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Abstract. Numerical two-dimensional two-fluid MHD sim- of the convection electric field, thus locally reducing the
ulations of dynamic magnetosphere-ionosphere (MI) cou-ionospheric Joule dissipation. Energy released by this pro-
pling have been performed to model the effects imposed orcess radiates into the magnetosphere in the form of shear
the auroral ionosphere by a powerful HF radio wave trans-Alfvén waves. After reflection from the conjugate iono-
mitter. The simulations demonstrate that modifications ofsphere or magnetospheric plasma inhomogeneities, the stim-
the ionospheric plasma temperature and recombination duelated Alfveén wave returns to the ionosphere, further modi-
to artificial heating may trigger the ionospheric feedback in-fying the initial conductivity perturbation. The feedback in-
stability when the coupled MI system is close to the statestability can simultaneously generate field-line eigenmodes
of marginal stability. The linear dispersion analysis of Ml standing along the entire magnetic field line between two
coupling has been performed to find the favorable conditionsconjugate ionospheres and shorter-period resonancémlfv
for marginal stability of the system. The development of waves trapped between the ionosphere and thetAlspeed

the ionospheric feedback instability leads to the generatiorpeak at the altitudes of 1 (e.g. Pokhotelov et al.,

of shear Alf\en waves which resonate in the magnetosphere2002a). The initial ionospheric perturbation can arise natu-
between the heated ionospheric E-region and the strong graally due to the auroral electron precipitation or, alternatively,
dient in the Alfven speed at altitudes of 1&%. The appli- it can be induced artificially by means of ionospheric heating
cation of the numerical results for the explanation of obser-(Trakhtengertz et al., 2000).

vations performed by low-orbiting satellites above the high-  gfects imposed on the ionosphere by a powerful HF
latitude ionosphere heated with a high power ground-basegieater can be summarized as follows. The oscillating elec-
HF transmitter is discussed. tric field of radio waves increases the electron temperature in
Key words. Magnetospheric physics (auroral phenomena;the affected region of the ionosphere. Within the ionospheric
magnetosphere-ionosphere interactions; MHD waves and inE-layer, between about 80 km and 120 km altitude, enhance-
stabilities) ment of the electron temperature results in the reduction of
the plasma recombination coefficient that ultimately leads to
the enhancement of plasma density. However, above the al-
titude of 200 km, the plasma transport processes start to be
more significant when comparing the changes in plasma re-
combination. As a consequence, in the ionospheric F-layer,
the enhancement of electron temperature due to HF radio
. ) _ . Ywaves causes a depletion in plasma density (Gurevich, 1978;
ing of the auroral ionosphere with radio waves can lead toStocker etal., 1997)
dramatic changes in the ionospheric parameters. Under fa- ) ' ' . o
vorable conditions the dynamic variations of the ionospheric EXperiments at the EISCAT heating facility in North-
parameters induced by the HF heater may initiate the iono®M Scandinavia have shown that the plasma temperature
spheric feedback instability, the process in which the iono-and density within the heated region of the ionosphere may
sphere plays the role of a driver for magnetospheric ULFChange by 15-25% of its ambpnt_valge (Stocker et al., 1992;
pulsations. 1997). Even much larger variation in temperatures of the
As proposed by Atkinson (1970) and Sato (1978), thelOnospheric electrons (200%—30.0%) and ions (18Bove

feedback instability arises when a localized perturbation inPackground) were reported by Rietveld et al. (2003). These

ionospheric conductivity become polarized in the presencéshanges lead to the modification of ionospheric conductivity
that in turn affects the ionospheric current closure. In a se-

Correspondence toA. Streltsov ries of EISCAT experiments (Stubbe et al., 1982; 1985) the
(streltsov@dartmouth.edu) HF heating signal has been modulated in the ULF frequency

1 Introduction

A number of experiments with high frequency (HF) radio
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range leading to the generation of ULF magnetic pulsationsmagnetic field, respectively; the subscripts “0” and “1” de-
However, the amplitude of the stimulated ULF pulsations, note background (time independent) and perturbed values of
registered by ground-based magnetometers, turned out tthe physical parameters, respectivaly;=E o+ E | 1 is the

be almost two orders of magnitude higher than predictedconvection electric field at the ionospheB; is the height-

by the theory. To explain this discrepancy between theoryintegrated ionospheric Pedersen conductivity; gne the

and observations, Stubbe et al. (1982) suggest that the ionanagnitude of field-aligned current density. The ionospheric
spheric feedback instability may be responsible for the ob-Pedersen conductivity is given b¥p=ehM,(no+n),
served wave amplification. wheree is the electron chargé=20 km is the effective thick-

