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[1] We discuss chorus emissions measured by the four Cluster spacecraft at close
separations during a geomagnetically disturbed period on 18 April 2002. We analyze
the lower band of chorus below one half of the electron cyclotron frequency, measured
at a radial distance of 4.4 Earth’s radii, within a 2000 km long source region
located close to the equator. The characteristic wave vector directions in this region are
nearly parallel to the field lines and the multipoint measurement demonstrates the
dynamic character of the chorus source region, changing the Poynting flux direction at
time scales shorter than a few seconds. The electric field waveforms of the chorus
wave packets (forming separate chorus elements on power spectrograms) show a fine
structure consisting of subpackets with a maximum amplitude above 30 mV/m. To
study this fine structure we have used a sine-wave parametric model with a variable
amplitude. The subpackets typically start with an exponential growth phase, and after
reaching the saturation amplitude they often show an exponential decay phase. The
duration of subpackets is variable from a few milliseconds to a few tens of
milliseconds, and they appear in the waveform randomly, with no clear periodicity. The
obtained growth rate (ratio of the imaginary part to the real part of the wave
frequency) is highly variable from case to case with values obtained between a few
thousandths and a few hundredths. The same chorus wave packets simultaneously
observed on the different closely separated spacecraft appear to have a different
internal subpacket structure. The characteristic scale of the subpackets can thus be
lower than tens of kilometers in the plane perpendicular to the field line, or hundreds
of kilometers parallel to the field line (corresponding to a characteristic time scale of
few milliseconds during the propagation of the entire wave packet). Using delays of
time-frequency curves obtained on different spacecraft, we have found the same
propagation direction as obtained from the simultaneous Poynting flux calculations.
The delays roughly correspond to the whistler-mode group velocity estimated from the
cold plasma theory. We have also observed delays corresponding to antiparallel
propagation directions for two neighboring chorus wave packets, less than 0.1 s
apart. INDEX TERMS: 2772 Magnetospheric Physics: Plasma waves and instabilities; 2730

Magnetospheric Physics: Magnetosphere—inner; 6939 Radio Science: Magnetospheric physics; 2778
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1. Introduction

[2] Chorus emissions are plasma waves propagating
through the Earth’s magnetosphere in the whistler mode at
frequencies between a few hundreds of hertz to several kHz.
They consist of discrete elements, which we will refer to as
wave packets, each of which lasts for a time on the order of
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a tenth to a few tenths of a second. In each chorus wave
packet the frequency changes with a typical rate of a few
kHz/s; more often it increases, but falling tones are also
observed. These very intense natural emissions have been
studied for several decades [Gurnett and O’Brien, 1964;
Helliwell, 1965; Dunkel and Helliwell, 1969] and received a
lot of attention in the past (see, e.g., reviews by Omura et al.
[1991] or Sazhin and Hayakawa [1992]) but their genera-
tion mechanism is still not well understood.
[3] Recent experimental work was directed toward the

localization of the source region [e.g., LeDocq et al., 1998;
Parrot et al., 2003], propagation and time-frequency char-
acteristics of chorus [e.g., Nagano et al., 1996; Gurnett et
al., 2001] and properties of the chorus source [e.g., Skoug et
al., 1996; Lauben et al., 1998]. Despite some controversies
and contradictory results, it is often accepted that generation
of chorus is a nonlinear process [e.g., Nunn et al., 1997;
Trakhtengerts, 1999] connected with the electron cyclotron
resonance of radiation belt electrons and whistler-mode
waves [Helliwell, 1967] that propagate parallel to the
ambient magnetic field [e.g., Hayakawa et al., 1984; Gold-
stein and Tsurutani, 1984] and that it takes place close to the
geomagnetic equatorial plane [e.g., Burtis and Helliwell,
1969; Burton and Holzer, 1974; LeDocq et al., 1998].
Nightside chorus observed during geomagnetic storms is
especially interesting for the investigation of the source
mechanism [e.g., Anderson and Maeda, 1977; Meredith et
al., 2000].
[4] The linear theory of the cyclotron instability [Kennel

and Petschek, 1966] has been recently reexamined by
Pasmanik et al. [2002] who found large convective ampli-
fication factors for step-like electron distribution functions.
For large amplitude waves, studies using a one-dimensional
(1-D) Vlasov Hybrid Simulation code [see Nunn et al., 1997
and references therein] found that nonlinear growth rates
can be larger than the linear ones by a factor of 2–5. In the
nonlinear theory an absolute instability responsible for a
rapid wave growth everywhere in the source region is
considered [Nunn et al., 1997; Smith and Nunn, 1998;
Trakhtengerts, 1999; A. G. Demekhov et al., Backward
wave oscillator regime of whistler cyclotron instability in an
inhomogeneous magnetic field, submitted to Physics of
Plasmas, 2003].
[5] In this paper we analyze propagation and time-fre-

quency characteristics of nightside chorus during a geomag-
netically disturbed period. We use simultaneous observations
of intense waves by four Cluster spacecraft localized in the
source region close to the geomagnetic equator at a radial
distance of 4.4 RE. Our analysis is mainly based on high-
resolution measurements of the wideband (WBD) wave
instruments [Gurnett et al., 2001], and the multidimensional
data of the spectrum analyzers of the STAFF instruments
[Cornilleau-Wehrlin et al., 2003]. We also use supporting
data of the Whisper sounders [Décréau et al., 2001], and
measurements of the onboard flux-gate magnetometers
(FGM) [Balogh et al., 2001].
[6] In section 2 we will present the observations and

show results of analysis at spatial scales of the order of 103

km and temporal scales from several seconds to one hour.
Section 3 will describe the results of analysis of individual
chorus wave packets at spatial scales of tens to hundreds of
kilometers and time intervals of units to tens of milli-

seconds, and finally, in section 4 we will summarize the
results.

