pc 3 and Pc 4/5 nmgnetic pulsation bands observed near 
instability in the nmgnetosphere, J. Geophys. Res., 89, L=6, J. Geophys. Res., 89, 9720, 1984. 
10,763, 1984. Williams, D. J., Ring current and radiation belts, Rev. Geo- 

Pokhotelov, O. A., V. A. Pilipenko, Yu. M. Nezlina, J. Woch, phys., œ5, 570, !987. 
G. Kremser, A. Korth, and E. Artrata, Excitation of high- Willialns, D. J., E. Keppler, T. A. Fritz, B. Wilken, and G. 
/J plasma instabilities at the geostationary orbit' theory Wibberenz, The ISEE 1 and 2 Medium Energy Particles 
and observations, Planet. Space Sci. 3.•, 695, 1986. Experiment, IEEE Trans. Geosci. Electron., GE-16, 270, 

Singer, H. J., and M. G. Kivelson, The latitudinal structure 1978. 
of Pc 5 waves in space: Magnetic and electric field obser- 
vations, J. Geophys. Res., 8.•, 7213, 1979. M.G. Kivelson, N. Lin, and R. L. McPherron, Institute of 

Singer, H. J., W. J. Hughes, and C. T. Russell, 2S. tanding Geophysics and Planetary Physics, University of California hydromagnetic waves observed by ISEE 1 and . Radial at Los Angeles, CA 90024 
D. J. Williams, Applied Physics Laboratory, Johns Hop- extent and harmonic, J. Geophys. Res., 87, 3519, 1982. kins University, Laurel, MD 20707 

Southwood, D. J., Low frequency pulsation generation by 
energetic particles, J. Geomagn. Geoelectr., Suppl. II, 3œ, (Received October !6, 1987; 
75, 1980. revised January 25, 1988; 

Southwood, D. J., and W. J. Hughes, Theory of the hydro- accepted February 4, 1988.) 


