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Abstract. We use the data collected by the Whisper instru-quency, Fp, and the characteristic frequencies of the Bern-
ment onboard the Cluster spacecraft for a first test of its capastein modes (the upper hybrid frequengy s, the harmon-
bilities in the identification of the natural plasma waves ob- ics of the electron gyrofrequenayfc, and the so-called'q,
served in the Earth’ s magnetosphere. The main signaturewhich is the maximum frequency for each mode between two
observed at the plasma frequency, upper hybrid frequencyconsecutive gyroharmonics and corresponds to a zero group
and electron Bernstein modes were often difficult to be reli-velocity, as well as the electromagnetic ordindry, the ex-

ably recognized on previous missions. We use here the chatraordinary Fx and Fz, and the cutoff frequency of thg
acteristic frequencies provided by the resonances triggerethode radiatior(Fz = —Fc/24 (Fc?/4+ Fp2)1/2) are all

by the relaxation sounder of Whisper to identify with good situated in the same frequency range and have to be taken
confidence the various signatures detected in the compleinto account when trying to identify the plasma emissions
wave spectra collected close to the plasmapause. Coupledetected by a spacecratft.

with the good sensitivity, frequency and time resolution of By stimulating some of the main characteristic frequen-
Whisper, the resonances detected by the sounder allow onges of the surrounding plasma, the relaxation sounder of-
to precisely spot these natural emissions. This first analyfers a key reference frame from which the natural emissions
sis seems to confirm the interpretation of Geos observationssan pe identified. The capabilities of this instrument were
the natural emissions observed in Bernstein modes above t%on illustrated after its first operations on the Geos space-
plasma frequency, now widely observed onboard Cluster, ar@raft (Christiansen et al., 1978a and 1978b). Further exam-
not modeled by a single Maxwellian electrons distribution ples of the capabilities of this technique were provided in-
function. Therefore, multi-temperature electron distribution sjge the Earth’s magnetosphere and solar wind by similar in-
functions should be considered. struments flown on board Geos-2 and Isee-1 (Etcheto et al.,

Key words. Space plasma physics (active perturbation ex-1983; Belmont et al., 1984), Viking (Perraut et al., 1990),
periments; waves and instabilities; instrument and tech2nd in the Jovian magnetosphere by Ulysses (Le Sager et
niques) al., 1998; Moncuquet et al., 1997). However, despite the
advances provided by these instruments, key questions were
still not fully resolved. For example, the simultaneous and
unambiguous observations of both the plasma frequémngy,

and the upper hybrid frequencyuh, evident in ionospheric

. topside sounder data (McAfee, 1974) due to their canonical
Plasma waves observed by spacecraft in planetary magn8t?élationship,Fuh2 — Fp? + Fc2, were only reported on the

spheres and beyond are good tracers which allow for a dlag\'/iking satellite (Decieau et al., 1987) and not from high alti-

nh03|s OT t.he local gr remotehparncle p(;)pl:(lathnfs from_wh|ch tude sounders such as the Geos sounder (Etcheto and Bloch,
:hgy E”g.malte' Th €y can tt Il(J.S prcl)w € et% n ?rmat'oT_'O”_lQ?S).Fp and Fuh were alternatively used to name the first

physical mechanisms taxing place in the plasma. HoWsog,nance that was not a gyroharmonic, without clear justi-
ever, the u_nderstandl_ng Of. the source mechanism requirS-ation (see Christiansen et al., 1978b). Consequently, the
first a precise and reliable identification of the propagating

. 2same terminology was used to identify the strongest plasma
he wid . f ch istic f . f th V€vave which closely matched this resonance, without a clear
itng masem\;a:/lvzt\)//ecs) CFgrraeC;Z%Sle rti(luglneczfrzno pltaseme;('?r';[dentification ofFp or Fuh. Furthermore, the data suggested

) ' that the peak emissions could be located sometime at the first
Correspondence td?. Canu (Patrick.Canu@cetp.ipsl.fr) Fq (Christiansen et al, 1978a, 1978b; Etcheto et al., 1983).

