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Abstract. Wave normal and Poynting vector measurements from the Cassini radio and 
plasma wave instrument (RPWS) are used to examine the propagation characteristics of 
various plasma waves during the Earth flyby on August 18, 1999. Using the five-channel 
waveform receiver (WFR), the wave normal vector is determined using the Means method 
for a lightning-induced whistler, equatorial chorus, and a series of low-frequency emissions 
observed while Cassini was in the magnetosheath. The Poynting vector for these emissions 
is also calculated from the five components measured by the WFR. The propagation 
characteristics of the lightning-induced whistler were found to be consistent with the 
whistler wave mode of propagation, with propagation antiparallel to the magnetic field 
(southward) at Cassini. The sferic associated with this whistler was observed by both 
Cassini and the Stanford VLF group at the Palmer Station in Antarctica. Analysis of the 
arrival direction of the sferic at the Palmer Station suggests that the lightning stroke is in 
the same sector as Cassini. Chorus was observed very close (within a few degrees) to the 
magnetic equator during the flyby. The chorus was found to propagate primarily away 
from the magnetic equator and was observed to change direction as Cassini crossed the 
magnetic equator. This suggests that the source region of the chorus is very near the 
magnetic equator. The low-frequency emission in the magnetosheath has many of the 
characteristics of lion roars. The average value of the angle between the wave normal 
vector and the local magnetic field was found to be 16 ø , and the emissions ranged in 
frequency from 0.19 to 0.75 fce, where fce is the electron cyclotron frequency. The wave 
normal vectors of these waves were primarily in one direction for each individual burst 
(either parallel or antiparallel to the local field) but varied in direction throughout the 
magnetosheath. This suggests that the sources of the emissions are far from the spacecraft 
and that there are multiple source regions. 

1. Introduction 

The Cassini flyby of the Earth on August 18, 1999, besides 
providing the necessary gravity-assist course correction, al- 
lowed the various science instruments on board to obtain mea- 

surements and perform calibrations in the reasonably well un- 
derstood environment of the Earth's magnetosphere. For the 
Cassini radio and plasma wave science (RPW$) instrument 
this flyby provided an opportunity to observe a variety of radio 
and plasma wave phenomena and to compare the Cassini mea- 
surements with similar instruments flown on earlier spacecraft. 
Kurth e! a[. [this issue] provide an overview of the RPW$ 
observations during the flyby of the Earth. One of the primary 
goals for the RPW$ during the flyby was to validate the wave 
normal and Poynting vector analysis capability of the five- 
channel waveform receiver (WFR). The simultaneous mea- 
surement of five components of the ½l½ctric and magnetic fi½lds 
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by the WFR receiver allows the wave normal and Poynting 
vector of various low-frequency plasma waves to be deter- 
mined in many cases. The wave normal vector determines the 
direction of propagation of a wave and is important in deter- 
mining the polarization, the mode, and the source region of the 
wave. It can also be used to calculate the dispersion relation, to 
determine various resonances, to estimate the local plasma 
index of refraction, and to help examine wave-particle inter- 
actions. The Poynting flux determines the direction of propa- 
gation of wave energy and is also useful in determining wave 
modes and source-generating regions. This study will examine 
this capability and discuss the propagation characteristics of a 
variety of plasma waves. 

2. Instrument Description 
The RPWS consists of five receivers, a Langmuir probe, 

three electric antennas, and a triaxial search coil magnetom- 
eter (see D. A. Gurnett et al. (The Cassini radio and plasma 
wave science investigation, submitted to Space Science Reviews, 
2000; hereinafter referred to as submitted manuscript, 2000) 
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for a detailed description of the instrument). The receivers 
cover a range from -1 Hz to 16 MHz for electric fields and 
from -1 Hz to 12 kHz for magnetic fields. This study will 
primarily use the five-channel waveform receiver (WFR). The 
WFR obtains simultaneous waveforms from up to five sensors 
in one of two frequency bands, either 1-26 Hz or 3 Hz to 2.5 
kHz. When two electric and three magnetic antennas are used, 
polarization and wave normal vector measurements can be 
obtained, and in certain conditions, the Poynting vector can be 
determined. The WFR is usually operated with the E x dipole, 
E w monopole, and the three search coil magnetometers (Bx, 
By, Bz). During the period of the Earth flyby, approximately 4 
hours of high-frequency filter mode data (3 Hz to 2.5 kHz) 
were collected, both in the solar wind and in the Earth's mag- 
netosphere. In this high-frequency filter mode a 2048-sample 
waveform was captured every 20 s, with a 140-/•s sample pe- 
riod. This produces a waveform -0.29 s long. On September 
12, 1999, while Cassini was in the solar wind, the WFR was set 
to the low-frequency filter mode (1-26 Hz) for approximately 
2 days. During this period the WFR obtained a 2048-sample 
capture every 96 s. The time between samples was 0.01 s, 
resulting in a 20.48-s waveform. 

3. Method of Analysis 
In this study the Means method [Means, 1972], using code 

developed by LeDocq [1998] for the Polar Plasma Wave In- 
strument (PWI), is used to determine the wave normal vector 
k. This method involves computing a spectral matrix that con- 
sists of the autopower and cross-power spectrums from the 
three magnetic components. Although this method has an in- 
herent 180 ø ambiguity in the wave normal direction, this am- 
biguity can be removed if the Poynting vector S can be deter- 
mined. Since the wave normal vector must have a component 
in the direction of the energy flow, S ß k must be greater then 
0. Because the Cassini WFR only measures five components of 
electromagnetic waves (two electric and three magnetic), the 
Poynting vector cannot be determined directly. However, 
Shawhah [1970] showed that for electromagnetic waves below 
the electron cyclotron frequency, fce, the missing component 
can usually be estimated from the five measured components, 
and the Poynting vector can be determined with good accuracy 
using S = (1/2) Re{E(f) x H*(f)}, where the asterisk 
indicates the complex conjugate, Re is the real part, and E(f) 
and H(f) are the Fourier transforms of the electric and mag- 
netic field waveforms. 

