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SUMMARY: Ray-tracing calculations about initial and final latitude ranges for
trapping 3 kHz ray in the ducts are presented. In the summer-winter model of the
magnetosphere from L > 2.9 to L < 4.6 eight ducts are incorporated. For started
rays in the summer-dawn hemisphere the initial latitude ranges have average value
0.1°, and are moved equatorward from duct centers. The final latitude ranges for

downcoming wave in the winter-night hemisphere have average values grater than
initial latitude ranges. For ducts located at L > 4.4 the final latitude ranges are
spread around the duct centers. Trapping of upgoing whistler-mode waves through
the side of ducts is presented. Escaping of downcoming waves occurs also through
the side of ducts. The minimum value of the refractive index along the duct causes

trapping and escaping of VLF wave through the side of the duct.

1. INTRODUCTION ter 1981; Carpenter and Sulié, 1988; Strangeways,
- - 1991).

' _ | The purpose of this paper is to report about
There is strong evidence that the paths fol- enter and exit points of the components of multicom-

lowed by VLF whistler-mode signals propagating in  ponent whistlers. The components of the whistier,
the magnetosphere between conjugate ground points = propagate through different ducts, located in the su-
are discrete in nature. Ground-to-ground propaga- mmer-winter model of the magnetosphere. In this
tion 1s usually interpreted as evidence of guiding VLF  model of the magnetosphere electrons and hydrogen,
waves by density irregularities or "duct” that extend helium and oxygen ions densities are presented by
without interruption over most of the length of field a magnetic field-aligned 1sothermal diffusive equilib-
alignéd paths (Smith, 1961; Angerami, 1970; Bern- rium model (Angermani and Thomas, 1964). This
‘hardt, 1979). Studying whistlers observed at ground  model is generally employed to determine the plasma
station may provide information on the conditions composition at any point, in terms of the base level
‘under which such ducts can exist and to what geocen- (900 km) altitude composition of field line passing
tric distances in the magnetosphere they can extend through the point. A centered dipole model is ado-
(Smith and Angerami, 1968; Bernhardt and Park, pted as the geomagnetic field in the magictosphere.

1977; Inan and Bell, 1977; Thomas, 1978; Carpen- The effect of asymmetry in magnetospheric

13



D. M. SULIC AND Z. V. JELIC

plasma distribution about equatorial plane must ex-
1st at all times except perhaps at equinox . This
means that the equatorial electron density for win-
ter conditions cannot be independent of the summer
conditions in the conjugate hemisphere. Strange-

ways (1982) has developed a ray-tracing model of

the inner magnetosphere (L < 6) for a plasma distri-
bution, asymmetric about the equatorial plane, thus
representing summer and winter conditions in the
two hemispheres. At the reference height at 900 km,
the oxygen 1on concentration and electron density
are taken to vary by factors of ten and two respec-
tively between hemispheres. The concentrations of
hydrogen and helium ions of the reference level are
chosen to ensure electron density continuity across

the equatorial plane.

10 30 11 UT

2. WHISTLER DATA

The base of this analysis were whistlers recor-
ded at Siple Station (L = 4.3) Antarctica, on July 04,

1982, during local dawn time sector. Whistlers were
frequent at that day. Whistlers were recorded under
very qulet geomagnetic conditions. Maximum Kp
value I1n 12 hours preceding the local dawn on July
04, 1982, 1s 1. Characteristic features of the data, in-
cluding triggering of VLF emissions bursts were iden-
tified and equatorial electron density profile was esti-

mated, using the methods of Park (1972). The dawn

sector was selected because the wave-associated bu-
rst precipitation was observed (Sulic, 1988).

Fig. 1 Spectrogram of multicomponent whistler recorded at Siple Station, Antarctica on July 04, 1982.
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Fig. 2 Magnetospheric equatorial electron density values deduced from whistlers recorded at Siple Station
during local dawn on July 04, 1982. The dashed curve is a reference profile representing median density

values observed from Siple on June, 1973 (from Park et al., 1978).

