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Abstract. In this case study we investigate the source re-elements reflecting discrete wave packets of chorus. Each
gion of whistler-mode chorus located close to the geomagpacket typically lasts for a fraction of a second and, dur-
netic equator at a radial distance of 4.4 Earth radii. We uséng that time, its frequency changes as a rising or falling
measurements from the four Cluster spacecraft at sepasatio tone. Chorus emissions have been known for several decades
of less than a few hundreds of km, recorded during the ge{see reviews byOmura et al, 1991;Sazhin and Hayakawa
omagnetic storm of 18 April 2002. The waveforms of the 1992, and references therein) but their source mechanism is
electric field fluctuations were obtained by the WBD instru- not yet well understood. It is generally believed that cho-
ments in the frequency range 50 Hz - 9.5 kHz. Using theseus is generated by a nonlinear process based on the elec-
data, we calculate linear and rank correlation coefficiehts tron cyclotron resonance of whistler-mode waves with ener-
the frequency averaged power-spectral density measured kyetic electrons, taking place close to the geomagnetidegqua
the different spacecraft. Those coefficients have been rerial plane (e.g.Helliwell, 1967;Tsurutani and Smithl974;
cently shown to decrease with separations perpendicular tdlunn et al, 1997; Trakhtengerts1999). Storm-time chorus

the static magnetic fieldSantolk and Gurnett2003) with a  is especially important for the physics of the Earth’'s magne
characteristic scale length of 100 km. We examine possibldosphere since it can significantly influence the distrituti
explanations for the observed large spread of the obtaineélinctions of the energetic electrons in the outer radiatieit
values of the correlation coefficients. We find the correla- (e.g.,Meredith et al, 2003;Horne et al, 2003;Horne and

tion length varying between 60 and 200 km for different dataThorne 2003).

intervals inside the source region, and we suggest a simul- The chorus source is has been recently investigated us-
taneously acting effect of random positions of locations ating in situ measurements of the Polar and Cluster space-
which the individual chorus wave packets are generated. Theraft, leading to observations of the position of the source
statistical properties of the observations are approXiyat (Laubenetal. 1998; LeDocqetal. 1998; Parrot et al,
reproduced by a simple 2D model of the source region, as2003), frequency shifts of chorus elements on power spec-
suming a perpendicular half-width of 35 km (approximately trograms obtained at different points in spaGufnett et

one wavelength) for the distribution of power radiated from 5. 2001), the propagation directions of the chorus wave
individual active areas. packets, and fine sub-packet structure embedded inside them

Key words. Magnetospheric physics (waves in plasma; (Santolk et al, 2003). The present paper is a sequel of the

storms and substorms); Space plasma physics (waves and ifecent work on the correlation analysis of the power-spéctr
stabilities); density of chorus measured in its source regiSantolk

and Gurnett 2003). The analysis was based on simultane-
ous measurement onboard the four Cluster spacecraft during
the geomagnetic storm of April 18, 2002. The typical cor-
relation length in the plane perpendicular to the local line
of force of the terrestrial magnetic field() was approxi-

t'\rlg:rlegzlnirt?cls\/svlg\?;soiaVtvr:](les;lrizumeondc?/ Crggg:as ffgrgs:istfgva ﬂjﬁ:mately 100 km, while the correlation_length in the dir_ection
dreds of hertz to several kHz. On time-frequency poWer_parallel to By wgs at least several times larger. This was
spectrograms, they appear as .a sequence of intense discrlneagree_ment with the theory dTrakhtengerts(1999) who,
P 9 » (N€y app q % the direction perpendicular tB, predicted a character-
Correspondence to: istic scale between 100 and 300 km for spatial features of

0. Santolik (ondrej.santolik@mff.cuni.cz) chorus generation. The theory also predicts that, in theedir
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Fig. 1. Data collected by the WBD instruments on 18 April 2002, in fioeirce region of storm-time chorus. Average time-frequenc
power spectrogram of the electric field fluctuations meakbgeCluster 1-4 is shown in pané). Mean absolute deviation of the power
spectrograms from Cluster 1-4 is shown in patgl Universal time (UT) and position of Cluster 1 are given oa lttottom using the radial
distance (R) in Earth radii (R, magnetic dipole latitude (MLat) in degrees, and magretial time (MLT) in hours. One half of the local
electron cyclotron frequenc;l;(fce) is plotted over the panels a-b. The lett&rs on the top indicate twelve 10-second time intervals setecte
for the correlation analysis.