2. Observations of the Chorus Source Region

[7] Figure 1 shows an overview plot of measurements of
intense chorus on 18 April 2002. The Cluster spacecraft
passed through their perigee at a radial distance of 4.4 RE, at
2100 MLT, and close to the magnetic equatorial plane, while
the hourly equatorial Dst index decreased to �126 nT at
0800 UT and to �116 nT at 0900 UT. These disturbances
were accompanied by substorm activity, reflected by the AE
index fluctuating between 500 and 1100 nT around 0900
UT. The geomagnetically disturbed conditions are also
shown by Kp indices which were 7�, 7�, and 6� in the first
three 3-hour intervals on 18 April 2002. Significant irregular
variations of the magnetic field were also observed along the
Cluster orbit: the white lines in Figure 1a show the local
electron cyclotron frequency (fce), and one half of fce, both
being proportional to the field strength obtained from the
FGM data. Under normal conditions near the Cluster peri-
gee this parameter varies smoothly, following predominant-
ly the changes of the radial distance and magnetic latitude
along the orbit. On 18 April 2002, however, fce was about
20% lower than under undisturbed conditions and its varia-
tions were irregular. These disturbances were accompanied
by generation of intense chorus emissions. While the space-
craft moved along its orbit through the equatorial region
from the South to the North, the WBD instruments on all the
four spacecraft made continuous measurements using a
pass-band filter between 70 Hz and 10 kHz, a sampling
frequency of 27.44 kHz, and the 8-bit quantization mode.
An 88-m electric double-sphere antenna [Gustafsson et al.,
2001] was used as a sensor most of the time, except small
intervals of about 10 s, repeating every �50 s. During these
intervals the input was switched to a magnetic search-coil
antenna; we do not use those data in the present study, and
the resulting data gaps are interpolated in Figure 1a.
[8] The chorus emissions in Figure 1a are organized into

two bands separated by a gap of decreased power, similar to
previous observations of, e.g., Anderson and Maeda [1977].
The lower-frequency limit of the upper band follows the
local 1

2
fce. At higher latitudes above +5� in the Northern

Hemisphere and below �5� in the Southern Hemisphere the
upper band of chorus disappears, and the lower band
decreases in frequency down to less than one tenth of the
local fce. The lower-band chorus propagates as electromag-
netic waves as it is demonstrated in Figure 1b by simulta-
neous measurements of intense magnetic fluctuations by the
STAFF-SA instrument [Cornilleau-Wehrlin et al., 1997].
The upper frequency limit of this instrument at 4 kHz is
close to 1

2
fce in the equatorial region and thus its measure-

ment is limited to the lower band of chorus. Although the
data have a lower time resolution (4 s) and frequency
resolution (25%) compared with the waveform WBD data,
the STAFF-SA instrument provides us with results of
multidimensional spectral analysis performed onboard with
three magnetic and two electric components. We use these
data to calculate the parameters shown in Figures 1c–1d.
[9] From cross-spectra of electric and magnetic field

fluctuations we estimate the parameter Sk/sSk, where Sk is
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proportional to the projection of the Poynting vector to the
direction of the ambient magnetic field (B0), and the
normalization factor s Sk corresponds to an estimate of
the standard deviation of Sk from errors induced by the
spectral analysis (see equation (8) of Santolı́k et al. [2001]).
Since s Sk is always positive, the sign of the parameter
Sk/sSk shows if the Poynting flux has a component parallel
to B0 (northward in the equatorial region) or antiparallel to
B0 (southward). Results in Figure 1c show that the Poynting
flux mainly has a southward component (blue) at negative
magnetic latitudes and northward component (red) at pos-
itive magnetic latitudes. This means that the projection of
the Poynting flux to the B0 direction points away from the
magnetic equatorial region. Since the analyzed chorus
waves are in the whistler mode (as indicated also by the
right-hand polarization observed by STAFF-SA) at frequen-
cies between the lower hybrid frequency and 1

2
fce, the

Poynting vector has to be at small angles with respect to
B0, and the observed divergence of the Poynting flux
indicates that the source region is localized within a few
degrees of magnetic latitude from the equatorial plane.
Similar results were previously obtained, e.g., by LeDocq
et al. [1998]. In the source region close to the magnetic

equatorial plane the predominant direction fluctuates, and
often it cannot be reliably determined with the 4-s time
resolution of STAFF-SA measurements. These observations
will be discussed later on in more detail, using the data of
the four Cluster spacecraft.
[10] Analysis of magnetic field fluctuations by the method

of Santolı́k et al. [2003] gives us an average angle deviation
qBK of the wave vector k from B0, corresponding to a
characteristic plane wave. Since we only use the wave
magnetic field, the results are identical for any two antipar-
allel wave vectors. We thus give the results in the interval
h0�, 90�i, and, for example, qBK = 0� for both parallel and
antiparallel directions with respect to B0. Figure 1d demon-
strates that this angle is most often below 10� in the chorus
source region. We have obtained very similar results when
we processed the STAFF-SA by other techniques, for exam-
ple by the method of Samson [1973]. These results are in a
rough agreement with the previous observations of, e.g.,
Hayakawa et al. [1984], and they are also principally
consistent with the widely accepted cyclotron resonance
generation mechanism [e.g., Trakhtengerts, 1999]. Propagat-
ing from the source to higher latitudes on both sides of the
equator, the characteristic wave vectors of chorus gradually

Figure 1. Overview plot of large-scale structure of chorus observed by Cluster 4 on 18 April 2002. (a)
Time-frequency power spectrogram of electric field fluctuations recorded by the WBD instrument. Over-
plotted white lines indicate 1

2
fce and fce. (b) Power spectrogram of magnetic field fluctuations measured

by the STAFF-SA instrument. (c) Parallel component of the Poynting vector normalized by its standard
deviation. (d) Angle deviation between k and B0 vectors. The results in Figures 1c–1d are plotted only if
the magnetic power spectral density (Figure 1b) is higher than 10�8 nT2Hz�1. Position is given on the
bottom: R-radial distance; MLat-magnetic dipole latitude; MLT-magnetic local time.
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incline from the B0 direction up to angles of �60� at
magnetic latitudes below �10� and above +10� However,
we can note sporadic occurrences of very high values of qBK
also in the source region. Analysis of these anomalies is,
however, out of the scope of the present paper. Although
Figure 1 is plotted using the data of the single Cluster 4
spacecraft, there is no need to show such plots for the other
three spacecraft because they provide us with very similar
results. The reason for that similarity is that the four space-
craft were in this period of time located very close to each
other, the maximum separation being less than 300 km.
[11] A closer look at the source region is shown in Figure

2a using a spectrogram with a linear frequency scale. The
white vertical lines repeating on the spectrogram every�50 s
replace the data gaps where the electric field was not
measured. We only plot a band between 2 and 6 kHz and
only a portion of the orbit within �5� from the magnetic
equator, where the analysis shown in Figure 1c indicated
both southward and northward propagation. We can clearly
see that the lower limit of the upper band of chorus
corresponds to highly fluctuating values of 1

