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[1] This paper presents results from experimental and numerical studies of the
propagation of whistler mode waves in the Earth’s magnetosphere. An experiment
conducted at the High Frequency Active Auroral Research Program (HAARP) on
16 March 2008 demonstrates that ionospherically generated waves with particular
frequency‐time formats are amplified on their pass from HAARP to the conjugate location
in the South Pacific Ocean more efficiently than waves with a constant frequency.
Numerical simulations of a one‐dimensional electron magnetohydrodynamics (MHD)
model in the dipole magnetic field geometry reveal that the amplification takes place more
efficiently when the frequency of the whistler mode waves (in the frequency range
from 0.5 to 1.0 kHz) changes in the equatorial magnetosphere with the rate from
0.25 to 0.47 kHz/s. The maximum amplification occurs when this rate is 0.33 kHz/s
and no/very little amplification is observed when this gradient is equal to 0 or
when it is larger than 0.78 kHz/s.
Citation: Streltsov, A. V., M. Gołkowski, U. S. Inan, and K. D. Papadopoulos (2010), Propagation of whistler mode waves with
a modulated frequency in the magnetosphere, J. Geophys. Res., 115, A09209, doi:10.1029/2009JA015155.

1. Introduction
[2] The propagation and amplification of VLF whistler
mode waves in the magnetosphere have been studied for
more than 3 decades. One of the main reasons for interest
in the dynamics of these waves is their ability to interact
efficiently viacyclotron resonance with energetic electrons
in the magnetosphere [Nunn, 1974; Karpman et al., 1974;
Omura et al., 1991; Trakhtengerts et al., 1996; Nunn and
Smith, 1996; Hobara et al., 2000; Trakhtengerts and
Rycroft, 2008]. These interactions can change the pitch
angle of the energetic particles and precipitate them into
the ionosphere. Therefore, controlled injection of whistlers
into the magnetosphere can decrease the number of
energetic particles inside the Earth’s radiation belts and
make the radiation environment safer for spacecraft [Inan
et al., 2003].
[3] The same wave‐particle interactions also lead to a
nonlinear amplification of whistler mode waves and to
generation of intense secondary emissions. Although such
an amplification of the initial (triggering) signal and the
generation of secondary emissions have been observed in a
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number of experiments conducted at Siple Station in Antarctica [Helliwell et al., 1980; Inan et al., 1985; Helliwell,
1988; Helliwell et al., 1990] and a number of theoretical/
numerical studies have been devoted to this problem, the
definitive answer to the question of what parameters of the
initial whistler mode wave cause amplification/triggering/
particle precipitation in different geophysical conditions has
not yet been satisfactorily answered.
[4] One reason for uncertainty is that wave‐particle
interactions leading to these nonlinear effects can occur in
a large volume of the equatorial magnetosphere, where the
parameters of the background plasma and the triggering
wave are (1) not defined well and (2) changing in space
along the wave trajectory. Another complexity to the
problem is added by the fact that these interactions are
nonlinear, and they depend on the wave amplitude and
density of the energetic particles. Therefore, even a comprehensive theoretical analysis of the linearized system of
wave‐particle equations or nonlinear equations in a
homogeneous background magnetic field and plasma do
not provide a quantitative understanding of the problem
that can be used to predict results from quite sophisticated
and expensive future experiments. The only way to
develop such understanding is by using multidimensional
numerical models describing whistler mode wave propagation and interaction between these waves and energetic
electrons in a realistic geospace environment. The results
from these modeling studies should be compared with
observations. This paper presents results from a detailed,
numerical study of the propagation of whistler mode
waves transmitted by the High Frequency Active Aurora
Research Program (HAARP) facility in Gakona, Alaska.
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Figure 1. Temporal frequency variations of whistler mode waves transmitted by HAARP on 16 March
2008. (a) The format as it was transmitted. (b and c) Detailed views of the frequency‐time signatures
contained in the format.
The HAARP facility is an ionospheric heater that is able
to generate extremely low frequency (ELF)/very low frequency (VLF) waves by modulating the ionospheric conductivity in the D region and thus modify the auroral
electrojet currents [Papadopoulos et al., 2003; Gołkowski
et al., 2008; Cohen et al., 2008]. In the absence of conventional transmitters in the ELF/VLF: 500 Hz to 8 kHz band
(Siple Station was discontinued in 1988), HAARP provides
a unique platform for controlled wave injection studies.

