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Abstract. Comparisons between bistatic scatter measureof the prominent phenomena from HF modification experi-
ments and simulation results during the Tromsg HF pumpingments is the generation of artificial field-aligned irregularities
experiment on 16 February 1996 are made. Doppler meafAFAIs) with scale sizes of the order of a few meters across
surements of an HF diagnostic signal scattered from the fieldthe magnetic field lines. At high-latitudes AFAIs can be ex-
aligned irregularities (FAIs) in the auroral E-region were car- cited not only in the F-region, but in the auroral E-region as
ried out on the London — Tromsg — St. Petersburg path atvell. Recent studies of these heater-induced irregularities in
9410 kHz from 21:00 to 22:00 UT. The scattered signals werethe F2-layer of the ionosphere showed that their motion was
observed both from natural and artificial ionospheric irregu-consistent with the background plasma drift (Eglitis et al.,
larities located in the vicinity of Tromsg. To simulate the 1998).

Doppler frequency shiftsf;, of scattered signals, a radio  In an earlier publication, Blagoveshchenskaya et al. (2001)
channel model, named CONE, was developed. The modeéxamined the experimental results from Tromsg HF pumping
allows for ray tracing, group and phase paths, and Doppleexperiments in the nightside auroral E-region. Bistatic scat-
frequency shift calculations. The calculated Doppler shiftster measurements were carried out on the London — Tromsg
were analyzed for dependence on the magnitude and direc- St. Petersburg path using the Doppler spectral method from
tion of plasma velocities in the scattering volume. It was St. Petersburg at a distance of about 1200 km from Tromsg.
found that the velocity components in the north-south direc-It was shown that the scattered signals were observed both
tion are crucial for explaining the Doppler frequency shifts of from natural and artificial ionospheric irregularities during
the scattered diagnostic signals. To simulfifereal veloc-  the HF pumping experiment on 16 February 1996.

ities obtained from the EISCAT UHF radar at an altitude of The present paper concentrates on the simulation of di-
278 km and from the digital all-sky imager during the exper- agnostic HF scattered signals on the London — Tromsg —
iment were employed. The simulation results of Doppler fre- St, Petersburg path during the Tromsg HF pumping experi-
quency shift variations with time are in reasonable agreemeninent on 16 February 1996. The goal is to compare the sim-
with the experimental Doppler shifts of scattered signals onylated and observed Doppler frequency shifisof the di-

the London — Tromsg — St. Petersburg path. agnostic HF signals scattered from field-aligned small-scale
Key words. lonosphere (active experiments; ionospheric ir- I'régularities. To simulatgfy, plasma velocities in the scat-
regularities) Radio science (ionospheric propagation) tering volume obtained from EISCAT UHF radar (Rishbeth

and van Eyken, 1993) measurements, as well as from digital
all-sky imager (DASI) (Kosch et al., 1998) observations were
. employed. DASI is located at Skibotn, about 50 km from the
1 Introduction EISCAT HF pump facility.

Modification experiments in which the nightside auroral
ionosphere is irradiated by powerful HF radio waves have
revealed a multitude of nonlinear phenomena caused by th
interaction of the HF pump wave and ionospheric plasmaB

(Djuth et al., 1985: Noble et al., 1987: Blagoveshchenskaya istatic scatter measurements of HF diagnostic signals were
N ' o carried out on the London — Tromsg — St. Petersburg path
et al., 1998a, 1999, 2001; Brandsw et al,, 1999). One at 9410 kHz. lonospheric modification was produced by the

