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Abstract: The satellite and ground VLF data have indicated that chorus is often 
accompanied by a background hiss, and the purpose of this paper is to investigate 
the association between hiss and chorus and to present detailed experimental findings 
on the cause and effect relationship between hiss and chorus. The present study is 
based on detailed spectral analyses and direction finding measurements for VLF 
emission events with the simultaneous occurrence of hiss and chorus observed by 
GEOS-1 satellite in the outer magnetosphere. Two different events are analyzed: 
one is the equatorial (geomag. lat.= 6.8°-8.5°) event, and the other the off-equatorial 
(24.2°-23.68

) event. 
The following important experimental findings have emerged from the present 

study: (1) Each chorus element originates from the hiss band and is asymptotic to 
the hiss band. (2) The intensity and occurrence of chorus emissions are closely 
correlated with the intensity of the underlying hiss band, such that when the intensi
ty of the hiss band exceeds a threshold value of some mr /-vi-Iz, the excitation of 
chorus emission is enhanced. (3) Some parts of hiss band exhibit some struc
tures or wavelets (i.e. monochromatic wave components with duration of more 
than 100 ms), although hiss has been considered to be incoherent and turbulent. 
Furthermore, on some occasions, we can notice an existence of wavelets at the foot 
of chorus elements. (4) The direction finding results have newly indicated similar 
values for the azimuthal direction 9 for both phenomena, suggesting that both hiss 
and chorus come from the same source region. These experimental facts suggest 
that a wavelet existing in the hiss band may generate a chorus emission through 
coherent wave-particle interaction in the outer magnetosphere as in the case of 
active VLF wave injection experiments. 

1. Introduction 

Naturally occurring magnetospheric VLF/ELF emissions are known to be basical
ly classified into two different forms; ( 1) unstructured hiss (HELLIWELL, 1965; DOWDEN, 
1971; HAYAKAWA et al., 1984, 1986a, b,c) and (2) structured and discrete emissions 
collectively called "chorus" (HELLIWELL, 1965; BURTON and HOLZER, 1974; TSURUTANI 
and SMITH, 1974; BURTIS and HELLIWELL, 1976; HAYAKAWA et al., 1984, 1986c, 1990). 
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However, the fundamental problems such as whether these two types of emissions are 
essentially different or not and the link between hiss and chorus, remain quite unclarified. 
The phenomenon suitable for studying these unsolved problems is so-called hiss
triggered chorus emissions. The ground and satellite VLF/ELF measurements have 
indicated that chorus is often accompanied by a background of hiss (BURTIS and 
HELLIWELL, 1976; CORNILLEAU-WEHRLIN et al., 1978; KOONS, 1981 ), although chorus is, 
on many occasions, spontaneously generated (e.g., HELLIWELL, 1965). Another possible 
stimulus to trigger a chorus is pointed out by LUETTE et al. (1977, 1979) to be power 
line harmonic radiation (PLHR), and they have concluded that man-made VLF noise 
such as PLHR plays an important role in triggering chorus. But, this hypothesis has 
been questioned by TSURUTANI et al. (1979) and negatively answered by the experimental 
study of KOONS (1981 ). Hence, two opposite possibilities have been suggested; one 
is hiss considered to be incoherent and turbulent, and the other is monochromatic and 
coherent PLHR. By using the events of hiss-triggered chorus observed onboard the 
SCA THA satellite, KOONS (1981) has arrived at the conclusion that some structures 
or large-amplitude spectral components existing in the hiss band, are able to phase
bunch the resonant electrons, then leading to the excitation of chorus emissions. The 
presence of wavelets in hiss band was later studied by Tsun et al. (1989). However, it 
seems that the experimental data presented by KOONS (1981) are not so persuasive as 
to indicate that hiss is a source of chorus. Hence, more extensive experimental studies 
are highly desirable on his implication concerning the mechanism of hiss-triggered 
chorus, i.e. whether hiss is actually a source of chorus or not. For this purpose, the 
application of detailed signal analyses is of essential use. 

The purpose of the present paper is to present detailed experimental findings on 
the cause and effect relationship between hiss and chorus, such as the role of hiss in the 
generation of chorus in the outer magnetosphere. The study is based on detailed 
spectral analyses and direction finding measurements for the VLF /ELF emission events 
indicating the simultaneous presence of hiss and chorus seeming to be closely cor
related with each other. We examine similar emission events as studied by KOONS 
(1981), but our study is more sophisticated and more detailed than his work in the 
following respects. In his experiment the wave field was measured only by an elec
tric antenna and the electron density was not unfortunately measured, although his 
results relied on a high level of density. On the other hand, in this paper, we make 
full use of a complete set of wave data observed onboard the GEOS 1 satellite. The 
application of detailed spectral analyses to the waveform data enables us to investigate 
the fine structures existing in the hiss band, and the simultaneous measurements of 
multiple field components make it possible for us to determine the wave normal direc
tions of both hiss and chorus. In Section 2 we describe the data base obtained from 
the GEOS 1 satellite. Section 3 deals with the investigation of fine structures within 
the hiss band by means of two different kinds of spectral analyses, and in Section 4 we 
present results of direction finding for hiss and chorus. Finally, in Section 5 we sum
marize experimental findings obtained from this investigation and we discuss physical 
implications. 
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2. Data Source 