In a recent experimental study of artificial heating effects ness of the ionospheric conducting layesandn are back-
on the auroral ionosphere, Robinson et al. (2000) used thground and perturbed parts of the plasma density, respec-
EISCAT HF transmitter to heat an ionospheric spot 25 kmtively; andMp denotes the ion Pedersen mobility.
in diameter. During the time of this experiment the FAST The plasma density continuity equation for the auroral
satellite flew over the heated ionospheric region in a nearlyionosphere is given by
meridional traversal at the altitude of 2550km. The satel- il )
lite registered disturbances in the perpendicular electric field— = oh +S —an”, (2)
with an amplitude of about 5-10mV/m and with a fre- ¢
quency of the heater modulation (3Hz) above the heatedvheren=no+n; is the plasma number densitg=an3 is
spot. These measurements were evidently accompanied Bn ionization source due to the solar radiation and a steady
downward fluxes of electrons with energies of 50-150 eV.precipitation of hot plasma particles from the magnetosphere
The intensification of discrete aurora stimulated by the ar-that maintains an equilibrium density; and« is the plasma
tificial heating of the ionospheric E-layer in the pre-midnight recombination coefficient.
sector has been observed in a separate EISCAT heating ex-
periment by Blagoveshchenskaya et al. (2001). Authors of
both experiments suggested that the observed electroma&-
netic disturbances and the auroral precipitation associate
with them were produced by the feedback instability in-
side the resonance cavity, formed by the ionospheric E-laye
and peak in the Alfén velocity. This is the so-called iono-
spheric Alfven resonator (IAR) first introduced by Polyakov
and Rapoport (1981) and extensively studied after that (e.g. Ve o
Trahtengertz and Feldstein, 1991; Lysak, 1991; POkhoteIovf"e”O (W + Vevne) +engEy+b-Vp, =0 3)
2000; Lysak and Song, 2002).

This paper presents results from a numerical study o
how the feedback instability can be initiated inside the IAR 971 LV novih =0 4)
by an artificial heating of the auroral ionosphere when the 9t 0%lle™ =
magnetosphere-ionosphere (MI) system is close to a statgnq the current continuity equation
of marginal stability. The dispersion analysis of the iono-
spheric feedback instability has been performed in order tof 1 — pl?vi) V. jl\’; +
find the conditions for marginal stability. The study is based

MHD model of the magnetosphere

ﬂ/IHD equations describing the propagation of shear @&ifv
waves in the warm inhomogeneous magnetospheric plasma
Includes (e.g. Streltsov and Lotko, 1998) the electron parallel
momentum equation

fthe plasma density continuity equation

on a two-dimensional numerical model describing dispersive 1o (2 1= pPVE\ OEL _0 )
shear Alf\en waves in a strongly inhomogeneous magneto- o v2 c2 ot '

spheric plasma. The ionospheric feedback mechanism is in-
cluded in the model via active ionospheric boundary condi-Herévj. andp. are the electron parallel speed and pressure;
tions. m, is the electron masd is a unit vector in the direction

of the ambient magnetic field;4 is the Alfven speedp; is

the ion Larmour radius; is the speed of light andg is the
2 Model of the active auroral ionosphere permeability of free space.

Enhanced collisions of electrons with ions and neutrals in-

The behavior of the active auroral ionosphere has been modside the ionosphere lead to the appearance of a parallel col-
elled using the current and density continuity equations. Thdisional resistivity, described by the collision frequengyin
ionospheric current continuity equation can be expressed ifihe electron parallel momentum equation. The parallel resis-

the height-integrated form as tivity of the upper ionosphere slows the field-aligned electron
motion which leads to the suppression of small-scale field-
Vi -(ZpE1) =—jj. (1) aligned currents and the generation of parallel electric fields

at low altitudes (Forget et al., 1991; Borovsky, 1993). In sim-
Here the subscripty and L denote vector components in ulations collisional resistivity imposes a physical limit on the
the directions parallel and perpendicular to the backgroundsmallest transverse wavelength of the numerical solutions.
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4 Dispersion analysis of the feedback instability

In order to determine the conditions for marginal stability

of the coupled magnetosphere-ionosphere system, a disper-_(ca
sion analysis of the ionospheric feedback instability has been g
performed considering the magnetosphere as a simplified, - 3
lumped transmission line. Neglecting the curvature of mag-
netic field lines and assuming the Aém speed to be con-
stant along the field lines, the equation of magnetospheric
response to ionospheric electric field perturbation; can

be expressed in a form given by Miura and Sato (1980):

2ol 3jj I \? 92
1|V, -E;1=0, 6
72 9t + v ) 012 + + ©)

where! is the length of magnetic field line angy; is the
mean value of Alfén speed.