The procedure to perform the above analysis is as follows. 
First, since the E w antenna is not aligned with the z axis of the 
spacecraft (see D. A. Gurnett et al. (submitted manuscript, 
2000) for a description of the orientation of the RPWS anten- 
nas), the three magnetic components are rotated into the co- 
ordinate system defined by the E w monopole and E x dipole 
antennas. Then the missing electric component is calculated, 
and all six components are rotated back into the spacecraft 
x,y,z coordinate system. The wave normal and Poynting vector 
is calculated and then transformed into a coordinate system in 
which the z axis is aligned with the local magnetic field (as 
determined by the Cassini magnetometer). Once computed, 
the polar 0 and azimuth • angles of the two vectors are dis- 
played on a conventional frequency-time spectrogram, with 
0 = 0 ø aligned with the local field and • = 0 ø defined as 
outward from the Earth. To reduce the background noise that 
is plotted, a coherence and eigenvalue test is applied to the 

wave normal and Poynting data to determine when they are to 
be plotted. For this study a coherence value of >0.90 or >0.95 
between the three magnetic field components was required for 
the data to be plotted (see Means [1972] and LeDocq [1998] for 
the definition of coherence). The eigenvalue test determines 
the planarity of the wave. The ratio of the largest eigenvalue of 
the spectral matrix to the sum of the eigenvalues, Rx, equals 
X•/(X• + X2 + 2t3), where X• > X2 > X3 [Storey et al., 1991; 
LeDocq, 1998]. An eigenvalue ratio of 1 refers to a single plane 
wave, while a ratio of 0.33 refers to an isotropic distribution of 
uncorrelated waves. For this study the eigenvalue limit was set 
to >0.9 or >0.95 for the data to be plotted. The majority of 
whistler mode waves observed during the flyby satisfy these two 
plotting conditions. It should be noted that for this study, in 
each 2048-sample WFR snapshot, the analysis used a 512- 
sample size, with a 75% overlap as we stepped through the 
waveform. This results in 13 calculations of 0 and 4> for each 
2048-sample (-0.29 s) snapshot. 

4. Observations 

Plate 1 shows a 3-hour spectrogram from the medium fre- 
quency receiver (MFR) for the period around the Earth flyby. 
The top panel shows the electric field spectrum obtained from 
the Ex dipole antenna, and the bottom panel is the spectrum 
obtained from the B z search coil magnetometer. The MFR 
sweeps from 24 Hz to 12 ld-Iz, with 80 frequency steps in three 
bands. A spectrum is obtained every 32 s, with the choice of the 
antenna alternating between the E x electric antenna and the 
B z magnetic antenna. See D. A. Gurnett et al. (submitted 
manuscript, 2000) for a more detailed description of the MFR 
receiver. The white line in Plate 1 shows the electron cyclotron 
frequency that was provided by the Cassini magnetometer 
team (MAG). As can be seen, a wide range of emissions was 
observed, both electromagnetic and electrostatic, during the 
flyby. Cassini encountered the bow shock at approximately 
0151 spacecraft event time (SCET), as can be seen from the 
broadband noise that was observed by the MFR and by the 
jump in fce at this time. As Cassini traveled through the mag- 
netosheath (•0150--0225 SCET), intense bursty electromag- 
netic emissions are observed that have characteristics similar to 

lion roars. This region also contained many bursty electrostatic 
waves. The magnetopause was encountered at approximately 
0225 SCET. Chorus is observed on the outbound trajectory 
from about 0350 to 0415 SCET and on the inbound part from 
about 0229 to 0238 SCET. Plasmaspheric hiss is observed from 
about 0300 to 0340 SCET. The broadband burst from 0250 to 
0254 SCET is interference from the sounder and is not a 

natural emission. This wide range of emissions provides a 
unique opportunity to exercise the Cassini WFR receiver and 
to determine the ability of the RPWS instrument to calculate 
the propagation characteristics of plasma waves. For this paper 
the propagation characteristics of the electromagnetic waves 
observed in the magnetosheath, magnetosphere, and the plas- 
masphere during the Earth flyby will be examined. 

5. Whistler 

Whistlers are well-known electromagnetic emissions that 
were first detected during World War I by Barkhausen [1919]. 
During the 1930s the dispersive properties [Eckersley, 1935] 
and the possibility of lightning being the source [Barkhausen, 
1930] of the whistlers were investigated. However, it was not 
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Plate 1. An overview of the magnetic and electric field spectrum observed by the Cassini radio and plasma 
wave instrument (RPWS) medium frequency receiver (MFR) during the Earth flyby. The crossings of the bow 
shock, magnetopause, and plasmapause are indicated at the bottom of the plate. 
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until the 1950s that Storey [1953] developed a theory that 
showed that lightning could produce the whistlers and ex- 
plained the long durations of the signals which were observed. 
This theory, confirmed by later studies [Helliwell et al., 1958; 
Norinder and Knudsen, 1959; Helliwell, 1965; Walker, 1976; 
Weldman et al., 1983; Carpenter and Orville, 1989], showed that 
a lightning stroke produces a burst of broadband electromag- 
netic radiation. Some of this radiation can escape to the plas- 
masphere and travel along closed field lines from one hemi- 
sphere to the other in the right-hand-polarized whistler mode 
of propagation. Because of the anisotropy introduced by the 
magnetic field, the wave energy is confined to a cone that 
makes an angle of 19028 ' with respect to the local magnetic 
field. The characteristic spectrum of a whistler is a tone de- 
creasing rapidly in frequency over a few seconds. This spec- 
trum results because the group velocities of whistler mode 
waves are frequency-dependent, resulting in the high- 
frequency components arriving at the receiver first. When the 
resulting waveform is played over an audio system, it produces 
a tone that decreases rapidly in frequency over a few seconds. 