Figure 1 presents spectrogram of multicom-
ponent whistler in the frequency range 0 - 10 kHz,
recorded at Siple Station, Antarctica on July 04,
1982. All components of the whistler accompanied
by triggering of VLF emissions, propagated inside

16

plasmasphere.
Figure 2 shows the profile of the equatorial
electron density, deduced from whistlers recorded du-

ring local dawn on July 04, 1982. The dashed curve
1s a reference curve, it represents median equatorial
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density values in the plasmasphere observed from
Siple Station in June 1973, for the local dawn (Park

et al., 1978). The profile is consistent with Figure 1
showing all components of the whistler (data points)
Inside plasmasphere.

3. WORKING MODEL

Our aim is to obtain an approximate enter and
exit points for rays trapped simultaneously in eight
ducts 1n asymmetric model of the magnetosphere.
As explained above, we use the summer-winter night
model of the magfletospnere to perform a ray-tracing
calculation for rays inside plasmasphere.

The ray path parameters have been computed

by using CDCTRACE program (Strangeways, 1992)
adapted for PC 486. The program performs ray-
tracing 1n a two-dimensional meridian plane, using a
centered dipole model for the magnetic field. One of
the main components of the input data for the ray-
tracing programm is the field-aligned electron density
model. By adjusting the various input parameters
of the program it 1s possible to input a field-aligned
electron density enhancement for different L values

and to form ducts. A duct with Gaussian cross-
section could be incorporated into this asymmetric

model that gives an increase of electron density in-
side duct. The enhancement at any position across
the width of the duct was calculated from

A = § exp(—x*°/203) (1)

where x 1s the separation (in km) between the field
lines corresponding to the rav position and that of
the center of the duct in the equatorial plane, § is the
fractional plasma density enhancement at the duct
center and o4 1s the distance either side of the duct
where the density has fallen to §/\/e. The distance
for the enhancement to fall to a tenth of its maximum
‘value, which 1s considered to be an indication of the
effective width of the duct, is 2.15 o4 either side of
the duct center.

In this study for eight ducts located at L =
2.906 3.143; 3.227; 4.115; 4.199; 4.396; 4.462 and

4.542 the enhancement 6 was taken to be 0.15 and
the value of o4 was 50 km, co rreapondmg to an ef-

fective width of 215 km. 'Ihe ducts were assumed to
extend down to 300 km in the initial summer hemi-
sphere and were terminated at above 300 km in the

conjugate winter night hemisphere. Bernhardt and
Park (1977) have suggested that VLF ducts might
‘extend down to 300 km altitude at night but usually
terminate above 180C km during day in winter and
equinoxes. In summer ducts terminated above 1000
km altitude at all iocal time. Strangeways (1982)
suggested that over northern America where con-
stant particle precipitation associated with magneto-
spheric amplification of power line harmonics in the
VLF range existes, it may maintain duct enhance-

ment down to 300 km even in the summer hemi-
sphere. The base for this study are whistlers on?

nated over northern America. On spectrograms t
triggering of VLF emissions bursts were estimated
during the local time sector dawn. That is the main
reason for modeling the ducts to extend down at 300
km altitude in the summer dawn hemisphere. The

ducts reached the full enhancement at 2100 km alti-
tude 1n both hemispheres disregarding the seasonal

variation in the hemispheres.

The effect of plasma asymmetry was aiso in-
vestigated for a2 summer-winter model in that way
that the ratio of oxygen ion concentration at the rei-

erence height of 900 km in one hemisphere to that
In the other hemisphere was changed for each duct.

The final value of this ratio for each duct was varied
until the calculated electron density at reference 1400

km altitude in the summer hemisphere was similar
to the data obtained by ISIS 2 satellite. The satellite
data were acquired at 1400 km altitude at dawn and
dusk in the sunlit northern hemisphere within 150
longitude of the Roberval Station (~76°W; L ~ 4.3),

that is the conjugate station to Siple Station, during
6 days In June 1973. Magnetic conditions changpg
gradually from moderately disturbed to quiet dur-

ing the interval of the study (Foster at al., 1977).

‘These satellite data of elertmn density an nd oxygen

ion density against L value are very useful in model-
ing asymmetric model of the magnetosphere.