tion parallel toB, the characteristic dimension of the source main features. Between 0820 and 0930 UT, the four space-
region is by an order of magnitude largétd]liwell, 1967;  craft moved close to the equatorial plane on the night side
Trakhtengerts1999). (MLT ~2100) at a radial distance of 4.4:RTheir maximum
Santolk and Gurnett(2003) noted relatively large varia- separation was:260 km alongB, and 100 km in the per-
tions of the obtained correlation coefficients when the datapendicular plane. Intense chorus was observed by the WBD,
from several time intervals were combined. The aim of the STAFF, and Whisper wave instruments. Plasma density of a
present paper is to investigate these variations of the corfew particles per crh indicative of magnetospheric regions
relation coefficients, and to provide their tentative ipter ~ outside the plasmasphere, was estimated from the Whisper
tation using a simplified 2D model of the source region. data (P. Canu, private communication, 200€anu et al,
Our investigation is based on multipoint measurements 0f2001). The WBD instruments measured continuous wave-
the wideband (WBD) plasma wave instruments on board thgorms with pass-band filters between 50 Hz and 9.5 kHz,
four Cluster spacecrafGurnett et al, 1997, 2001). Sup- mainly using the 88-m electric double-sphere antennas (for
porting wave propagation parameters, necessary to igentifshort periods of time, signals from magnetic search coil an-
the source region, are provided by the spectrum analyzertennas were transmitted — these data are not shown here).
of the STAFF instrumentsJornilleau-Wehrlin et al.2003), Figure 1 summarizes observations of the WBD instru-
plasma density estimates are based on the data of the Whigaents within the source region. Time-frequency power spec-
per soundersécreau et al, 2001), and the electron cy- trograms of the electric field fluctuations measured by the
clotron frequency is determined from measurements of thdour spacecraft are averaged and shown in Fig. 1a. The
onboard flux-gate magnetometers (FGM). In Sect. 2 we showvhite line plotted over the spectrogram represents onehalf
the overview of the WBD observations in the chorus sourcethe local electron cyclotron frequencﬂce) calculated from
region and examples of high-resolution spectrograms.ecorr the averageB, measured by the four spacecraft. Figure 1a
lation of the power-spectral density measured by the differ shows two bands of chorus emission-3.5 kHz, andv4-6
spacecraft is then analyzed in Sect. 3. In Sect. 4 we attemptHz, separated by a gap of decreased poWsuiutani and
to interpret the results using a simple 2D simulation of cho-Smith 1974) located beloy f.. The results are very similar
rus source region, and, finally, in Sect. 5 we summarize theon the four spacecraft but differences in details can begeco
results. nized. To give a quantitative measure of these differences
we have calculated the mean value among the four absolute
differences between each of the four spectrograms and their
2 Time-frequency characteristics of chorus in the average. This mean absolute deviation is plotted in Fig. 1b.
source region It shows that sometimes the differences can reach the same
order of magnitude as the average spectrogram. This could
Wave measurements of the Cluster spacecraft during theeflect observations of the same but time shifted spectaal fe
the geomagnetic storm of April 18, 2002 (Dst index below tures. We will show later on that this is not the case and that
—120 nT and Kp index of % were recently studied in de- the high values of the mean absolute deviation directlycefle
tail by Santolk et al.(2003). Here we only summarize their differences among the observed power spectrograms.
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Fig. 2. Detailed time-frequency power spectrograms of electrid filectuations recorded between 0846:00 and 0846:10 UEr(iatC
from Fig. 1). Panels (a-d) show the data from Cluster 1-heetvely. Arrows indicate loca} f.. for each spacecraft.