The well-known properties of lightning-generated whistlers 
make them a good emission to check the calculation of the 
wave normal and Poynting vector and to verify the calibration 
of the sensors. Because of the short duration of a whistler and 

the low-duty cycle of the WFR during the Earth flyby, the 
wideband (WBR) receiver (D. A. Gurnett et al., submitted 
manuscript, 2000) was used to determine when whistlers were 
present. The periods in which whistlers were detected in the 
WBR were then compared with the periods that WFR data 
were obtained. One intense whistler was captured by the WFR 
in the 0327:37.706 SCET WFR snapshot. Plate 2a shows a 
1-min spectrum from the WBR receiver. The broadband emis- 
sion observed at approximately 0327:36 SCET is a sferic from 
a lightning stroke. A whistler with its characteristic falling 
frequency spectrum is first observed approximately 0.75 s later. 
The WFR snapshot occurred at 0327:37.706 SCET and is 
shown by the black line at the bottom of Plate 2a. The whistler 
in the WBR spectrum at the time of the WFR capture is 
observed at a frequency of approximately 2.7 kHz. 

The results of the wave normal and Poynting vector deter- 
mination of the whistler are shown in Plate 2b. The top two 
panels of Plate 2b show the sum of the electric and magnetic 
field spectral density, with intensity indicated by the color bar 
to the right. The frequency range has been set from 2 to 3.5 
kHz to emphasize the whistler, which is the narrowband emis- 
sion that starts at about 2.9 kHz and drifts down to about 2.4 

kHz at the end of the WFR snapshot. The third panel shows 
the angle 0•, between the wave normal vector and the local 
magnetic field (10-s averaged magnetic field data), with the 
color bar denoting angular values ranging from 0 ø to 180 ø. As 
discussed above, the propagation characteristics plotted in the 
bottom three panels are only displayed when the coherence 
and eigenvalue ratio between the three magnetic components 
exceeds a selected value. For this example the coherence and 
eigenvalue ratio limits were both set at 0.90. The fourth panel 
shows the angle 0, between the Poynting vector and the am- 
bient magnetic field, with the color bar denoting angular values 
ranging from 0 ø to 180 ø. The fifth panel shows the sign of the 
z component of the Poynting vector, Sz - S ß Bo, where Bo is 
a unit vector parallel to the magnetic field. When Sz is positive, 
the Poynting vector has a component in the + Bo direction, and 
the emission is plotted in red. When Sz is negative, the Poynt- 
ing vector has a component in the -Bo direction, and the 

emission is plotted in green. Both the wave normal vector and 
the Poynting vector are aligned nearly antiparallel to the am- 
bient magnetic field. The average wave normal angle 0•, for this 
snapshot is 164 +_ 6 ø, and the average Poynting vector angle 0, 
is 169 +_ 7.0 ø. As expected, the Poynting vector of the whistler 
is well within the 19028 ' cone around the magnetic field line 
that is required for whistler mode waves with frequencies much 
less than fce' The analysis also shows that the whistler is right- 
hand polarized. These results agree very well with whistler 
wave normal and Poynting vector measurements by earlier 
spacecraft. 

The sferic observed by Cassini at 0327:36.3 SCET was also 
detected by the Stanford VLF group at Palmer Station, Ant- 
arctica. An analysis of the propagation characteristics of the 
sferic at Palmer Station suggests that the lightning stroke that 
produced it was in the direction of Cassini. Figure 1 shows the 
arrival bearing of the sferic at Palmer Station, with the star 
showing the location of Cassini at this time. Since the whistler 
detected by Cassini is traveling antiparallel to the magnetic 
field (southward), Cassini is observing a whistler that either 
originated north of Cassini or that has been reflected from the 
Northern Hemisphere. 

6. Chorus 

Chorus is one of the most intense and common emissions in 

the Earth's magnetosphere [Storey, 1953; Allcock, 1957; Helli- 
well, 1969]. Early spacecraft observations showed that chorus is 
usually observed just outside the plasmapause, ranging from L 
values of about 3-8, with peak intensities at about L - 5 
[Gurnett and O'Brien, 1964]. Chorus ranges in frequency from 
a few hundred hertz to a few kilohertz and often contains 

complicated fine structure including rising and falling tones 
and short impulsive bursts [Burtis and Helliwell, 1969; Dunckel 
and Helliwell, 1969; Burton and Holzer, 1974; Cornilleau- 
Wehrlin et al., 1978; Hayakawa et al., 1990; Sazhin and Hay- 
akawa, 1992; Lauben et al., 1998; LeDocq et al., 1998, and 
references therein]. Chorus is often observed during periods of 
disturbed magnetospheric conditions [Tsurutani and Smith, 
1974, 1977; Tsurutani et al., 1979; Inan et al., 1992; Lauben et 
al., 1998], and the occurrence of chorus is associated with 
energetic (10-100 keV), anisotropic (rñ/rll > 1) electron 
clouds [Burton, 1976; Anderson and Maeda, 1977; Tsurutani et 
al., 1979; Isenberg et al., 1982; Sazhin and Hayakawa, 1992]. 
This association between the particles and the chorus is con- 
sistent with a cyclotron resonance interaction generating the 
waves within regions where the static magnetic field has min- 
imal inhomogeneities [Kennel and Petschek, 1966; Curtis, 1978; 
Isenberg et al., 1982; Sazhin and Hayakawa, 1992]. Hence the 
magnetic equator is the most likely region for the chorus gen- 
eration. 