Correspondence td\. F. Blagoveshchenskaya EISCAT HF heating facility (Rietveld et al., 1993) located
(nataly@aari.nw.ru) near Tromsg (geographical coordinates 686 19.2 E,

g. Observational results
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Fig. 1. Dynamic Doppler spectra (sonogram) of HF diagnostic signals on the London — Tromsg— St. Petersburg path at 9410 kHz during the
Tromsg HF pumping experiment on 16 February 1996. Direct signal propagating from the transmitter to the receiver along a great circle path
corresponds to 0 Hz Doppler frequency. The intervals when the Troms heater was turned on are marked by bars on the(&hrawxis:
dynamic Doppler spectrgh) dynamic Doppler spectra with five types of Doppler tracks displayed on the sonogram. The following Doppler
tracks can be recognized from the sonogram: (1) the long-lived track from 21:10 to 21:26 UT with Doppler frequency shifts changing from
positive to negative values; (2) the negative tracks of 21:20-21:22 UT, 21:22-21:23 UT and 21:24-21:28 UT with increasing negative values
of Doppler frequency shift; (3) the wave-like track with periods of about 100-120s observed from 21:23:30 to 21:30:30 UT; (4) burst-like
Doppler tracks closely related to the points in time at which the Tromsg HF heating facility is turned on or off; (5) wave-like tracks closely
related to the heater-on periods of 21:10-21:14 and 21:20-21:24 UT.

L = 6.2, magnetic dip angld = 78). The exper- don — Tromsg — St. Petersburg path obtained on 16 Febru-
iment was conducted on 16 February 1996 from 21:00ary 1996 from 21:08 to 21:40 UT. Figure la shows the raw
to 23:00UT. The main parameters of the Tromsg heatedynamic Doppler spectra. The spectral structure of the HF
were the following: heater frequency =4040 kHz; polariza- signals scattered from FAls is quite complicated. However,
tion=0-mode; effective radiated power (ERP) =150 MW, analysis of the dynamic Doppler spectra allows for five dif-
transmission scheme=4min on /6 min off. The antennaferent types of Doppler tracks to be identified, as shown in
beam was tilted 6to the south, allowing for HF pumping Fig. 1b.

in a near field-aligned direction. The diagnostic HF trans-  The first type of track (track 1) was observed continu-
mitter is located near London (SR, 0° E). The reception of  gysly from 21:15 to 21:26 UT, irrespective of whether the
diagnostic waves, scattered from field-aligned irregularitieSHF heater was turned on or off. The distinctive feature of this
(FAIs) above Tromsg, was made using the Doppler spectrajegck is the change in sign of the Doppler frequency shifts
method from St. Petersburg (68, 30.5 E). from positive to negative, that takes place at 21:20 UT. Upon
During the experiment the Tromsg dynasonde showed th&eaching the maximum negative value fif at 21:23 UT,
presence of a sporadi€, layer. However,f,E, remained  track 1 turns back towards a zero Doppler frequency shift.
less than the heater frequengy during the first two heater- ~ Tracks 2 are negative with increasing negative values

on periods (21:00-21:04UT and 21:10-21:14 UT). Hence,of Doppler frequency shift from 21:20-21:22 UT, 21:22—
the pump wave was not reflected frafy layer. Since the 21:23UT, and 21:24-21:28 UT.

electron density was low in the F2-layer as well, the HF very intense wave-like track (track 3) with a period

pump wave was not reflectgd from the ionosphere at all. INot about 100-120s appeared at 21:23:30 UT at the end of
the following, heater-on periodg, £, exceededfy, result- o heater-on period of 21:20-21:24 UT. Its duration was

ing in reflection of the powerful HF radio wave from the spo- about 7min. It was found that variations of Doppler fre-

radic £, layer. guency shift with time are in a good agreement with electron
Figure 1 shows the dynamic Doppler spectra on the Lon-density changes over Tromsg. A comparison betwgen
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the burst-like heater-induced tracks of the fourth type. As a
result, it is believed that this track was produced by HF diag-
nostic signals scattered from artificial field-aligned irregular-
ities.

It is of interest to compare the observed wavy tracks with
the behaviour of th&X andY components of the magnetic
field variations at Tromsg. In order to do this, the spectral
components off;, X andY were computed. The compari-
son showed an absence of correlation between the Doppler
frequency shift variations and magnetic field variations.