Simultaneous measurements of the STAFF-SA instru-cially in Fig. 2d, where it seems to be directly connected
ments show (see Fig. 1¢ &antolk et al, 2003) that, in the  to chorus, triggering possibly the discrete elements (as di
lower-frequency band of chorus (below 4 kHz), the Poynting cussed for another time interval b$antolk et al, 2003).
flux predominantly has a southward component when theThese discrete elements are, nevertheless, always more in-
spacecraft are located to the South of°aiterval of mag-  tense than hiss by several orders of magnitude. If we now
netic latitudes around the equator. Similarly, the Poymntin transform the measured electric field waveforms to acoustic
flux mainly has a northward component when measured tovaveforms using different loudspeakers for signals froe th
the North of this interval. The observed divergence of thedifferent spacecraft, the ensemble of these emissiongdsoun
Poynting flux has been interpreted as a passage through tHike a tropical forest, full of birds loudly chirping from @i
chorus source regiorSantolk et al, 2003). The source is ferent directions (lower band of chorus), and insects ngakin
located close to the equatorial plane, in agreement with pretheir high-pitched sounds (higher band of chorus).
vious resultsli(eDocq et al. 1998;Burton and Holzer1974; The chirps seem to come from different directions be-
Burtis and Helliwel] 1969), and also with other Cluster ob- cause, as can be seen in Figs. 2 and 3, the spectrograms
servations Rarrot et al, 2003). The STAFF-SA data also from different spacecraft are similar but still slightlyffer-
show us that the average wave vectors were approximatelgnt. Moreover, this visual comparison shows more differ-
parallel to By in the source region (Fig. 1d ®antolk et  ences, for example, between Cluster 1 and 3 than between
al., 2003), as previously observed, e.g.,Hgyakawa et al.  Cluster 1 and 2. On another example case, these differences
(1984) andsoldstein and TsurutarfiLl984). With the plasma  have been quantified by means of the correlation analysis
density estimated from the Whisper data, and with the elec{Santolk and Gurnett2003). In the present paper, we use the
tron cyclotron frequency from the in situ FGM measurement,same procedure, calculating averaged power-spectral-dens
we obtain, using the cold plasma theory (eStix 1992), ties in the 1-kHz frequency band below the local 48
a typical wavelength of approximately 30 km for a parallel With the time resolution of 0.04 s, this averaging gives time
propagating wave at 3.5 kHz. series of 250 data points for each spacecraft in a 10-s time
interval. The resulting time series are shown in Fig. 4 for

- i
From the datain Fig. 1, we have selected twelve 10—secon<£e intervals from Figs. 2 and 3. The discrete chorus ele-

intervals for further analysis (marked by letteksl on the :
! A ments appear as peaks of enhanced power-spectral density,
top of the figure). Examples are shown in Figs. 2 and 3. Onreaching the level of 1 m¥n—2Hz-!. The background,

these detailed power spectrograms, we can clearly see Seﬁiainly determined by the chorus-related hiss emissions, ex

arate elements in the lower-frequency band of chorus bEIOV\éeeds the level of the instrumental noise by several orders o

%f“ei They all appear as mten_se nsing tones lasting for ap'magnitude, with power-spectral densities fluctuating Wwelo
proximately 0.1 s and increasing their frequency fres® 04 mv2m-2Hz-1

to 3.5 kHz. The upper band of chorus is at frequencies just1 '

above% fee. It also contains rising elements which are some-

times (mainly in Fig. 3) synchronized with the elements 3 variation of the correlation coefficients of the fre-
appearing in the lower band. These individual elements in  quency averaged power-spectral density

the upper band are better resolved in Fig. 3 but in both fig-

ures they are embedded in continuous hiss. The band belowhe time series shown in Fig. 4 are used in the correlation
%fce also contains hiss at frequencies around 2 kHz, espeanalysis. We first calculate common logarithihg of the
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Fig. 3. The same as in Fig. 2 but for the time interval between 0858r@10853:14 UT (intervdlfrom Fig. 1).
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Fig. 4. Time series of power-spectral densities averaged in thyginecy interval between 0.88—1 kHz and 0.48. (see text), for the time
intervals in Fig. 2 (panel a), and Fig. 3 (panel b). The rasfalt the four Cluster spacecraft are color coded.