The field data used are signals obtained by the so-called S-300 experiment on board 
the GEOS 1 satellite, which measures continuously the electric and magnetic com
ponents of the field by six antennas. The data are recorded by a swept frequency 
analyzer (SFA) system. Six SFA's operate as heterodyne systems controlled by a 
single frequency synthesizer. The analyzers select bands of 300 Hz in a frequency 
range 150 Hz to 77 kHz by steps of 300 Hz, thus giving a complete coverage. The 
transposed signals are sampled 1488 times per second (Nyquist frequency=744 Hz), 
and the high pass filter of the 300 Hz SF A band is positioned at 150 Hz and low pass 
filter at 450 Hz. See S-300 EXPERIMENTERS (1979) for more detailed description of 
the wave experiment onboard the GEOS 1. 

The spectral analyses to find out fine structures of hiss emissions are based on 
waveform data of the SF A's. Furthermore, the spectral matrix composed of the auto
power and cross-power spectra among six field components at each Fourier frequency 
component is estimated by using SF A data in VLF part, and these are used for sub
sequent direction finding measurements to determine wave normal directions. 

3. Wave Characteristics and Spectral Analyses of the Fine 
Structures of VLF /ELF Emissions 

Wave data extensively used in the present study are obtained on the GEOS 1 
satellite during the period of about 30 minutes from 1212: 42 to 1241: 11 UT on July 
21, 1977, at L value of 6.5-6.7 around MLT:= 13 h and at geomagnetic latitudes from 
6.8°-8.5°. The KP index at the time of observation was 2, but this emission event seems 
to be closely correlated with a severe magnetic disturbance about one day before, as 
shown in Fig. l(a). We have also used an additional data set observed at relatively 
higher geomagnetic latitude (24.2°-23.6°) during the period of 0812: 00 to 0824: 03 
UT on December 2, 1977. The L value for this part of orbit is 6.2-5.8 and MLT:= 

9 h, and the variation of KP index for this event is also presented in Fig. 1 (b ). In the 
following we will describe characteristics of both hiss and chorus occurring simultane
ously in order to discuss to the role of hiss in triggering chorus. 

3.1. General characteristics of dynamic spectra 

A few sonagrams in ELF band (0-2.5 kHz) observed by the bx antenna are selected 
from the first near-equatorial event and they are illustrated in Fig. 2(a)-(d). The 
spectrograms in these figures are Fourier-transformed results of onboard-computed 
correlograms, and the alphabetical order (a--')>d) corresponds to the time progress. 
Especially below the spectrogram in Fig. 2(a), there are indicated four temporal vari
ations (time resolution=86 ms) of emission magnetic field (bx) intensity of emissions 
at the four specific frequencies (735, 918, 1010 and 1194 Hz, all with the same band
width of 92 Hz) in the same linear scale. The intensity variation at the lowest frequen
cy of 735 Hz represents mainly the hiss component as understood from the above 
spectrogram, and those at the higher two frequencies (1010 and 1194 Hz) do the chorus 
component, while the intensity variation at 918 Hz seems to represent the boundary 
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Fig. 1. The temporal variation of KP index including the day when we observed hiss-triggered 
chorus. The arrow shows the time when the event was observed onboard satellite. (a) 
20-22 July 1977 and (b) 1-3 December 1977. 
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between the hiss and chorus. Other three figures, Fig. 2(b)-(d) show temporal vari
ations of the 735 Hz emission intensity which may reflect the hiss intensity in the same 
scale as Fig. 2(a) so that we can compare easily the hiss intensities in different figures. 
We comment here on the identification of the phenomenon. We have called the signal 
below ""900 Hz as the hiss, but it is not clear why this part of the signal must be the 
hiss because they do not show characteristics of the hiss such as structureless spectrum 
and unchanging intensity over several minutes. This band might be identified as 
'banded chorus' as found by BURTIS and HELLIWELL (1969) because of vertical struc
tures. However, on the basis of the detailed spectral analyses in Section 3.2. by using 
the waveform data, this band below 900 Hz is actually hiss, though its intensity re
mains nearly steady only for a few tens of seconds. 

These figures provide us with the general characteristics of events studied. It is 
likely that each chorus element in every spectrogram is triggered from the top of the 
underlying hiss band and also that starts of every risers are asymptotic to the hiss 
band (i.e. initially they have very small df/dt values). This point will also be examined 
in detail in the next subsection. A comparison between different spectrograms in 
Fig. 1 suggests that chorus occurrence is enhanced only when the underlying hiss be
comes intense. This point is also quantitatively investigated later. These general 
properties are also reconfirmed for the off-equatorial second emission event on Decem-
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ber 2, 1977. 
The emission band around 1.5 kHz in Fig. 2(b) is identified as the half-gyrofre

quency VLF emission which is generated near the equator at frequency above one 
half the electron gyrofrequency (HAYAKAWA et al., 1984; MUTO et al., 1987). 

