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Abstract. The properties of Nu whistlers are discussed in thethe present. The first and most profound summary of the re-
light of observations by the MAGION 5 satellite, and of nu- search in this field was given in a book by Helliwell (1965),
merically simulated spectrograms of lightning-induced VLF which was a superlative contribution to whistler studies.
emissions. The method of simulation is described in full.  The investigation of nonducted whistler-mode waves in
With the information from this numerical modelling, we dis- the magnetosphere, in particular of MR whistlers and Nu
tinguish the characteristics of the spectrograms that depenghistlers, which are the subjects of this paper, also has a
on the site of the lightning strokes from those that are deteriong history. We will mention only some work that is di-
mined mainly by the position of the satellite. Also, we iden- rectly related to- or especially important foe the present

tify the region in the magnetosphere where Nu whistlers arestudy. An unexpected possibility for whistler-wave reflection
observed most often, and the geomagnetic conditions favourwhen the ions are taken into account in the dispersion rela-
ing their appearance. The relation between magnetosphetion, and the visualisation of this effect by ray tracing, were
ically reflected (MR) whistlers and Nu whistlers is demon- first demonstrated by Kimura (1966). In a sense, this find-
strated by the gradual transformation of MR whistlers into ing predicted magnetospherically reflected (MR) whistlers,
Nu whistlers as the satellite moves from the high-altitudewhich were found in the spectrograms of wave data from
equatorial region to lower altitudes and higher latitudes.OGO 1 and 3 (Smith and Angerami, 1968). In their study,
The magnetospheric reflection of nonducted whistler-modemainly devoted to MR whistlers, Smith and Angerami also
waves, which is of decisive importance in the formation of pointed out that the spectrogram of an MR whistler observed
Nu whistlers, is discussed in detail. far from the equator may have the shape of the Greek letter

Key words. Magnetospheric physics (plasmasphere) — Ra-"- They called this phenomen.on Nu whistler and suggestgd
dio science (radio wave propagation) — Space plasma physidés basic mechanism. Accordmg to these authors, the min-
(numerical simulation studies) imum frequency on a Nu-whistler spectrogram, where the
two branches merge, corresponds to the wave that undergoes
magnetospheric reflection at the observation point (see also
Edgar, 1976). Magnetospheric reflection occurs when the
waves reach some point where their frequency is less than

. he local lower-hybrid-resonan LHR) fr n iti
Of the several natural sources of VLF waves in the magne-t e local lower-hybrid-resonance ( ) frequency, so itis

; . - .~ also referred to as LHR reflection.
tosphere, lightning strokes are the most familiar. According Althouah the cl lation bet MR whistl dN
to the commonly accepted notion, a lightning stroke emits hist ough the ctosth.rﬁ adlqn tr? V\./e.?.nl Vl\i k')s er ?rr: cliJ
electromagnetic waves into the Earth-ionosphere waveguideW Istiers was establisned in the initial work by smith an

While propagating in this waveguide, some of them Ieaka‘nger"’lml (1968), in later work MR whistlers were stud-

through its upper boundary and penetrate into the magne'—e‘j much more than Nu whistlers; see, for instance, Son-

tosphere, giving rise to whistlers observed in the oppositew""lk"’Ir and Inan (1989), Draganov et al. (1992), Thorne

hemisphere. The investigation of ionospheric and mag-and Home (1994), and Jasna et al. (1990). Some com-

netospheric wave phenomena related to lightning stroke§nents on these studies may be found in the paper by Shkl-

began from classical research by Eckersley (1935) and ‘Br andaﬁgcel'\(/l'gzcg)l(g)&, A\f/vhe(;eSan analy5||s of MtR dV\k/)h|stIers
Storey (1953a), among others, and it has continued up gQoserved by M . and > was supplemented by an ex-
tensive numerical simulation of MR-whistler spectrograms.

Correspondence tdD. R. Shklyar Since then, several authors have used numerical simulation
(david@izmiran.rssi.ru) of spectrograms in their studies of MR whistlers. Lundin and

1 Introduction
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Krafft (2001) demonstrated the similarity of MR-whistler 2.1 Dispersion relation and group velocity
spectrograms that appears in a certain range of L-shells and

latitudes when the frequency scale of the spectrogram is norThe equations of geometrical optics, for the ray positton
malized with respect to the equatorial electron cyclotron fre-and the wave normal vectarof a wave packet with the fre-
quency on the L-shell of observationfidek et al. (2001) in-  quencyw, can be expressed in Hamiltonian form as
vestigated the influence of the plasmapause on MR-whistler

spectrograms, concluding that the presence of a pronounceﬁi — M =0, - % = _w (1)
plasmapause renders the traces on the spectrograms indig? ok o a ar 7

tinct, so the “classical” pattern should be observed only undeynere the HamiltoniarH (k, r) is given by the local disper-
quiet geomagnetic conditions. An essential contribution t0gjgp, relation

the numerical modelling of MR-whistler spectrograms was

made by Bortnik et al. (2003), who included wave intensity H (k, r) = w(k, r) , )
in the frequency-time plots, thus making them more like real
spectrograms. andv, is the group velocity.

A further step in the numerical modelling of spectrograms Equathns D are wnttgn abovg in their general form. We
was taken by Chum et al. (2003), who showed that numerical'®V specify the dlspersmn_ relation for whstler—mo@e waves
simulations can be used to model spectrograms not only of"d the resultant expression for the group velocity, which

a short time scale of the order of 10 s, the so-called detailedOVeM the wave propagation in the approximation of geo-

spectrograms, but also to model overview spectrograms Ornetrlcal optics, and which we use in our computer simu-
a

data taken along a satellite path during tens of minutes, pro]; tions. The d|s]!oer5|_on reflat|on, which Iexpresses(;[hel wave
vided that lightning-induced whistlers are the main emission requency as a function of wave-normal vector and plasma

in the region traversed by the satellite. In this case, whistleParameters, can be obtained from the general equation for

emission, trapped in the magnetosphere by LHR reflection,the wave refractive index in a cold, magnetized plasma (see,

evolves into oblique noise bands above the local LHR fre-€-9: Ginzburg and Rukhadze, 1972). In the frequency band

quency; these are qualitatively reproduced by numerical sim&ci <@<@c, Which is that of the whistler mode(; is the

ulations of overview spectrograms. We should mention that®" cycl(l)tron f:cequency andc(ljs_thel magnltrL:de oLtheleIec— .
LHR reflection also plays an important role for several other{ron cyclotron requency), and in places where the plasma is

types of VLF emission in the magnetosphere. Besides MRdense p>wc, Wherew, is the electron plasma frequency)

whistlers, Nu whistlers, and the LHR noise bands, WhereWhiCh it is in most of the Earth's plasmasphere, the disper-