2. HAARP Experiment
[5] The HAARP facility is located at ∼62.4°N and
145.2°W geographic (63.1°N and 92.4°W geomagnetic).
The HF heater consists of 180 crossed dipoles arranged in
a 12 × 15 rectangular array capable of a total radiated
power of 3.6 MW and effective radiated power (ERP) of
∼575 MW. During an experiment on 16 March 2008
HAARP transmitted in the X mode using a 2.75 MHz
carrier frequency. Whistler mode waves with frequency
changing in time from 0.5 to 2.5 kHz as well as constant
frequency pulses at 510, 820, 1250, 1510, 1875, 2125, and
2500 Hz were generated. Figure 1a shows the 60 s format
that was repeated for 30 min from 22:30 to 23:00 UT.
Figures 1b and 1c show detailed views of the special
frequency‐time signatures contained in the transmission
format and labeled 1, 2, 3, 4, 5, 6 and 1′, 2′, 3′, 4′, 5′, 6′.
The signals in Figure 1c (1′, 2′, 3′, 4′, 5′, 6′) differ from the
corresponding signals in Figure 1b (1, 2, 3, 4, 5, 6) by a
factor of 2 dilation in time. Ground measurements of
ELF/VLF waves were made in the vicinity of the HAARP
facility at Chistochina, Alaska, and also in the magnetic
conjugate region in the South Pacific Ocean onboard the

research ship Tangaroa. Table 1 shows the geographic
coordinates and geomagnetic L parameters of HAARP, its
conjugate point, and there ceiving stations. The L parameters and conjugate location shown in Table 1 were
derived using an IGRF model of the the geomagnetic field
at 80 km altitude. The ELF/VLF receivers used are Stanford Atmospheric Weather Educational System for Observation and Modeling of Effects (AWESOME) receivers
and utilize large square (4.8 m × 4.8 m) or triangular
(4.2 m high with a 8.4 m base) air core antennas, with
terminal resistive and inductive impedances, respectively,
of 1 W and 1 mH, matched to a low‐noise (noise figure
of ∼2–3 dB at a few kHz) preamplifier with a flat frequency response (∼300 Hz to ∼40 kHz). The receiver
hardware is described in detail by Cohen et al. [2010]. A
more detailed description of the HAARP wave injection
experiment is provided by Gołkowski et al. [2008].

3. Observations
[6] Figure 2 (top) shows spectrograms of the signals
measured at Chistochina corresponding to the first 30 s of
the transmission format when the six signals (1, 2, 3, 4, 5, 6)
with frequency changing in time shown in Figure 1b were

Table 1. Locations of HAARP and Ground Receivers
Site

Latitude

Longitude

L Shell

HAARP
Chistochina
HAARP Conj. Point
Tangaroa

62.39°N
62.61°N
56.67°S
60.01°S

145.15°W
144.62°W
174.50°E
172.15°E

4.93
5.05
4.93
6.55
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Figure 2. (Top) Spectrogram of the signal measured near the HAARP site (at Chistochina) on 16 March
2008. (Bottom) Spectrogram of the signal measured by the research ship Tangaroa at the magnetically
conjugate to HAARP point in southern Pacific Ocean.

transmitted. Figure 2 (bottom) shows the spectrogram of the
signal received on Tangaroa in the conjugate region. No
amplification of these signals (or any transmitted signals)
was detected during this part of the experiment.
[7] Figure 3 (top) shows spectrograms of the signals
observed at Chistochina, Alaska, during the second 30 s of
the transmission format, when the six signals (1′, 2′, 3′, 4′,
5′, 6′) with frequency changing in time shown in Figure 1c
were transmitted. Figure 3 (bottom) shows the spectrogram
of the signal received on the ship. In this experiment, a

noticeable amplification of the signals with frequency
modulations of types 2′, 3′, 4′, and 5′ was detected. The
signal 6′ was also amplified, and this amplification is shown
in Figure 2 (bottom). The amplified version of signal 6′
appears in Figure 2 because of the 1 min format repetition
period and the ∼2.5 s propagation time between the hemispheres. Therefore, the mark on the spectrogram in Figure 2
(bottom) near 22:43:02 UT (inside the dashed box) is the
amplified signal with the 6′ frequency‐time format transmitted by HAARP during the previous 1 min of the