frequency-averaged power-spectral densities for eaatespa is calculated from the modified time serigg, constructed
crafti = 1...4, where{ = 1... N is the sample index in as magnitude-based ranks among the original s€rigs
the time series, in our cas¥ = 250. We then calculate _ _

the Pearson’s coefficientof linear correlation, and the non- i = D¢ (big — i) (Lje — £5) @)
parametric Spearman’s rank correlation coefficier(e.qg., “ \/Z (Lie — £)? - \/Z (Lje — E;)? ’
Press etal.1992). The Pearson'’s coefficietis, for a space- e ' e !
craft pair ¢,5), given by the standard formula, whereZ; is the mean value of the seriég.
AN, With the four spacecraft, we have six different pairs and
rij = 25(5’6_ Li(Lse — L) . (1) therefore six values;; of the Pearson’s correlation coeffi-
\/Zg(ﬁig —L;)? - \/Z£(£j£ — L;)? cientr, and six valuep;; of the Spearman’s rank correlation
coefficientp, i.e., 72 total values of each coefficient from the
where £; is the mean value of théth series, £; = 12 selected intervals-L (see Fig. 1). These intervals con-

Zg Lie/N. The Spearman’s rank correlation coefficignt tain similar emissions as shown in Figs. 2 and 3, and their



Santolik et al.: Multipoint investigation of storm-timbarus 5

(@) (b)

ABCDE L ABCDE L
1.0 e e [T T . 1.0 e T T SEREE—. 5
2
° ° [y )
081 o ° ® % s s T 081 o * . o ° F
° . 3 e ° ol e
L] ° e ..
0.6 - & ° ° o 0.6 1 ° o.. ° o
- ° s ° a * g $
° P . (] °
0.4 . 0.4 e
L]
0.2 ° e F 0.2 o . o
AA AA A A A AA A A
34 24 23 14 12 13 34 24 23 14 12 13
0.0t Lo, Loy L Lo, g 0.0t Lo, Loy L Lo,
-200  -100 0 100 200 300 -200  -100 0 100 200 300
Dy (km) Dy (km)

Fig. 5. The Pearson'’s coefficientof linear correlation(a) and the Spearman’s rank correlation coefficie(ib) as a function of the parallel
separation. Colors indicate the twelve time intervals figig. 1, as listed on the top of each figure. The groups of pdietenging to
different spacecraft pairs are marked on the bottom.
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Fig. 6. Correlation coefficients (a) andp (b) as a function of the perpendicular separation. Colors atdithe different time intervals. A
solid line always connect the six values from the same iateiShaded areas are drawn between the 0.16-quantile ahd@aditile, white
line in the middle showing the median (0.5-quantile) vall&sof a gaussian function to all the points is plotted as tedbline.

selection is the same as in the previous analysis (Fig. 3 oprobability of obtaining the lowest observedalues, assum-
Santolk and Gurnett2003), excluding the example interval ing the hypothesis of uncorrelated data, is below 0.2%. This
from Fig. 1 of Santolk and Gurnett{2003). This selection means that the data are significantly correlated in all cases
was dictated by the requirement that separate wave packei&le can see that the points are grouped according to the pairs
of chorus have to appear as distinct peaks in the time seriesf spacecraft, as identified on the bottom. That only means
L;e. In all the other time intervals in the source region, either that, for a given spacecraft pal is nearly constant in the
steady hiss-like emission is recorded, or the chorus elesnen twelve time intervals. However, we cannot distinguish any
can be recognized on the spectrograms but they follow eaclrend of either correlation coefficient as a function of.
other so closely that it is impossible to distinguish them in Our interpretation is that the correlation does not depend o
dividually in the frequency-averaged time series. A défer  the parallel separation in our rangeof.

analysis method would be necessary for these intervals and,

to allow comparison of our results with the previous analy- Fig. 6 shows the results as a function of the perpendicular
sis (Santolk and Gurnett2003), we have chosen the same SeparationD ;, calculated as the modulus of the projection

analysis method, and therefore the same set of intervals.  Of the separation vectdD to the plane perpendicular 8,
D, = |DxBy|/|By|. The results are again plotted by dif-