LHR reflection is the governing factor, it is also important sion relation may be written in the approximate form:

for chorus waves, as was pointed out recently by Parrot et 12 K2K2
al. (2003) from their analysis of CLUSTER data. 0’ =0ty —— + o =
) ) k2 + q2 ¢ (kZ + q2)2
In this paper we concentrate on Nu whistlers, and proceed 2 208
as follows. Section 2 is devoted to an analytical descrip- = “H ®;C0S'0 (3)
tion of nonducted whistler-wave propagation, with attention 1+4q%/k2 ~ (1+q%/k??’

focussed on wave reflection at or well below the LHR fre-

where the lower hybrid resonance (LHR) freque is
guency. The key points on how ray tracing in the framework y ( ) frequeagy,

: : iven b
of geometrical optics can reproduce the spectrograms of thg y
observed electromagnetic field are discussed in Sect. 3. Sec- 1 wlw? 1
. . . 2 p%c me Ny
tion 4 presents experimental data on Nu whistlers from thew(y = Mar @2 + ) ; Mo = —, 4)
MAGION 5 satellite and compares them with computer sim- eff (W T @ eff  Te jonse

ulations. Using the information that may be apparent on the
modelled spectrograms, but cannot be seen on real ones, t
main properties of Nu whistlers are explained. Our findings
and conclusions are summarised in Sect. 5.

ne, m, are the electron concentration and mass, respectively,
w%ile ng, my are the same quantities for ions of the species
«), k?=k{+k3, wherek andk, are the components of the
wave-normal vector parallel and perpendicular to the ambi-
ent magnetic field, respectivelj=cos *(k;/k), and

g% = w5/, ®)
wherec is the speed of light. From Eq3) one can see
that the characteristic value of the wave number in the
whistler frequency band ig=w,/c, and that for a given

In this section, we discuss some aspects of nonductedvave-normal anglé, the dependence of the wave frequency
whistler-wave propagation in the plasmasphere that are esn k involves only the ratick/q. For the so-called quasi-
sential for understanding the phenomena discussed in thiengitudinal waves (Ratcliffe, 1959; Helliwell, 196%)Xq,
paper. whereas the inequality’>>¢ corresponds to quasi-resonance

2 Some features of nonducted whistler-wave propaga-
tion in the magnetosphere



D. R. Shklyar et al.: Characteristic properties of Nu whistlers 3591

waves (see, for example, Walker, 1976; Alekhin and Shkl-2.2 Magnetospheric reflection of whistler-mode waves

yar, 1980). Some features of quasi-longitudinal and quasi-

resonance wave propagation, useful for understanding the rethe possibility that whistler waves might be reflected

sults of numerical simulations based on the dispersion relawithin the magnetosphere was suggested and studied by

tion Eq. @), were discussed by Shklyar and@idek (2000). Kimura (1966). In the one-dimensional case, wave reflec-
The expressions for the longitudinal (parallel to the ambi-tion corresponds to a change in sign of the group velocity.

ent magnetic field) and transverse (perpendicular to the amln the two-dimensional case the situation is more compli-

bient magnetic field) components of the group velocity thatcated. If, for example, the longitudinal component of the

follow from Eq. (3) are: group velocityv, greatly exceeds the transverse ane,
5 then the wave reflection corresponds to the point wheye
- o _ Ky Wiy changes its sign, and thug;=0. However, in the case where
079k T wq? A+ Kk2/q2)2 Vg ~Vg 1, @ Wave may be reflected with respect to one coor-
2 K2 & k2 2,2 dinate but continue propagating in the same direction with
k” (O3 + I k kJ_ . . .
— (6) respect to the other coordinate. For example, in a dipolar
wg? (L+k2/q?)3 \  ¢? q* maanetic fi ion wi -
gnetic field, the wave reflection with respect to the height
(or the radial distance from the Earth’s center) takes place
ow ki a)EH when
Vo | = —— = —F———5 55
¢ dkL  wq? (L+k%/q?)? Vgl —2vgtand =0, 9)
2,2
+ k_J_ wgky (1—k2/¢?) @) where is the geomagnetic latitude; when conditi®) {s
wgq* (L+k2/q?)3 ' satisfied, the radial component of the group veloditydt
vanishes.

From Eg. 6) one can see thai, has the same sign as
ky, hence both quantities change sign atbee8; obviously,
from Eg. @), this can happen only whabp<w y, in which
casevy =0 for w?=w?,/(1+4%/k?) (cf. Eq. @)). As for
ve1, it has the same sign &g for k<q, while for k>gq it k2

Reflection with respect to both coordinates would require
vy =1 =0 which is impossible for whistlers. Indeed, from
Egs. @) and @) it follows thatv, =0 for

is directed opposite tb, for w?>w?,/(1—¢*/k*) and vice w*=0fy 2tq? = ol » (10)
versa. The last statement becomes apparent if we rewrite thvE\)/hiIe veL =0 implies (see Eq8)
expression Eq.7) for vy, eliminatingk? with the help of gl= 4p a:
the dispersion relation Eo@): o = o, 4k . 2 a
ki 4,2 2 4 2 K —q
L T T k2 1 qz)z[k (@7 = oiy) —q o] ) Thus, strictly speaking, the reflection of a whistler wave can

never happen: magnetospheric reflection is in fact a reversal
Also, whenk =0 andv, =0, it follows from Egs. 8) and @) PP g P

that i< al llel tac . der th di of the group velocity in a small region of space as the result
a vglz is %Ways parallel tdk ., since, under these condi- ¢ oo i (Kimura, 1966).

tions, SO ' _ To find the conditions for magnetospheric reflection, we
Cor_lcernlng;g”, Itis easy to see that the first term in the ex- first describe this phenomenon more rigorously, contrasting
pression Eq.6) forzvg|‘2|s always ”.‘“Ch less .than the second i regular refraction. First of all, we shall speak of re-
term. InQeed, fok®/q"21, the ratio 0; the first tgrmzto the flection as being a property of a ray, regardless of time. If, in
secqnd IS Ies's or of the order @fH Jwe<1. Fork®/q"<1, a region that is small compared to the characteristic scale of
the first term is of the order of plasma inhomogeneity, a major variation of the direction of
ky w2 the group velocity takes place, whereas before entering and
w—qz after leaving this region the direction of the group velocity
varies relatively slowly, then we shall call this event wave

while the second one is of the order of reflection. The foregoing conditions can be expressed as