Figure 3. (Top) Spectrogram of the signal measured near the HAARP site. (Bottom) Spectrogram of the
signal measured at the magnetically conjugate to HAARP point.
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experiment. Although at the time of the observations
Tangaroa was south of the HAARP conjugate point at a
higher L shell than HAARP (see Table 1), it is assumed
that the signals traversed the magnetosphere on L shells
close to that of the HAARP facility as was found in previous HAARP wave injection experiments [Inan et al.,
2004; Gołkowski et al., 2008, 2009, 2010].
[8] It is worth mentioning that during this experiment
observations exhibited very little amplification of signals
with constant frequencies in the range from 1.2 to 2.5 kHz,
which were also launched during the same 1 min time intervals: Only two pulses with frequencies of 1250 and
1510 Hz were observed in the conjugate region and can be
seen faintly around 39 and 44 s in Figure 3 (bottom).
Therefore, results from the experiment conducted at HAARP
on 16 March 2008 suggest that amplification of whistler
mode waves is sensitive to the frequency‐time format of the
signals transmitted by ground‐based transmitters. To answer
the question under what conditions this amplification is
possible, numerical simulations of the whistler propagation
in the magnetosphere were performed.

netic field line with n and B0, respectively. Relation (5)
gives the following expression for the parallel group
velocity

4. Model

Equations (7)–(9) are solved numerically in the dipole
orthogonal coordinates (shown in Figure 1 in Streltsov
et al. [2009]), where the z axis is directed along the ambient magnetic field; the x axis lies in the meridional plane and
is directed perpendicular to z, toward the center of the Earth;
and the y axis completes the right‐hand coordinate system
(x, y, z). This coordinate system adequately represents the
ambient magnetic field starting in the ionosphere at the
HAARP latitude.
[12] In this study, we consider the propagation of whistler
mode waves in one spatial direction only (1D), namely
along the ambient magnetic field. This type of propagation
can happen when the wave is guided by the field‐aligned
density inhomogeneity or duct. Whistler mode waves in
ducts have been observed in the Earth’s magnetosphere
[Angerami, 1970; Scarf and Chapell, 1973; Carpenter and
Anderson, 1992; Koons, 1989; Moullard et al., 2002] and
in laboratory plasma devices [Stenzel, 1976; Kostrov et al.,
2000]. Therefore, the 1D case considered in this study is
quite relevant to the whistler mode wave propagation in the
real magnetosphere.

[9] Propagation of whistler mode waves along L = 4.9
magnetic field line has been modeled with a numerical
algorithm based on one‐dimensional (waves propagate only
along B0) equations of electron magnetohydrodynamics
(EMHD). The EMHD assumes that ions are immobile and
electrons are treated as a cold fluid carrying current
[Helliwell, 1965; Gordeev et al., 1994]. The model consists
of the electron momentum equation and Maxwell’s equations. In this study, the displacement current in Ampere’s
law is neglected. This is a “quasi‐longitudinal” approximation of EMHD, which is valid when the wave circular
frequency w satisfies conditions wHL < w < wce  wpe
[Sazhin, 1993]. Here wHL is the lower hybrid frequency;
wce is the electron gyrofrequency; and wpe is the electron
plasma frequency.
@v
e
þ ðv  rÞv ¼  ðE þ v  BÞ;
@t
me

ð1Þ

r  B ¼ 0 j;

ð2Þ

rE¼

@B
;
@t

ð3Þ

r  B ¼ 0:

ð4Þ

[10] In the homogeneous case, equations (1)–(4) lead to a
dispersion relation connecting wave frequency, w, and the
parallel wave number, kk, as
!¼