1 Introduction
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The situation was further complicated when it was shown2 The instrument
that the observed resonances were not dependent on a single
Maxwellian electron distribution function (Belmont, 1981; The Waves of High frequency and Sounder for Probing the
Etcheto et al., 1983). Since all of these key resonances havilectron density by Relaxation (WHISPER) experiment is a
a frequency separation less than one gyroharmonic, which ipart of the Wave Experiment Consortium (WEC, Pedersen et
this case is small compared &p, the induced uncertainty in  al., 1997) flying on board each of the Cluster spacecraft. The
the diagnosis of the electron density was almost negligible objectives of Whisper are two fold: To measure the total elec-
However, this lack of precision can be a bigger problem fortron density via active stimulation of the surrounding plasma
wave mode identification. Due to the difficulty of the reliable in the so-called active modes, and to provide a survey of the
identification of some of these emissions, some interpretatiomatural emissions in the frequency range 2—-80 kHz during
of the origin of commonly observed wave signatures, such aghe passive modes. The detection of the electric signal relies
the continuum radiation, lead to controversial interpretationon sphere antennae located on symmetric radial booms of 88
(Etcheto et al.,1985). meters in length, tip to tip, which are part of the Electric Field
and Wave experiment (Gustafsson et al., 1997; Gustafsson et

The Whisper relaxation sounders on board each of theal., 2001, this issue). The main difference between Whis-
Cluster spacecraft have been build on the basis of the Geoger and the past relaxation sounders flown on Geos, Isee-
and Isee sounders, with their characteristics adapted to th#& and Viking is that instead of analyzing the electric signal
requirements of the Cluster objectives in terms of frequencyby sweeping the frequency range with a Stepped Frequency
range and time resolution @@@au et al., 1997). The pur- Analyzer (SFA), the instrument relies heavily on onboard
pose of this paper is to test and to illustrate the capabilities oflata processing. The electric waveform is collected over the
the instrument in the identification of natural plasma wavesWhisper frequency range and the frequency spectrum is ob-
through some examples collected during the commissioningained through onboard Fast Fourier Transform every 13 ms.
period. A more general report on the first Whisper obser-On active modes, a pulse with a duration of 1 ms or 0.5ms
vations can be found in a companion papeé¢@au et al., excites a 1 or 2kHz frequency bandwidth that is sent over
2001, this issue). Time resolution and instrument sensitivitythe whole frequency range in 40 or 80 steps. The frequency
are an order of magnitude better in routine operations than omesolution can be adapted by selecting the bin numbers of
these previous spacecraft. Better time and frequency resoluihe FFT, which can be either 64, 128, 256, 512, correspond-
tion are available during the operations of the WideBand in-ing to a frequency resolution of 1.2 kHz, 600 Hz, 320 Hz and
strument, but are limited in time (Gurnett et al., 2001, this is- 160 Hz; this lower and last value is always used in sounder
sue). The frequency resolution of the resonance observed bynodes. A complex data selection process is then performed
Whisper (160 Hz), although better than the standard one usedn the signal by the Digital Wave-Processing experiment
both for passive and active measurements on Geos (300 HfPWP) in order to adapt the data flow to the allowed teleme-
and Isee (400 Hz), is not reaching the best one available ofry rate (see Woolliscroft et al., 1997). The natural emissions
the Geos sounder in the active mode (12 Hz). But the idendetected in the passive mode are averaged. The bins corre-
tification of a plasma wave can be better performed withsponding to the frequency range stimulated by the emitter
Whisper due to its higher sensitivity (an order of magnitude)are selected, and depending on the mode of operations, addi-
which can track these emissions at a lower level and its bettional information such as the active/passive amplitude ratio
ter time resolution. Since a diagnosis of an active spectrunor passive information collected during the active mode can
requires that the characteristic frequencias and Fp be  be transmitted on the ground. The time resolution allowed
stationary during the whole frequency sweep of the instru-by the onboard data processing within the allocated bit rate
ment, the identification of natural emissions, sometimes veryof about 1 kbit/s in normal mode is typically about 1.5s for
unstable signatures (Gough et al., 1981b), requires that ththe active mode and 2 s for the passive measurements. The
plasma parameters be stable for more than 20s with thesduty cycle choosen within WEC allows are to collect two ac-
past instruments, whereas now it is only about 2 s with Whis-tive spectra every 28 s in normal mode (see Pedersen et al.,
per in standard mode. Moreover, simultaneous observation$997). The instrument’s overall sensitivity (averaged noise
from close spacecraft can be very enlightening, as it helps tdevel) is about 2 107 V/Hz—/2, For further details on Whis-
point out stationary signals. per, see [Bcau et al. (1997) and&®€au et al. (2001, this

issue).