2.2
ky o k- |v2 — va| ~ max(|val, |v2]) , (12)
wq? q?’ .

wherev1 and v, are the group velocities at the entrance to
thus they become comparable only when and at the exit from the reflection region, respectively. The
22 2 group velocityv, is a function of b(_)tﬂ_c andr, v,=v,(k, r),
R S 1 however, we can neglect the variationroin a small reflec-
q%>  q? w? tion region. Hence, the amount by which the group velocity

varies in passing through the reflection region may be esti-

2 .
However, such small values bf/¢? are outside the range of mated with the help of Eqdj as

validity of the approximate dispersion relation E8),(since
they correspond to frequencies of the order of the ioncy- =~ dvg do (avg,) w 1
max

clotron frequency. Ust = T0k; o) ok

: (13)
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Fig. 1. Contours of normalized frequency and reflection parameters. Note different colour bars associated with different subplots. Only the
parameter shown on the upper right panel greatly exceeds unity and, thus, determines the wave reflection.

where £ is the characteristic scale of the plasma inhomo-locity. The results are shown in Fit), where we see that the
geneity,/ is the length of the part of the ray in the reflection reflection is determined by the parameter

region,<v,g> is the average magnitude of the group velocity dvg) »

such that//<v, > is the duration of the reflection process, , (15)
8 " . - ok < vg > vgmax
and the subscript “max” denotes the maximum value. Using’ _ _ _
Eq. (13) and the notation which atk;— 0 greatly exceeds unity, while the other quanti-
ties proportional tdv /9k | anddv, /dk| arexl over the
max(|v1l, [v2]) = vgmax whole plane(k;, k). We should emphasize that the value
of the parameter Eq16) depends on how we define the size
we rewrite the reflection conditions of Ed.2) in the form: of the reflection region, so it is not determined uniquely. Its
only important property is that it is much larger than unity,
g, 1) L which ensures that the direction of the group velocity varies
~—=>1. (14) . . . . .
Okj J max < Vg > Vgmax i rapidly along the ray in the reflection region, compared with

its behaviour on other parts of the ray.
Thus, the wave reflection takes place for thbgandk , and As we have seen above, fby=0, the parallel component
the corresponding wave frequencies, for which the quantityof the group velocity, =0, and the wave frequency is deter-
on the left-hand side in Eq14) is much larger than unity. mined by Eq. {0). From this equation it follows in particular
This quantity has been calculated numerically using By. (  that in the quasi-resonance regittfes-¢2, the wave reflec-
together with the expressions Eg8),((7) for the group ve-  tion takes place at frequencies close to the LHR frequency
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Diagram determining the type of wave reflection contrary, if before and after reflection the wave remains to

! ! ! ! ! ! ! the right of the dotted line, which is typical &f¢>>1, then

1 v, changes sign, and the ray has the shape of a loop. These
features of the wave reflection are illustrated by Fijand

4. In Fig. 4, L3 (rather than the more natural quantity is

i chosen as one of the coordinates in order to make the loops

3/,‘ i in the ray more obvious. Figures 3 and 4 correspond to a 5-
- . KHz wave starting vertically at P5geomagnetic latitude, at

the height 500 km; the plasmasphere is smooth and the prop-
s E agation time is set to 3s.

3 Spectrogram modelling by means of ray tracing

VLF data from Magion 5 will be presented below in the

0 1 2 3 4 5 6 7 8 9 10 form of spectrograms. These were made with a sampling
frequency of 44 100 Hz and an integration time ofZ3ms;

thus, each instantaneous spectrum was evaluated from 1024
data points. The corresponding resolution in frequency is
<100 Hz. Each spectrogram comprises about 300 instanta-
neous spectra and covers a time interval of 7s. It is a rep-
resentation of spectral intensity in the frequency-time plane,

Fig. 2. Reflection diagram.

wLh, Whereas fokZ<g? the wave frequency may be well

belowf"LH' _ with time along the x-axis, frequency along the y-axis, and
In Fig. 1, the contours of normalized frequency and of the the intensity indicated by the degree of darkness on black-
reflection parameters are shown on the, kj)-plane. Al-  and-white spectrograms, or by the use of colour. If the

though the wave frequency remains constant when the wavgpectral intensity is appreciable only along some curves in
propagates in a stationary inhomogeneous medium, this dogge (f,1)-plane, as is the case for MR and Nu whistlers,
not mean that it remains on the same contour line of thethe problem of spectrogram modelling consists of two parts:
normalized frequency, since the normalizing LHR frequencyfirstly, constructing the frequency-time plot, which may have
may change. Obviously, instead @f., ), two other quan-  many branches, of course; and secondly, attributing the cor-
tities may be chosen as the independent variables determiftesponding intensity to each curve. Here we discuss how it
ing the wave characteristics. In particulal’, it is convenient tois done by means of ray_tracing calculations based on the
analyze the features of the wave reflection and pOSSible typeéquations of geometrica| Optics_ Since very many rays must
of ray trajectories in the reflection region with the help of a pe calculated in order to reproduce the main features of Nu-
diagram on thék/q, w/win)-plane, as shown in Fig. whistlers on a model spectrogram, we use relatively simple
In this analysis, we will assume that >0, i.e. that the  models for the geomagnetic field and for the distributions of
wave-normal vector is directed towards higher L-shells. Theplasma density and LHR frequency, all given by analytical
solid line in the figure is determined by EQ.Q} and corre-  expressions (see Shklyar antidkk (2000) for details).
sponds tak=v,=0. According to Eq. §), the same line
defines the minimum possible wave frequency as the func3.1 Constructing the frequency-time plot
tion of k/q, so the dispersion relation has no roots below this
line. As we have seen above (cf. Fig), large values of the We assume that a thin layer in the upper ionosphere is illu-
reflection parameter Eql9), typical of wave reflection, are minated by waves from a lightning stroke, and that this pro-
attained in the vicinity ok =v,=0. Thus, on the diagram cess is effectively instantaneous on the time scale of wave
in Fig. 2, the reflection region is represented by the narrowpropagation to the satellite. We also assume that initially
region above the solid line. The dotted line is determinedall waves have their normal vectors directed vertically, due
by Eqg. (L1) and corresponds ta, ;| =0. In the region to the to refraction by the ionosphere. Similar assumptions have
left of this line,v, | has the same sign &s (positive under  been used in all of the work on spectrogram modelling cited
our assumption), while in the region to the right of this line above. Since the vertical dimension of the illuminated layer
it has the opposite sign. Clearly, when the wave approachegwhich, in turn, plays the role of an illuminating region for
the reflection region, it always moves from higher towardsthe magnetosphere) is much smaller than its dimension in the
lower values ofw/w 1 on the diagram in Figl. Another  horizontal plane, and since the vertical direction of the wave-
important point is that in the reflection regiop, is always  normal vectors implies that the waves propagate in the merid-
positive, whilevg changes its sign. Thus, if before and after ian plane, computation of the rays is now a two-dimensional
reflection the wave remains in the shaded region to the lefproblem, with initial conditions given on some line that ap-
of the dotted line, which is typical df/qg <1, thenv, | does  proximates the thin layer. As such a line, we take a part of
not change sign, and the ray has the shape of an arc. On thhe arc at the height of 500 km above the Earth’s surface.
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Trajectory of the wave