The Doppler tracks shown in Fig. 1b suggest that the scat-
tered signals were observed both from natural (first, second
and third types) and artificial (the fourth and fifth types) field-
aligned irregularities.
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The problem of HF radio-wave propagation in an inhomo-
a/eneous anisotropic (magnetoactive) ionosphere was solved
ithin the framework of the geometric optics method. In this
context, the solution of the wave equation and determination
of the ray path is an Eikonal function solution. The solution
of the Eikonal function is equivalent to finding the depen-

dence ofv = w(k), wherew is the wave (angular) frequency
(w = 27 f), andk is the wave vector. Taking into account the
; ; : - canonical equations for a ray (Budden, 1985) and the Eikonal
An interesting feature of the HF pumping experiment on function (Kravtzov, 1980), the following system of differen-

16 February 1996 is exhibited by the fourth type of track . . . ; . .
(track 4). These burst-like tracks are closely related to thetlal equations for an inhomogeneous anisotropic medium are

point in time at which the Tromsg heater is turned on andder'ved:
off. The duration of the burst-like tracks is about 10-15s. 4, 5 ( 1w23n2)/ 9w2n2
C

Fig. 2. Temporal variations of electron density, at 150 km alti-
tude from Tromsg EISCAT UHF radar measurements and Dopple
frequency variationg,; characterizing track 3 on 16 February 1996.

variations characterizing track 3 amd changes at an alti-
tude of 150km from EISCAT UHF radar measurements at
Tromsg is shown in Fig. 2.

When turning on the Tromsg HF heater, a burstfjnto P T2 2ok

—10Hz occurs in the negative part of the Doppler sonogram.

ow

HF heater turn off leads to the appearance of;aurst to ﬁ _ wa_” dwn @
+8 Hz in the positive part of sonogram. The most pronounceddt ar dw
burst-like tracks were observed in the heater-on periods ofy, on [/ dwn

21:10-21:14UT and 21:30-21:34UT. It is interesting to ;; = ~“ 5,/ 5,
note that similar negative burst-like Doppler tracks were ob-

served from bistatic scatter measurements when turning orf he refractive index may be written as (Ginzburg, 1967)
the SURA heating facility (see Fig. 6 of Blagoveshchenskaya » 1—
etal., 1998b). "2=

During the pump cycle of 21:10-21:14 UT the powerful 2v(l—v) )
HF radio wave was not reflected from the ionosphere due t2(1 — v) — u siffa + v u2sinf a + 4u(1l — v)2cof a
fu exceedingf,Es (fg > foEs). In addition, the heater .
frequencyfy; was equal to the upper hybrid frequengyy;,  Veréu andv are determined by
ie.fi = fiy = f2E, _,._fcz, wheref, E is the maximum w2 4ne?N,
frequency of the sporadif; layer andf, is the cyclotron v=-——5= 5
frequency. Note that the excitation of artificial field-aligned O
irregularities in the aurorak layer is possible with the con- .,/ = OH _ el )
straintfy > f,Es, butf2 = f2E, + f2, as described by ®  mew
Djuth et al. (1985). Heree andm are the electron charge and mass the speed

The fifth type of track is closely related to the heater-on pe-of light; « is the angle between the wave veckoand mag-
riods of 21:10-21:14 UT and 21:20-21:24 UT. These wave-netic fieldH @, wyg is the electron plasma frequency, ang
like tracks, with periods of about 80—-120s, are displayed inis the electron gyrofrequency.
the positive part of the Doppler sonogram. During the HF  On the basis of the equation system (1) and taking into
pumping cycle of 21:10-21:14 UT the appearance and disaccount expression (2) for the refractive index, a radio chan-
appearance of the fifth type of track coincides in time with nel model, named CONE, was developed. It permits the ray
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Fig. 3. Sketch of the geometry of the scattered signals from moving
field-aligned irregularities. Digits (1) and (2) correspond to the dif-
ferent modes of the signals scattered from FAIs above Troms. Sign
“+” and “~" in Doppler frequency shift are in accordance with the
movements of FAIs in the direction of the receiverf;) and from