Equation (6), combined with linearized equations for the
ionospheric current continuity Eq. (1) and density continu- 20 40 60 80
ity Eq. (2) leads to the dispersion relation expressed by the E mV/m
third-order complex polynomial given in the Appendix. The L0

numerical solution of this dispersion equation (Eq. (Al)) is

presented in Fig. 1, where the color intensity shows the am- 5 0'2‘_
plitude of the feedback instability growth rate for different ”
values of ionospheric parameters. Parameters describing the 5 3 [
magnetosphere in Eq. (6) have been chosel=2sRg and

v4;=5000 km/s which sustain a typical eigenperiods of IAR

defined by Polyakov and Rapoport (1981) and Lysak (1991). 07 2107 3407 4107
The top panel in Fig. 1 corresponds to the case wheg 3
anda have been taken to be constant wikileand = pg vary. o, cm3/s
Values of the recombination coefficient and background elec-
tric field have been taken as=3-107 cmd/s (Nygeén et al., Fig. 1. (Top) Time variations of the ionospheric plasma recombina-
1992) andE | o=50 mV/m (Kelley, 1989), and the range of tion coefficient«, (solid line) and the electron collision frequency,
background Pedersen conductivity variations has been cho v, (dashed line). (Bottom) Time variations of the field-aligned cur-
rentdensny,]“ measured at the ionospherd.at6.2 when the heater
sen according to Hardy et al. (1987). The central panel 'n|s turned off all the time (thick line) and when the heater is turned
Fig. 1 corresponds to the case when the wave number angh afterr=40ss (thin line).
recombination coefficient have been fixedkas=2.5 km~1
anda=3-10"7 cm/s, respectively, while the transverse wave
number and Pedersen conductance vary. The bottom pangkcurate stability analysis requires numerical simulations as
in Fig. 1 represents the case whenand E g are fixed. A described below.
black line shows where the instability growth raftejs equal
to zero.
The dispersion analysis demonstrates that the growth rat6 Numerical heating experiment
of the feedback instability accelerates under conditions of
low ionospheric conductance and strong electric convectionA numerical model of the active auroral ionosphere, com-
Increasing the plasma recombination coefficienteduces  bined with a two-fluid MHD model of the magnetospheric
the growth rate of the instability. Results of the linear dis- dispersive Alfen dynamics has been used to simulate the
persion analysis have been used to determine the ionospheréaffects imposed on the ionosphere by a HF heater. The
parameters corresponding to the state of marginal stabilitycoupled system of ionospheric Egs. (1)-(2) and two-fluid
of the MI system. These parameters have been used for magnetospheric MHD Egs. (3)—(5) has been solved numer-
numerical modeling of artificial heating of the auroral iono- ically in two-dimensional dipolar coordinatéd., ) (e.qg.
sphere described in the next section. It is noted that the disStreltsov and Lotko, 1997), representing the magnetospheric
persion analysis can only provide approximate criteria forflux tube between magnetic shellsg=6 andL,=6.4 with the
marginal stability, since the dispersion relation Eq. (Al) is HF heater centered &t=6.2. A finite difference method has
derived using the oversimplified lumped transmission linebeen applied to solve numerically the system of differential
model of the magnetosphere Eq. (6), which does not take intdegs. (1)—(5). Detailed description of the numerical technics
account the effects of parallel inhomogeneities of the mag-can be found in Streltsov and Lotko (1997) and Pokhotelov
netosphere and ionospheric collisional resistivity. A moreet al. (2002a, b).