3.2. More detailed spectral analyses for hiss and chorus and.fine structures of hiss band 
The extensive spectral analyses have been performed for the waveforms taken at 

output of the SF A's. For the first event of July 27, 1977, two steps of frequencies are 
swept; step 2(592 <f < 1336 Hz) for which the transfer function is constant between 
742 and 1042 Hz and step 3(888 <f < 1632 Hz) for which the transfer function is con
stant between 1038 and 1338 Hz. As a spectral analysis method we have adopted the 
periodogram method (WELCH, 1967; LEFEUVRE et al., 1981). This periodogram is a 
direct application of FFT (fast Fourier transform) on the signal, and in the following 
the resolution of this spectral analysis is 23.25 Hz in frequency and 43 ms in time. 
Results by this method are presented in the form of intensity contour maps, and 
several examples will be illustrated in this paper. 

An inspection of Fig. 2 produced from the onboard correlator shows that some 
vertical structures are included even in spectra of the signal below "'900 Hz, and it 
may be considered that this part of the signal (we call it "hiss" in this paper) may be 
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Fig. 2. The spectrograms of magnetic field (bx component ) observed onboard GEOS-1 satellite in 
the near-equatorial region on 21/7/1977. The alphabetical order (a)�(d) corresponds 
to the time progress. Below the spectrogram of figure (a) are illustrated the intensities at 
the four frequencies of 735, 918, JOJO and 1194 Hz. The component at 735 Hz refers 
to the intensity of hiss, that at 918 Hz means the intensity of the boundary between 
hiss and chorus, and the other two frequencies correspond to the intensity of chorus. 
Below the figures (b)-(d ) is shown the temporal variation of the hiss component at 735 Hz 
alone. 

seen like as "banded chorus" as pointed out by BURTIS and HELLiWELL (1969). How
ever, these vertical structures confused with the "banded chorus", are clearly an 
artifact due to the signal analysis. The spectra of Fig. 2 have been obtained from 
Fourier transformation of the correlation functions produced by the onboard cor
relator. Since the correlator is operated in time sharing (autocorrelogram on one 
component, autocorrelogram on the other component, etc.), we get time intervals with 
zero values. This results in vertical structures; this point is easily checked by per
forming a spectral analysis on the waveforms transmitted onto the ground, and the 
spectrograms obtained over the same time intervals have not such vertical bar struc
tures (See Figs. 3 and 4. These contour maps are drawn by using the same waveform 
data, and we cannot find out any vertical structure in hiss band). A double-check has 
been made by carrying out the stationarity tests (BENDAT and PIERSOL, 1971; LEFEUVRE 
and PARROT, 1979) on the data of Fig. 2. Signals of the hiss part are stationary in 
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Fig. 3. The results of the detailed spectral analyses during 1222 : 46 247 ms-1222 : 48 311 ms UT 
in Fig. 2(b). This analysis was done with Jt=43 ms and J f = 23.25 Hz. Coherent wave
lets with duration of � 100 ms can be seen in the hiss band in the middle of the bottom 
contour map, and an example is marked by A.  

time with a high confidence, and the emissions below "'900 Hz are definitely the hiss. 
On the same reasoning, discrete emissions at frequency above ,..,, 1.0 kHz (we call them 
"chorus" in this paper) are also seen with vertical structures, but these vertical elements 
are again due to the artifact of signal analysis. Hence, the emissions above the hiss 
band are really chorus. 

KOONS ( 1981) has suggested wavelets in a hiss band based on the simple FFT 
analysis for very limited data. Then, recently Tsun et al. (1989) have made spectral 
analyses for both a ground-based hiss without accompanying any chorus and a white 
noise from a random noise generator by means of different methods as adopted in 
this paper, and they have found that wavelets are confirmed only in the hiss band and 
that no such wavelets are noticed in the white noise. This point will be important for 
discussing the hiss and chorus shown in Fig. 2. 