2
fce. Figure 2b

shows a better localization of the chorus source region. We
integrate the STAFF-SA data in the frequency range 1.6–
4.0 kHz to increase the statistical significance of results,
and, using the same method as in Figure 1c, we calculate Sk/
sSk. We can clearly see that the parallel component of the
Poynting flux is directed southward (negative values) at
magnetic latitudes below �1� and northward (positive
values) at magnetic latitudes above +3� In the interval
between �1� and +3� the predominant direction fluctuates
or cannot be reliably determined with the 4-s time resolution
of the STAFF-SA data. This 4� interval of magnetic
latitudes close to the equatorial plane is our best localization
of the region where generation of lower-band chorus takes
place. Note that this interval coincides with the interval
where quasi-parallel average wave-vector directions prevail
in Figure 1d.
[12] The 4� interval of magnetic latitudes corresponds to a

length of �2000 km measured along the field line. Since
our results also confirm that the waves, on average, prop-
agate along the field lines, this length sets up an lower limit
for the parallel extent of the source region of chorus. We can

then compare this length with the theoretical estimations of
the length of the resonance region. The Whisper data give
us an estimate of characteristic plasma frequency (P. Canu,
private communication, 2002) [Canu et al., 2001] of ap-
proximately 12 kHz in the source region. Assuming a wave
frequency of 3 kHz and an electron cyclotron frequency of
8 kHz, we obtain from equation (22) of Helliwell [1967] the
length of the resonance region l = 3230 km, i.e., the distance
on which the wave and the resonating particle remain in
phase, or the phase between the wave and the resonating
particles has not varied by more than 180�. This, as the
length over which the chorus amplitude increases to its final
value, is compatible with the rough estimate of the interac-
tion length according to Trakhtengerts [1999], 1550 km < l <
12500 km. We take here his equation (11) which accounts
for nonlinear effects on the frequency change as the lower
limit of l, and his equation (17) which uses the cyclotron
resonance condition for different frequencies to obtain the
upper limit of l. In this estimate we assume that the wave
frequency varies between 2.5 and 3.5 kHz. We also estimate
the whistler-mode wavelength as approximately 30 km,
using the measured plasma parameters and the cold plasma
theory [Stix, 1992]. In any of these theories the parallel
extent of the typical source is higher or comparable to the
obtained 2000-km length of the region where the central
positions of the sources are localized.
[13] The relative position of the four Cluster spacecraft in

the source region close to the geomagnetic equator is shown
in Figure 3. We use the local field aligned coordinates
(LBA) whose ZLBA axis is parallel to B0 and the XLBA axis
is in the plane of the local magnetic meridian, pointing
outwards from the Earth. The origin is defined by the center
of mass of the four spacecraft, which was at a magnetic
latitude of �0.37� at 0849:30. The separation was largest
between Cluster 1 and Cluster 3, reaching 270 km, oriented
mainly along the field line. In the perpendicular plane, their
separation was 74 km, while it was only 6 km between
Cluster 1 and Cluster 2 which were close to the same field
line. During their orbital motion the spacecraft moved
approximately in the +ZLBA direction, at a speed of �4.5
km/s. This means that Cluster 3 was delayed by 1min on the
orbit after the leading Cluster 1.

Figure 2. (a) Time-frequency power spectrogram of electric field fluctuations recorded by the WBD
instrument by Cluster 1 close to the source of chorus on 18 April 2002. Over-plotted white line indicates
1
2
fce. (b) Parallel component of the Poynting vector normalized by its standard deviation from the

measurement of the STAFF-SA instruments on board the four Cluster spacecraft (spacecraft indicated by
different colors). Position is given on the bottom for Cluster 1 in the same format as in Figure 1.
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[14] Examining Figure 2b we can see that no such delay
appears in the Poynting flux data. The observed variations
of the Poynting flux were thus temporal and not spatial once
the spacecraft reached the generation region. That means
that within its �2000 km extent along the magnetic field
lines, the actual source of chorus is not a stable feature
localized in space but that it changes its directional proper-
ties at time scales shorter or comparable to the 4-s time
resolution of the STAFF-SA instrument. These observations
could be alternatively consistent with smaller sources reap-
pearing at different places in the broader generation region
and they also do not rule out the possibility that the chorus
sources are very rapidly moving, as U.S. Inan (private
communication, 2002) has recently suggested and as Helli-

well [1967] previously discussed for discrete emissions in
general.

3. Multipoint Analysis of Separate Chorus
Wave Packets

[15] Figure 4 shows detailed power spectrograms from
the WBD instruments on board all four Cluster spacecraft
in the source region during a portion of the time period
plotted in Figure 2. The time scale is chosen to allow
detection of separate chorus wave packets below 1

2
fce. The

four satellites were localized slightly to the south of the
magnetic equator during this 6-s time interval. The band
above the local 1

2
fce contains intense hiss-like emissions

with no clear demonstration of separate chorus wave
packets. However, these waves rapidly change their inten-
sity and the spectrograms are much more structured
compared for instance with the spectrograms of plasma-
spheric hiss observed during other orbits of Cluster
spacecraft. Moreover, the band above the local 1

2
fce does

contain well-defined discrete chorus elements in other
portions of the time period covered by Figure 2, as we
will show later on. We thus use the common term
‘‘chorus’’ for all these emissions shown in Figures 1 and
2, knowing that the classical chorus elements are not
always present and speculating that all these waves have
a common origin.
[16] The band below 1

2
fce generally is more structured, but

in Figure 4 we can only see two well-defined chorus
elements during the 6-s time interval. As we will show
later on, this situation facilitates our analysis. Besides these
two intense chorus wave packets recorded after 0849:30

Figure 3. Relative position of the four Cluster spacecraft
at 0849:30UT. Local field aligned coordinates are used in
two projections: (left) to the plane of the local magnetic
meridian; (right) to the plane perpendicular to the local
magnetic field B0.