!ce
1 þ !2pe =c2 kk2

;

ð5Þ

vkg ¼

2kk !ce !2pe =c2
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¼
2 :
dkk
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ð6Þ

[11] Using relation j = −enev, equations (1)–(4) can be
reduced to three vector equations for the wave magnetic
field, B, the electron fluid velocity, v, and the electric
field, E,
@B
¼ r  E;
@t
v¼

ð7Þ
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r  B;
0 ne

ð8Þ
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me
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e
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4.1. Background Parameters
[13] To execute simulations, parameters of the background plasma density and the ambient magnetic field
should be established. We assume that the ambient magnetic
field along L = 4.9 magnetic field line is close to that of a
dipole. Therefore, we define B0 = B* (1 + 3 sin2 )1/2/r3,
where B* = 31000 nT,  is a colatitudinal angle, and r is a
geocentric distance measured in RE = 6371.2 km.
[14] To define the density distribution several assumptions
have been made. First, we assume a parametric form of the
dependency of the density on the radial distance in the
magnetosphere. One such form is given by Streltsov et al.
[2009]; another, which is used in this study, is


where wpe is the electron plasma frequency and wce is the
electron gyro frequency, with both varying along the mag4 of 11

nðrÞ ¼

a1 ðr  r2 Þ þ a2 ;
b1 eðrr2 Þ=r0 þ b2 r ;

r1 < r < r2
:
r > r2

ð10Þ
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These values determine r1 = 1 + 100/RE, r2 = 1 + 220/RE,
a1 = 7.15 × 104 cm−3, and a2 = 2.63 × 105 cm−3. The
digisonde shows that the density changes by a factor of
0.189 from 220 km to 420 km altitude, which defines r0 =
0.0188. To define b1, b2, and g, we use the one‐hop
magnetospheric propagation time of 1.4 and 1.9 kHz
components of the signal observed in the conjugate region
during the experiment. These propagation times were
determined to be 2.900 s and 2.675 s, respectively. There
are a number of studies where plasma density in the
magnetosphere is defined from ULF/VLF wave observations on the ground and on satellites [Denton et al., 2006;
Lichtenberger, 2009]. The simplest formula for the distribution of plasma density in the magnetosphere is given by
Denton et al. [2002]: n = n* (L/r)g , where n* is the reference density in the equatorial plane on L dipole magnetic
shell, and g ≈ 1 inside the plasmasphere and g ≈ 2.5
outside the plasmasphere. To incorporate this formula into
our model we define b2 = n*Lg (with L = 4.9) and b1 = a2 −
n* (L/r2)g . We also assume g = 1 and vary parameter n* to
match the traveling time for 1.4 and 1.9 kHz whistler
waves observed in the experiment. This approach reveals
that n* = 129 cm−3 gives propagation times of 2.903 s for
1.4 kHz and 2.671 for 1.9 kHz, the values of which are
quite close to the observations.
[17] Figure 4 shows profiles of the parallel wavelength,
lk = 2p/kk, and the parallel group velocity, vkg, defined by
(6) of the whistler mode waves with frequencies 0.5, 1.0,
1.5, 2.0, and 2.5 kHz calculated from (1) and (2) along the
L = 4.9 magnetic field line assuming dipole magnetic field
and the background plasma density defined by (10) with
parameters defined above.
Figure 4. Parallel wavelength (top) and the parallel group
velocity (bottom) of the whistler mode waves with frequencies 0.5, 1, 1.5, 2, and 2.5 kHz along L = 4.9 magnetic field
line from 220 km altitude to the equator.
It consists of three parts: (1) a linear density variation
between the E and F regions, (2) an exponential density
decrease at altitudes above the F peak, and (3) an exponential density variation in the magnetosphere. The scaling
constants r0, r1, r2, a1, a2, b1, b2, and g should be assumed
before the experiment or defined from the observations
conducted during the experiment.
[15] For example, frequency modulations shown in
Figure 1 were calculated before the experiment using formula (14) from Streltsov et al. [2009] and assuming that the
electron density in the E region (100 km altitude, r1 = 1 +
100/RE) above HAARP is 3 × 104 cm−3, the density in the
F region (320 km altitude, r2 = 1 + 320/RE) is 3 × 105 cm−3,
and the density in the equatorial magnetosphere at geocentric distance of 4.9 RE can take one of the following
values: 10, 50, 100, 200, 300, or 400 cm−3.
[16] Upon running the experiment and collecting observations, it becomes possible to perform simulations using more
well‐defined parameters of the magnetospheric/ionospheric
densities. In particular, the density at low altitudes can be
identified from the digisonde at the HAARP facility. At time
22:45 UT on 16 March 2008, the density was determined to
be 7.15 × 104 cm−3 ( fpe ≈ 2.4 MHz) at an altitude of 100 km
and 2.63 × 105 cm−3 ( fpe ≈ 4.6 MHz) at an altitude of 220 km.