For this very preliminary study, we have considered spec- The four spacecraft of the Cluster mission have been
tra observed just outside the plasmapause due to their ricHaunched in pairs on 16 July 2000 and 12 August 2000, re-
ness and complexity. Th&p/Fc ratio, which is observed spectively. The beginning of the commissioning phase was
at about 3, allows for the instrument to clearly discriminate marked by reaching the constellation orbit with a perigee of
betweenFp and Fuh. The second part of the paper briefly 19000 km, and an apogee of 120 000 km with an inclination
describes the instrument. The third part presents the observaf 90°. The commissioning phase extended through Decem-
tions with their interpretation found in the fourth part, and the ber 2000. Although primarily devoted to the test of the in-
last part summarizes what can be expected during the Clustestruments and their various operating modes, a wealth of in-
mission. teresting observations have been collected. A first example of
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Fig. 1. Dynamic spectrogram of the electric field spectral densities observed by Whisper on 24 September 2000 from Cluster 2 Salsa. The
instrument was in active mode for most of the period displayed. The strong horizontal lines are resonances at the harmonic of the local
electron gyrofrequency. Resonance#'at Fuh and Fg seen at decreasing frequencies until 08:22 UT are evident between the harmonics.

combined observations of resonances stimulated by the emitional resonances which enter the frequency range of Whis-
ter of Whisper and natural plasma emissions is presented iper at 80 kHz at 08:17 UT are dependent on the local electron
Décreau et al. (2001, this issue). We are showing here indensity, which is decreasing rapidly as the spacecraft recedes
further detail some examples in order to illustrate, on onefrom the Earth. We can identify three main resonances at the
hand, the variety and sometimes the complexity of the wavebeginning of the sequence, close to 08:18 UT, betweefid
spectra, and on the other hand, the instrument’s capabilitieand 52 F ¢ (out of scale).

a_md ev_entually its Iim?ts in the de'gection and the identifica- As the frequency of the two lowest frequencies decrease,
tion which can be achieved by Whisper of the natural plasma[he third one drops asymptotically down toward ther:
waves. gyroharmonic. As the two main resonances cross thE4
harmonic, a third resonance appears in the same branch,
but located above them and again, its frequency decreases
3 Observations asymptotically toward the bottom harmonic of the branch.
In the final part of the plot, between 08:23 and 08:30 UT,
We begin first with the simplest and almost textbook-like, the various resonances in each branch can be observed at
illustration of the observation of active resonances in fre-almost a constant frequency, indicating a constant electron
quency spectra. Figure 1 presents a dynamic spectrogramiensity. The behaviour of the non-harmonic resonances with
of Whisper data, with the colour-coded amplitude displayedrespect to the:Fc is precisely what one can expect from
as frequency versus time, collected by the Cluster 2 Salsavaves propagating at the zero-group velocity of the Bern-
spacecraft on 24 September 2000, as the satellite was existein modes, when th&p/Fc ratio decreases from about
ing the dense plasmasphere. The spacecraft geocentric dig-down to about 2.5 (Etcheto and Bloch, 1978). The first
tance was 4.1Rg, the latitude and local time in the GSE two resonances, which are nofc, have frequencies of, re-
system were 23and 9.8 at the beginning of the sequence. spectively, 41.18 kHz and 44.43 kHz at 08:24:35UT. Their
The instrument was run in active mode for most of the time, frequency separation matchégih? = Fp? 4+ Fc? with
except for two natural spectra which were sampled consecf'c = 16.68kHz. The resonances in the upper branch rep-
utively about once every 2min. They are identified on theresent the so-calleHq, which are the highest frequencies of
plot by the vertical black bars. Throughout the paper, the frethe mode in each branch and correspond to the zero-group
quencies mentioned for characterizing the emissions will bevelocity solutions. TheFg above 4 Fc seems to be split,
those of the Whisper bin frequency where the peak ampli-which is a known feature already reported on Geos (Higel,
tude is observed. The strong (red) horizontal lines at almosti978), and regularly observed on Whisper. A question can
constant frequencies of 16.64, 33.37, 49.97 and 66.57 kHarise at this point. If the three resonances expected from the
at 08:22:30 UT, for example, are the local electron gyrofre-Bernstein modest'p, Fuh and Fq, are indeed observed be-
guency and its harmonia,Fc, withn = 2, 3,4. The addi- fore 08:21 UT, noFgq is seen abové'uh in the same gyro-
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harmonic branch after that time whe2 < Fuh < 3 Fc. in duration. A large bandwidth signal is observed, with an
This could be due to the fact thatuh and Fg are very close  amplitude ofA ~ 6 - 10~/ V/Hz/2 between 41 and 43 kHz.

in frequency, which can happen for some givép/Fc ra- The lower frequency cutoff matches exactly the, while

tios (Crawford, 1964). It is then difficult to clearly sepa- the upper cutoff corresponds exactlyfah — Fq. On the

rate them with the frequency resolution of Whisper (160 Hz). second passive spectrum, the signal increases by a factor of
At this stage, we will not try to discriminate further, since a two over a narrow bandwidth, with a frequency matching
better frequency separation will be provided in the next ex-the Fuh — Fg seen in the active mode. Rapid increases in
ample. A complete diagnosis of the resonances observethe amplitude ofFuh were observed on Geos (Gough et al.,
in Figure 1 is provided in a companion paper (Trotignon 1981b). However, the limited sensitivity of the instrument
et al., 2001, this issue). Figure 2 shows four consecutivehat allows one to observe only emissions with an amplitude
spectra, with amplitude versus frequency, obtained duringabove~ 10-6V/Hz/2 would have hidden, in this case, all
this period, each separated from the previous one by aboytassive features in thEp — Fuh band, except the emission
3s. The top one is an active spectrum and it displays theexcited atFuh on the second spectrum.