Figure 4. Detailed time-frequency power spectrograms of electric field fluctuations in the source region
recorded by the WBD instruments on board all the four Cluster spacecraft on 18 April 2002 after 0849:28
UT. Figures 4a–4c show data from Cluster 1–4, respectively. Horizontal arrows on the right indicate
local 1

2
fce for each spacecraft. Magnetic latitude (MLat) is given on the bottom for Cluster 1. Cluster 2–4

are shifted by �0.39�, �0.53�, and �0.25� respectively. A bold vertical arrow on the bottom points to the
chorus element which is chosen for further analysis (see text).
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between 2.2 and 4 kHz, the spectrogram shows a weak
background of hiss-like emissions accompanied by impul-
sive narrow band elements at a frequency around 3.5 kHz.
These impulses most often occur before 0849:30, and there
is no clear correlation between the separate impulses ob-
served by the different spacecraft. On the other hand we can
see that the two intense chorus wave packets are detected
simultaneously by the four spacecraft. On Cluster 4 we can
note that the two elements are preceded by weak emissions
at frequencies around 2.2 kHz, i.e., at the lower edge of
frequency interval occupied by the elements. This is similar
to observations of Hattori et al. [1991], and it could also be
possible that the two distinct risers are discrete emissions
triggered off the weak noise band around 2.2 kHz. Both
discrete wave packets are rising in frequency at an approx-
imate rate of 15 kHz/s and these time-frequency character-
istics appear to be very similar on the four different
spacecraft. We have chosen the second element, denoted
by a bold vertical arrow below the bottom spectrogram, for
further analysis.
[17] Table 1 summarizes the propagation parameters

obtained from the STAFF-SA data in a 3.84-s time interval
and a 520-Hz frequency interval containing that chorus
element. We use the same analysis methods as described
in section2. We can see that the waves in this interval
propagate approximately along the field lines, with qBK �
10�, and that the Poynting flux has a component antiparallel
to the B0 direction (to the south). The chorus element is the
only intense emission in the time-frequency interval under
consideration, except on Cluster 4 where both elements
from Figure 4 are averaged. The wave packet should thus
arrive at a different time at each of the different spacecraft,
according to their parallel separation distances. For a typical
parallel propagating wave at 3.5 kHz, the cold plasma
theory [Stix, 1992] gives us an estimate of the group speed
of 0.35c (c is the speed of the light), using the measured
plasma density and field strength. That means that Cluster 1,
which is most on the north of the four spacecraft, should
observe the packet �2.5 ms earlier than the most southward
Cluster 3 spacecraft (see Figure 3).
[18] The timing accuracy of the WBD measurements

should have been sufficient to detect this delay. Unfortu-
nately, on this particular day, determination of the timing
accuracy is not exact for the following reason: The incoming
data recorders of the Deep Space Network (DSN) apply a
ground-based time tag to each WBD transfer frame that
allows us to obtain a reconstructed absolute time of mea-
surement on each of the spacecraft with an accuracy of 10–
12 ms. This accuracy has been verified for Cluster 2, whose
data on 18 April 2002 were received by the Canberra DSN
station and were independently time tagged by two separate
recorders. The time tags agree to less than 1 ms, where the
acceptable jitter allowed by DSN when applying these time
tags is 2 ms. Obtaining two files with independent time tags

provides one method of crosschecking for possible time tag
errors, which do occur from time to time and which are not
apparent unless a crosscheck of some kind is applied. For the
data from the other three spacecraft, received by the Gold-
stone DSN station, no such verification was possible since
only one recorder was used to apply the time tags. Based on
our analysis of the ground receive time tags contained in
hundreds of WBD data files and of the comparison of these
time tags to those obtained from the onboard time counter
(accuracy of 1–2 ms) contained in the WBD transfer frame,
we believe that the accuracy of the ground receive time tags
for all spacecraft on 18 April 2002 is at least as good as 100
ms. The accuracy of the relative timing is thus expected to be
better than approximately 200 ms, which is less than 10% of
the expected time delay.
[19] This short delay of signals with a rising frequency,

however, collides with the uncertainty principle of the
spectral analysis: A time resolution �t better than 2.5 ms
implies a frequency resolution�f� 1/�t > 400 Hz. With the
observed frequency drift f/t � 15 kHz/s, this frequency
resolution is insufficient since we cannot suppose that the
amplitude of the signal does not vary [e.g., Storey, 1953]. We
would need a frequency resolution �f ��t � �f/t < 40 Hz
to prevent mixing of time delays in different frequency
intervals. This maximum �f value is by an order of
magnitude lower than what is possible while using methods
of spectral analysis based on the Fourier transform or on the
wavelet transform.
[20] We have therefore chosen to use a parametric method

based on a nonlinear least-squares optimization of param-
eters of a sine wave model with a polynomially variable
amplitude (see Appendix A for details). Prior to the analysis
we use a digital pass-band filter to obtain the waveform data
in a predefined frequency interval. We then divide the total
time interval of the signal into small subintervals and we fit
the model to these consecutive subintervals of data. Each of
them has �1 ms duration (i.e., a few wave periods) and we
obtain estimates of wave frequency f, phase j, and ampli-
tude A on each such subinterval. We reject all these results
when the filtered waveform is by more that 50% different
from the original wide-band waveform on a given subinter-
val, i.e., when the signal is stronger outside the predefined
frequency interval than inside it. We also reject all the
results when the model does not fit the data within the 5%
accuracy limit (see Appendix A). Additionally, the obtained
frequency values are rejected when a conservative estimate
of their absolute error is larger than 10 Hz. With the
frequency drift of �15 kHz/s, this limit ensures a timing
accuracy of 0.7 ms between the same chorus wave packets
measured by the different spacecraft.
[21] The results are shown in Figure 5 for 40 ms of data in

the initial part of the second chorus wave packet in Figure 4,
starting at 0849:30.620 UT. For this initial part we use a
restricted frequency interval between 2.2 and 2.8 kHz to
exclude higher-frequency components of the signal. The
amplitude (Figure 5a) is plotted as average values in each
subinterval of �1 ms (points) and also as the quadratic
model functions on each subinterval (lines). Since the
continuity of these model functions at boundaries between
the neighboring subintervals is not build into the model, the
fact that the obtained results are indeed continuous further
demonstrates a good quality of fits. Each satellite first

Table 1. Propagation Analysis for Chorus in Figure 4

S/C Time interval Frequency interval Sk/s Sk qBK
1 0849:30.60–0849:34.44 2000–2520 Hz �4.8 12�
2 0849:30.43–0849:34.27 2000–2520 Hz �6.3 9�
3 0849:30.21–0849:34.05 2000–2520 Hz �6.1 7�
4 0849:29.79–0849:33.63 2000–2520 Hz �3.8 6�
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observes an exponentially increasing amplitude, followed
by a flat maximum and a decreasing amplitude. The
maximum is observed significantly earlier by Cluster 4 (at
t = 17 ms) than by the other spacecraft (around t � 30 ms).
Also, the speed of the exponential increase is much higher
at Cluster 4. The inverted e-folding time g of the exponen-
tial growth, A = A0exp(gt) (calA0 being the amplitude at
t = 0), is g � 180 s�1 for Cluster 4 and g � 60 s�1 for the
other spacecraft. On the other hand, the subsequent decrease
is slower on Cluster 4 (g � �80 s�1) than on the others
(g��170 s�1).With the theoretical group speed of 0.35c the
e-folding distance for a hypothetical exponential convective
growth or damping would be between 580 and 1750 km and
the total distance traveled by the waves during the amplifi-
cation phase would be 1200–2600 km. This would be
roughly comparable to the estimates of the length of the
interaction region. However, the evolution of the wave
amplitude at the different spacecraft does not correspond to
the sequence of spacecraft which would be encountered by a
wave packet propagating antiparallel to B0.
[22] Evolution of thewave frequency is shown inFigure 5b.