Figure 3 illustrates and example of spectral analyses by the above analysis method 
for an interval (three successive time intervals with each interval of 688 ms) selected 
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Fig. 4. The intensity contour maps during 1225 : 52 010 ms-1225 : 54 074 ms UT and 1225 : 56 
138 ms-1225 : 58 202 ms UT in Fig. 2(c). There are also some wavelets in the hiss band. 
Among them we select the wavelets which exist at the foot of the chorus element and labeled 
C-E. These wavelets may be considered to be the origins of the relevant chorus emissions. 
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from Fig. 2(b ), and similar results for the two time intervals (starting at 1 225: 52 
0 1 0  ms and 1 225: 56 1 38 ms) in Fig. 2(c) are presented in Fig. 4. In contour maps in 
Figs. 3 and 4, the amplitudes in each 688 ms time interval are normalized by the maxi
mum intensity. Then, we plot contour lines between a minimum value of 0.02 and a 
maximum value of 1 .0, and an increment between successive contours is 0.04. In 
particular, the middle of bottom panels of Fig. 3 indicates a very random nature of the 
hiss band. However, we can find out some structures in some parts of the hiss band; 
that is, we can find island structures in contour maps, and a few examples can be select
ed in Figs. 3 and 4. We notice good examples of a monochromatic wave component 
(or a wavelet) with duration of about 1 00-200 ms at a given frequency in the hiss band. 
For example, we can find out a wavelet with duration of about 1 00 ms at a frequency 
of about 833 Hz, which is indicated by A in the middle of the bottom panel of Fig. 3. 
Similar wavelets with the same order of duration in the hiss band are also found in 
other figures. Although we see in spectrograms that the hiss appears at frequencies 
below ""900 Hz, the contour maps show that the hiss band extends even up to 1 000 Hz. 
Hence, we cannot point out the boundary between the hiss and chorus clearly, but we 
can safely say or confirm again from these contour maps that each chorus element is 
asymptotic to the upper edge of the hiss band. The same signal analyses have also 
been carried out for the second event on December 2, 1 977, and its result is illustrated 
by contour plots in Fig. 5. Again, it is easy for us to find some wavelets in the hiss 
band, especially in the right bottom panel. Hence, the suggestion by KOONS (198 1 )  
for very limited data and by Tsun et  al. ( 1 989) for the ground-based hiss data on the 
presence of wavelets within the hiss band is also confirmed by this study. 

Results by the above spectral analysis have been checked by using another vectorial 
A.R. (auto-regressive) method (LAGOUTTE and LEFEUVRE, 1 985) for which the same 
temporal resolution of 43 ms is adopted, but the frequency resolution can be made as 
small as possible. Six Hz is temporally used as the frequency resolution, and results 
through the second method support those by the previous method, although the latter 
is not shown in the present paper. 

Next, we investigate experimentally whether these wavelets near the upper edge 
of the hiss band trigger chorus emissions . The spectrograms in Fig. 2 have suggested 
that chorus elements are triggered by the hiss band, and we examine the detailed 
spectral analysis in Figs. 3, 4 and 5 with paying particular attention to the foot part of 
each chorus element. We notice examples of a wavelet with duration about 200 ms 
at a frequency around 1 140 Hz indicated by B in the first bottom panel in Fig. 3 and 
similar wavelets at a frequency of 1 034 Hz indicated by C in the upper first panel, at a 
frequency of l 054 Hz indicated by D in the upper last panel and at a frequency of 
1 1 15 Hz indicated by E in the middle of the bottom panel in Fig. 4. In these ex
amples of the near-equatorial event in Figs. 3 and 4, the best example for the as
sociation of a wavelet with a chorus element is shown by the first top panel in Fig. 4. 
A wavelet at the frequency of 1 034 Hz (indicated by C) seems to be the origin of the 
chorus, because it is located exactly at the foot of the relevant chorus element. Then, 
in the middle bottom panel of Fig. 4, it is clear that there are some internal structures 
at the part of the hiss where the chorus element is asymptotic to, but it seems difficult 
to say which wavelet is the origin of the chorus element. Further good examples are 
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Fig. 5. The intensity contour map for the off-equatorial observation onboard GEOS-1 satellite. 
We confirm that there are some wavelets with duration of JOO ms or rnore in the hiss band, 
and a group of wavelets indicated by F are seen at the foot of a chorus element. 

readily identified in the both panels from the off-equatorial event in Fig. 5. The 
chorus element is accompanied by a conspicuous group of wavelets (indicated by F) at 
the frequency of 1450-1247 Hz at the foot of the chorus whose duration is of the 
order of 200 ms. In this case the chorus element is smoothly extended from one of 
the wavelets indicated by F. However, one may notice a gap between the chorus ele
ment and the corresponding wavelet deeming to be its origin for the cases such as C, 
D and E, and we will discuss this effect in Section 4. 

The frequency drift rates of chorus elements ( df/dt) can be investigated by using 
the spectral analyses as in Figs. 3, 4 and 5. It is found that the df/dt's of the chorus 
elements are about 0.7 kHz/s when we approximate the chorus element above the 
hiss band by a linear line, and these values are considered to be consistent with those 
by KOONS (1981). But as for the off-equatorial event, the df/dt values of chorus ele
ments are very scattered between 0.4-1.3 kHz/s and the df/dt in Fig. 4 is accidentally 
the same value as in the case of the equatorial event. 