0.06 - - 8
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S° 0.02+ “'E_- 4
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-0.02 : : 0 : :
0 5 10 15 0 5 10 15
| (length along the ray) | (length along the ray)

Fig. 3. Ray trajectory and wave propagation characteristics for 5-kHz wave. Comparison of the latitude variation and the reflection parameter
shown on the upper and middle right panels, respectively, clearly shows that the reflection takes place when the reflection parameter has :
peak.

For numerical modelling of spectrograms, Storey sug-front is the surface at the center (i.e. half-way through) of
gested using the notion of a group front. Here we reproducethis sheet. Within any given ray tube, the disturbance is a
with his permission, his definition and physical explanation wave packet moving along the tube at the group velocity, and
of this notion. within this packet, the point of maximum amplitude lies on

For any particular frequency, consider all the possible ray<h€ group front (Storey, 2003, private communication).

that can be traced upwards from the illuminating region, with  In the case under discussion, initially, the group fronts for
initial conditions as defined above. Imagine that along eachall frequencies coincide with the illuminating region, i.e. the
ray, starting at the instant of the lightning stroke, a point part of the arc extending over a range of latitudes at 500 km
moves away from the illuminating region at the local group height. With increasing time after the lightning stroke, the
velocity. Then, at any later instant, the set of all such pointsgroup fronts separate due to the different group velocities
defines a surface: this is the group front for the frequencyof waves with different frequencies, while every group front
concerned. is deformed due to plasma inhomogeneity, and also due to
A more physical way of visualizing the group front is the different_initial cpnditions _for the waves of the same fre-
to imagine that the lightning stroke emits a narrow-band duency starting vertically at different latitudes.
impulse instead of a wide-band one, thus giving rise to a To plot a point in the £, r)-plane of a spectrogram of data
quasi-monochromatic disturbance that propagates througfrom a satellite, we should find the time at which the group
the magnetosphere in the form of a thin sheet. The grougdront crosses the satellite position. This procedure can be



D. R. Shklyar et al.: Characteristic properties of Nu whistlers 3595

.formallized as follows. The equatiqns of geometrigal optics Wave trajectory for 5 kHz wave on (1%, A)-plane
in their general form have been written in the previous sec- 40 | | ‘ : ;
tion (see Egs.1), (2)). As is well known (see, for example,
Landau and Lifshitz, 1976), when the Hamiltonighdoes sor 7
not depend on time, it is a constant of the motion. Thus,
according to Eq.2), Eq. (1) describe a wave packet with
constant frequency. We should emphasise that in the 2-[,;
case the wave frequency alone does not determine the wa\3
packet uniquely. '
To solve Eq. 1), it is most convenient to use canonically
conjugate variables. However, once the solution has bee gflof 8
found, it can be expressed in terms of any variables that ar
uniquely related to the canonical ones. The general solutior -20f ]
of the Eq. (1) has the form

10 1

ok i

riant lati

r=r(ro, ko, t); k=k(ro, ko, t) (16)

while w(k, r)=w(ko, ro). Inthe 2-D case considered, both .3

k andr are two-dimensional vectors. Moreover, since we

start all rays from a single altitude with the wave normals Fig. 4. Zoomed-in view of the ray trajectory showing how the
vertical, there are in fact only two independent initial vari- arc-type of the trajectory in the reflection region changes to the
ables, and we may choose the wave frequency to be one déop-type as the wave propagation regime changes from a quasi-
them. As the second initial variable we choose the initial ge-longitudinal to quasi-resonance one (cf. bottom right panel in
omagnetic latitude.g, as is usual in computer simulations of Fig. 3).

this kind. Then, taking the Mcllwain parameterand the ge-

omagnetic latitude. as two coordinates, we can rewrite the

solution Eg. L6) in the form and L, the same is true fok. Thus, all the characteristics

of the wave packets that contribute to the spectrogram at a
given satellite position become functions@&nd of the hop
L =L o 1):1=xr0o, @ 1) number, and can be displayed if desired.

k =k, 0. 1). a7 3.2 Calculation of spectral intensity

?Nheln the SC::UtIOI’lt n tthe form qu?hls known, ?“ _Otf trtf A thorough discussion of the rigorous ways of displaying in-
focat_ wayc;c arag t?nns Ics, SUC asl € gI]roup Vio‘;' Y, d_etrr]efensity on spectrograms would lead us too far away from the
ractive index and the wave-normal angie may be found, €, ;, topic of the present paper: it will be presented else-

:/;ﬁ:/;ll‘/requency is constant along the ray, at the value Chose\r/1vhere. Here we discuss only the main aspects of this prob-