As we can expect from the spectrogram, the frequency
grows for all the spacecraft in this time interval (except its
final part which will be discussed later). The increase is
again roughly exponential and it seems to be faster on
Cluster 4. We can clearly see that the signal at the same
frequency arrives at a different time on each of the different
spacecraft. Taking now these arrival times as the basis for
the examination of propagation of the wave packet and
looking only at the growing phase of the wave amplitudes,
we can see that the sequence of arrival times corresponds
well to a wave packet propagating from the most northward

Cluster 1 to the most southward Cluster 3 (Figure 3). This is
consistent with the Poynting flux results in Table 1. The
observed time delay between Cluster 1 and Cluster 3 is
between 3 and 4 ms. This delay is higher than expected using
the theoretical group speed, but it still is close to the predicted
values taking into account the experimental errors. Note that
when the amplitudes start to decrease (after t � 20 ms on
Cluster 4 and after t � 30 ms on the other spacecraft), the
sequence of arrival times is different and it no longer
corresponds to a consistent propagation pattern from a
convex-shaped source.
[23] A puzzling part of Figure 5 is a decrease of frequency

and increase of amplitude in the end of the interval on some of
the spacecraft. Figure 6 shows that the remainder of the time
and frequency interval covering the entire chorus wave
packet is even more puzzling. We use a 2.2–3.8 kHz pass
band filter this time, and we can see that the results in the first
40-ms interval are very close to what we have presented in
Figure 5 for a narrower analysis band. After this initial part
where the different spacecraft observe a similar time-fre-
quency structure, the results start to be very different. This is
already seen on the waveforms of Cluster 2 (Figure 6a)
which, in this case, observes the most intense waves reaching
amplitudes of more than 30 mV/m, Cluster 3 (Figure 6b)
which provides us with waveforms less polluted by higher-
frequency signals, and Cluster 4 (Figure 6c) which showed
different results already in the initial part of the chorus wave
packet.
[24] The results of the amplitude (Figure 6d) and frequency

(Figure 6e) estimations confirm that the same propagating
chorus wave packet, appearing as nearly identical discrete
chorus elements on the four spectrograms in Figure 4, has an
internal fine structure which is different on the four space-
craft. The entire wave packet is composed of a number of
subpackets appearing without any clear correlation in wave-
forms from the different spacecraft. In each of these sub-
packets the amplitude first increases (often exponentially),
reaches a maximum, and finally decreases (often to very low
values). For example, in Figure 6d, on Cluster 3 (green line)
there is a subpacket from 0 ms to 36 ms, the second one 36–
43 ms, then 43–48 ms, and 48–54 ms, then an intense one
from 54 to 64 ms, then 64–67 ms, and so on. The frequency
inside of each subpacket seems to behave independently and
forms a rising trace, a falling trace, or a hook-shaped trace. In
the majority of cases the frequency increases, most often in
the final parts of the subpackets, making the whole chorus
element, as it appears on the spectrograms, to grow in
frequency from 2.3 kHz to 3.5 kHz during �90 ms.
[25] Figure 7 shows 6-s power spectrograms of chorus in

the source region using the WBD data taken about 30 s later,
when the spacecraft moved slightly northward and were
located on both sides of the equator: Cluster 1 was to the
north of it, and the other spacecraft were to the south. The
upper band of chorus is reduced to a narrow-band emission
just above 1

2
fce, seen in the first half of the interval. The

chorus elements in the lower band appear more often than in
the previous case. There is a significant correlation between
the four spacecraft. Notably, the spectrograms of Cluster 1
and 2 are very similar. The spectrograms of Cluster 3 and 4
are more different but many common elements are still seen
on the four spacecraft. It has been recently proven [Santolı́k
and Gurnett, 2003] that the correlation is controlled by the

Figure 5. Model parameters in a 40-ms time interval in the
beginning of the second chorus element in Figure 4. (a)
Amplitude, (b) frequency. The results from the four
spacecraft are color-coded.
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separation of spacecraft measured in the plane perpendicular
to B0. It has also been shown that in the 18 April 2002 case,
the characteristic correlation length in this plane is of the
order of 100 km. Indeed, Figure 3 shows that Cluster 3 and 4
are more separated in the perpendicular plane from the other
spacecraft, while Cluster 1 and 2 are very close to each other
(only about 6 km apart). Results of the propagation analysis
using the STAFF-SA data are given in Table 2 for a 850-Hz
frequency interval containing the lower band of chorus.
Although not so significant as in Table 1, the Poynting flux
consistently has a component oriented to the north (parallel
to the B0 direction) on the four spacecraft, i.e., opposite to
the previous case. The average wave vectors are again found
approximately parallel to B0, with qBK � 10�.
[26] Figure 8 presents results of our analysis of WBD

waveforms for the chorus element denoted in Figure 7 by
white arrows. It represents one of the cases where a chorus
wave packet is simultaneously observed by Cluster 1 and 2

and not by the other two spacecraft. We use a 3–4 kHz pass-
band filter and we again estimate the model parameters using
a least squares fit. Similarly, as in the previous case, the
amplitude observed by both satellites manifests a fine struc-
ture consisting of several subpackets. In spite of some
common features this fine structure is different comparing
the results from the two spacecraft. The amplitude often
grows exponentially in the beginning of the subpackets with
in a large range between 34 s�1 and 420 s�1. The overall
frequency drift appears to be positive and approximately
linear, and a wave of a given frequency is most often first
detected by Cluster 2 and then by Cluster 1, with a typical
delay of�2 ms. This value is close to the theoretical delay of
1.8 ms, and the propagation direction from Cluster 2 to
Cluster 1 is consistent with the STAFF-SA results in Table 2.
[27] In Figure 9 we show the third 6-s example of power

spectra, starting at 0852:28 UT. The four spacecraft moved
further northward and were located at latitudes between 1�

Figure 6. Waveforms and model parameters in an extended 85-ms time interval covering the second
chorus element in Figure 4. (a–c) Broadband electric field waveform for Cluster 2–4, respectively; (d)
Amplitude, (e) frequency. The results from the three spacecraft are color-coded. In order to demonstrate
the fine structure, minima of amplitude are connected with the corresponding frequency estimates by
vertical dotted lines.