The 72 resulting values of both correlation coefficients ferent colors for the different intervals, the points framdii
(Egs. 1, 2) are plotted in Fig. 5 as a function of the parallelvidual intervals being additionally connected by solicebn
separationD), of the two spacecraft(j). This separationis In this case, a global trend of decreasing correlation coeffi
calculated as the component of their separation vebtam cients with increasind); can be seen. To investigate this
the direction parallel tdo, D = (D-By)/|By|. Different  global behavior, we have divided the total rangelbf into
colors in Fig. 5 correspond to the 12 selected time intervals subranges, 0-20 km, 20-40 km, 40-60 km, 60-80 km, and
A-L. All the obtained values of andp are significantly devi-  80-100 km. From all the values obtained in each subrange
ated from zero. The standard deviation-dbr uncorrelated  we have calculated the median value, the 0.16-quantile (cor
data would be, roughly estimated(¥.06, which is approxi- responding to the mean value minus one standard deviation
mately 3 times lower than the loweswalues obtained. The for the normal distribution), and the opposite 0.84-quanti
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Fig. 7. Parameters of the gaussian model (Eq. 3) estimated fromteaetinterval separately. Results for both the coefficieof linear
correlation(a) and the rank correlation coefficiept(b) are given. Error bars correspond to estimates of the stdrifarations of the
results. Colors code the twelve different time intervaléisted on the top of each figure. Positions of the thin gragdimdicate the global
parameters obtained from all the intervals, their lengdpanned over the total range of obtained results.

These robust statistical parameters clearly demonstnate t we can find them both above and below the model curve, for
trend of obtained values of the correlation coefficients, asexample, the results from the intent&al However, there are
shown by the shaded areas in Fig. 6. We therefore choosalso intervals which consistently give results below onabo
model functions, the model, for example the intervddsg(above) and (below).
R , We can also see_that there are somt_etimes diffgrences in this
r= A, exp <_ Dé) . p=A, exp (_ ;) ) behavior comparing the tWO correlation coefficients, see fo
A2 example the results from intervial

To quantify the differences between the results from the
allowing us to describe the decreasing trend quantitativel separate intervals, we have calculated the optimized param
Results of nonlinear least-squares fits of these two funstio ters of the gaussian model (Eq. 3) for each interval sefgrate
to all the data points are shown by dotted lines in Figs. 6awe have used the same procedure as we used to obtain the
and 6b, respectively. The resulting optimized parameters a global parameters shown in Fig. 6, but every time for just the
A, =0.88+0.01,A, = (105t£3) km for the Pearson’s corre-  six points from every single interval. The results are shown
lation coefficient, andi, = 0.82£0.02,A, = (103t3)km in Fig. 7. The relatively large error bars correspond to tive |
for the Spearman’s rank correlation coefficient. In both number of input points, but we still can see that there are non
cases, the error estimates are based on an assumption thadgligible differences between the results from the déffer
all the obtained results have normally distributed random e time intervals. The characteristic correlation lengthstbais
rors with a standard deviation of 0.06. As it was already pe found in an extended intervab0-200 km, which is sim-
discussed in Sect. 3 @antolk and Gurnet(2003), the re-  jjar for both correlation coefficients. We do not observe any
sults withA, < 1, 4, < 1 mean that zer® , does notim-  clear signs of ordering of these results with respect to the

ply absolutely correlated data. Among the reasons could bgarallel distance form the central position inside the seur
the modulation by the spacecraft spin motion, clipping ef th

waveforms by the finite dynamics of the measurement, slight

fluctuations of theB, direction, or, finally, small variations 4 Interpretation using a 2D model of the source region

of the received power wittD). Note also that the model . . .
in Eq. 3 was chosen rather arbitrarily, and another functionIn an attempt to investigate the statistical nat_ure of our re
could be used to fit the data with a similar success, for exam-SUItS' we have developed a smplg computational model .Of
ple, an exponential functiosp(—D , /6). the chorus source region. We realize that the actual config-