[

Zpo

stable 0.2

Xpg, mho

unstable

Zpo, mho

o
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» 32 stability. Time variations of the recombination coefficient at
& —— 10 < the center of computational domalr=6.2 are shown with a
g o solid line in the top panel in Fig. 2.
"-o 2.8 09 S Since the heating mechanism also affects plasma density
v, ><h in the ionospheric F-layer, the accompanying reduction in
5 24 N ———— 08 = the ionospheric electron collision frequengyhas also been
included in the model. The reductionip reduces the iono-
N spheric collisional resistivity, thus stimulating the growth of
g 5 the feedback instability. Spatial and temporal changes in the
3. ionospheric collision frequency, due to the HF heating, have
= 0 M been modeled as
~
5 Ve = vege ¥ (1 — 005 (1 + cos(znﬁ - n))
40 120 200 . (1+ tanh(Sn% - 271))) , (8)

time, s
where v,0=10%s"1 is the background value of the iono-
Fig. 2. (Top) Time variations of the ionospheric plasma recombina- spheric electron-neutral collision frequency (Kelley, 1989)
tion coefficiente, (solid line) and the electron collision frequency, andr is the distance along the ambient magnetic field from
Ve, (dashed I|ne) (BOttom) Time variations of the f|e|d'al|gned cur- the E_layer measured in the Earth’s rad” The dashed ||ne
rent density, measured at the ionospherea6.2 whenthe heater i, the top panel in Fig. 2 shows time variationsipfat the
is turned off all the t.|me (thick line) and when the heater is turned center of computational domain due to the heating.
on afterr=40s (thin line). The computations with these background ionospheric pa-
rameters have been performed, assuming that the initial iono-
Utilizing the preceding dispersion analysis, it has beenspheric density perturbation is given by a Gaussian function
estimated that the magnetosphere-ionosphere system should (
exp(

) " : _ (L—Lc+38L/2)?
be close to a state of a marginal stability (slightly be- 1= 0.05n0 - . )

©L)?
low the instability threshold) when the background iono- —exp(—(L‘L<"“L/2)2)> )
spheric parameters are chosen as follows:p=50 mV/m; (6L)2 ’
— —7 . -
«=310"" cm’/s; andX po=3 mho. These values have been where L.=6.2 and§L=0.2. Zero Dirichlet-type boundary

used as background ionospheric parameters in the numer - ditions for perturbed quantities, A; and¢; were im-

cal simulations. At the poleward and equatorward sides Ofposed along the lateral boundaries of the computational do-

the domain Dirichlet-type boundary conditions for the back- main.
ground electrostatic potential have been imposed in such
a way that they provide a background poleward-directed
electric field, homogenous in latitudinal direction, with the
magnitude ofE | ;=50 mV/m at the altitudes of ionospheric
E-layer. Similar to Pokhotelov et al. (2002a, b), the nu-
merical model includes strong parallel inhomogeneities in
the Alfvén speed profile with the values of Aém speed
reaching 50 000 km/s at the altitude of 1Ry comparing to
1200 km/s near the ionosphere. The magnitude of theghlfv
speed at low altitudes can be much lower if heavy ionst{NO

and Q) will be taken into the consideration. In the present Figure 3 shows the amplitude of the transverse electric

model the plasma is assumed to be pure hydrogen. E,1 and magneticB,; fields within half of the computa-

i Spatla;lra.ndtzan:jpor?l \;ﬁ”at'lonf of tthe plasr:la recor:nb'na'tional domain: between the ionosphere and the magnetic
lon coetlicienta, due 1o the electron temperature en ance'equator. Another half of the computational domain is not

ment in the E-layer, have been modeled as shown in the figure since this part of the ionosphere has not

When the heater is turned off all the time, iee=ag and
ve=ve0e 12, the system appears to be stable. The thick line
in the bottom panel in Fig. 3 shows the amplitude of the field-
aligned current density at the ionospheré.at6.2 as a func-
tion of time computed when the heater is off. In another
computational run the heater is turned on after the time mo-
mentz=40s, making the system feedback-unstable. In this
case the amplitude of the field-aligned current density starts
to grow, as shown with a thin line in the bottom panel in