30 HATTORI et al. 

3.3. Relationship of the intensity and occurrence of chorus elements with those of the 
hiss band 

A close correlation between the hiss intensity and chorus occurrence as inferred 
in Fig. 2 is more quantitatively investigated by comparing the intensity and occurrence 
rate of chorus elements with respect to those of hiss. Intensities at the four frequencies 
of 735, 918, 1010 and 1194 Hz measured every 86 ms are already plotted in Fig. 2(a), 
and we use magnetic field intensities at these frequencies. Furthermore, there magnetic 
field components (bx, by and bz) and an electric field (Ey) are utilized. Signals at 
735 Hz are attributed to the hiss in the near-equatorial event and this frequency is al
ways below the foot of the chorus elements, while the higher two frequencies of 1010 
and 1194 Hz correspond to the chorus from the sonagram. On the contrary, the 
signal at 918 Hz represents contributions from both the hiss and chorus. Correla
tions for every combinations among the four frequencies are investigated, and Fig. 6 
shows an example of a scatter plot between the simultaneous intensities of hiss intensity 
at 735 Hz and the chorus intensity at 1010 Hz at every 86 ms for the time interval of 
Fig. 2(a) measured by the bx antenna. If we assume, as mentioned before, that a 
wavelet near the upper edge of the hiss band is responsible for a chorus element, we 
must investigate the correlation of chorus intensity with that of hiss slightly ahead of 
the chorus, but this kind of study seems to be useless, because as shown before it is 
sometimes difficult to identify the association of the causative wavelet with the chorus, 
and furthermore the temporal resolution of 86 ms used in this paper seems to be in
sufficient. Nevertheless, Fig. 6 based on the comparison of the intensities of hiss and 
chorus at the same time, is still useful to show the association of hiss with chorus. 
Figure 6 implies clearly a good correlation between the chorus and hiss intensities and 
the correlation coefficient in Fig. 6 is as high as 0.74. This experimental fact indicates 
strongly that the chorus intensity is very much influenced by the hiss intensity. The 
intensity ratios at these two frequencies are studied for all events (a)-(d) in Fig .  2, and 
it is then found that the chorus power is about 6 dB higher than the hiss power. How
ever, the intensities at the higher two frequencies of 1010 and 1194 Hz are nearly the 
same. 
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the result of Fig. 2(a) and a full line refers to the period of active chorus and a broken line 
corresponds to the period of inactive chorus. (b) shows the case of no chorus period of 
Fig. 2(d). 

It can be easily supposed that very low intensities at 10 10 Hz in Fig. 6 imply the 
absence of chorus or the background noise. Therefore, we have plotted, in Fig. 7(a), 
the occurrence histograms of the hiss intensity (735 Hz) when we are in the period of 
high chorus activity (in a full line), and also in the inactive chorus period (in a broken 
line). The criterion between the period of active chorus and of no chorus is a little bit 
subjectively estimated in the spectrogram of Fig . 2(a). For example, the main active 
period is taken as the interval from 1215: 52 751 ms to 1216 : 13 821 ms, and the other 
interval corresponds to that of no chorus activity. The magnetic field intensity of 
hiss during the period of no chorus indicated by a broken line, is found to be well 
peaked from l mr/vHz to 3mr/vHz, with a weak tail up to 7mr/vHz. On the other 
hand, the hiss intensity at 735 Hz during the active chorus period exhibits a broad 
maximum with intensity range from 1.5mr/vHz and to I2mr/vHz. By comparing 
these two intensities and by considering our crude criterion on the chorus activity, the 
hiss intensity is likely to be above a few mr/vHz for an active chorus occurrence, this 
value being a threshold value of the hiss intensity for the excitation of chorus. A 
similar histogram of the hiss intensity for the case of Fig. 2(d) in which no chorus 
takes place, is illustrated in Fig. 7(b). The histogram in broken line extends up to about 
4mr/vHz, and this further support the previous threshold hiss intensity, a few mr/.JHz 
for exciting a chorus. 

A figure corresponding to Fig. 7 is illustrated in Fig. 8 for the off-equatorial event 
on December 2, 1977. Probably because of the propagation effect toward a high 
geomagnetic latitude, it might have obscured such a clear separation between the full 
and broken lines as found in Fig. 7(a). However, it would be safe to say again that the 
threshold for exciting a chorus for the off-equatorial case is about a few mr/vHz, 
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which is consistent with that for the equatorial event. 
The above analyses are statistical, and all the intensities of wavelets indicated by 

alphabets in Figs. 3 and 4, are found to be above 5mr / ,JH:z. The wavelet B is about 
5.1 mr / ,JHz at its peak intensity. The wavelet C which is. another good example of 
the association with the resultant chorus, has a peak intensity of about 6.6mr/vHz. 
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Fig. 8. The same as Fig. 7, but for the off-equatorial event on December 2, 1977. 
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Fig. 9. The periodicity of the hiss magnetic field intensity (735 Hz). (a) corresponds to the result 
for Fig. 2(b) and (b) indicates the result for the off-equatorial observation. 
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Finaily, it is found that other wavelets D and E have an intensity of 9.3 and 
15.5mrl/Hz, respectively. The average intensity of wavelets indicated by F is found 
to exceed the threshold value. 