the receiver £ fy). [ Simulation results of f(t) ]

of the HF signals reception
at St.Petersburg

traces, as well as the group and phase paths to be calculatelg. 4. Schematic of the algorithm of the CONE radio channel
The numerical solution of equation system (1) is performedmodel.The following designations are uset: - solar declination
in the standard way (Haslegrove, 1955) as the solution of théday number of year)v - Wolf number; K, - planetary index of
differential equations of radio-wave propagation in a mag-magnetic activityi;, »; - geographical coordinates of transmitter,

netoactive plasma using Runge-Kutta methods in sphericaleceiver and the scattering regiof); - operational frequencyyy -
coordinates. Doppler frequency shifty, g - angles of the radiation in the verti-

. . . . - cal (elevation) and horizontal (azimuth) plane, respectively; FAIs -
The propagation direction of the HF diagnhostic wave Onfield-aligned irregularities.

the London — Tromsg — St. Petersburg path is given by two

great circle paths as follows: the first path is from the diag-

nostic transmitter (London) to the scattering volume aboveDifferentiating Eq. (4) in time, one obtains the following re-
Tromsg and the second one is from the scattering volumgyiion

to the receiver (St. Petersburg). The boundary condition for

linking the solutions for the two propagation paths is the FAI- —wjnc + (k, - V) = —wscat+ (ks - V), (5)

induced scattering cone, given by _ ) ) -
whereV is the velocity of irregularities.

Figure 3 shows a sketch of the geometry of HF diagnos-
tic signals scattered from moving FAIs. Bulk movement of
L the FAls in the direction of the receiver (St. Petersburg) leads
wherek, andk; are the wave vector§ of the incident and y, 5 positive f; in the HF diagnostic signals scattered from
scattered wave, correspondingly, aHdis the vector of the  hase FAls. When the FAIs are moving in a direction oppo-
Earth's magnetic field. The simulation of the geometry of gjo 14 the receiver, the scattered signals have negative val-
the diagnostic HF signals scattered from FAls in the auroralues of Doppler frequency shift ¢). Figure 4 presents the
E'fegion on the London — Tromsg — St. Petersburg path Wagcheme of the CONE radio channel model algorithm.
considered by Blagoveshchenskaya et al. (1999). A global ionospheric model was used in the calculations,

The CONE program also calculates the Doppler shift of combining well-known models of the E-, F1- and F2-layers
scattered signals. To do this, we have taken into account notanufrieva and Shapiro, 1976; Chernyshov and Vasil'eva,
only the spatial-temporal electron density changes, but alsq975; Bilitza et al., 1992). The input parameter to the iono-
the movements of the ionospheric plasma in the scatteringpheric model is an effective analog of the Wolf numbg;,
volume. The latter is simply solved by the use of the local- which takes into account not only the solar activity, but the
ity principle for the phasesp) on the moving boundart  magnetic activity as well (Blagoveshchensky and Borisova,
(Kravtzov, 1980), written as 1989). The ionospheric model was corrected using real iono-

spheric data obtained from the EISCAT UHF radar at Tromsg
¢inc|A = ¢>scat|A . 4) and vertical ionospheric sounders located at Kiruna (6%;8

(k()’H)Z(ks'H)’ (3)



T. D. Borisova et al.: Doppler shift simulation of scattered HF signals 1483

N 40
. f” F 30+
: [ 20
SR 2
i el g
E Jhlfl "hl; poe ?, 0
9 v & .10
E &
% § A g4
k) -30~
2
§ 40
T LR T T T T T T T T T T T T T 1
Qo LT 0 40 80 120 160 200 240 280 320 360
15 20 50 Direction of plasma velocity over Tromse {(azimuthal angle), degrees