Ray-tracing calculations were performed for 3
kHz waves that had initial vertically pointing wave
normals at 300 km altitude over a range of initial
dipole latitudes from 5%Z°N to 61.5°N.

4. RESULTS

The distance between _'?;he first duct at; i o=
2.906 and the eighth duct at L = 4.542 1s 950 km ai

300 km altltude Estimation of the initial poe';fmm
for 3 kHz rays to be trapped in eight ducts simuita-
neous in the same way is very important for stucying
trapping conditions for muliicomponent whistlers in
the asymmetric model of the rragpetcasphere The

results are sumrnarized in fable 1 (/na,rmterl:zif '
features of the duct centers, as L value and mg;aah

latitude at 300 km altitude, are given in the first «n

second column of Vabie 1. respeciively. Iaitial iati-
tude ranges for each uuct 1s represe 1t¢a i the dnm
column. The beginming and ending init ai 1atil e

and the difference be iwes tixer are third colusan
The width of the mtiai 18.?;1{"1(7]& range < s Iron

A@g — O 0{31 to AU = (). 1&9 fO"’ " ijbts L: : 2;:” d"d
= 4,462, spectzn!} The 3 kHz ray is founda to

become trapped throught the duct side when starts
from 0.40 to 1.20 eguatorward of duct centere for
different ducts, in sumrier hemisphere during local
dawn.

Ray-tracing calculations were donz chauging
the latitude inside initial range by step of §.0017 vo

define the final latitude range and final wave normal

i7
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angle to the vertical. The results about the final lat-
itude ranges are given in the fourth column. The
width of the final latitude range at 300 km altitude
in the winter night hemisphere 1s larger than the ini-
tial latitude range for each duct. The width of the
final latitude range for 3 kHz ray varies from A©; =

0.488 to A©; = 2.683 for duct L = 2.906 and L =

4.199, respectively. Analyzing the values of the final
latitude range according to the dipole latitude of the
duct center, the conclusion 1s that for the first four
ducts final latitudes are moved equatorward from the
duct center. The rays from the other four ducts can
reach at 300 km altitude in the winter night hemi-
sphere inside larger final latitude ranges, which are
spread around the dipole latitudes of the duct center.

Any whistler mode wave originated by light-
ning source in the atmosphere enters the magneto-
sphere through the ionosphere, with an essentially
vertical wave normal angle. After a ducted whistler
wave propagates through the magnetosphere and re-
aches the conjugate 1onosphere the reverse problem
exists. If the final wave normal of the ray is inside
the ionospheric transmission cone 1t can propagate
through the ionosphere into Earth-ionosphere wave-

gaide (Helliwell, 1965). For 3 kHz ray average values

of the transmission cone for these analyzed ducts are

from £1.15° to +1.8°. In the fifth column of the
Table 1 are given average values of the final wave

normal angle to the vertical at 300 km altitude and
average value of the transmission cone in the winter
night hemisphere. For ducts located from L = 2.906
to L = 4.199 1t 1s evidently that for the most part of
the 1nitial latitude ranges the final wave normal an-
gles to the vertical lie 1nside the transmission cone.
The final wave normal angles to the vertical lie out-
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side the transmission cone for ducts L = 4.462 and L
= 4.542. Even so small step of 0.001° in changing the

input 1nitial latitude for ray-tracing calculations has
not resulted in any ducted ray with final wave normal
angle to the vertical inside the transmission cone.
The values of the final wave normal angles to the
vertical are spread from -14° to -3°. For a ground-

observed whistler to be observed from the seventh
and eighth ducts, scattering by small-scale irregu-

larities in the F-region or reflection by large-scale
gradients in the lower ionosphere would be required
to enable the rays to penetrate the Earth-ionosphere

waveguide (Strangeways, 1982).

The sixth column contains the height of en-
ter points of 3 kHz ray in the ducts. The trapping
of VLF waves through the side of the duct is con-
sequence of the minimum value of the refractive in-
dex in that region of the summer hemisphere. The
seventh column contains value of the height of the
exit points. Escaping ducted VLF waves through
the duct side 1n the winter hemisphere occurs in the
region of the minimum refractive index in the win-
ter hemisphere. The values of height of enter and
exit points increase with increasing the L value of

the duct.