Fig. 2

o =ag (1 005 (1 + cos(Zn L n)) been heated and remains stable.
Lo=Ls Oscillations of the field-aligned current density with a pe-
. (1 + tanh(sn% _ 271)>) , (7)  riod of about 6.0-6.5s, as seen in Fig. 2, are associated with

a bouncing of Alfien waves inside the IAR. Recent simula-
whereap=3-10"" cn’s is the background plasma recombi- tions by Streltsov and Lotko (2003) show that the frequency
nation coefficient (Nygen et al., 1992); anth=220s is the  of oscillations measured by low-orbiting satellites can be sig-
time length of simulation run. As has been demonstrated bynificantly modified by the Doppler shift due to the spacecraft
linear dispersion analysis the reduction of plasma recombiimotion and relatively high (of the order of a few km/s) per-
nation coefficient increases the growth rate of feedback inpendicular phase velocity of the small-scale waves. Figure 4
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Fig. 3. Snapshot of the transverse electric fidid, , and the trans- -0.8
verse magnetic fieldBq | , inside the half of the computational do- 1r
main at the time=200 s. <\é B
<,
shows the transverse electric and magnetic field, and field- -
aligned current density observed by a virtual satellite orbit- ~~
ing with a speed of 5km/s above the heated region of the ) , , , ) , , , ,
ionosphere. The virtual satellite was flying across the com- 192 196 200 204 208
putational domain at 2500 km orbit (near the FAST altitude) time, s

in the poleward direction. The satellite’s trajectory is shown

with a dashed line in Fig. 3. The satellite “recorded” oscilla- rig. 4. Solid lines show magnitudes & | , By |, and,j; observed

tions with a period about 0.4 s and an amplitude of the per+y the virtual satellite flying poleward across the computational do-

pendicular electric field about 3-8 mV/m. These values aremain at the altitude 2500 km. Dashed lines show spatial variations

close to the parameters of the structures registered by FAS®f « and v, induced by the HF heater in percents of their back-

in the EISCAT experiment. Despite this agreement we wouldground value.

avoid to claiming that these particular simulations represent

this particular FAST event. First of all, in the experimental ) _ ) )

event the HF field radiated by the EISCAT high power facil- Nigh perpendicular phase speed. This trapping mechanism

ity was modulated with a frequency 3 Hz, which is close to Was first discussed by Gul'elmi and Polyakov (1983), and

the eigenfrequency of the IAR modeled in this paper. obseryaﬂon; from low-orbiting satellites frgquc_ently demon.-
A recent theoretical study by Kolesnikova et al. (2002) strate intensive, small-scale electromagnetic disturbances in-

demonstrates that the downward fluxes of the accelerate_ﬁiOIe the density ca_viti_es abqye the auroral ‘?‘”‘? subauroral

electrons registered by the FAST satellite above the ElSCA—ﬂonosphere (e.g. Mishin andoFster, 1995; Mishin et al.,

heater may be attributed to the parallel electric field in the2003)'

inertial Alfvén waves directly induced by the heater (Goertz

and Boswell, 1979). Estimations given in that paper sug-g Summary and conclusions

gest that Alfien waves with a transverse wavelength of about

20km (i.e. the size of the heated region) would encounteMumerical simulations of the effects imposed by powerful

strong inertial dispersion if the background plasma densityHF radio waves have demonstrated that artificial heating may

is about 1cm? at FAST altitude. For more typical values trigger the ionospheric feedback instability when the coupled

of the density at 2500 km altitude, aboul€” cm=3 (Kletz- Ml system is close to a state of marginal stability. The effects

ing et al., 1998), the transverse wavelength of Atiwaves  of artificial heating have been implemented in the numerical

should be about 1.5-2 km to sustain parallel electric field no-model by introducing spatial and temporal variations in the

ticeably accelerating electrons (Chaston et al., 2002). Ouplasma recombination coefficient in the ionospheric E-layer

study demonstrates that these waves can be generated by thad similar variations in the electron collision frequency in

ionospheric feedback instability inside the heated region.  the F-layer. Necessary conditions of marginal stability for
Another effect which can further amplify the magnitude the ionospheric feedback have been found using linear dis-

of small-scale waves generated inside IAR is the presenceersion analysis based on the simplified lumped transmission

of a large-scale density cavity in the direction perpendicularline model of the magnetosphere and upper ionosphere.

to the ambient magnetic field. The cavity can prevent the Simulation results demonstrate that 20% variations of the

resonant wave from leaving the heated region due to theirecombination coefficient and electron collision frequency,
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achievable in the ionospheric heating experiments, are suffiet al., 1992). The numerical solution demonstrates that the

cient to trigger the ionospheric feedback instability. Devel- only one complex root of dispersion relation Eq. (Al) be-

opment of the instability inside the ionospheric Afvres- comes unstable under certain conditions while two other

onator leads to the generation of resonant ffwvaves with  roots are always stable.

the same order of magnitude, though slightly greater than
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