Chorus often appears in two bands, separated by a gap at 
one half the equatorial electron cyclotron frequency, fce, of the 
magnetic field line passing through the observing point [Tsu- 
rutani and Smith, 1974; Burtis and Helliwell, 1976; Goldstein 
and Tsurutani, 1984]. This dependence on fce at the equator, 
and the lack of dependence of the local fce, provides indirect 
evidence of an equatorial generation region. Tsurutani and 
Smith [1977] showed that the most intense chorus occurred at 
the magnetic equator, which provides additional evidence of an 
equatorial source region. 

Various studies have examined the propagation characteris- 
tics of the chorus emissions. Burton and Holzer [1974] provided 
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Plate 2a. Frequency-time spectrum of a whistler captured by the wideband receiver. A whistler with its 
characteristic falling frequency spectrum is observed to start before 0327:38 spacecraft event time (SCET). 
The waveform receiver (WFR) snapshot occurred at 0327:37.706 SCET and is shown by the black line at the 
bottom of the plate. 
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Plate 2b. A summary of the wave normal and Poynting vector direction of the whistler. The whistler is the 
narrowband emission that starts at about 2.9 kHz and drifts down to about 2.4 kHz at the end of the snapshot. 
Both the wave normal vector and the Poynting vector are aligned nearly parallel with the ambient magnetic 
field. The average wave normal angle, 0k, for this snapshot is 164 ø +__ 6 ø, and the average Poynting vector angle, 
0s, is 169 ø ___ 7 ø. 
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Figure 1. The arrival bearing of the sferic as determined at Palmer Station, Antarctica. 

the first wave normal angle 0•, measurements of chorus and 
found using OGO 5 search coil data that the wave normal 
angles measured relative to the magnetic field were symmet- 
rically distributed around 0•, = 0 ø for magnetic latitudes near 
the equator (<2.5ø). For locations at higher latitudes, 
shifted to larger values, implying that the source region was 
within a few degrees of the magnetic equator. Goldstein and 
Tsurutani [1984] presented further OGO 5 data at locations 
within 5 ø of the magnetic equator at L shell of 6-7 and found 
average values of 0•, - 12.2 ø. Near-equatorial measurements 
from the geostationary GEOS 2 spacecraft [Hayakawa et al., 
1984] at L • 6.6 found that the lower band chorus ranged 
from 0•, = 50-20 ø for typical rising tone chorus. For larger 
df/dt rising tones, larger values of 0•, = 300-40 ø were mea- 
sured. The upper band chorus was found to have wave normal 
angles near the oblique resonance cone, with some variation 
depending on the characteristics of the fine structure of the 
chorus. Muto et al. [1987] combined off-equatorial (-17 ø) wave 
normal measurements of chorus from the GEOS i spacecraft 
and ray-tracing results to show that the equator is a possible 
generation region for the upper band chorus. Muto and Hay- 
akawa [1987] interpreted the wave normal dependence of the 
upper band chorus as consistent with a generation region near 
the magnetic equator. Using the five-component wave field 
measurements (three magnetic, two electric) from the Geotail 
spacecraft, Nagano et al. [1996] presented wave normal and 
Poynting vector results which were consistent with generation 
near the magnetic equator, although some emissions were ob- 
served to propagate toward the equator. LeDocq et al. [1998] 
for the first time measured simultaneously all six components 
of the electric and magnetic field of chorus at a very high rate 
with the Polar spacecraft. From these measurements it was 
determined that the chorus observed by Polar was propagating 
away from the equator, implying that it is generated very close 
to the magnetic equator. 

The path of Cassini during the flyby was very near the mag- 
netic equator ()tm < 5 ø) for most of the period when the 
spacecraft was in the magnetosphere. This location is good for 
examining the source region of the chorus. During the out- 
bound part of the Cassini flyby, a series of intense chorus 
emissions were observed, starting at approximately 0355 SCET 

(see Plate 1). The spacecraft was very near the magnetic equa- 
tor at this time and had just exited the plasmasphere. As the 
spacecraft traveled away from the Earth, the frequency at 
which the chorus was observed decreased. The expected gap 
between the two bands of chorus at -0.5 fce is easy to see in 
the bottom panel (Bz search coil) of Plate 1 and in Plate 3b. 
Plate 3 shows the results of the wave normal and Poynting 
vector determination of this chorus in a format similar to Plate 
2b. 