The direction of the wave normal is very im-
portant for trapping VLF waves in the duct. Ray-
tracing calculations have been done for 3 kHz ray

started at 300 km altitude in the summer dawn hemi-
sphere to define 1nitial latitude range with changing

the direction of the wave normal. The initial wave
normal direction has been moved from geomagnetic

field direction to vertical direction. Figure 3 shows

the distribution of the initial latitude range as the
function of the 1mitial direction of the wave normal
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Fig. 3 Initial latitude range at 300 km altitude in the summer dawn hemisphere, plotted against initial

direction of the wave normal for ducted 3 kHz ray.

18



RAY-TRACING STUDY ABOUT INITIAL CONDITIONS OF MULTICOMPONENT WHISTLERS...

Table 1 _ _
L dipole dipole lat. dipole lat. final wave height of height of
| value of latitude of initial of final normal enter point exit point
duct of duct range range angle in km in km
2.906 53.111° 52.710° 52.790° -1~ 1° 800
—52.630° —52.302°
0.080° 0.488° +1.15°
3.143 TAT° | 54.385° 54.499° ~ 1°
—54.321° —93.324°
_ _ 0.064° 1.175° +1.30°
3.227 | 55.275° 54.922° 54.527° ~ 1° 1000
—54.861° —54.527°
| _ 0.061° 0.526° :I:l 39°
4.115 59.706° 59.161° 09.486° ~ 1° 1200 1050
- —59.060° —58.779°
0.101° - 0.707° +1. 70°

1250 1270

4. 199 60 042°

62.093° .

4.396 60.787° 59.850° —14° ~ —2° 1730 1600
—59.760° —59.941°
~0.080° 2.152° +1.80°
4.462 61.025° 59.950° 61.914° -13° ~ —-2° 1900 1800
- —59.821° —60.339° |
. | 0.129° 1.542° +1.80° .
4.542 . . 60.1292° 62.146° ~14° ~ -3° 1800 1700
—60.016° —60.794°
. 0.106° 1.352° +1.80°

for duct L = 4.542. The dashed lines show approx-

imate extend of duct at 300 km altitude. Inclina-
tion is in the range -15.3° - 0°. The initial latitude

range 1s inside duct base when the wave normal 1s
parallel with geomagnetic field direction. As wave

normal direction moves from geomagnetic field di-

rection to vertical direction the initial latitude range

moves equatorward from duct center for ~ 1°.
Important effect on ducted whistlers 1s the

variation of phase refractive index along the length

of a duct (Smith, 1960; Helliweli, 1965). In the mag-
netosphere the refractive index for whistler is

p? =2 /(ffc cos ¥ — %) (2)

where: f, 1s plasrna frequency; f. 1s cyclotron fre-

quency and f is wave frequency. The angle between
wave normal and geomagnetic field 1s denoted by .
The refractive index 1s directly proportional to elec-
tron density and inversely proportional to geomag-
netic field strength. Inhomogeneity in the magneto-
sphere curves a ray path and determines conditions
for refraction.

For schematic presentation of the ray path in
a meridian cross section magnetosphere, the results
of ray-tracing 3 kHz ray are given on the Figure 4.
Ray path in the duct L = 3.143 and the duct center
position are given with the full lines. Dashed lines
correspond to the boundary positions of the duct.
The ray path is plotted versus distance along the
field line. The ordinate is plotted in L value so the
geomagnetic field lines are straight horizontal lines.
Vertical dotted line corresponds to the projection of
the equatorial plane. The left side of the Figure 4
represents summer dawn hemisphere anc the nght
side winter night hemisphere.