3.4. Harmonic analysis for chorus and hiss 
Figure 9(a) illustrates a power spectrum of the time series data of the hiss intensity 

at 735 Hz, and Fig. 9(b) indicates the same analysis at 1194 Hz corresponding to 
chorus. The data of Fig. 9 are based on the event of Fig . 2(a) observed by the bx 
antenna. Figure 9(a) indicates that there are no remarkable periodicities in the hiss in
tensity at 735 Hz, although we have already known in Section 3.2 that there are several 
wavelets in the hiss band on several occasions. Then, it is considered that such 
wavelets occur very irregularly and spontaneously even if they exist. On the contrary, 
the chorus intensity in Fig. 9(b) exhibits a noticeable periodicity around 1.3 s, though 
two closely spaced peaks are present. However, this period seems to have no connec
tion with the 2-hop whistler-mode group delay of 4.0-5.0 s (M. TIXIER, private com
mun.) as found in periodic emission, and the reason of this periodicity is unknown at 
the moment. The same harmonic analyses have been made for the second off-equa
torial event on December 2, 1977, and we have again found a periodicity of about 
3.0 s which is different from that for the first event. 

3.5. Wave normal directions of hiss and chorus 
Figure 10 illustrates an example of the computer display on the measurement of 

wave normal directions (0, ¢) of VLF emissions (both hiss and chorus), where O is the 
angle between the wave normal and Earth's magnetic field and ¢ is the azimuthal angle 
measured from the magnetic meridian plane as defined in LEFEUVRE et al. (1981) and 
HAYAKAWA et al. (1984, 1986a). 688 ms ( =43 ms (one time division) x 64 time divisions) 
is taken as a unit time interval as seen in Fig. 10, and one frequency division means 
23.25 Hz in Fig. 10. The same analyses have been carried out for successive time in
tervals. The determination of wave normal directions of emissions is based on 
MEANS' (1972) method assuming a single plane wave and we use only three magnetic 
field components in obtaining Fig. 10. The numerics in the O plot on the left half 
indicates the following values ; 1 indicates 0° < 0 < 10°, 2, 10° < 0 <20° and so on. 
Similarly, in the ¢ plot on the right half, 1 indicates 0° < ¢<45°, 2, 45° <¢<90° and 
so on. The direction findings have been carried out only for signal intensity above 
the prescribed threshold. We can identify two chorus elements even for the direction 
finding results in Fig. 10. We have to comment on the usage of MEANS' method. 
This method is applicable and very suitable for rather structured emissions such as 
chorus, and so there involves no problem in the results of (0 , ¢) for the parts of chorus 
elements. However, an application of this method to unstructured noise like the hiss 
is questionable, and the wave distribution function method (LEFEUVRE et al. , 1981, 
1982; HAYAKAWA et al. , 1986a, 1990; PARROT and LEFEUVRE, 1986) is suitable for such 
hiss emissions composed of infinitesimally small plane waves with no phase coherence. 
Figure 11 indicates an example of the results for chorus by means of these two methods, 
where x indicates the result by MEANS' method; we see that the peak of the wave dis
tribution function ( · )  is very consistent with MEANS' result. We have also used 
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Fig. JO. An example of the direction .finding results by MEANS' method. This is the result of the 
part of Fig. 2(c) and the wave normal direction 0, corresponding to the polar angle, and 
the azimuthal angle rp are shown as the range numbers. As for 0, the range number I 
denotes 0° ;£ 0 < ]0°, 2 means 10° ;£ 0 <20°, and so on. As/or rp, the range number denotes 
the value in every 45°, for example, the range number I indicates 0° ;£ rp < 45°. 

MEANS' method to the part of hiss and we have confirmed that the results of (8, ¢) by 
the wave distribution function and MEANS' method are very identical to each other 
as seen from an example in Fig. 12. This point was already confirmed by HAYAKAWA 

et al. (1986a). 
Based on the computer plots as in Fig. 10, Fig. 13 summarizes the occurrence 

histograms of () and ¢ for 11 seconds starting at 1222: 43 495 ms UT in Fig. 2(b), and 
the corresponding figures are illustrated in Fig. 14 for same 11 seconds starting at 
1225 : 51 322 ms UT as in Fig. 2(c). In both figures, full lines refer to the frequency 
range below 800 Hz, and broken lines above 1000 Hz. As seen from the sepctrograms 
in Fig. 2, 900 Hz is the upper edge of the hiss band and the signals around this fre
quency are combination of hiss and chorus. Actually, taking account of the contour 
maps (Figs. 3 and 4) , there are some ambiguity for the boundary between hiss and 
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Fig. 11. An example of the wave distribution 
function for near-equatorial chorus at a fre
quency of 1167.48 Hz. The peak of the wave 
distribution function is indicated by • ,  which 
is found to be very consistent with MEANS' 
result given by x .  