Plates 3c and 3d show that the wave normal and the Poynt- 
ing vectors of the chorus are nearly aligned with the local 
magnetic field for most of this event. A closer examination also 
shows that the calculated Poynting vector lies within the ex- 
pected 19028 ' of the local magnetic field for a whistler mode 
wave. The periods where there is some scatter in the calculated 
Poynting vector angles may be caused by the calculation of the 
missing electric field component. The presence of strong elec- 
trostatic emissions during an observation can affect the deter- 
mination of the Poynting vector, since the missing component 
is determined from the measurements of the other two electric 

components. Although it is not shown in Plate 3, the analysis 
also showed that the chorus is right-hand polarized. Plates 3d 
and 3e show that the chorus is primarily propagating parallel to 
the local magnetic field (northward) for the first part of this 
period, with the direction changing to antiparallel (southward) 
in the latter half of this period. This change in the direction of 
propagation suggests that Cassini passed through (or near) the 
source region of the chorus. The magnetic latitude values 
shown at the bottom of Plate 3 show that Cassini was near the 

predicted magnetic equator during this period and suggest that 
Cassini should be north of the source region if the source 
region is at the magnetic equator. However, these values of the 
magnetic latitude were calculated from a simple dipole model 
of the Earth's magnetic field and may not be as accurate at this 
larger distance from the Earth. In an attempt to better under- 
stand the location of Cassini with respect to the magnetic 
equator during this period, the magnetic field measured by the 
MAG instrument was examined. Plate 3f shows the Bx (GSM) 
component of the magnetic field as measured by MAG. As can 
be seen, the Bx component goes from negative to a positive 
value at about 0405 SCET. Since Cassini is located at about 
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0100 LT, the sign of the Bx component of the magnetic field is 
expected to change from negative to positive very near the mag- 
netic equator. The period of the change in sign of Bx is also the 
period where the chorus is observed to "flip" direction. This 
change in direction of the chorus such that the chorus is propa- 
gating away from the measured magnetic equator is in good 
agreement with the results of LeDocq et al. [1998]. 

Plate 4 shows a brief (10 min) period of emissions which 
appears to be chorus observed as Cassini entered the magne- 
tosphere (Cassini crossed the magnetopause at approximately 
0225 SCET). Two bands of electromagnetic emissions, the 
upper at about 1.1 kHz and the lower starting at about 400 Hz 
and rising to about 1 kHz, are observed in Plate 1 and Plate 4, 
starting at about 0229 SCET. An examination of the wideband 
data during this period shows rising tone structure that is 
consistent with chorus. Further evidence that these emissions 

are chorus is the gap between the two bands at approximately 
0.5 fce' The upper band of chorus is observed for approxi- 
mately 2 min, with the lower band lasting approximately 7 min. 
The results of the wave normal and Poynting vector determi- 
nation of this chorus are shown in Plate 4. The wave normal 

and Poynting vector of the upper band of chorus are strongly 
aligned with the magnetic field in the parallel direction. The 
lower band is much more sporadic than the chorus observed 
during the outbound period, and the eigenvalue ratio tends to 
be lower, resulting in the limited amount that is plotted in Plate 
4. The lower eigenvalue ratio indicates that two or more plane 
waves are present [Storey et al., 1991]. The lower band of 
chorus plotted in Plate 4 (eigenvalue ratio greater than 0.9) is 
primarily aligned antiparallel to the magnetic field. The mag- 
netic latitude determined from a dipole model suggests that 
Cassini is south of the magnetic equator and that the chorus is 
propagating both toward (upper band) and away (lower band) 
from the equator. An examination of the B x (GSM) compo- 
nent of the measured magnetic field (Plate 4f) suggests that 
Cassini may be slightly north of the magnetic equator (Bx < 
0). The location of Cassini with respect to the magnetic equa- 
tor is not as well defined as in the outbound period. However, 
as Cassini travels southward, the chorus is observed to go from 
northward to southward propagation. 

The most likely explanation for the chorus to be propagating 
both toward and away from the equator is that Cassini is 
passing through, or very near, the source region during these 
periods. Cassini was always within ---3 ø of the magnetic equator 
(as determined from a dipole model) when chorus was ob- 
served, well within the region that previous studies have pre- 
dicted the generation region to be. The regions where Cassini 
observes the chorus propagating toward the equator are at 
reasonably large values of RE (primarily at RE > 6). Previous 
work has suggested that the source region of the chorus covers 
a wider range of magnetic latitude around the equator at larger 
R E [see, e.g., Tsurutani and Smith, 1977, Figure 14; Lauben et 
al., 2001]. Furthermore, the change in direction from one snap- 
shot to the next on short timescales (see the lower band in 
Plate 3 at approximately 0406-0407 SCET) suggests that 
Cassini is passing near the source region, and the examination 
of the measured magnetic field shows that Cassini is very near 
the magnetic equator at this time. The difference in direction 
of the upper and lower bands in Plate 4 suggests that the upper 
and lower bands of the chorus have separate source regions 
and possibly a separate generation mechanism. 

7. Low-Frequency Electromagnetic Emissions 
(Lion Roars) 

Intense, bursty, narrowband electromagnetic emissions in 
the magnetosheath were first reported by Smith et al. [1969]. 
These emissions are usually observed in a frequency range of 
0.01-0.75 fce and have a duration of from one to a few seconds. 
These emissions are often called "lion roars" because of their 

audio characteristics, which sound like a roaring lion when 
played on an audio system [Smith et al., 1971; Smith and Tsu- 
rutani, 1976]. Smith and Tsurutani [1976] found that the waves 
are right-hand circularly polarized whistler mode waves, prop- 
agate nearly parallel to the ambient magnetic field, and had 
typical amplitudes of 0.04-0.16 nT. Thorne and Tsurutani 
[1981] showed that lion roars were related to anisotropic mag- 
netosheath electrons (T e, > Tell), where Te, and Tell are the 
perpendicular and parallel electron temperature, and could be 
generated by the electron cyclotron instability. A strong rela- 
tionship between the presence of lion roars and a decrease of 
the ambient magnetic field (usually related to mirror mode 
waves) has also been found [Smith and Tsurutani, 1976; Tsu- 
rutani et al., 1982]. Various studies have suggested that tem- 
perature anisotropic electrons associated with the mirror mode 
waves play a role in the generation of the lion roars [Tsurutani 
et al., 1982; Lee et al., 1987; Song et al., 1991, 1992], and 
Chisham et al. [1998] using Active Magnetospheric Particle 
Tracer Explorers (AMPTE) data confirmed the existence of 
anisotropic electrons inside mirror mode waves. 