5. Numerical Technique
[18] Equations (7)–(9) have been solved numerically as
described by Streltsov et al. [2009] by using the finite difference time domain (FDTD) technique inside the 1D simulation domain, representing L = 4.9 dipole magnetic field
line. In particular, partial derivatives in space were approximated with second‐order finite differences, and a third‐
order predictor‐corrector algorithm was used to advance
equation (7) in time: The four‐step Adams‐Bashforth method
was used as a predictor, and the three‐step Adams‐Moulton
method was used as a corrector [Burden and Faires, 2001].
[19] Waves were launched from one side of the domain by
specifying the following boundary conditions for the electric
field: Ex (t) = E0 sin[ (t)] and REy (t) = E0 cos[ (t)], where
E0 is a constant and  (t) = 2p 0t f(t)dt, with f(t) shown in
Figure 1. At the other side of the domain we set Ex (t) ≡ Ey
(t) ≡ 0, which correspond to a perfectly conducting ionosphere. One important feature of the 1D case considered in
this study is that the model (7)–(9) becomes linear, which
means that all nonlinear terms in equation (9) disappear,
when the whistler mode wave propagates exactly along the
ambient magnetic field [Streltsov et al., 2009]. The linear
nature of the problem makes the choice of the initial
amplitude of the wave, E0, quite arbitrary, and without
further discussions we set it equal to 1 mV/m.
[20] Figure 4 shows that for realistic parameters of the
Earth’s magnetosphere, lk of whistler mode waves with
frequencies from 0.5 to 2.5 kHz, strongly decreases near the
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Figure 5. Parallel wavelength lk, of 2.5 kHz whistler
mode wave and the size of the parallel discretization of
the computational domain, hk, along L = 4.9 magnetic field
line from 220 km altitude to the equator.

ionosphere and in the equatorial magnetosphere. To
accommodate this feature of the solution, the computational
domain has been discretized with strongly nonuniform
grids. Figure 5 shows plots of the parallel wavelength of
2.5 kHz whistler mode wave and the distance between two
neighboring computational nodes used in the simulations
along L = 4.9 magnetic field line. The grid used to calculate the wave electric field contains 100,001 nodes, and
it is shifted by half of the distance between adjacent nodes
from the grid used to calculate the wave magnetic field and

A09209

the electron velocity. Because the predictor‐corrector
method used in this study belongs to the “time explicit”
class of methods, it requires a very small step in time to be
numerically stable. (In the time‐explicit algorithms the
time step and the distance between nodes should satisfy the
so‐called Courant‐Friedrichs‐Lewy condition [Smith,
1978].) Therefore, the small parallel wavelength of the
whistler mode wave requires a high spatial resolution,
which in turn requires a small time step to advance the
solution in time, making the entire problem very computationally demanding.
[21] The way this problem has been solved is to run a
simulation at a different moment in time not in the entire
domain but only inside a subdomain, where the wave is
dwelling during this time. For example, Figure 6 shows
variations of the amplitude of y component of electric (left)
and magnetic (right) fields, in simulations of the propagation of a whistler mode wave with a type 3 frequency
modulation. These simulations were performed only inside
subdomains where the wave dwells at this particular
moment of time. For example, during the period of time
from 2.86 to 3.13 s, the simulations were performed only
inside a subdomain from 6.60 to 7.43 RE (just south of the
magnetic equator), discretized with 27,267 grid points. In
this case, a simulation of the wave propagation along the
L = 4.9 dipole magnetic field line starting at an altitude
of 220 km takes 52 h and 16 min to accomplish on Dell
Blade M610 Linux server with two X5560 2.8GHz quad‐
core Xeonprocessors. For comparison, the straightforward
simulation of the same case inside the entire computational domain at every time step takes more than 3 times
longer (178 h and 44 min). In this paper we did not
conduct any optimization studies of how code performance depends on the parameters (sizes) of these subdomains. We just show an example of how this simple