Fig. 12. The same as Fig. 11, but for the hiss 
at the frequency of 731.82 Hz. 
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Fig. 13. The occurrence histograms of wave normal directions, 0 and 9 values, for 11 seconds 
starting at 1222 : 43 495 ms UT in Fig. 2(b). Full lines refer to the frequency range 
below 800 Hz (hiss) and broken lines, the frequency range above 1000 Hz (mainly chorus). 

chorus. In order to avoid this ambiguity, we have selected the above two frequencies, 
and so we assume the frequency range below 800 Hz as the hiss and above 1000 Hz as 
the chorus. The most important point in Fig. 13 is that we have very similar distri
butions in the azimuthal angle (¢) of the wave normal direction for both hiss and 
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Fig. 15. The same as Figs. 13 and 14, but for the off-equatorial event. 

chorus, and this is a strong indication that both phenomena come from the same 
source. On the contrary, we have found that the distributions in () are different for 
hiss and chorus. That is, the () distribution for the hiss is considerably broad, but 
smaller () values less than 40° are common, whereas the chorus seems to have () values 
slightly larger by about 1 0° than those for the hiss. 

As already mentioned we have used only three magnetic field components and so 
there exists an ambiguity of 180° in propagation direction. In order to eliminate this 
ambiguity, we have also included one electric component (Ey) for every events, and 
then it is found that both chorus and hiss come from the equator. 

The same analyses are performed for the event in Fig. 2(c) and the corresponding 
results are presented in Fig. 14. The (J's for the hiss illustrated by a full line are well 
concentrated to ()= 10°-30°, and a very similar distribution in () is noticed even for the 
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Fig. 16. The frequency dependence of wave normal angle O of chorus elements during the period 

of Fig. 13. There are five elements indicated by different symbols. 
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Fig. 17. The frequency dependence of wave normal angle O of chorus elements during the period 

of Fig. 14. There are four elements indicated by different symbols. 

chorus shown with a broken line. This point is a little bit different from the previous 
case. However, we have reconfirmed similar distributions in ¢ for both hiss and 
chorus. 

The corresponding direction finding results for the off-equatorial event on Decem
ber 2, 1 977, are summarized in Fig. 15. Again, MEANS' method was adopted. The 
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most important point from this off-equatorial event study is that the distributions in 
¢ for both hiss and chorus are again very similar to each other, although we notice a 
significant difference in (} distribution for the both phenomena. 

The above information on the wave normal directions of VLF emissions is sta
tistical, and we cannot study the frequency dependence of the wave normal direction 
for each chorus element. Figure 16 illustrates the frequency dependence of the wave 
normal angle (0) of chorus elements during the period of Fig. 13. Five elements are 
indicated by different marks. This figure indicates that there seems to exist no specific 
dependence of the O value for each chorus element on frequency. Then, Fig. 17 cor
responds to Fig. 14, and four chorus elements are analyzed. It appears that O in
creases with increasing frequency for this analysis period, except for a chorus element 
indicated by a square. Although not shown in this paper, we have to add that the ¢ 
value for each chorus element is nearly the same. From these direction finding re
sults for ¢, we can conclude that hiss and chorus came from the same source region. 

4. Summary of Experimental Studies and Discussion 

Based on the spectral analyses and direction finding measurements for hiss and 
chorus observed simultaneously near and far away from the geomagnetic equator in 
the outer magnetosphere by the GEOS-1 satellite, the following are the summary of 
the observational facts which are important for the study of the role of hiss in trig
gering chorus or not. 

(1) The spectrogram by means of the correlators and also the spectral analyses 
have reconfirmed that each chorus element seems to be originated from the underlying 
hiss. Each chorus trace is asymptotic to the hiss band and that the d//dt at the foot of 
each chorus is nearly zero, and the frequency drift rate of chorus elements near the 
equator is about 0.7 kHz/s, as observed so far. 

(2) The intensity and occurrence of chorus emissions are closely correlated with 
the intensity of the underlying hiss band. When the intensity of the underlying hiss 
exceeds a threshold value of a few mr / ,JHz, the excitation of chorus emissions is 
enhanced. 

(3) The spectral analyses have established that hiss is, on some occasions, very 
random and incoherent, but that some parts of hiss exhibit wavelets (i.e .  monochro
matic wave component with duration of 100 ms or more). We can identify, on some 
occasions, wavelets at the foot of some chorus elements which may trigger chorus 
emissions, but on the other occasions the association of the causative wavelet with the 
chorus is not clearly identified. 

( 4) The most important new direction finding fact about the association between 
hiss and chorus is that the same ¢ values are obtained for hiss and chorus. This 
implies that the both phenomena of hiss and chorus come from the same source region. 
The hiss emissions propagate with small wave normal angles, less than 30°, but the 
wave normal directions (0) of chorus emissions exhibit different behaviours for dif
ferent events. Some chorus emissions propagate with small wave normal angles, but 
other chorus emissions have large O values. 