The ray was trapped in the duct through the

side of the duct at 770 km altitude. The electron
density along the field line falls off rapidly and there

is also decrease of the cyclotron frequency along the
duct. Consequently, the minimuni of the refraciive

index occurs at 750 km and after that increases with
altitude. The refractive index at the equatcrial re-

gion appears to be equal for both summer and winter
hemispheres, giving the necessary continuity in this
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Fig 4 Ray path of 3 kHz ray started at 54.037°N dipole latitude in the summer dawn hemisphere. The ray

is trapped through the side of 15% Gaussian duct, centered at L = 3.143 and propagates into the winter
night hemisphere and escapes through the side of the duct.

parameter (Strangeways, 1982; Sulic, 1993). From

equatorial plane the refractive index decreases with
decreasing altitude having minimum value at 740 km
altitude in the winter night hemisphere. The ray
path excursions from the duct center decrease as the
ray approaches the equatorial plane, due to the in-
creasing refractive index along the length of the duct.
After passing the equatorial plane the ray path ex-

cursions Increase as the refractive index decreases
along the duct in the winter hemisphere. Around

the altitude of the minimum value of the refractive
index ray escapes through the side of the duct.

_ - Figure 5 schematically shows positions for en-
~ ter and exit points for 3 kHz rays that were trapped
~in all 8 duct. Figures 5a and 5b represent the duct

center positions (dotted lines) and ray paths (full
lines) in the function of the dipole latitude for sum-

mer dawn (northern) and winter night (southern)
hemisphere, respectively. On the ordinate height till
2500 km 1s plotted, because the full electron density
enhancement 1s reached at 2100 km height. From
initial positions upgoing rays propagate in unducted
mode up to heights where they become trapped thro-
ugh the side of the ducts. The heights where whistle-
rs become trapped have tendency of increase with
increasing L value of the duct. The positions in
the magnetosphere for trapping whistlers are defined

with the minimum values of the refractive index. Af-
ter the rays are trapped in the summer hemisphere

they propagate in ducted mode to the winter hemi-
sphere. Continuous change of the refractive index in
the equatorial plane causes the downcoming ray to
propagate in the winter hemisphere. In the regions

20

of the minimum value of the refractive index in the
winter hemisphere the rays escape through the side

of the ducts.

5. SUMMARY OF THE RESULTS

The trapping of VLF wave energy into and
out of a duct may depend on electron density en-
hancement, width of duct, how low the duct extends

downward 1n altitude and on altitude at which the
full enhancement 1s reached. It 1s very difficult to

measure all these parameters by satellite and com-
pare with whistler data. The ray-tracing method 1s
very useful in prediction of duct features 1n various
models of the magnetosphere and to estimate the 1ni-
tial conditions for ray to be trapped and remained
in the duct. The main results are:

1 - Initial latitude ranges have average value 0.1°
(that corresponds to distance of 12 km).The 3

kHz ray 1s trapped, when it starts from 0.4°
to 1.2° equatorward from duct centers.

11 - Final latitude ranges are greater than initial
latitude ranges and can have value as 2°. In
the winter night hemisphere final latitude ra-
nges are spread around duct centers, for ducts
with L > 4.4 value.

111 - For ducts at lower L values final wave normal
angles to the vertical lie inside the transmis-

sion cone. On contrary for ducts with L > 4.4
value all wave normal angles to the vertical lie
outside the transmission cone. |
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Fig. 5 Ray paths of 3 kHz ray from 300 km to 2500 km height in the summer dawn and winter night
hemispheres.
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iv - Changing the direction of the wave normal
from the magnetic field direction to the ver-
tical direction the initial latitude range moves
~ 1° equatorward from the base of the duct.

v - In all analyzed cases the rays are trapped in
" the duct through the side of the duct in the
summer-dawn hemisphere and escaped out
through the side of the duct in the winter-
night hemisphere. Altitudes for trapping and
escaping VLF waves from the duct are similar.

REFERENCES

Angerami, J. J.: 1970, J. Geophys. Res., 75, 6115.

Angerami, J.J. and Thomas J.O.: 1964, J. Geophys.
Res., 69, 4537.

‘Bernhardt, P. A.: 1978, J. Geophy. Res., 84, 5131.

Bernhardt, P. A. and Park, C. G.: 1977, J. Geophys.
Res., 82, 5222.

Carpenter, D. L.: 1981 J. Geophys. Res., 86, 839.