25
Longitude, degrees 30 35

Fig. 5. Three-dimensional view of the simulation of the geometry Fig. 6. Calculated values of Doppler frequency shyijt versus di-

of diagnostic HF signals scattered from E-region field-aligned irreg-rection of plasma velocity for velocities in the range from 200 to
ularities on the London - Tromsg - St. Petersburg path at 9410kHz1000 m/s on the London - Tromsg — St. Petersburg path. Calcula-
for the geophysical conditions on 16 February 1996 at 21:20 UT.tions are made for 9410 kHz and an electron density in the scattering

(1) and (2) indicate the different propagation modes from Londonvolume in the auroral E-region correspondingfg@; = 4700 kHz.
to Tromsg and from Tromsg to St. Petersburg.

ggﬁ E;, Lerwick (60.2 N; 2° W), and St. Petersburg (60, 4 Simulation results with moving FAIs
B E).

lonospheric parameters are taken from reference points
within a geographical region bounded by latitudes 50 andTo simulate the Doppler frequency shifts of diagnostic HF
75°N and longitudes 5 and 8%. The spatial resolution signals scattered from FAls in the vicinity of Tromsg during
is 2degrees in latitude and longitude and 5km in altitudethe experiment on 16 February 1996, real ionospheric move-
throughout the ionosphere. The electron density for any coment data were employed. Velocities obtained from EISCAT
ordinates is found using third order spline-functions. The so-UHF radar measurements and from the digital all-sky imager
lution for two-point HF propagation on the London — Troms@ (DASI) at Skibotn have been used.
path was found by testing exhaustively all elevation and az-
imuth angles with a resolution of 0.01-0°0&nd 0.1-0.5,
respectively. 4.1 Velocities from EISCAT UHF radar observations

Figure 5 displays an example of the simulation of the ray
geometry of diagnostic HF radio-waves scattered from field-
aligned irregularities in the auroral E-region on the London —The ionospheric plasma velocities from the EISCAT UHF
Tromsg — St.Petersburg path at 9410 kHz for the geophysicaladar were observed at an altitude of 278 km with 2-min tem-
conditions on 16 February 1996 at 21:20 UWg = 80). poral resolution. It is assumed that the coupling between
From Fig. 5 one can see two modes of radio-wave propathe F- and E-regions through the magnetic field lines is per-
gation from London to Tromsg. The first one correspondsfect, on average (Hanuise et al., 1986). Hence, plasma ve-
to one-hop propagation when a diagnostic wave is incidentocities obtained in the F-region may be employed in the
on the scattering volume over Tromsg from above. The secE-region of the ionosphere. Figure 7 illustrates the simu-
ond one is for the radio wave, which comes to the scatter{ation results of Doppler frequency shifts on the London —
ing volume from below after reflection from the F2-layer Tromsg — St. Petersburg path for the geophysical conditions
and Earth’s surface. Propagation of the scattered waves froraorresponding to the experiment on 16 February 1996. The
Tromsg to St. Petersburg is also possible on two paths. Onplasma velocity vectors, from EISCAT UHF radar measure-
of them is direct propagation and the other one is propagatiomments on 16 February 1996, between 21:08 and 21:36 UT,
after reflection from the ionospheric F2-layer. are shown in Fig. 7a. The calculated Doppler frequency shift