(5) The O values for some chorus elements increase with increasing frequency, 
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but other chorus elements have no definite dependence of f) on frequency. 

(6) There exists a periodcity in the occurrence of chorus triggered by hiss. 

Based on these experimental findings (Items ( 1), (2) and (3)), we briefly discuss 

the main point of this paper ; the possible association between hiss and chorus . Tsun 

et al. ( 1989) have performed the detailed spectral analyses (as adopted in this paper) to 

the white noise from a random noise generator. The results are compared with the 

spectral analyses for the natural hiss without accompanying chorus. There have been 

no wavelets in the white noise, but some wavelets in the hiss and the presence of wave

lets within the hiss is confirmed by extensive spectral analyses. Then, we have ob

tained a few good examples of the possible association between the causative wavelet 

and the chorus . However, this association was not always so persuasive, and even 

in this case there were always a few possible wavelets which may be causative to the 

relevant chorus element. Since in some cases there seems to exist an intensity gap 

between a causative wavelet and a chorus deeming resultant in Figs. 3, 4 and 5, one 

may suppose that the association between the two is inconvincing. However, even in 

the case of transmission experiments from Siple, the transition from the transmitting 

signal to the triggered signal is not so smooth on the basis of narrow-band spectral 

analyses (SA, 1 990) such that he finds fine structures ( or intensity variations) in the 

triggered emissions . Hence, the presence of such an intensity gap between a wavelet 

and a chorus for some cases is not considered to deny the association between the two. 

The reason for such gaps is not known at present, but we can list the following pos

sibilities . SA (1 990) has indicated that the main features of triggered emissions are 

that the transmitted waves grow, shift in frequency, create sidebands and collapse, and 

he has suggested on the basis of test particle simulation that even a weak signal whose 

frequency is very close to the transmitter frequency, has a significant effect on trig

gering of new waves, and hence the effect of weaker wave components than the main 

causative wavelet is not negligible and may be significant. . The other possibility may 

be the propagation effect from the source point to the satellite receiver. Even if the 

association between the causative wavelet and resultant chorus element is very definite 

at the source region, it may be destroyed during the propagation to the spacecraft loca

tion. Of course, the hiss intensity, or to be more exact, the intensity of wavelets within 

the hiss band must exceed a threshold value for triggering a chorus. The contour 

maps of intensity with the frequency resolution of 23.25 Hz are presented in this paper 

in order to demonstrate the presence of wavelets, but the presence of wavelets is also 

checked by the vectorial A.R. method with frequency resolution of 6 Hz. Hence, we 

can conclude that chorus emissions can be triggered by the wavelets existing in the 

hiss band and that the present experimental study has given a convincing support to 

the terminology of hiss-triggered chorus . This work has supported experimentally 

very much the work by KooNs ( 198 1 )  and Tsun et al. ( 1 989), and the mechanism of 

hiss-triggered chorus is likely to be coherent wave-particle interactions as in the case 

of Siple wave injection experiments . HELLIWELL et al. ( 1 986) have used the Siple 

transmitter to simulate the magnetospheric hiss, and have presented the experimental 

results in which relatively short duration wavelets of a hiss spectrum is converted into 

the longer, semicoherent discrete emissions that are typical of chorus . The experi

mental findings obtained in the present paper have furthermore supported the con-
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clusion by HELLIWELL et al. (1986) . In these coherent wave instabilities, the most 
serious problem is the effect of other wavelets at different frequencies on the coherent 
wave-particle interactions. MATSUMOTO and OMURA (1981) have made the test particle 
simulation on phase bunching in the presence of two waves whose frequencies are 
slightly different from each other, but with the same amplitudes. Then, when the 
frequency difference ow is greater than 2wt (w t: trapping frequency), electrons trapped 
by the first wave are not detrapped by the second wave. If we take the wave amplitude 
as 5mr, 2m t becomes about 30 Hz for the plasma parameters observed. The similar 
"control frequency" le is derived by DOWDEN et al . (1978), and this le is estimated by 
means of their expression. Then, we obtain Jc ::::: 35 Hz, which is in good agreement 
with the previous value. Hence, the wavelets near the edge of hiss band are albe to 
phase-bunch the resonant electrons near the equatorial plane, and these phase bunched 
electrons are not detrapped by another wavelet whose frequency is spaced higher than 
30 Hz. But a recent study by SA (1990) has indicated that even a weak second signal 
whose frequency becomes very close to the transmitter signal frequency plays a signifi
cant role in triggering a new emission, and so further detailed studies in this direction 
will be required. 

Other important outcomes from direction finding measurements (Items ( 4) and 
(5)) must be fully incorporated in the detailed mechanism of triggering chorus by hiss 
(HATTORI et al. , 1989) and further studies are in progress. Another finding on the 
periodicity in occurrence of chorus (Item (6)) is an interesting subject to be studied in 
future. 
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