resonances identified in Fig. 1, withuh representing the The natural emissions observed by Whisper on 25 Novem-
strongest one, with an amplitudd, ~ 4 - 1074V/HzY2,  ber 2000 are far more complex than those presented in Fig. 1.
about two orders of magnitude above the background noiseFigure 3 shows a dynamic spectrogram of the Whisper data
The bottom active spectrum when compared to the top specsbtained that day on Cluster 1 Rumba, while the spacecraft
trum highlights some time variations of the resonance ampli-was again exiting the plasmasphere. The distance was in-
tude in the 12 s that separate the active periods. It suggestsreasing from 3.94 to 4.Bg, the latitude was increasing
moreover, that indeed there are two resonances cldBe/ip  from 12.3 to 4C°, and the local time was decreasing from
with the upper one tentatively identified as the expedigd 6.1 to 5.2 h during the time interval considered here. The
discussed above. The two middle spectra are collected iplasmapause and its vicinity is one of the regions known
passive mode. The mode used here corresponds to the beastbe at the origin of the electromagnetic continuum radia-
frequency resolution for passive spectra (160 Hz), and eachion (Gurnett, 1975; Jones, 1982; Etcheto et al., 1982; and
spectrum is an onboard average of 64 spectra, even 13 nBarbosa, 1982), as well as the source of strong electrostatic,
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Fig. 3. Dynamic spectrogram obtained from Whisper data on 25 November 2000 from Cluster 1 Rumba. The instrument was in passive
mode only. A mixture of narrow band emissions at constant frequencies and stronger waves with decreasing frequencies are observed as th
spacecraft recedes from the plasmasphere.
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Fig. 4. Same period as in Fig. 3 but obtained from Cluster 4 Tango. Whisper was in active mode part of the time, as indicated by the
yellow-orange bar at the top of the spectrogram. The strong resonance is associated with the strong decreasing frequency.

locally observed emissions (Christiansen, 1978b; Gough eper spectrogram. First, a collection of narrow band emis-
al., 1979; Gough et al., 1981a; Canu, 1984). The localsions, with almost constant frequencies during the period dis-
gyrofrequencyF ¢ is increasing slightly during this period, played, and second, strong emissions, with a peak decreasing
from aboutF¢ = 14.5kHz at 04:50 UT toF¢ = 16.4kHz in frequency from about 50 kHz at the beginning of the plot
at 05:30 UT. The strong emissions seen before 05:10 UT ato about 20 kHz at the end. The narrow band emissions are
frequencies below 10kHz are whistler emissions similar tothe fine structures within the misnamed continuum radiation,
those reported by the WideBand instrument on Cluster (Guridentified first from Isee-1 data (Kurth et al., 1981). The
nett et al., 2001, this issue). Two features dominate the Whisstrongest emission does not always have a large amplitude.
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This amplitude seems to fade away when its frequency ap59.08 kHz. Fuh is detected at 48.01 kHz, whilEp is the
proaches a gyroharmonic (not shown on the plot), while thefaint peak observed at 45.74, betweeA3and Fuh. The
amplitude of the emission in the gyroharmonic branch belowstrong resonance at 49.8 kHz abaveh is a Fgq, which is
increases. The maximum of the amplitude seems to occuseen in Fig. 4 with a frequency that decreases asymptotically
when the frequency is close to the middle of the harmonictoward 3Fc¢ at about 05:10 UT. ThiF'gq matches the fre-
branch. Whisper 1 Rumba was then only collecting passivequency of the strongest emissions observed close to 50 kHz
measurements, SO NO resonance spectra were available. Bom the natural spectra (top and bottom plots) that are col-
the same region was sampled at the same time by Cluster kected a few seconds before and after. A small bump can
Tango, with Whisper in active mode part of the time on this be observed below this strong emission, with a frequency
spacecraft, as shown in Fig. 4. The separation distance bewnatching the frequency of theuh resonance. Multiple low
tween both spacecraft was about 1700 km. The different sepower peaks are clearly observed in Fig. 4 and Fig. 3, above
quences, separated by some data gaps (vertical black bardhe strong amplitudé’q. At this stage of the study, it is
correspond to the various modes tested, since Whisper wasot possible to precisely identify each of these secondary
still in its commissioning phase on Tango. The active periodspeaks, which are seen with an almost constant frequency
are identified by a bar at the top of the plot in yellow, when and probably propagating narrow band continuum emissions
the transmitter voltage is set to 100V, and in red colour whenthat are non-locally produced. The possibility that some of
it is set to 200 V. One can check that the natural emissionghe strongerFg emissions at 04:55UT or 05:15 UT, for ex-
observed here closely match the ones observed by Rumba ample, could contribute to the generation of the continuum
the same time. The strongest resonance and the first with inradiation also needs to be further investigated. The reader
creasing frequency seen outside thec series corresponds should note, however, that the peaks observed here have a
to the strong natural emission, which decreases in frequencyather low amplitude, aboutdV/m, which is far below the
during the period. Figure 5 displays consecutive passive andtrong emissions, above 1 mV/m reported by spacecraft such
active spectra obtained at about 04:55 UT, which allows foras Geos, Isee, Ampte or Geotail. Such strong emissions are
a more precise view of the resonances and an identificatioknown to be concentrated close to the geomagnetic equator
of natural emissions. At this time, the bit rate dedicated to(Christiansen et al., 1978b; Gough et al., 1979; Gough et al.,
the active mode allows one to transmit only half of the data1981a; Canu, 1984). Their frequency behaviour has been re-
points. The onboard data processing then pairs two adjacerdently statistically studied from Ampte data (Labelle et al.,
bins and downloads the characteristics of the strongest on&999). They are also observed by Whisper, but will not be
(see Bcrau et al.,, 1997). The natural emissions are an-discussed here.