Using the CONE model, calculations of the Doppler fre- values between 21:08 and 21:36 UT, taking into account only
guency shifts of scattered signals on the London — Tromsglectron density changes in the scattering volume with 2-min
— St. Petersburg path were performed depending on the ditemporal resolution, are shown in Fig. 7b. Figure 7c¢ presents
rection of the plasma velocities in the scattering volume forthe calculated Doppler frequency shifts of the diagnostic HF
different magnitudes of velocity. These results are shownsignals scattered from FAIs in the auroral E-region, taking
in Fig. 6. It is found that the velocity components in the into consideration plasma velocities from the EISCAT UHF
north-south direction are crucial in determining the Dopplerradar, as well as electron density changes in the scattering
frequency shift values of the scattered signals (see Fig. 6). volume.
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Fig. 7. Simulation results of Doppler frequency shifts on the Lon-
don — Tromsg — St. Petersburg path at 9410 kHz for the geophys
ical conditions on 16 February 1996, taking into account the real
ionospheric data from EISCAT UHF radar measurements with 2-
min temporal resolution(a) plasma velocity vectors from EISCAT e
UHF radar measurements during the HF pumping experiment or 21.10 21.15 21.20 21.25 21.30 21.35

16 February 1996(b) Doppler frequency shifts versus time, tak- Time, UT

ing into account only electron density changes in the scattering vol-

ume; (c) Doppler frequency shifts versus time, taking into account Fig. 8. Simulation results of Doppler frequency shifts on the Lon-
the plasma velocities given in panel “a”, as well as electron densitydon — Tromsg — St. Petersburg path at 9410 kHz for the geophysical
changes in the scattering volume. conditions on 16 February 1996, taking into account the velocity of
auroral arc movements on the longitude of Tromsg (19E)5rom

the DASI keogramia) the DASI keogram(b) velocities from the
DASI keogram;(c) Doppler frequency shifts versus time, taking
into account the velocities of auroral arcs shown in panel “b”, as
well as electron density changes in the scattering volume from EIS-
It can be assumed that the movement of FAIs in the scatCAT UHF radar measurements shown in Fig. 2.

tering volume at auroral E-region altitudes above Tromsg is

consistent with the movement of the visible aurora. Based on

this assumption, a method was developed for finding veloci-coordinates and 10 s resolution data. Initially, smoothed iso-
ties from optical data which were then used to calculate thdines of equal luminosity were determined. Then the velocity
Doppler frequency shifts of HF diagnostic signals scatteredwas calculated as a time derivatixe /At, whereAy is the
from FAIs on the London — Tromsg — St. Petersburg path.change of latitude (in km) for the same isoline. Figure 8b
Simulation results of Doppler frequency shifts (see Fig. 6) presents the north—south component of velocities obtained
have shown that the north—south component of the FAI vefrom the DASI keogram. The velocities obtained were in-
locities is crucial for bistatic HF scatter measurements on thecluded in the calculation of Doppler frequency shift on
London — Tromsg — St. Petersburg path. It is possible to findhe London — Tromsg — St. Petersburg path, which are shown
the north—south component of the FAI velocities from auro-in Fig. 8c. There are five Doppler tracks corresponding to
ral optical data based on DASI keogram data (latitude-timefive different auroral movements in the DASI keogram dur-
plot) shown in Fig. 8a, which shows the luminosity intensity ing the experiment on 16 February 1996 between 21:10 and
at a fixed longitude (19.2%) using geographic latitude-time 21:35 UT. Velocities obtained from the DASI keogram char-

Doppler frequency, Hz

4.2 \elocities from optical measurements
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temporal resolution, replicates on the whole the behaviour of
the Doppler frequency shifts of the HF diagnostic wave scat-
tered from FAIs in the E-region, as described by the long-
lived track (track 1 in Fig. 1b). The best agreement be-
tween the simulated and observgdtook place from 21:16

to 21:23 UT. This time interval is characterized by agreement
not only in a qualitative sense, but in a quantitative sense as
well. Moreover, through that time, the calculated Doppler
shifts, taking into account the velocities of FAls obtained by
two different methods, including the EISCAT UHF radar and
DASI, correspond closely to one another.