Using Geotail waveform data, Zhang et al. [1998] found two 
types of lion roars. The first (their type A) are associated with 
mirror mode waves or the decrease of the ambient magnetic 
field and make up about 30% of the lion roars observed in their 
study. The second type (their type B) were not associated with 
a local decrease in the ambient magnetic field. Using the min- 
imum variance (principle axis) method, they determined the 
wave normal vector k orientation of the lion roars. The typical 
angle between the wave normal vector and the ambient field 
was ---10 ø, and most of the observed waves traveled in only one 
direction (either nearly parallel or antiparallel to the ambient 
magnetic field. They also found that about 5 percent of the 
type B lion roars had wave normal vectors in two directions 
and suggested that in these cases, Geotail was near the source 
region of the waves. A few of the type B emissions had 0•, near 
90 ø , which they proposed may be the downstream propagating 
whistlers from the bow shock. Baumjohann et al. [1999] exam- 
ined waves between the ion cyclotron and lower hybrid fre- 
quencies (frequencies lower than most of the earlier studies) in 
the equatorial dayside magnetosheath with the equator-S mag- 
netometer. These emissions, which they reported as lion roars, 
were found in troughs of magnetosheath mirror mode waves. 
The waves typically lasted a few wave cycles (---0.25 s), were 
found to be near-monochromatic right-hand circular polarized 
with amplitudes of 0.2-1 nT, and were typically observed be- 
tween 0.05 and 0.15 fce' The wave normal angles of these 
waves were found to be essentially parallel to the ambient 
magnetic field (0•, • 0.3ø). 

Plate 5 shows the 19-min period during which Cassini ob- 
served bursty emissions while in the magnetosheath in a format 
similar to Plate 2b. It should be noted that the duty cycle of the 
WFR during this period was rather low (a ---0.29 s waveform 
every 20 s). Because of this limited duty cycle, and the method 
by which the plotting program fills in the gaps between the 
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WFR captures, the bursty emissions in Plate 5 appear to occur 
for a longer period than they actually do. These emissions show 
a variety of characteristics, including a wide range of occur- 
rence frequencies (-150 to -700 Hz), and a large range in the 
ratio of the frequency of the emission to the electron cyclotron 
frequency (f/fce = O. 19-0.75). The waves are shown to 
propagate both parallel and antiparallel to the magnetic field 
(Plate 50, and all were found to be right-hand polarized. Each 
of the 51 waveforms captured during this period was examined 
individually to determine if an electromagnetic emission was 
present. If an electromagnetic emission was present, then the 
propagation characteristics of the waves were determined. Of 
the 51 waveforms, 21 contained electromagnetic emissions that 
satisfied the eigenvalue and coherence test (values >0.95). 
Many of these 21 snapshots also contained strong electrostatic 
emissions near the same frequency of the electromagnetic 
emissions. The propagation characteristics of these waves and 
the effect on the analysis from the electrostatic waves are 
discussed below. 

Plate 6 shows the propagation characteristics in a format 
similar to Plate 2b of one of these emissions as Cassini was 

approaching the magnetopause. This snapshot started at 0210: 
17.736 SCET and is 0.28672 s long. The emissions are easily 
observed from about 400 to 550 Hz. The ratio of f/fc ½ is -0.5 
for this event. From Plates 6c and 6e it can be seen that the 

wave normal vector angle 0k and Poynting vector angle 0 s both 
lie nearly antiparallel to the local magnetic field. This is more 
easily seen in Figure 2, where 0 s and 0k are shown on a polar 
plot. The top panel of Figure 2 shows the Poynting vector 
angles 0s, and the bottom panel shows the wave normal vector 
angles 0k. The radius of the plots is frequency, from 300 to 600 
Hz, and the circumference is angle, from 0 ø to 180 ø. The av- 
erage values for this snapshot are 0s = 156 ø -+ 13 ø and 0k = 
173 ø +_ 5 ø. The wave normal azimuthal angles qbk, shown in 
Plate 6d, are scattered over the 360 ø, with a small preference in 
the directions 180 ø and 360 ø . These values for the angles with 
respect to the magnetic field, and the fact that these waves are 
right-hand polarized (not shown), are consistent with these 
emissions propagating in the whistler mode. 

Figure 3 shows the wave normal and Poynting vector angles 
(0s and 0k) for a snapshot that occurred at 0207:37.737 SCET, 
approximately 3 min earlier than the example shown in Plate 6 
and Figure 2. The emissions are observed at approximately 
550-600 Hz, and the ratio f/fc• is -0.6. Figure 3 shows that 
both 0s and 0 k are centered around -20 ø for the entire fre- 
quency range of this emission. The average value of 0s is 21 ø +_ 
8 ø, and 0k is 20 ø _+ 5 ø. These waves are propagating in the 
opposite direction (parallel to the local magnetic field) of the 
emission shown in Plate 6 and Figure 2. These waves are also 
right-hand polarized and are consistent with propagation in a 
whistler wave mode. 