alyzed on board with the 256 bins FFT which provides a e can also point out the featureless two bands of en-
320 Hz frequency resolution. On the active spectrum (middlenanced emissions betweér and 2F ¢, and 2F ¢ and 3Fc.

plot), then Fc are well identified at 14.81, 29.46, 44.27 and These broad band, diffuse emissions are well-know features
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of terrestrial magnetospheric wave spectra (Christiansen etery often during the period considered here, the resonance
al., 1978b). They have also been observed in the lo plasmat Fp cannot be sorted out from the background noise. A first
torus from the Ulysses-Urap data and shown to represenanalysis of the data suggests that this variation is related to
guasi-thermal noise on the Bernstein modes (Meyer-Vernethe spin phase. The strong directivity of the resonances trig-
et al.,, 1993; Moncuquet et al., 1997). Their amplitude gered by a relaxation sounder are well-known (Higel, 1978);
increases while Cluster approaches the region where thbut we will not investigate this point in this work. Return-
strongest emission enters the corresponding band (see Fig.iBg to Fig. 4, we can now identify'p as the lower cutoff of

at 05:10 UT). Figure 6 shows consecutive active and passivéhe fuzzy emissions seen just below the strongestelated
spectra obtained close to 05:11 UT on Tango. Once againgmissions, clearly at 04:55 UT, and close to 45 kHz.

the low frequency cutoff of the natural emissions matches the

Fp resonance, which this time is barely visible at 36.4kHz Another example is provided in Fig. 7, which displays a
(panel 3 from top). Fuh and the firstFg are so close that Whisper spectrogram collected from Cluster 1 Rumba on 1
they can barely be separated at about 39.55kHz (see tofPctober 2000. Once again, the spacecraft was leaving the
pane' d|sp|ay|ng all frequency |ines)_ More genera”y, the plasmasphere, close to the perigee: The geocentric distance
amplitude of the resonance &p and the one of the natu- Was about &g, with the latitude varying from 7to +19°,

ral emission betweep and Fuh are varying with time. ~ and the local time was close to 10h. The gyrofrequency
is about 12.8kHz at 10:50 UT and increases slightly dur-



1704

P. Canu et al.: Identification of natural plasma emissions

CLUSTER RUMBA Orbit 42
WHISPER-1 ELECTRIC FIELD SPECTROGRAM

‘ T whites = no data

80 = 80

66 '=.=¢

60 j

4! - >

3% . i -

X 1. T e 11 B w 48 7o

: ; k‘v‘hﬁﬁ—i-‘ . I \ 423é

2 Lo kg b I ; i )

40 . | § | i 1 — e 36 32

§ -----.- ok |8 . 3050

g 24 &3

= 188

20 g

12 8

o3

- N L - 0
2N L T R S e e e
uT 11:00 11:05 11:10 11:15 11:20 11:25 11:30 11:35 11:40
Dist(Re) 3.80 3.81 3.86 3.86 3.89 3.92 4.01 4.01 4.13
Lat(deg) -4.0 -0.5 6.2 8.2 9.6 12.8 19.1 19.1 25.0
LT(Gse) 10.2 10.1 9.9 9.9 9.8 9.7 9.5 9.5 9.3
Method: Last LPCE/CNRS
01 OCT 2000 /