The velocities in the auroral E-region from the DASI
keogram with 10 s resolution adequately describes not only
the fine structure of long-lived track 1, but the tracks with
increasing negative values of; during 21:20-21:22 UT,
21:22-21:23UT, and 21:24-21:28UT (tracks 2) as well.
Track 2 is in close agreement with the poleward movement
of the visible auroral forms (see Fig. 8). However, the very
intense wave-like track (track 3) cannot be explained by the

Ly b . ‘ DASI velocities. Although the simulated track 3 has walyy
6 12 8 4 0 4 &8 12 16 20 variations, they are inconsistent with the experimental data of
Doppler frequency, Hz Doppler shifts both in phase and amplitude.

21.15

21.10

Fig. 9. Comparison between simulation results of Doppler fre-

quency shiftsf; and experimental dynamic Doppler spectra at .
9410 kHz on the London — Tromsg — St. Petersburg path during th tracks 4 and 5) cannot be explained by the CONE model.

HF pumping experiment on 16 February 1996. The white continu- he burst-_llke tracks (track 4), appearing when the Troms_ﬂ
ous line shows the calculated valuesfgffrom Fig. 7c; the solid  HF heateris turned on or off, may be related to the parametric

black lines present the calculated valueggshown in Fig. 8c. decay instability. Since the CONE model does not take into
account effects produced by the gradients of the HF pump
wave electric field, it cannot explain tracks 4. Likewise,
acterize movements in the auroral E-region, which is theheater-induced track 5 also cannot be explained by the CONE
region where the diagnostic HF signals are scattered frominodel. There are some grounds to believe that the motion
FAls. The Doppler frequency shift simulation on the Lon- of the heater-induced small-scale irregularities in the auro-
don — Tromsg — St. Petersburg path takes into account no@l E-region is not always consistent with the background
only velocities from the DASI keogram, but also electron plasma drift. Supporting evidence includes a similar Tromsg
density changes in the scattering volume above Tromsg ablF pumping experiment carried out on 17 February 1996 in
well (Fig. 2). the nightside auroral ionosphere (Blagoveshchenskaya et al.,
1998a). During this experiment on the London — Tromsg —
St. Petersburg path, the pump wave reflected from a sporadic
5 Comparison between simulation and observations E layer and well-defined heater-induced Doppler tracks
were observed. They were registered only during heater-on
Figure 9 shows the comparison between the simulategeriods with small constant Doppler shifts, in spite of the
Doppler frequency shifts and experimental dynamic Dopplerfact that the EISCAT UHF radar observations showed large
spectra at 9410 kHz on the London — Tromsg — St. Petersburgelocities of the background plasma from 500 to 1000 m/s
path during the experiment on 16 February 1996. Dopplerin the north—south direction. This observation provides evi-
frequency shifts calculated on the basis of real velocities obdence that the motion of the heater-induced irregularities in
tained from the EISCAT UHF radar (white solid line), as well the nightside auroral ionosphere is not always the same as
as from the DASI keogram data (black solid tracks) are over-the motion of the background plasma.
laid on the experimental observations. Prior to 21:15UT,
there was no similarity between simulated and experimen- After 21:30UT, scattered diagnostic signals on the
tal Doppler frequency shifts (see Figs. 1b, 7c and 8c); hencé®oppler sonogram are not observed. A possible reason is that
these simulation data are not shown. Figure 9 shows that thehe correct geometry of diagnostic HF radio waves scattered
observed and simulated results are in satisfactory agreemefitom FAls in the auroral E-region is no longer valid. This
from 21:16 to 21:33 UT. could be due to a lowering of the FAI altitude from 120 to
The use of ionospheric plasma velocities from the EIS-100 km that would lead to the absence of scattered signal re-
CAT UHF radar at an altitude of 278 km, obtained with 2 min ception at St. Petersburg.

The heater-induced tracks on the Doppler sonogram
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6 Conclusions an ionospheric modification experiment at Tromsg, Ann. Geo-
physicae, 16, 1212-1225, 1998a.