Figure 4 shows the values of the Poynting and wave normal 
angles from a snapshot near the beginning of this interval 
(0154:17.743 SCET), not long after the spacecraft entered the 
magnetosheath. The emissions of interest are the narrowband 
emissions from about 150 to 240 Hz (f/fc• • 0.2). Unlike the 
examples in Figures 2 and 3, this emission shows the Poynting 
vector for this period to be nearly perpendicular to the local 
magnetic field, with an average value for 0s of 77 ø _+ 19 ø. This 
large value for 0s is not consistent with a whistler mode wave 
since the angle is greater than 19 ø . Although it is possible that 
we are seeing a different wave mode, it is more likely that this 
is not an accurate representation of the Poynting vector direc- 
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Figure 2. A summary of the 0 angles between (top) the 
Poynting and (bottom) wave normal vector, and the local mag- 
netic field for the emission shown in Plate 6. The radius of the 

plots is frequency, from 300 to 600 Hz, and the circumference 
is angle, from 0 ø to 180 ø. The average values for this period are 
0s = 156 ø -+ 13 ø and Ok = 173 ø +-- 5 ø ß 

tion of the electromagnetic emissions. As discussed above, 
Cassini only measures two components of the electric field, and 
the missing component is calculated from the five measured 
electric and magnetic components. During this snapshot (and 
many of the other snapshots during this early period in the 
magnetosheath), strong electrostatic emissions are observed in 
the E x and E w channels of the WFR, often with frequencies 
near the frequency of the electromagnetic emission (see Plate 
5a). Furthermore, the electromagnetic emission is rather weak 
during this snapshot. These two conditions may result in an 
inaccurate determination of the missing electric field compo- 
nent and therefore result in an inaccurate determination of the 

Poynting vector. 
The fact that 0s appears to be scattered around 90 ø also 

impacts the determination of the direction of the wave normal 
vector. The bottom panel of Figure 4 shows that the wave 
normal vectors for this example appear to be pointing both 
parallel and antiparallel to the local magnetic field. The reason 
for the two apparent wave normal angle values shown in Figure 
4 is the use of the Poynting vector to remove the 180 ø ambi- 
guity in the Means method calculation of the wave normal 
vector. As discussed above, S ß k must be greater than 0, and if 
S ß k < 0 in the original calculation of k, then k is "flipped" 
(knew = --ko•d) tO satisfy this requirement. During this period 
the initial values for 0k as determined from the Mean method 
before the 180 ø ambiguity check are nearly parallel (-26 ø ) to 
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Figure 3. A summary of the 0 angles between the Poynting 
and wave normal vector, and the local magnetic field for the 
emission detected at 0207:37.737 SCET. The radius of the 

plots is frequency, from 500 to 700 Hz, and the circumference 
is angle, from 0 ø to 180 ø . The average values for this period are 
0s = 21 ø -+ 8 ø and Ok = 20 ø --+ 5 ø ß 
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Figure 4. A summary of the angle between the Poynting and 
wave normal vector, and the local magnetic field for the emis- 
sion detected at 0154:17.743 SCET. The radius of the plots is 
frequency, from 100 to 300 Hz, and the circumference is angle, 
from 0 ø to 180 ø. The average values for this period are 0s - 
77 ø + 19 ø and Ok = 26 ø + 3 ø' 154 ø + 7 ø 

the local magnetic field. The calculation that removes the 180 ø 
ambiguity results in the 0s > 90 ø measurements "flipping" the 
wave normal vector to the antiparallel direction. The average 
results for Ok after this flipping are for 0 s < 90 ø, Ok = 26 ø --+ 
3 ø, and for 0s > 90 ø, Ok = 154 ø --+ 7 ø. It should be noted that 
uncertainty in the Poynting vector determination does not af- 
fect the "absolute" value of Ok (26 ø in this example), just the 
determination if the vector is aligned parallel or antiparallel to 
the local magnetic field. 

Table 1 and Figure 5 summarize the values of 0s and Ok for 
the 21 events that were detected during this period. The ratio 
of the center frequency of the emissions to the electron cyclo- 
tron frequencyfce is also shown in Table 1. From Table 1 it can 
be seen that the ratio of f/fce covers a large range (f/fce = 
0.19-0.75). The emissions tend to have ratios less than •--0.3 
for the first part of the period (<•--0159 SCET), and the ratios 
tend to increases to values greater than •--0.45 (up to 0.75) for 
the latter part of the period (nearer the magnetopause). These 
emissions cover a wide range in frequency, and no obvious gap 
at 0.5 fce is observed. The top panel of Figure 5 shows the 
values of 0s obtained for the 21 events. At the beginning of the 
period (near the bow shock), 0s appears to be around 90 ø with 
respect to the local magnetic field, while at the end of the 
period (near the magnetopause), 0s tends to be more aligned 
with the local magnetic field. As discussed above, the values of 

0s near 90 ø are not expected for whistler mode waves. The 
presence of strong electrostatic waves in this region (see Plate 
5a) may be affecting the determination of the missing electric 
field component, resulting in the nearly perpendicular values 
for the Poynting vectors. As Cassini moves away from the bow 
shock, the occurrence frequency and the strength of the elec- 
trostatic emissions are reduced. This may explain why the emis- 
sions detected later in this period have Poynting vectors which 
are more typical for whistler mode waves. For the cases where 
the Poynting vector is nearly aligned with the magnetic field, 
the waves are found to propagate both parallel and antiparallel 
to the local magnetic field. 