The relati E beina th luti fth . lem. We regard the wave field as the sum of a set of wave
ere ations qJ(7) elngt €so ut|9n_o the equat|ons. packets propagating in the magnetosphere with their group
of motion, are unique functions of their independent vari-

i ) . . o velocities. The central frequency of each wave packet is con-
ables. The first two _relat|ons n quK) W.h'Ch define in a served, while its wave-normal vector varies along the ray,
parametric way the timeand the initial latitude.g as func-

i fo. dL in princiole. b ved f g satisfying a local dispersion relation at each point. In a sense,
klo.ns Ofw, 4, andL, can, in principie, be solved faran the wave packet is determined by a bunch of close trajectories
0-

in the phase spacg, r) whose projection onto the coordi-
t=t(: h L): Ao=(w: A L). (18) natg space represents the ray tube. The ray itself, aqd the
variation of the wave-normal vector along it, are described
These functions, however, may have many branches, that iy the equations of geometrical optics E%j.
to say, they may be multi-valued. As we shall see below, As is well known (see, for instance, Fermi, 1968), the
the different branches of the solution E48) correspond to  wave packet in geometrical optics is an analog of the mass
different numbers of hops across the equator that the waveoint in mechanics; as such, it is characterized by the initial
packets perform in the magnetosphere. The first function incoordinates of its amplitude maximum and its wave vector
Eq. (18) defines the time when the group front for the fre- at this point. However, in contrast to a mass point, a wave
quencyw crosses the satellite position L; thus, it yields  packet is of finite size; it is also characterized by its width in
the time-frequency curves on the spectrogram. The secon#i-space and the corresponding reciprocal dimension in coor-
function determines the initial latitude for the frequengy dinate space. Thus, in the general 2-D case, a wave packet
on each branch. This latitude can easily be displayed on & characterized by four parameters. However, in the case
model spectrogram, which, of course, is impossible for realunder consideration, when all rays start vertically at 500 km
ones. Moreover, sinceandig are now functions ob, A, altitude, only two parameters are needed to characterize a
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wave packet, and these can be chosen, as above, to be thgz(v§ L+v§”)1/2. Obviously, the wave packet passes over
wave frequencyy and the initial latitudeLg. Nevertheless, the points during the time interval fromm (s) to r2(s), where
there are many wave packets with the same frequency, start- i

ing at different initial latitudes.o. The receiver on the satel- 1(8) = MINl—_(s). £4()] : 12(s) = Maxz_(s), 4 (s)] - (21)

lite measures the total field, and even after spectral analysigye then integrate Eq20) over: from £1(s) to r2(s). Since

itis possible that more than one wave packet may contributgne integrand tends to zero at both limits of integration, the
to this field. (We remind the reader that, although different contribution from the first term vanishes. For the same rea-
rays never intersect in phase space, their intersection in co0kon, the integral over can be shifted into the argument of

dinate space is not forbidden by the equations of geometricajne derivative with respect ta As a result we obtain
optics.) The key point that simplifies spectrogram modelling

in our case is that, as the ray tracing shows, the rays with thed f2(s)
same frequency that start at different latitudes never intersecg; | 2 (#)?s(s)
in coordinate space. This means that the satellite, which may

be considered as a fixed point, never receives more than onghus, the quantity

wave packet at any time. Thus, in calculating the spectral 12(5)

intensity at a given frequency, we need to consider only onew (v, 1) = o (5)vg(s) U, s)dt
wave packet, provided that the duration of the time interval t1(s)

over which the spectrum is evaluated is much less than thes conserved along the ray. This quantity is the total energy
typical bounce period of the wave packets in the magnetos the given wave packet.

sphere, vyhich we have always found to be the case. (Ob- The wave energy density is related to the electric field
viously, different wave packets may come to the satellite ong 55 follows:
different hops.)

Letz_ andr, be the times at which the group fronts for the U=w(s, w, 0)|E, (¢, )2,

frequenciess—dew and w+dw, respectively, cross the satel- where &, (¢, s) is the electric-field component of the wave

lite position. We can then state that the wave field received ) .
by the satellite during the time interval,. —z_| is that of packet measured by the satellite, while the faetas, », )

: . depends on frequency, wave-normal angle, and the local

some wave packet with central frequeneyand bandwidth
i . . plasma parameters, and also on the wave mode, of course.

Aw=2w. If the time of spectral evaluation: is less than

t,—t_|, then the spectral intensity in the frequency bandAt this point we assume that the satellite measures the com-
(;_&‘0 ,a)—}—&o) will be nonzero over the whole interval be- ponent of the electric field perpendicular to the Earth’s mag-

o . . .. netic field By in the (k, Bp)-plane. Then, in the same range

tweens_ andzy; in the opposite case, the spectral intensity ) . : i :

. . : of parameters where the dispersion relation Bjig valid,
will be nonzero throughout some interval of duratiénthat :
. the expression fow has the form
includes(r+z_)/2. Here we assume that the frequency res-
olution is~Aw, and thusAwAr > 27. 1 w[%wg

In calculating the spectral intensity for display on a spec-W = =75 55

. . 8 (wz — w?)
trogram, we need to take into account the variation of the ) 5
wave-packet amplitude along the ray caused by geometrical 14 @p (wf + »?) 1 n ) 23)
factors. To do this, we proceed as follows. Consider, for the w? (02 —w?) (N2 —e1)  (N2—¢1)? |’
frequencyw, the ray that passes through the position of the
satellite. Lets be the distance along this ray to any point on Where
it, and let&, (¢, s) be the wave-field component (the wave- k2c2 w2 w2 w,
form) in the frequency ban@—dw, w+3dw) that the satellite N? = — 5 &1= ﬁ ; g2 = L
e . . w ws — W

would measure if it were at this point. As has been argued ¢
above, for a givers and hop number, this field belongs to The quantityw may be regarded as a functionsf w, and
one particular wave packet, characterized:bgndxg. The 6 since in a cold magnetoplasma the refractive int¥eis a
energy-conservation law for this wave packet has the form: function ofw andé. With this notation, the conserved quan-

U,(t, s)dt’) =0. (22)

t1(s)

T s (24)

U t ) tity takes the form
- g‘;( L divivgUs,. 1,(t, $)1=0. (19) "
2(s
_ 2
This and later equations concern the particular wave packet? = o ($)vg(s)w(s) |€u (', $)|°dt" = const.  (25)

characterized by the two parameterandig. Henceforth, Al

however, the second parameter will be omitted for shortnessOn the other hand, from the well-known theorem in spec-

Equation (9) can be rewritten as tral analysis that relates the field compon&nt’, s) of a re-

U, s) 1d ceived wave packet to its time-dependent spectral amplitude
a)at9 4 ;% [(TUgUa)(tv s)] =0 s (20) E(C{), S, t), we haVE

wheres is the coordinate along the ray considereds the 1+AL/2 & 5)2d = |E(. s t)|2% (26)

cross section of a thin ray tube centered on this ray and —A1/2 R - » o
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If t,—t1<At, then the integrals in Eqs2%) and @6) are 3.3 Comparison with the approach of Bortnik et al. (2003).