Figure 6. Variation of amplitude of Ey (left) and By (right) in the whistler mode wave with type
3 frequency modulation traveling along L = 4.9 magnetic field line. The right frame shows subdomains
where the simulations have been performed in different moments of time.
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Figure 7. Variation of amplitude of By in whistler mode waves with frequency modulation of type 3, 4,
5, and 6 propagating along L = 4.9 magnetic field line.

technique can significantly (by a factor of 3) decrease the
amount of simulations in this wave‐propagation problem.

6. Results and Discussions
[22] Figure 7 shows variations of the amplitude of the
y component of the magnetic field, By, in the whistler
mode waves with frequency modulations of type 3, 4, 5,
and 6, propagating along the L = 4.9 magnetic field line.
Figure 8 shows the spectrogram of these signals taken at the
left, “transmitting” (T) boundary of the domain (220 km
altitude in the northern hemisphere); at the right, “receiving”
(R) boundary (220 km altitude in the southern hemisphere);
and in the middle of the domain corresponding to the
equatorial magnetosphere (E). Figures 9 and 10 show the

same quantities obtained in the simulations of the signals
with frequency modulations of type 3′, 4′, 5′, and 6′.
[23] The first idea which we want to verify with these
simulations is that the propagation time of 1.4 and 1.9 kHz
frequency components of the frequency modulations of
type 3′, 4′, 5′, and 6′, which were transmitted, are 2.9 s and
2.675 s. These intervals were estimated from the experimental data shown in Figure 3 for the signals with types 3′,
4′, 5′ frequency modulations. These time intervals were used
to estimate the distribution of the plasma density in the
magnetosphere used in the simulations. These time intervals
are marked with black lines in Figure 10. The length of the
linear segment marked with letters A and B is 2.9 s, and
the length of the segment marked with letters C and D is
2.675 s. Figure 10 shows that these segments exactly
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Figure 8. Spectrogram of the signal at the “transmitting”
boundary of the domain (T); at the “receiving” boundary
of the domain (R); and in the middle of the domain, near
the equatorial plane (E) for whistler mode waves with frequency modulation of type 3, 4, 5, and 6 propagating along
L = 4.9 magnetic field line.
connect the maximum in transmitted and received whistler
mode waves with frequencies 1.4 and 1.9 kHz in all four
signals with frequency modulations 3′, 4′, 5′, and 6′. There