The bottom panel of Figure 5 shows that the wave normal 
vectors in all 21 cases are nearly aligned with respect to the 
local magnetic field. The average wave normal angle for the 21 
cases is 16 ø , with the largest being 38 ø . This average is slightly 
larger than the typical value of 10 ø for lion roars observed by 
Geotail [Zhang et al., 1998]. An examination of the direction of 
the wave normal vector with respect to the local magnetic field 
shows that the waves are almost evenly split between parallel 
and antiparallel propagation (10 parallel, eight antiparallel). 
For the cases that showed both a direction up and down the 
field (caused by 0s being scattered around 90ø), if one direction 
dominated, it was defined as parallel or antiparallel. Three 
events had wave normal directions in which neither direction 
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Plate 3. A summary of the WFR receiver observations of the wave normal and Poynting vector direction of 
the chorus emissions observed on the outbound part of the flyby. 
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Table 1. Values for 21 Events 

Spacecraft 
Event Time f/fce 0s, deg 0k, deg 

0154:17.7 0.23 77 + 19 26 _+ 3 
154 _+ 7 

0154:57.7 0.24 83 -+ 29 26 _+ 3 
154 _+ 7 

0155:17.7 0.23 62 + 22 11 _+ 6 
169 _+5 

0155:37.7 0.20 80 +_ 44 11 -+ 5 
169 +3 

0155:57.7 0.19 63 +_ 33 25 -+ 4 
154 _+ 4 

0156:37.7 0.35 87 -+ 18 9 _+ 2 
167 +5 

0156:57.7 0.28 40 -+ 28 13 _+ 6 
164 -+ 8 

0159:17.7 0.20 119 _+ 30 19 _+ 7 
163 +5 

0159:37.7 0.23 102 -+ 42 10 _+ 7 
162_ + 7 

0159:57.7 0.65 161 _+ 9 167 _+ 3 
0201:37.7 0.24 24 _+ 23 14 -+ 6 
0201:57.7 0.66 42 _+ 20 9 + 6 
0204:17.7 0.60 126 _+ 7 164 _+ 4 

0205:57.7 0.46 148 _+ 11 164 + 7 
0206:17.7 0.75 126 _+ 17 142 + 12 
0207:17.7 0.55 137 _+ 22 156 +__ 5 
0207:37.7 0.62 21 + 8 20 -+ 5 
0207:57.7 0.66 47 -+ 14 23 _+ 9 
0209:17.7 0.56 26 _+ 17 12 -+ 6 

128 -+ 11 175 -+ 2 

0210:17.7 0.47 156 _+ 13 173 _+ 5 
0210:57.7 0.26 23 + 14 169 _+ 6 

dominated. Since the majority of the snapshots contain emis- 
sions with wave normal vectors in one direction only (assuming 
the Os scattered around 90 ø are not accurate), the source re- 
gion for these waves is probably far from the spacecraft. Fur- 
thermore, the change in the wave normal direction between 
two adjacent snapshots (for example, 0207:17.7 and 0207:37.7 
SCET) implies that there are multiple source regions. 

Using the definitions of the "types" of lion roars from Zhang 
et al. [1998], we determine that the Cassini observations are 
probably a mixture of type A and type B lion roars. B. Tsuru- 
tani (personal conversation, 2001) showed that there was little 
or no evidence of mirror mode structures detected by the 
Cassini magnetometer during this period. Some of the emis- 
sions detected by the WFR do occur in regions of decreasing or 
minimum local magnetic field, which would correspond to 
Zhang et al. [1998] type A. However, these decreases are usu- 
ally only a few to 10 percent, so it is unclear if these can be 
claimed to be associated with mirror mode structures. Further- 

more, some of the emissions do not appear to correspond to 
minimums of the magnetic field (type B). 
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Figure 5. A summary of the angle between the Poynting and 
wave normal vector, and the local magnetic field for the 21 
events that were observed by Cassini in the magnetosheath. 
The top shows that at the beginning of the period (near the 
bow shock), 0s appears to be around 90 ø with respect to the 
local magnetic field, while at the end of the period (near the 
magnetopause), 0s tends to be more aligned with the local 
magnetic field. The bottom panel shows that the wave normal 
vectors in all 21 cases are nearly aligned (both parallel and 
antiparallel) with respect to the local magnetic field. The av- 
erage wave normal angle for the 21 cases is 16 ø . 

8. Conclusions 

The measurements obtained during the Earth flyby provided 
an opportunity to validate the wave normal and Poynting vec- 
tor analysis capabilities of the WFR receiver. These prelimi- 
nary results are very promising. Propagation characteristics of 
a variety of plasma waves were determined and compared with 
measurements obtained from previous spacecraft. The mea- 
surement of a lightning-induced whistler agrees very well with 
the results of earlier spacecraft. The chorus was found to be 

propagating nearly aligned with the magnetic field, and the 
majority of the emissions were found to be propagating away 
from the equator, even when Cassini was very close to the 
magnetic equator, suggesting that the source region is very 
near the magnetic equator. The examination of the low- 
frequency emissions (lion roars) in the magnetosheath also 
produced agreement with earlier studies, especially with regard 
to the determination of the wave normal vectors using Geotail 
data [Zhang et al., 1998]. However, these emissions also 
showed the limitation in calculating the Poynting vector with 
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only five measured components. These limitations will be ex- 
amined in a future work. 
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