equal, while in the opposite case the integrals are propor- _ _ _ _
tional to the intervals of integration. Taking these facts into AS Was mentioned in the Introduction, Bortnik et al. (2003)

. ) made an important step in numerical modelling of MR
account, we obtain from Eqs29) and @6): whistlers by including spectral intensity into simulated spec-

| E(w, s, 1) |2 _ trograms. Like the spectrograms simulated by Bortnik et
271, ’At W al. (2003), ours now display spectral intensity. However,
Ao 1—11) 0 ()0 ()W) fp —1t1 > At the method we use differs from that of Bortnik et al. (2003)

— (27) in several respects. Firstly, we deal from the outset with
2 w wave packets of finite spectral width f, corresponding
Aw o (s)vg(s)w(s) to the frequency resolution on real spectrograms. In this
case, the time interval during which the frequency band
We see that, apart from the quantities directly determined byf —Af/2, f+Af/2 is received on the satellite is determined
the equations of geometrical optics, an additional quantityby the group-front crossings of the satellite position, as sug-
that needs to be calculated is the cross section of the ray tubgested by Storey ((2003), private communication). This time
We will assume that there are no gradients in the azimuthals determined unambiguously, with no uncertainty; it does
direction, so the waves propagate in meridional planes. Themot use the notion of detection area, the extent of which is
the width of the ray tube in the azimuthal direction is difficult to define consistently due to the continuous merging
of different rays at the same frequency. Secondly, as has been
shown by Storey (1953b), when a dispersed signal is passed

wherex is the Cartesian coordinate in the meridional planeirough a bank of narrow band filters, the temporal variation

orthogonal to the dipolar axis of the Earth's magnetic field, of its instantaneous frequency is measured most accurately

L and> are, as before, the Mcllwain parameter and the mag-When the bandwidth of the filter equals

netic latitude, respectively, anti® is the range of azimuthal
angles over which the wave packet extends, which is a con‘@
stant of its motion. Thus, a non-trivial part of the cross sec-| dt
tion is its width A¢ in the meridional plane, which defines
the ray-tube cross secti@anaccording to

o —11 < At.

XA® = RpLCOSAAD | (28)

1/2

3

where f; is the instantaneous frequency. As the wave phe-
nomena that we model are characterized by a rate of fre-
0 = xADPAE = RpLCOSAADAE . (29) guency variation of the order of a few kHz per second, the fil-

_ ) ) ) _ ter bandwidth should be of the order of 50 Hz for the sharpest
To find the quantityAg, let us consider two neighbouring oytput, so we choose this value as the frequency step in our
rays. Let(x1, z1) and(xz, z2) be two neighbouring points on  cgjculations. Thus, we consider that the interpolation pro-
the first and second ray,_respectivel){, andylebe thelangle cedure used by Bortnik et al. (2003), which yields a fre-
between the group velocity and theaxis. Then the width of quency resolution of-1Hz, is superfluous in this respect,

the ray tube in the meridional planag, is all the more so because, finally, they set the width of their
_ (e i frequency bin to 50 Hz. And thirdly, another difference be-
Z2 —21)CO (x2 — x1)sin
A§ = (22 — 21)0092 2= xSy . (30) tween their approach and ours lies in the way we evaluate

cosy1 — v2) the spectral intensity: instead of computing millions of in-

Since the vecto(—simj,, cos)») is orthogonal taw, and, terpolated rays, each weighted with a measure of wave en-
thus, to the ray, this result does not depend on the particulaergy, and then calculating the energy carried by those rays
choice of the pointxz, z2), provided that it is close enough that cross the detection area, we calculate the variation of the
to the point(x1, z1) where the cross section is calculated. ray-tube cross-section, then use energy conservation and Par-

According to Eq. 27), the spectral intensityE (v, s)|? at seval’s relation to translate the energy in each wave packet,
the observation point is determined by the factatvow), of bandwidth 50Hz, into spectral intensity displayed on a
and the conserved valg of the wave packet energy. Thus, spectrogram. As for initial distribution of the wave energy
to include the spectral intensity in model spectrograms, weamong wave packets, we use the following model. We as-
need to supplement the ray-tracing calculation with the evalsume that each wave packet is determined by its frequency
uation, for each ray, of the quantities andw determined  f and initial latitudeiro, and that all wave packets have the
by Egs. 6), (7), and @3), respectively, and with the calcu- same frequency width f and occupy the same spatial width
lation of a neighbouring ray, which enables us to find A)p at the beginning. Since initially all wave packets have
Eq. 30) and thus the cross section of the ray tube 2§).(  vertical direction of their wave normal vectors, and negligi-
The corresponding data base, which is similar to the onéble dimension in radial direction, these parameters determine
described by Shklyar andfiiek (2000) but supplemented the wave packet uniquely. The total energy of each wave
with the relative-intensity parameters, has been computerpacket, which, of course, is conserved, is modelled as
ized. Spectrograms calculated with the help of this data base
are presented in the next section. W o o(ro)n(f) ,
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2 - ‘ ‘ ‘ ‘ T ‘ magnetospheric reflection, are mainly observed.eshells
ma [ from L~1.8 to L~3. The lines of constant altitude and mag-
el /MS descending - . . . . . .
g netic latitude are shown along with the magnetic field lines

(constantL-shells) for convenience. Usually the range of
{5/ AN radio-visible longitudes from FON to 70° E was covered.
F N We note that MAGION 4, and also MAGION 5 on the de-
/f{ \ scending parts of its orbits, observed MR whistlers in the
; equatorial region at altitudes from about 1.3 to 2 Earth radii,
/ / which is far from the regions where the waves are reflected.
z 7 Such MR whistlers have been discussed in detail by Shklyar
/ and Jiicek (2000); one example is presented in Bigwith
its simulated counterpart shown in Fig. On the contrary,
, over the ascending parts of the MAGION 5 orbits, whistlers
could be observed in the regions of their magnetospheric re-
2 s ‘ ‘ ] ] : ‘ flection. Before showing examples of spectrograms taken in
v S xR ' these regions, which exhibit theshaped patterns character-
istic of Nu whistlers, we recall some features of ducted and
nonducted whistler wave propagation. As there is no clear-
cut boundary between these two types of propagation, it is
sometimes hard to distinguish between them in satellite data,
particularly in the case where the waves propagate from the
Earth and are received on a satellite before crossing the equa-
for (fractional-hop whistlers). The degree of dispersivof
ithe fractional-hop whistlers is very smat-(10—-20) s'/2)

z[Re]