A model for calculations of parameters of HF radio waves Blagoveshchenskaya, N. F., Chernyshev, M. Yu., and Ko-
scattered from field-aligned small-scale ionospheric irreg- rnienko, V. A.: Excitation of small-scale waves in the F-region
ularities has been developed. It allows for ray tracing, Of the ionosphere by powerful HF radio waves, J. Atmos. Terr.
group and phase paths, and Doppler frequency shift calcu- Phys., 60,1225-1232, 1998b. _
lations. Comparisons between bistatic scatter measuremen@ago"%sﬁh?ikay? "\\‘A F"BKO,m'e”ngV- A-a Erelkke, AM’ \'7'
on the London — Tromsg — St. Petersburg path and simula- €tve!d: M. T., Kosch, M. J., Borisova, T. D., and Krylosov, M. V..
tion results during the Tromsg HF pumping experiment on Phenomena observed by HF long-distance tools in the HF mod-

ified auroral ionosphere during magnetospheric substorm, Radio
16 February 1996 from 21:00 to 22:00 UT are made. Doppler ¢ 34 715_724p1999. gmag P

frequency shiftf, is calculated on the basis of real velocities pg|agoveshchenskaya, N. F., Kornienko, V. A., Borisova, T. D.,
obtained from the EISCAT UHF radar measurements at an Thide, B., Kosch, M. J., Rietveld, M. T., Mishin, E. V.,
altitude of 278 km with 2-min temporal resolution, as wellas  Luk'yanova, R. Yu., and Troshichev, O. A.: lonospheric HF
from the DASI keogram using 10 s resolution data. pump wave triggering of local auroral activation, J. Geophys.
It was found that the observed and simulated results are Res., 106, 29071-29 089, 2001. _
in satisfactory agreement from 21:16 to 21:33 UT. The bestBlagoveshchensky, D. V. and Borisova, T. D.: Correction of the HF
agreement took place from 21:16 to 21:33 UT, when the cal- radio channel model with allowance of the solar and magnetic
culated £, taking into account velocities obtained from the acg"'t}" Geomagn. Aeron., 29, 696-698, ('“_R“SSI'('ja”) 1989.
EISCAT UHF radar and DASI keogram, correspond closely Brandstom, B. U. E., Leyser, T. B,, Steen, A, Rietveld, M. T., Gus-
. . tavsson, B., Aso, T., and Ejiri, M.: Unambiguous evidence of HF
to one another. The velocities in the auroral E-region from

. . . pump-enhanced airglow at auroral latitudes, Geophys. Res. Lett.,
optical measurements also describes adequately experimen- 5o 2561 _3564 1999.

tal Doppler tracks with increasing negative valuesfpfas- Budden, K. G.: The propagation of Radio Waves, Cambridge

sociated with the poleward movement of the visible auroral yniver. Press, New York, 1985.

forms. Chernyshov, D. V. and Vasil'eva, T. N.: Prediction of the maxi-
The developed model cannot explain the heater-induced mal critical frequencies for W=10,50,100,150,200, Nauka Press,

Doppler tracks. On the one hand, itis induced by the fact that Moscow, (in Russian), 1975.

the gradients of the HF pump wave electric field are ignored.Djuth, F. T., Jost, R. J., Noble, S. T., Gordon, W. E., Stubbe, P.,

On the other hand, it may be suggested that the motion of Kopka, H., Nielsen, E., Bosim, R., Derblom, H., Hedberg, A,

the heater-induced irregularities in the auroral E-region is not nd Thic, B.: Observations of E-region irregularities generated
always consistent with the background plasma drift. at auroral latitudes by a high power radio wave, J. Geophys. Res.,

It is planned in future to take proper account of the pump - 90, 12293-12 306, 1985.

L A L glitis, P., Robinson, T. R., Rietveld, M. T., Wright, D. M., and
wave electric field, the possibility of the excitation of pump- Bond, G. E.: The phase speed of artificial field-aligned irregu-

induced Alfven waves and other factors. larities observed by CUTLASS during HF modification of the
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