SMP 7 - 8 SANTOLÍK ET AL.: STRUCTURE OF STORM-TIME CHORUS



and 1.6� north of the equator. The upper band of chorus, just
above 1

2
fce, is now composed of many separate chorus

elements with no clear correlation between the spacecraft.
Only several elements in this band are similar on the first two
spacecraft. The lower band, however, shows a very clear
correlation of groups of chorus elements corresponding to
wave packets simultaneously observed on the four space-
craft.
[28] The analysis of the STAFF-SA measurements in

Table 3 shows quite indecisive results for the sign of the
parallel component of the Poynting vector. The first three
spacecraft give Sk/sSk very close to zero, and Cluster 4
gives a positive value comparable to its standard deviation.
The reason for this difference probably is that Cluster 4
accumulated the data during a slightly different interval of
time. The wave vectors are again close to the field line on
all the four spacecraft.
[29] In Figure 10 we demonstrate that the indecisive

results of the analysis of the Poynting flux have a good
explanation: Some chorus wave packets in that time interval
propagate approximately southward (from Cluster 1 to
Cluster 3) and the other wave packets propagate in the
opposite direction. STAFF-SA instrument then accumulates

the data during nearly 4 s and mixes the elements of both
directions. The analysis therefore gives indecisive results
concerning the sign of the parallel component of the Poynt-
ing flux. In Figure 10 we have analyzed two neighboring
elements denoted by thick arrows below the spectrograms in
Figure 9. Results from only two spacecraft, Cluster 1 and 3,
are shown because of their largest parallel separation among
the spacecraft pairs. We again find a fine structure of
subpackets inside the two neighboring wave packets, which
is reflected in the evolution of frequency in a similar way as

Figure 7. Detailed time-frequency power spectrograms of electric field fluctuations recorded by the
WBD instruments on 18 April 2002 after 0849:56 UT. Figures 7a–7d show data from Cluster 1–4,
respectively. Horizontal arrows on the right indicate local 1

2
fce for each spacecraft. Position is given for

Cluster 1 in the same way as in Figure 4 on the bottom. Bold white arrows point to the chorus element
which is chosen for further analysis (see text).

Table 2. Propagation Analysis for Chorus in Figure 7

S/C Time Frequency Sk/s Sk qBK
1 0849:58.60–0850:02.44 3175–4000 Hz 1.4 4�
2 0849:58.43–0850:02.27 3175–4000 Hz 1.9 4�
3 0849:58.21–0850:02.05 3175–4000 Hz 1.7 10�
4 0849:57.79–0850:01.63 3175–4000 Hz 1.7 8�

Figure 8. Model parameters in a 80-ms time interval
covering the selected chorus element from Figure 7. (a)
Amplitude, (b) frequency. The results from the Cluster 1
and Cluster 2 spacecraft are color-coded.
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in the previous examples. The long initial phase of the first
wave packet consistently shows the waves at a given
frequency coming first to Cluster 1 and then to Cluster 3.
For the second wave packet after t = 80 ms, the situation
reverses. The time delays sometimes appear to be longer (up
to�10 ms) than predicted by the theory (2.5 ms). A possible
reason for this discrepancy could be the differences in
internal structure of the wave packet observed by the two
spacecraft.

4. Summary and Discussion

[30] We have analyzed nightside chorus emissions ob-
served by the four Cluster spacecraft during a geomagnet-
ically disturbed period on 18 April 2002. Chorus is
observed in two bands separated by a gap near 1

2
fce, the

upper band being only observed at latitudes within �5�
from the geomagnetic equator.
[31] We have concentrated our analysis on the lower

band, which extends to higher latitudes, decreasing in
frequency. Poynting flux measurements in this band suggest
that the chorus source region is located within �2000 km
parallel to the field line. This distance is approximately
equal to theoretical estimates of the length of the interaction
region and to experimental estimates obtained for another

similar case using analysis of frequency shifts (U. S. Inan,
personal communication, 2002).
[32] The average wave vector directions in this region

are nearly parallel to the field lines whereas at higher
latitudes the wave vector directions gradually become
inclined, as the waves propagate away from the source
region.
[33] The dynamic character of the chorus source region is

demonstrated by multipoint measurement of the Poynting
flux where we observe nearly the same variation on the four

Figure 9. Power spectrograms of electric field fluctuations recorded by the WBD instruments on 18
April 2002 after 0852:28 UT. Figures 9a–9d show data from Cluster 1–4, respectively. Horizontal
arrows on the right indicate local 1

2
fce for each spacecraft. Position is given for Cluster 1 in the same way

as in Figure 4 on the bottom. A pair of bold vertical arrows on the bottom point to the two chorus
elements which are chosen for further analysis (see text).

Table 3. Propagation Analysis for Chorus in Figure 9

S/C Time Frequency Sk/s Sk qBK
1 0852:30.59–0852:34.43 2520–3175 Hz 0.04 12�
2 0852:30.42–0852:34.26 2520–3175 Hz 0.07 5�
3 0852:30.21–0852:34.05 2520–3175 Hz �0.07 6�
4 0852:29.79–0852:33.63 2520–3175 Hz 1.06 4�

Figure 10. Model parameters in a 125-ms time interval
covering the two selected chorus elements from Figure 9.
(a) Amplitude, (b) frequency. The results from the Cluster 1
and Cluster 3 spacecraft are color-coded.
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spacecraft at time scales of 4 s, although they are delayed by
up to 1 min on their orbit.
[34] We have used a sine-wave parametric model with a

variable amplitude to analyze the chorus waveforms with a
time resolution better than 1 ms and with a frequency
resolution better than 10 Hz. The principal assumption is
the presence of a single wave frequency in each 1-ms
subinterval of time and in a predefined frequency band.
We have excluded all the data points where such a model
does not fit the measured waveforms.
[35] The amplitude of the electric field waveforms rea-

ches 30 mV/m, which would correspond to a 320-pT
amplitude of the magnetic fluctuations, if we assume a
whistler-mode refractive index of 3.2 estimated from the
cold plasma theory. This rough estimate is �10 times higher
than the saturation level of the magnetic field fluctuations
observed in chorus elements by Cornilleau-Wehrlin et al.
[1976] but only about 2 times larger then the maximum
amplitudes observed by Nunn et al. [1997]. We are pursuing
analysis of intervals when waveforms of magnetic field are
measured and will report the results when they become
available.
[36] The chorus wave packets, appearing as rising dis-

crete elements on the power spectrograms, have an internal
fine structure consisting of separate subpackets of variable
lengths up to 40 ms. They seem to appear in the waveform
in a random way without any clear periodicity.
[37] In the beginning of the majority of these subpackets

we can detect an exponential growth phase which could be
consistent with a linear instability [Kennel and Petschek,
1966; Pasmanik et al., 2002] or with the linear growth of
the triggered emissions [Helliwell, 1967]. However, the
estimated large amplitudes of magnetic field fluctuations
could imply strong nonlinear effects [Nunn et al., 1997;
Trakhtengerts, 1999] leading to an absolute instability with
a faster growth which should appear, according to Nunn et
al. [1997], already for amplitudes larger than a few pT. The
observed growth coefficient g varies in a wide range of
values, its ratio to the wave angular frequency g/w being of
the order of a few thousandths to a few hundredths. After
reaching the maximum amplitude, the subpackets often
show an exponential decay phase with similar damping
rates.
[38] Simultaneous observations on the four Cluster space-

craft show that even if chorus elements are well correlated
on the power spectrograms at time scales of 0.1 s, their
internal subpacket structure is different on the different
spacecraft. This either means that the fine structure has a
shorter characteristic dimension than a few tens of kilo-
meters in the plane perpendicular to the ambient magnetic
field (i.e., shorter than the typical perpendicular separation
of the spacecraft) or else the fine structure changes along the
field line at spatial scales of hundreds of kilometers. This
second possibility means in other words that the fine
structure changes during the propagation of the entire wave
packet along the field line at temporal scales of a few ms. In
any case the characteristic scales of the fine structure
appears to be much lower than those of the chorus wave
packet in which it is embedded. Because of these differ-
ences, it is often impossible to estimate the delay with
which the wave packets arrive at the four spacecraft.
However, in the initial growing phase of the chorus wave

packet it is possible to find cases where the results are
consistent with the sequence of spacecraft on the orbit.
Their maximum separation parallel to the wave propagation
direction, i.e., approximately along the field line, is a few
hundreds of kilometers. To estimate the delays, we have
used a criterion based on the wave frequency. The wave
amplitudes do not seem to give consistent results even in the
initial growing phase.
[39] Using these observed delays in the time-frequency

plane, we have found the same propagation direction as
obtained from the Poynting flux calculations based on
simultaneous measurements of the electric and magnetic
components. With some exceptions, caused probably by the
differences in the fine structure, the delays roughly corre-
spond to the whistler-mode group velocity estimated from
the cold plasma theory. We have also observed delays
corresponding to antiparallel propagation directions for
two neighboring chorus elements separated by less than
0.1 s.

Appendix A: Parametric Model of the Chorus
Electric Field Signal

[40] In order to achieve a sufficient time and frequency
resolution of analysis of chorus elements, we divide the
electric field waveform, sampled at a frequency fs, into short
subintervals of n samples. In each of these subintervals we
use a nonlinear least-squares procedure to fit the parameters
of a model of the electric field fluctuations. This model
assumes the presence of a signal with a single frequency f
and a polynomially variable amplitude,

E t; að Þ ¼ C þ A tð Þ sin 2pf t � t0ð Þ þ j½ �; ðA1Þ

where E is the model electric field at time t, t0 is a reference
time, C is an offset value, j is the phase of the signal, and A
is the amplitude modeled by a quadratic polynom,

A tð Þ ¼ A0 þ A1 t � t0ð Þ þ A2 t � t0ð Þ2: ðA2Þ

Six-dimensional vector

a ¼ C;A0;A1;A2; f ;jð Þ ðA3Þ

then describes the model parameters. The reference time t0
is defined as the middle of each subinterval, i.e., for the ith
subinterval,

t0 ¼
1

2
tni þ t 1þn i�1ð Þ½ �
� �

; ðA4Þ

where tk is time of the kth sample of the original waveform.
[41] The nonlinear least-squares procedure uses an itera-

tive gradient expansion algorithm [Press et al., 1992], and
before each iteration we project the parameters of the model
onto predefined convex intervals. The parameters A0, A1,
and A2, defining the quadratic approximation of the ampli-
tude variations, are projected using the following relations:

�A0 ! A0;jþ p ! j if A0 < 0; ðA5Þ
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A0=T ! A1 if A1 > A0=T ;

�A0=T ! A1 if A1 < �A0=T ;

� A0 � A1Tð Þ=T 2 ! A2 if A2 < � A0 � A1Tð Þ=T 2;

ðA6Þ

� A0 þ A1Tð Þ=T 2 ! A2 if A2 < � A0 þ A1Tð Þ=T 2; ðA7Þ

where T is one half of the duration of the subinterval

T ¼ 1

2
tni � t 1þn i�1ð Þ½ �

� �
¼ 1

2 fs
n� 1ð Þ: ðA8Þ

The parameter j defining the phase of the signal is held in
the interval h0, 2p) using

2pþ j mod 2p ! j if j < 0;

j mod 2p ! j if j � 2p:
ðA9Þ

The parameter f defining the frequency of the signal is held
in a predefined interval h f1, f2i using

f2 ! f if f > f2;

f1 ! f if f < f1:
ðA10Þ

[42] To prevent convergence problems of the algorithm in
cases where more than one frequency is present in the signal
we, prior to the least-squares fit, pass the original waveform
samples Ek through a nonrecursive digital pass-band filter
selecting the frequency band between f1 and f2. The fre-
quencies f1 and f2 are chosen on the case-by-case basis to
contain the frequency range of the selected element and to
exclude other emissions. The filtered waveform Êk is then
divided into consecutive subintervals of n data points. We
estimate the relative difference of the filtered and original
signals in the ith subinterval,