Carpenter, D. L. and Sulié¢, D. M.: 1988, J. Geophys.
Res., 93, 9731.

Foster, J. C., Park, C. G., Brace, L. H., Burrows, J.
R., Hofman, J. H., Maier, E. J. and Whiteker,:
1978, J. Geophys. Res., 83, 1175.

Helliwell, R. A.; 1965, Whastlers and Relted Iono-
spheric Phenomena, Stanford Univ., Stanford.

Inan, U. S. and Bell, T. F.: 1977, J. Geophys. Res.,
82, 2819.

Park, C. G.: 1972, Tech. Rep. 8454-1, Stanford
Univ., Stanford, Calf.

Park, C. G., Carpenter, D. L. and Wiggin, D. B.:
1978, J. Geophys. Res., 83, 3137.
Strangeways, H.J.: 1982, J. Atmos. Terr. Phys., 44,

889.

Strangeways, H. J.: 1991, J. Atmos. Terr. Phys.,
352’3151. d

Strangeways, H. J.: 1992, CDCTRACE program, pri-
vate communication.

Strangeways, H. J.and Rycroft, M. J.: 1980, J. At-
mos. Terr. Phys., 42, 983.

Suli¢, D. M.: 1988, Ph. D. Thesis, Univ. of Bel-
grade, Belgrade.

Sulié¢, D. M.: 1992, Proceedings of SPIG-93, Bel-
grade.
Thomson, R. J.: 1978, Planet Space Sci., 26, 423.

RAY-TRACING MN3YYABAKHA NTHNIILNJAJIHUX YCJIOBA Y ACUMETPUYHOM MOIEIY
MATHETOCSEPE 3A BNUE-KOMIIOHEHTHE BUCTIJIEPE

II. M. llysmuh u 3. B. Jeauh

I'eomaznemcku uncmumym, 11306 I'pouxa, beoepao, Jyzocaaeuja

YIK 523.31-854:52—-77*3kHz
OpUrvHaJIHM Hay4YHH pal

[IpykasaHu Cy pe3yJITaTH U3padyHaBamka ray-
tracing METOIOM MHHUIMJAJIHUX U KOHAYHUX oOIIicera
wyMpvHa 3a curHaj ox 3 kHz, xoju je 3apoOireH Yy
TajacopoauMa. OcaM TajlacoBoda j¢ MHKOPIIOPUPAHO
on L > 29 nmo L < 46, y Momen Marherocgepe 3a
yCJIOBE JIETO-3MMA. J3a Tajlacé KOjU ce EMHUTYJy ca
xeMucdepe y ycJoBMMa JieTa M Y TOKY JIOKaJIHE 30pe,
MHUILY jJAJTHU OTICe3 WHMPHUHA UMAJy Cpediby BPeIHOCT
0.1° 1 noMepeHn Cy Ka eKBaTOpy y OMHOCY Ha IIEH-
Tap TajlacoBoda. 3a HaloJjie cuiasehe Tajace y 3UM-
CKOj 1 HOhHOj XeMuchep KOHAYHHU OIICE3H IMPHHA,

99

IO KOJUX OBM IOCIIEBaJy, UMajy Behe BPEIHOCTHU HEro
MHUILN jAJTHU OTICE3U WHpPHHA. TasacoBoau JIOLLMpaHU

Ha L > 4.4 uMajy oricere KOHa9HUX WHPUHA pacrpoc-
TpaHCHE OKO II€HTapa TajlacoBofa. 3apolbiraBame Ta-

naca, KOju ce NMpOCTHUpPY Y MOLY BHUCTJIEpa, OXBHja Ce€
Kpo3 oMoTad Tajlacosoda. Hanese crasehu Tanac Ha-
[IylTa TaJacoBOX Takole Kpo3 oMoTad. MHHMMaIHa
BpEOHOCT MHIEKCa pedpaKkiyje AYyX TajlacoBola IIpo-
y3poKyje 3apoOiraBame VLF Tanaca MU HUXOBO Ha-
NyHLTake TallacoBoda Kpo3 OMOTaY.