Fig. 5. Radio visible parts of the MAGION 4 and MAGION 5 satel-
lite trajectories.

whereg (1) is a smooth function, which decreases with the
distance from the center of illuminating region; andf),

which describes the frequency dependence of the wave e
ergy distribution, is adopted from the paper by Lauben e

al. (2001): due to the short distance of propagation, and it is almost im-

possible to distinguish between ducted and nonducted prop-

_ f? agation in this case; (see, for instance, in the spectrogram of
n(f)= (f240.63)(f24+253 ° bottom panel in Fig8, the single trace at the time3 s). The

where f is the wave frequency in kHz. The same frequenc nature of the propagation in this case can be determined only
q y ‘ q Y from the fact that each whistler is followed by Nu whistlers,

dependence has been used by Bortnik et al. (2003). On the. .
; with almost the same delay in all such events observed dur-
other hand, we do not take into account wave growth or.

damping, so in our case the variation of energy density along |2 tens of seconds. From time 1o time, the spectrograms
ping, : 9y y Lhow subsequent traces of reflected ducted whistlers, indi-
the ray is due only to geometrical factors.

cating ducted propagation. When analysing the first mag-
netospheric reflection on spectrograms, one should also take
4 Nu whistlers from the MAGION 5 satellite and their care to distinguish between Nu whistlers and the traces from
modelling double or multiple lightning strokes. For example, the traces
shown in Fig.8, in the second panel from the top, which
As was noticed in the earliest satellite experiments, VLFresemble those of Nu whistlers, are in fact those of normal
data from a satellite exhibit a much richer variety of wave whistlers originating from multiple lightning strokes in the
phenomena than data from ground-based observations. Thapposite hemisphere. This can be established from the fact
reason is that on satellites, phenomena related to the quadihat the traces on the spectrogram all have exactly the same
resonance (or nonducted) type of whistler-wave propagatiorform, while the time delay between successive traces varies
are observed, as well as those related to quasi-longitudinalandomly in time.
(ducted) propagation, while ground-based data are mainly The events shown on the third and fourth panels in 8ig.
limited to the latter. are different. Here we see Nu whistlers in which the first
In this section, we present examples of MR whistlers andtrace corresponds to waves propagating downwards, whereas
Nu whistlers observed on board the MAGION 5 satellite. the second one is formed by waves propagating upwards af-
The data are available from June 1998 to July 2001. Sincéer MR reflection. Note that the traces are not parallel in this
they were transmitted in analogue form to the ground statiorcase. These examples show that certain wave phenomena ob-
in Panska Ves (50.53\, 14.57 E) in real time, it was the ra-  served on satellites can be identified only by following their
dio visibility of the satellite that limited the parts of the orbits evolution and recurrence in the data.
from which data could be obtained. A graphical illustration  Figure 9 demonstrates how the spectrograms with MR
of the parts on which VLF data were recorded is given in whistler traces change their character along the ascending
Fig.5; the smaller parts on which MR and Nu whistlers were parts of the MAGION 5 orbits. As the altitude and latitude of
observed are marked by asterisks. One can see from this fighe satellite increase (cf. Fi§), the time intervals between
ure that MR whistlers, i.e. the waves that have undergonehe traces of successive hops increase also, evidently due to
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MAGION 5, orb. 4224 13 Jun 1999
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Fig. 6. MR whistler spectrogram observed by MAGION 5 on orbit 4224.
MAGION 5, orb. 4224 L_ = 2.72; 2 =.8% 2, . =18%2, = 36°
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Fig. 7. Simulated spectrogram of MR whistler reproducing the real spectrogram taken by MAGION 5 on orbit 4224.

the lengthening of the ray paths. Note that the initial traces inmagnetospheric reflection may be well below the local LHR
Fig. 9, the second panel from the top, originate from doublefrequency, which is typical of lower-frequency waves start-
lightning strokes. Moreover, the traces of higher-order hopsing at low latitudes. Those waves propagate towards higher
become more nearly horizontal and their range of frequencyL-shells due to the directional properties of their group ve-
decreases, while the upper limit of this range approaches thiocity. This picture is consistent with the reasoning in Sect. 2.
LHR frequency. Simultaneously, the merging frequency atWe should stress that the key to fitting the simulated spectro-
which the traces of the downward and upward propagatinggram to the observed one is to choose the illuminating re-
waves join one another (i.e. the frequency of the wave re-gion correctly, since the position of the satellite is precisely
flected at the observation point) increases with the number oknown. By this means, computer simulations of the spec-
hops. This implies that the frequency at the point of the firsttrograms may serve as a tool for locating the illuminating
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MAGION 5, orb. 41826 5 Nov 1999
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MAGION 5, orb. 5526 25 Apr 2000
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Fig. 9. Series of spectrograms observed by MAGION 5 on orbit 5536 far from the equator.
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region, and thus determining the refractive properties of themagnetosphere in the nonducted mode under quiet magneto-
ionosphere. spheric conditions. The characteristic features of such prop-
Here we do not discuss the features of MR whistlers, asagation are:

these are not the subject of the present study (see the litera- - ) _ )
ture on MR whistlers cited in the Introduction). We willonly ~ — transition to the quasi-resonance regime of propagation;
mention that pairs of lightning strokes, situated symmetri-
cally with respect to the equator at ground level, will pro-
duce MR whistlers with similar spectrograms at the equator
in the magnetosphere. The situation is quite different for Nu

whistlers since these are observed in the magnetosphere far _ ray focusing, and merging of the rays that start on differ-

hemisphere as the satellite, the spectrogram starts with the  and Jijcek (2000) for details).