Fig. 7. Dynamic spectrogram obtained from Whisper data on 1 October 2000 from Cluster 1 Rumba. The frequency bandwidth of the
emissions detected between the harmonic of the gyrofrequency varies from broad band to narrow band during this period. They corresponc
to the Fgs triggered in the active mode by Whisper. The plasma frequency is identified with the low frequency cutoff of the emission, which
decreases in frequency from about 45 kHz at 11:00 UT down to 30 kHz at 11:45 UT.

ing the period to 16.4 kHz at 11:20 UT. The natural spectrasponds toFp and Fuh(45.92 + 13.82 = 47.93%) when tak-
are primarily composed of banded emissions. Each band oihg into account the frequency resolution of the instrument
emission is between two consecutive harmonics and its cenf160 Hz). Note that these two resonances have disappeared
tral frequency increases slightly with the increasing gyrofre-two seconds later in the following active spectrum. The other
quency. Their bandwidth tends to decrease with time, and renon+ F ¢ resonances arggs observed at 49.48, 57.94 and
duce to a narrow band emission before vanishing in the back70.48 kHz. The lower and higher frequency cutoff of the sig-
ground noise, at about 11:15 UT for the band abo¥&4at  nal (45.9 and 50.8 kHz) do match the frequencie# pfand
about 11:25 UT for the band aboveé 3 and at the end ofthe  Fg, when taking into account the small frequency fluctua-
display, at 11:45 UT for the constant frequency band close tdion seen on consecutive spectra, due to the fast evolution of
40kHz. A low amplitude fuzzy emission is also seen closethe plasma parameters, as one can ascertain from Fig. 7. The
to 45kHz at about 11:05 UT, below the main band observedsame agreement is found for the data collected at 11:22 UT in
between F ¢ and 4F ¢, with a modulated low frequency cut- Fig. 9, where the two faint resonances at 36.13 and 39.55 kHz
off. This cutoff reaches the banded emissions extending beeorrespond td”p and Fuh (36.13 + 16.44% = 39.6%) with
low from 2Fc to 3Fc¢ at 11:18 UT, and is seen with a de- the gyrofrequency¥'¢ = 16.44 kHz, derived from the: Fc
creasing frequency down to 30 kHz at 11:35 UT. The contin-(16.44, 32.88, 49.48, 65.76 kHz), while the others (41.18,
uous operation of the emitter on Whisper between 11:20 UT52.08, 67.06, 67.38) ar&gs, with the last one split into
and 11:22 UT, clearly shows that the banded emissions withwo peaks. The natural emissions in this band is spread-
decreasing frequency bandwidths dtes, and that the up- ing between 36.1 kHz and 41.8 kHz, with the peak frequency
per cutoff of the banded emission, at 40 kHz at 11:20 UT, for(41.18 kHz) matching exactly thEq resonance. The lower
example, exactly matches the strong resonance. cutoff frequency has a fast varying amplitude and shape,
Frequency versus amplitude spectra are displayed ifS its frequency decreases, as can be seen a few seconds
Figs. 8 and 9 to give a more detailed view of these natu-(11:23:33UT) later. There is also a strong indication that
ral emissions at two times around 11:04 UT and 11:22 UT.both resonances and plasma emissions are being spin mod-
On the active Spectrum’ Co”ected at 11:04:26 UT' a few Sec.ulated (I’IO'[ ShOWI’] here). Furthel’ Studies will determine the
onds before the natural spectrum at the top of Fig. 8, threémpact on the emission levels of parameters, such as the spin
resonances can be observed betweéh 841.50kHz) and ~ angle relative to the magnetic field, or the frequency position
4 Fc (55.18kHz). The two first at 45.9, 48.01kHz have a relative to the: Fc. This example confirms that if resonances
relatively low amplitude, the third one at 49.48 kHz has anand natural plasma emissions are indeed observeég and
amplitude an order of magnitude above. Using the gyrofre-Fu/, then there are spectra where the peak resonance and
quency derived from the harmonics (13.8 kHz), we can noteh@tural emissions are, in fact, detected at the fifgtfre-
that the frequency separation between the first two correquency, as already suggested by Christiansen et al. (1978b)
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Fig. 8. Consecutive Whisper passive
and active spectra from Rumba on 1
October. The natural emissions which
lie betweenFp at 45.9 kHz are seen as
a low power resonance on the second
active spectrum and with a strong res-
onance atFg at 49.8kHz. The res-
onances atFp and Fuh have disap-
peared on the second active spectrum.