Although we can see in Fig. 6 that the obtained values Sys_uration is necessarily much more complex than what we as-

tematically decrease with | , the results are scattered across sume beIOV\_/, but wg ”. demonstra_te that even SUCh. a simple
rather large intervals of and/orp, especially for higheD | . model predicts statistical properties of the correlatioefe

This could have two possible reasons: (1) variations of theﬂuent which are surprisingly close to the observations. We

characteristic correlation length in the different timéein suppose that t_he individual wave packets o_f _chorus are gen-
vals, (2) variations of the correlation coefficient owinghe erated n Iopallzed_areas whose central po_szr;sare ran-
statistical nature of the source. In the remainder of this se QOme dlstnbute_d in a 2D plan_e p_erp_end|cular _to the field
tion we will examine the possibility (1), while the explana- line. Ea;h location has.a 2D d|§tr|but|_on of ra(_j|ated power
tion (2) will be investigated in Sect. 4. Comparing now the decreasing as a gaussian function with the distance of the

results from the different time intervals with the globaldeb point of observatiow: from the central position,
or median values (Fig. 6), we can see that the six points in Plg) — P |z — X;|* 4
every single interval are often scattered, and that sonestim (x) = Py exp | — a2 ’ 4)
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Fig. 8. Pearson’s correlation coefficieni; of simulated model data as a function Bf, , obtained using the same analysis method as in
Fig. 6a. The same quantiles as in Fig. 6 are shown by the stadad. Fits of gaussian functions (Eqg. 3) are shown by ddidk lgzes.
Simulation (see text) with (aJ;=35 km, (b)d;=20 km, (c)d;=50 km.

whereP is the wave power at positian, d; is the half-width  three different fixed values af;,. Twenty values of); from

of the active area, angt; characterizes its strength. In our 0 to 100 km are used in each figure. The 0.16, 0.5, and 0.84
model we assume—although the real situation is most probguantiles are calculated for each set of 500 realizations of
ably different—that all the individual active areas have th rj,, and shown in the same way as in Fig. 6a. Fits of a free
sameP; andd;. Each of them starts its radiation at a ran- parametef\, from Eq. 3 to all 20500 simulated data points
dom time and the wave power is detected by a pair of virtualin each figure show that the median value is always close to a
spacecraft with a predefined perpendicular separdionin gaussian function ab , . The obtained numerical values for
this simple 2D model we suppose that the two spacecraft aré\,. are found close to 2;, while A, = 1 according to the
close to the source and we do not take into account any propdefinition of this simplified model.

agation effects. This is equivalent to the straight lineparo The obtained statistical properties of the simulated data
gation perpendicular to the source plane, which assumptioidicate that the large spread mfobtained from the obser-
is unlikely to be true in a real configuration. vations (Fig. 6a), can be reproduced just by a random spatial

To account for the quasi-periodic occurrence of the waveand temporal distribution of localized generation aredslev

packets, we suppose that each active area radiates a sferiesaésum_mg the same f.i)fed half-wiquor all .OT them. This
%ehawor can be intuitively described realizing that the po

them, where the neighbor wave packets are separated by

randomly chosen delay between 0.2 and 0.6 s. The numbeption of the simulated active areas is random with respect

of wave packets in a series is chosen randomly between fo the two wrtual_spacecr_aft. If an active area a_cmd_eyntall
appears exactly in the middle between them, with its cen-

and 8, the duration of every wave packet being set to 0.08 s: " . )
ral position lying on the same line as the spacecraft do, the

. t
These numerical values roughly correspond to the parame-, . .
oy P P imulated signals will be absolutely correlated. If, on the

ters of chorus during the selected intervals which have beert

used for analysis in Fig. 6a. The background noise is Sup_other hand, an active area appears much closer to one of the

posed to be at the level of 16 P;, leading to a “visibility virtual spacecraft the correlation will be low. Those diffe
circle” with a radius of,/In(10%) - d ~ 3d; around the po- ences then cause the large statistical spread of the obitaine
sition of each virtual spacecraft. The central positi&n results. Comparisqn with Fig. 6a shows that the model with
must appear inside the visibility circle if the wave packets d;=35 km (Fig. 8a) is the closest one to the observed data.