A09209

are two main conclusions from these results: One is that
our model for the background density indeed represents a
realistic density distribution in the magnetosphere and
ionosphere during the HAARP experiment, and another is
that our numerical algorithm adequately captures the basic
physics of the propagation of the whistler mode waves in
the magnetosphere.
[24] The experiment conducted at HAARP on 16 March
2008 demonstrates that none of the signals shown in
Figures 7 and 8 (types 3, 4, 5, and 6) were amplified,
but the signals shown in Figures 9 and 10 (types 3′, 4′, 5′,
and 6′) were amplified. If we assume that the amplification occurs due to the interactions between whistler mode
waves and energetic electrons in the equatorial magnetosphere [Trakhtengerts et al., 2004, 2007; Trakhtengerts and
Rycroft, 2008], then the main factor that defines amplification/
non‐amplification of the signal is the wave spectrogram
measured at the equator (E). To make some quantitative
conclusions about when this amplification will happen we
introduce a linear rate,a (Figure 10), of the frequency
modulation of the signal near the frequency 0.5 kHz (or in
the frequency range from 0.5 to 1.0 kHz). This frequency
interval is chosen because the observations shown in
Figure 3 demonstrate that this frequency part of the signal is
amplified more strongly than the higher‐frequency part of
the signal (from 1.0 to 2.5 kHz). A comparison between
Figures 8 and 10 demonstrates that the amplification occurs
when a is in the range from 0.25 to 0.47 kHz/s at the
equator, and no amplification is detected when this rate is
larger than 0.78 kHz/s (Figure 8, panel (6)). Figure 3 also
shows that maximum amplification occurs when a =
0.33 kHz/s (Figure 10, panel (4′)), and no/very little
amplification is observed when this gradient is equal to 0.
(Two pulses with constant frequencies of 1250 and 1510 Hz
were observed in the conjugate region and can be seen
faintly around 39 and 44 s in the bottom panel of Figure 3,
but their magnitudes are much smaller than the magnitude of
the modulated signals.)
[25] The results from this experiment and from our
numerical simulations are consistent with experiments
conducted at Siple Station, Antarctica. In these earlier
experiments, it was shown that signal amplification and
triggering were not observed when two signals with a frequency difference less than 20 Hz were launched together,
yet signals with a frequency difference of 100–200 Hz were
amplified [Carlson et al., 1985; Helliwell, 1988]. The
mechanism causing this amplification of the monochromatic
signals was called the coherent wave instability (CWI)
[Helliwell et al., 1980]. It suggests that true broadband
signals are not amplified in the magnetosphere, and this
situation can be avoided if the frequency of the transmitted
wave changes not in a smooth, continuous format but rather
in a discrete, “staircase‐like” form with a step of 100–200 Hz
[Streltsov et al., 2009].
[26] Experiments at Siple Station also demonstrated several cases of amplification of signals with a linear frequency
modulation (rising frequency) [Mielke and Helliwell, 1993]
and signals with a frequency variation that have a positive
slope but a negative curvature (“chirp”‐like signals)
[Helliwell et al., 1990]. It was observed that these “chirp”‐
like signals amplify more rapidly than the signals with linear
frequency variation. In our experiment, we observe ampli-
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Figure 9. Variation of amplitude of By in whistler mode waves with frequency modulation of type 3′, 4′,
5′, and 6′ propagating along L = 4.9 magnetic field line.

fication of the signal with a positive frequency slope and a
positive curvature, which make results from the HAARP
experiment different substantially from the previous observations at Siple. It is also important to keep in mind that the
Siple transmitter injected ELF/VLF waves of much higher
amplitude into the magnetosphere than the HAARP transmitter does. Since both amplitude and frequency‐time format determine where along the field line energetic particles
are trapped, it is not expected for the results from the two
experiments to be the same in terms of the frequency‐time
format. The HAARP experiment probes conditions closer
to the nonlinear amplification threshold [Helliwell et al.,
1980], where the rate of the frequency change with time
can be a significant parameter. We plan to perform a rigorous
investigation of this problem by including dynamics of the

energetic electrons and wave‐particle interactions in the next
generation of the present model.

7. Conclusions
[27] Results from the experiment conducted at HAARP
on 16 March 2008 demonstrate that whistler mode waves
with a particular form of the frequency modulation can be
amplified on their pass from the HAARP to the conjugate
location in the southern Pacific Ocean more efficiently than
the signal with a constant frequency. Because numerous
theoretical studies suggest that this wave amplification
occurs due to the interaction between this wave and energetic electrons in the equatorial magnetosphere, it is
important to know wave parameters in this particular region.
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Numerical simulations of EMHD equations in the dipole
magnetic field geometry reveal that the amplification take
place more efficiently when the frequency of the whistler
mode waves (in the frequency range from 0.5 to 1.0 kHz)
changes in the equatorial magnetosphere with the rate from
0.25 to 0.47 kHz/s. The maximum amplification occurs
when this rate is 0.33 kHz/s, and no/very little amplification
was observed when this gradient is equal to 0 or when it is
larger than 0.78 kHz/s. The results from this study will be
used in our future studies of the wave‐particle interactions in
the equatorial magnetosphere and for planning and explanation of future HAARP experiments.
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