Fig. 9. Consecutive active and passive
spectra collected at 11:22 UF.p and
Fuh are seen as low amplitude reso-
nances below the stronflg. The nat-
ural emission lies betweefp and Fq.
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CLUSTER-WHISPER ELECTRIC FIELD SPECTROGRAM
28 MAR 2001 Day 86 Orbit 116
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Fig. 10. Dynamic spectrograms ob-

tained from the four spacecraft as
e — ) they encounter the plasmapause on 28

Ut 2140 21:50 22:00 March. Electric field signal strength

ranges from about 5 1076 (blue)

to 5. 10°4V/Hz—1/2 (red). Broad

i band spin modulated emissions are ob-
- served below p, which itself is a faint,
E barely visible emission seen rising on
& : Salsa, from about 25kHz at 21:40UT
& i T AT v to about 35 kHz at 21:45 UT and 40 kHz
a— T — o o at22:00 UT. Narrow band'gs are seen
Ut 21040 21:50 2200 aboveFp. The small dots are the res-
E;st%gée)) £.10 1.07 4.01 onances triggered by the sounder. The
LTEGsei E33 203 29 horizontal red bar at 72kHz on Tango
Sep(Km 808 827 878 is an interference.
and Etcheto et al. (1983). the plasma frequency is barely visible, because it is highly

Figure 10 shows the same signatures, but they come thigpin r_nodulated between the first two broadband emission,
time from the four spacecraft and illustrate the multi-point reaching about 30 kHz at 2140 UT for Salsa and Samba, and

view provided by Cluster. On that day, 28 March 2001, 21;"319; %n Tzr;)go. dFIuc_tua'tlons Wf pthb etween thfe 3556_02(;] EH
the plasmapause was encountered in the nighttime sector, Ir r%a ta?t 62"1'_345(')061_?’ 'an 4§ Jﬁ?_r}ge_l? "Z
about 22:30LT. The spacecraft separation was in the rang re more evident atter 21: . (. ’ or a_ngo) ona
of 400-800 km. On the dynamic spectrogram, the small dotsSPacecraft. Narrow band emissions are also visible at the

: : , aboveFp. The strong emission intensifies just before
represent the resonances triggered by the sounder, which wds?*: s )
active for 3s, every 28s during that period. The plasma—t e first sharp density rise, at about 21:55 UT for Rumba and

pause encounter occurred with a time difference of a fEWSamba, and at about 22:00UT for Salsa and Tango. The

minutes between the four satellites. The differences in théeader should also note the small density bump observed at

density fluctuations which can be derived from the emissioanZ:02 UT, for exan;]pkra],.on bS alsa, dbeft(i]re t(;‘; mai? dplas_rtn a
at Fp is clearly visible before this line went out of the Whis- requency jump, which 1s observed with a different density