D ¼ 100%

n maxi Ê
�� ��� � Xn

j¼1

E n i�1ð Þþj½ � � Ê n i�1ð Þþj½ �
�� ��; ðA11Þ

where maxi(jÊj) is the maximum absolute value of the
filtered data in the given subinterval.
[43] Each of the subintervals is separately used as input

data in the least-squares procedure which iteratively
improves estimates of model parameters a to obtain the
minimum value of c2. For the ith subinterval, c2 reads

c2 ¼
Xn
j¼1

Ê n i�1ð Þþj½ �
�

�E t n i�1ð Þþj½ �; a
� ��2s�2

n i�1ð Þþj½ �; ðA12Þ

where s[n(i�1)+j] are errors on separate data points discussed
below. The minimization procedure requires an initial
estimate of the six model parameters which can be critical
for the convergence. We thus run the iterative procedure 20
times, with randomly chosen initial f and j parameters, C,
A1, and A2 being initialized by zero, and A0 by maxi(jÊj). If,
in a given run, the decrease of c2 from one successful

iteration to the next one approaches numerical precision of
the floating point representation, the convergence is
reached, and the resulting minimum value cm

2 from equation
(A12) is compared with the results of other runs. We then
use the estimated parameters am for the lowest cm

2 obtained.
[44] Since the experimental errors s[n(i�1)+j] on separate

data points Ê[n(i�1)+j] are difficult to estimate, we suppose

s n i�1ð Þþj½ � ¼ 1 ðA13Þ

for the minimization procedure. We are thus unable to use
standard statistical c2-distribution methods for quantifying
how appropriate the model is for the given data. Instead we
estimate how large should be the relative errors d on the data
if the model exactly fits the data points,

d ¼ 100%

maxi Ê
�� ��� �

ffiffiffiffiffiffiffiffiffiffiffi
c2
m

n� 6

s
; ðA14Þ

where n � 6 is the theoretical mean value of the c2-
distribution.
[45] Figure A1 shows an example of results in a selected

subinterval inside the second chorus element in Figure 4.
We use the frequency interval between f1 = 2.2 and f2 = 3.8
kHz and we can see that the original waveform is very close
to the filtered one. The signal from the chorus element thus
dominates the broadband waveform with the maximum
amplitude of more than 30 mV/m. The model fits very well
to the data, with an average error less than 1%. The
estimated frequency f, the quadratic model of the amplitude
A (decreasing as a function of time), and the phase j are
given on the top of the figure.
[46] The most important parameters for analyzing the

chorus elements are frequency and amplitude. To obtain
the same time resolution for the frequency and amplitude
we calculate the average amplitude for each subinterval,

�A ¼
Z T

0

A tð Þ dt ¼ A0 þ
1

3
A2 T 2; ðA15Þ

where A(t) is from equation (A2), and we use A0 and A2

parameters from the final vector am. A rough upper estimate

Figure A1. An example of fit of the model function to a
short subinterval of Cluster 2 electric field data. (dotted line)
Original broadband waveform; (filled circles) filtered
waveform; (solid line) model function. Parameters resulting
from the least-squares optimization are given on the top.
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of the relative error on �A is given by the relative error on
the data points form equation (A14). This estimate is
generally more conservative (gives higher values) than the
calculation of errors on the model parameters from the
covariance matrix using the second derivative of c2 as a
function of am.
[47] Errors on estimated frequency are critical for deter-

mination of delays between the different spacecraft. We thus
calculate a conservative estimate of the absolute error in
frequency sf using the data close to nulls of the model sine
function in equation (A1). At those places we approximate
sin(x) by x, and the relative error in frequency is

df ¼
sf
f
¼ dT � dE

2pN
; ðA16Þ

where dT is the relative error in the estimated wave period, N
is the number of wave periods considered, and dE is the
relative error in the data, approximated by the differences of
the model and data normalized by the model amplitude. For
the ith subinterval we obtain

sf ¼
1

2pnL

f

N

X
‘2L

Ê n i�1ð Þþ‘½ � � E t n i�1ð Þþ‘½ �; am
� ��� ��

A t n i�1ð Þþ‘½ �
� � ; ðA17Þ

where L is a set of nL indices for which the model signal
is located near nulls of the model sine function in equation
(A1). Those indices ‘ 2 L are selected from the interval
h1, ni, where the absolute model values are below 1

3
of the

model amplitude,

E t n i�1ð Þþ‘½ �; am
� ��� �� < 1

3
A t n i�1ð Þþ‘½ �
� �

;

A t n i�1ð Þþ‘½ �
� �

> a max
i

Að Þ:
ðA18Þ

Amplitude A in equation (A17) is calculated using
equation (A2) with the parameters A0–A2 from am,
maxi(A) is the maximum amplitude between the n points
in the ith subinterval, and we use a = 10�6 to take into
account the finite numerical precision of calculations.
Finally, ratio f/N in equation (A17) can be estimated from
the time interval between the first and the last null point
of the model,

f

N
¼ max

L
t n i�1ð Þþ‘½ �
� �


�min
L

t n i�1ð Þþ‘½ �
� ���1

; ðA19Þ

where maxL and minL, respectively, give us the maximum
and minimum time between the nL indices in L.
[48] Estimates of D, d, and sf can be used as measures of

the reliability of results. We have thus set limits for their
values within which we consider the resulting parameters of
the model as reliable representation of properties of the
original signal. If D, d, or sf does not fit within the
predefined limits, we exclude the results obtained in a given
subinterval from the summary plots and from further
analysis. First, we do not allow the filtered signal to be
by more than 50% different from the original waveform.
This means that we exclude cases with stronger signal
outside the predefined frequency interval than inside it.

Second, we do not allow the model to be on average more
deviated from the filtered waveform data than by 5%. In
summary,

D < 50%;

d < 5%;
ðA20Þ

where D and d are obtained from equations (A11) and
(A14), respectively. The second condition can be used to
estimate the expected error on f; with the particular values of
n and fs we use throughout this study,

n ¼ 27;

fs ¼ 27:44 kHz;
ðA21Þ

we obtain the duration of �1 ms of each subinterval, and, at
a typical frequency f = 3 kHz we have N = 3 wave periods
per subinterval. When we then use d in place of dE in
equation (A16), we obtain the absolute accuracy better than
8 Hz on the frequency estimates. However, there can be
cases when the model is more deviated from the data near
its nulls than the average, and the frequency could have a
larger random error. We therefore use a separate limit value
for sf from equation (A17) to make sure that the frequency
estimates are accurate. The following third condition only
applies to the estimates of the wave frequency f,

sf < 10 Hz: ðA22Þ
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