triggering whistler with relatively low dispersion, followed
after a significant delay by the Nu whistler, which is iden- We should mention that if the electromagnetic energy ra-
tifiable by the characteristic divergence of its two branchesdiated by lightning leaks into the magnetosphere at mid-
from their merging frequency just below the local LHR fre- dle latitudes, the resulting whistler mode waves spreading
quency (see, e.g. Fi@). Depending on the position of the in the nonducted mode attain the quasi-resonance regime of
satellite with respect to the illuminating region, the triggering propagation already on the first hop. Theshell on which
whistler may or may not be seen on the spectrogram. waves of a given frequency settle down decreases with an
When the source is in the opposite hemisphere with reincrease of the number of hops, but for a given hop num-
spect to the satellite, the series begins with the Nu whistlerper, the higher the frequency, the lower the corresponding
but its two branches diverge less than in the previous casel.-shell. Thus, for each hop number there is a rough cor-
and their merging frequency is well below the local LHR respondence between tlieshell and the frequency of the
frequency. Nevertheless, the merging frequency still corre-quasi-resonance waves, with higher frequencies correspond-
sponds to the wave that undergoes magnetospheric reflectidng to lower L-shells. Consequently, the satellite, which re-
at the satellite position; this fact can be proved with the helpceives the local spectrum at each instant, observes wave en-
of simulation, by finding the initial latitude for this frequency ergy in quite narrow frequency ranges, typical of the current
and computing the corresponding ray. As was mentionedL-shell and latitude. These ranges form oblique bands as
above, the initial latitudes can be visualized readily on thethe satellite moves acrogsshells. The center frequency of
model spectrogram, and then it is quite easy to find the initialeach band decreases if the satellite moves towards higher
latitude for any point on the Nu-whistler trace. Thus, we find shells and vice versa, as it is clear from the relationship be-
that, in this case, the magnetospheric reflection occurs weltween frequencies arid-shells mentioned above. We remind
below the local LHR frequency, as was discussed in Sect. 2the reader that in the quasi-resonance regime, low-frequency
A series of simulated spectrograms that illustrates the depenwaves < w.) propagate almost along the ambient magnetic
dence of Nu-whistler shape on the satellite position and orfield, so the picture described above depends only slowly on
the illuminating region is presented in FitD. latitude. This permits us to use tleshell as the main pa-
We conclude this section with a discussion of somerameter governing the spectrum.
overview spectrograms from MAGION 5, which represent In the analysis given above we assumed that on most
the VLF spectrum on a time scale of the order of 20 min- parts of the trajectories, the waves propagate in the quasi-
utes. Since during this time interval the satellite crosses amesonance mode, which is true when the lightning activity,
extended region of the magnetosphere (see the captions band hence the illuminating region, are at middle latitudes.
low the upper panels of Fig8.and11), the variation of spec- When the waves start at low latitudes, they propagate in
tral intensity plotted orf f —¢)-plane is mainly due to spatial the quasi-longitudinal regime during a significant number of
variation of the spectral intensity distribution. If the satel- hops, especially the lower frequency waves, and the picture
lite moves towards highek-shells and higher latitudes, as described above breaks down. Lightning activity at high lati-
it is the case on ascending parts of MAGION 5 orbits (cf. tudes is also unfavorable to the formation of oblique noise
Fig.5), the pattern of the overview spectrograms may be thabands. In this case the wave energy density decreases so
of oblique noise bands above the LHR frequency, mergingfast due to geometrical factors that these waves contribute
into the LHR noise band when the satellite reaches high alvery little to the spectrum at thé-shells between 1.8 and
titudes andL-shells (Chum et al., 2003). Examples of the 3.7 where the oblique noise bands are observed (for more de-
oblique noise bands observed by MAGION 5 are shown ontails, see Chum et al., 2003). In the present paper, we will not
the upper panels of Fig8.and11, the lower panels giving go into the details of how we model overview spectrograms,
further examples of Nu whistlers. The following consider- and we limit ourselves to one example of a simulated spec-
ations may help in understanding the formation of obliquetrogram corresponding to MAGION 5 orbit 7102, as shown
noise bands on overview spectrograms. in Fig. 12. The following lightning statistics have been as-
We suggest that the obligue noise bands represensumed: lightning strokes appear randomly in time, with a
lightning-induced VLF emissions that propagate in the maximum interval of 5s between strokes; the illuminating

— multiple magnetospheric reflections in the regions
where the wave frequency is close to the local LHR fre-
quency; and
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llluminating region in the N hemisphere llluminating region in the S hemisphere
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Fig. 10. Simulated spectrograms illustrating the dependence of spectrogram pattern on the observation site. The coordinates of
the observation points in the N hemisphere are as follows: left column, from top to bofterh,9, A=20°; L=2.4,1=27°;
L=25,1=15°, L=2.9, A=12°; right column, from top to botton¥,=2.0, A=22°; L=2.3,A=27°; L=2.6,A=15°; L=3.0,A=12°; .
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Fig. 12. Example of simulated overview spectrogram. Magenta dashed line indicates the LHR frequency along the satellite path. The yellow
dashed line corresponds to a quarter of the equatorial electron cyclotron frequency on the current L-shell and serves as an additional referenc

frequency on the spectrogram.

regions from the lightning strokes are in the Northern Hemi-
sphere, at the height of 500 km, and are randomly distributed
over latitudes from 15to 5¢°, with an average width of £5

5 Summary

Extensive data from MAGION 4 and 5 on VLF phenomena
in the plasmasphere have inspired new efforts to understand
lightning-related emissions by means of computer simula-
tions. The main focus of the present study is Nu whistlers,
which were first reported by Smith and Angerami (1968). We
have presented many examples of Nu whistlers from MA-
GION 5 measurements, using numerical simulations as a tool
for understanding their main features. A short summary of
our results now follows.

— MR whistlers, which are observed near the magnetic
equator and have spectrograms that are symmetrical
with respect to the hemisphere of the source, gradually

were observed on MAGION 5 is located betwder?2
andL=3, on invariant latitudes from 280 30°.

The spectrogram of a Nu whistler is not symmetrical
with respect to the source location. If the illuminating
region and the satellite are in the same hemisphere, then
the spectrogram starts from a single trace of a nonducted
sferic, followed, after a certain delay, byiashaped
trace with widely diverging branches; the merging fre-
guency in this case is close to the local LHR frequency.

If the illuminating region and the satellite are situated
in opposite hemispheres, the spectrogram starts from a
v-shaped trace, usually in a wide frequency band, with
narrowly diverging branches; the merging frequency is
well below the local LHR frequency.

The merging frequency of Nu-whistler traces increases
with the number of hops and approaches the local LHR
frequency, while the traces themselves become flatter
and more diffuse.

change into Nu whistlers as a satellite moves towardsAll these features seen in real spectrograms are readily re-
higher latitudes. The main region where Nu whistlers produced and interpreted by simulations.
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