per frequency range. Differences can also be observed ilx{alug (larger on Rumba) and duration (shorter on Samba)
the wave spectra gathered before 22:00 UT. The faint haze ﬁnd is not seen on Tango. The wave signatures are often
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highly spin modulated, a key information which will be used the magnetic field. Enhancements of the emissiongat
to combine the four points of view in future studies. Fuh or Fq can be observed by Whisper, depending on the
local plasma parameters which can cause instability in either
of these solutions of the dispersion relation. The reader can
4 Discussion also note that the so-called diffuse resonan£es,triggered
below Fp by the powerful emitters of the ionospheric top-
We have seen that in its normal mode of operation, Whispesside sounders (McAfee, 1974) were predicted to be excited as
can observe the various and complex natural wave spectravell by relaxation sounders in the magnetoshere (Osherovich
outside the plasmapause with a good time resolution, freet al., 1993). These resonances are indeed not observed in
quency and sensitivity, from the single emission close tothe Geos and Isee-1 data (Canu, 2001), and are clearly not
the Fuh to complex patterns that mix both local banded, present in Whisper data (see Fig. 1 for example).
broad band or narrow band plasma emissions on the Bern- One strong point in the diagnosis &fp based on reso-
stein modes and propagate electromagnetic banded contimances observed in Bernstein modes should have been its
uum radiation. The simultaneous observations of these feahigh redundancy, since each setrafs for a given spectrum
tures from the Whisper instruments on board each of theshould correspond to a single valuefy$/ F ¢ when the elec-
Cluster spacecraft confirm that all of these signatures are deron distribution function is Maxwellian (Belmont, 1981).
tected by the four instruments, and this allows one to trackHowever, this is not verified with the spectra presented in
their detailed separated evolution both in space and time, athis paper. For example, we can derive the electron density
shown in Fig. 10. These spectra and their differences refrom each of theFgs reported in Fig. 2 of this paper by a
veal density variations at the scale of the spacecraft sepamethod based on the Hamelin's diagrams. The Hamelin's
ration, a few hundred kilometers for the data used in Fig. 10,diagrams provide the locus of thégs from a given value
and also suggest small differences in the electron distribuef Fp/Fc and are discussed in Belmont (1981) (see also
tion functions encountered at the four locations, which couldTrotignon et al., 2001, this issue). For tlig frequencies
be investigated by further common studies with the Clusterat 54.52 and 68.85 kHz of the top spectrum, this giveg'an
Peace instruments. These frequently observed emissions camlue of 35.7 kHz and 31.6 kHz, respectively, a value which
be identified with good confidence when using the characs not unique and is lower than the observed (44.3 kHz).
teristic frequencies of the resonances triggered by the relaxThis disagreement repeats itself with the resonances dis-
ation sounder. The resonanceskat and Fuh can some- played in Fig. 8; the derivedlp values from theF¢s seen at
times be simultaneously observed, as reported here for th&1:04:26 UT at the frequencies 49.48, 57.94, 70.48 kHz are
first time in the high altitude magnetosphere (see Figs. 2about 42.1, 34.2, 32.0kHz compared to the observed value
and 5, for example). Their relationship with natural emis- of 45.9kHz. For the active spectrum at 11:22 UT in Fig. 9,
sions is more reliably established than could be achieved orFg at 41.18, 52.08, 67.06 kHz provides respective values of
previous missions.Fp does not appear in these data as aFp at 34.0, 29.2, 26.8kHz. This has already been reported
narrow band emission, but rather as the lower cutoff of anfrom Geos data (Etcheto et al., 1983) and can be understood
enhanced background noise, seen as a faint haze below tlhvehen one considers that the standard Bernstein modes used
main peak on the spectrograms. The strongest emission is Hamelin's diagrams are computed for a Maxwellian distri-
confirmed to be eitheFuh or the firstF g, and its frequency  bution function of the electrons, which is barely observed in
variations can be monitored down to the instrument time resthe magnetosphere. In a multi-temperature isotropic electron
olution, which is typically 2 s in normal mode, but can reach distribution function, the solutions in each harmonic branch
0.3 sin the Cluster burst mode. Fast monitoringX1s) has are modified; the most affected one is the one which contains
been performed on Geos (Gough et al., 1981b) during nonFuh (Belmont, 1981). The maximum in frequency tends to-
standard operation modes for a limited period, but in orderwards the location of thé"g, depending primarily on the
to do this, the frequency bandwidth swept by the instrumentcoldest component of the distribution, when the density and
had to be decreased to a few hundred Hz, thus the informatemperature ratio between the cold and hot components is not
tion on the spectrum outside the main peak was lost. Thaoo small (Belmont, 1981). Observations of both resonances
time and frequency resolution are, of course, better when thand plasma waves which fit in the multi-component Bern-
waveform sampled over the whole frequency range can betein modes were common in Geos spacecraft data (Etcheto
downloaded, as on previous spacecraft, such as Isee-1 (Kurtkt al., 1983). A further indication of the impact of a non-
et al., 1981) or on the WBD instrument on Cluster (Gurnett Maxwellian electron distribution function is provided by the
et al., 2001, this issue). But such data are usually availableslight modulation in the frequency observed in the banded
only for limited periods of time. In the gyroharmonic band emissions belowFp in Fig. 7. At that time, no fluctuations
which containsFuh, emissions are continuously observed in were observed on the electron gyrofrequency. These mod-
the events considered in this paper. One observes amplitudegations are correlated with the small frequency modulation
well above the background noise from the electron plasmaf Fp. In a Maxwellian plasma, the Bernstein modes be-
frequency, which corresponds to a propagation in the direciow Fp are continuously decreasing in frequency and are al-
tion parallel to the local magnetic field, up to tt&y fre- most not at all affected by changes in the density. But this
quency, which corresponds to a propagation perpendicular t@s no longer true in a multi-component electron distribution,



1708 P. Canu et al.: Identification of natural plasma emissions

where a secondary maximum appears, depending on the dedimensional characteristics of the plasma waves which reslts
sity and temperature ratios of these components, as showfnom the combination of data coming from the four Cluster
by Belmont (1981). This qualitative interpretation will be spacecraft.

checked in future studies by more quantitative computations

of the dispersion relations of waves in a multi-componentAcknowledgementsiVe are very grateful to all the members of the
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indeed observed on Geos (Etcheto et al., 1983) and shoulghents a success, more specially to P. A. Linquist, WEC chairman,
appear on Whisper. However, although some resonanceand Silvano Manganelli from ESOC. We thank the French Space
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undertaken in this work. The precise identification of thesecontribution to Whisper is supported by CNES under contract 7358.
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