from an active area are to be detected above the noise level

at a given spacecraft. The spatial and temporal density o[3 Conclusions

such randomly generated active areas is adjusted to obtair,

on average, one area acting at a time within the visibility ci This work is a continuation of a previous researartolk

cle. The model doesn't include any of the possible factors :
; . . . and Gurnett2003) on the correlation length of the frequenc
decreasing the correlation at o, mentioned in Sect. 3. urney ) ! 9 quency

averaged power-spectral density of chorus in its source re-

Our simulation procedure then consists in (1) defining po-gion. It was shown that the correlation coefficients de@eas
sitions of a pair of virtual spacecraft consistent with gqger  with increasing separation of spacecraft in the plane perpe
dicular separatiorD |, (2) generating 10 s of artificial data, dicular to the static magnetic field. The characteristiceor
i.e., for each spacecraft, 250 samples of wave power with théation length in this plane was found to be close to 100 km,
sampling period of 0.04 s, and with statistical properties d the correlation length parallel to the static magnetic fiedel
fined by the above described model, (3) calculating the Pearing at least several times higher. However, the values of
son’s coefficient of linear correlatian,, in the same way as the correlation coefficient obtained at similar perpeni@icu
we did with the experimental data using Eqg. 1, (4) repeatingseparations were found to be significantly scattered when
items 2 and 3 for 500 independent realizations of all randomcombining the result from different time intervals withimet
parameters of the model. Results are shown in Figs. 8a-c fosource region.
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In the present paper we have investigated possible explanaurnett, D. A., R. L. Huff, J. S. Pickett, et al., First restfitom the
tions for this large spread of obtained values of both the-Pea  Cluster wideband plasma wave investigatidnn. Geophys., 19
son’s coefficient of linear correlation, and the Spearman’s 1259-1272, 2001.
rank correlation coefficient. Our conclusion is that two-dif Hayakawa, M., Yamanaka, Y., Parrot, M. and Lefeuvre, F., The
ferent effects may act simultaneously. (1) The perpendicu- Wave normals of magnetospheric chorus emissions observed o
lar correlation length varies approximately between 60 and_ tl)lf)a“ﬂ iEis i.Jt.hGe:)phﬁ._ R?St" Bgrf]j.ll._zfzflr' rlngfh‘l' ]
200 km when comparing different data intervals inside the etwed, 1= 2 eory of discrete emissions from the magp

. . ; . sphere)]. Geophys. Res., 72773-4790, 1967.
same source region. No clear connection of this correlat|or]_|0rne R B. S A Glauert and R. M. Thorne. Resonant diffu-

length to the parallel position within the source region has gjon of radiation belt electrons by whistler-mode chotGgo-
been found. (2) The individual chorus wave packets may be phys. Res. Lett., 39), 1493, doi:10.1029/2003GL016963, 2003.
generated at random places within a broader source regiomMorne, R. B., and R. M. Thorne, Relativistic electron ac-
When detected by a pair of spacecraft at a given perpendic- celeration and precipitation during resonant interactiovith
ular separation, this randomness causes a random spread ofwhistler-mode chorus,Geophys. Res. Lett, @D), 1527,
the obtained values of the correlation coefficients. A sim- doi:10.1029/2003GL016973, 2003.

ple 2D model of statistical properties of the source regionKennel, C.F., and H.E. Petschek, Limit on stable trappedqber
approximately reproduces the observations if we assume a fluxes.J. Geophys. Res., 71-28, 1966.

perpendicular half-width of 35 km for the power carried by -3uPem: D-S., U. S. Inan, T. F. Bell, D. L. Kirchner, G. B. Hosp

individual wave packets. This characteristic scale is darsky, and J. S. Pickett, VLF chorus emissions observedby P
P ) . c@mp lar during the January 10, 1997 magnetic cloG&ophys. Res.
rable to the wavelength of the radiated wave. Lett., 25 2995-2998, 1998.
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