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Abstract. The meridional motions of the CUTLASS HF and Key words. lonosphere (auroral ionosphere; electric fields
STARE VHF coherent echoes, IMAGE equivalent electro- and currents; plasma convection)

jet currents, and IRIS absorption patches during the post-
noon/early-evening event of 14 February 2000 are presented.
The motions were found to be synchronous, to a first ap-;
proximation, for all instruments. The temporal correlation

between motions in the radar and magnetometer data Waphe high-latitude ionosphere is a highly dynamic medium
exceptionally good, although spatially the areas with the E-with complex, interrelated processes occurring simultane-
region backscatter and most intense equivalent currents wergysly. The coherent radars in the UHF, VHF, and HF bands
not coincident, with the HF (VHF) echoes being shifted 100—have proved to be useful instruments for studying these pro-
200 km (20-50 km) equatorward (poleward). The meridionalcesses (see, for example, the review papers by Nielsen, 1982;
motions of the radar echoes and electrojet currents appearedreenwald et al., 1995, and references therein). Such radars
to be controlled by the IMB, changes; the meridional prop- routinely detect echoes from the magnetic-field-aligned ir-
agation direction was equatorward (poleward) during the in-regularities in the ionosphere. The advantage of coherent
tervals when the IMF was southward (northward), with oneradars is in their relatively good spatial and temporal reso-
exception when the poleward progression continued after th@tions (typically of the order of 30km and 1 min, respec-
IMF southward turning. We relate the observed meridionaltiveiy) and Significant coverage (as much a§ EJ@IZ) The

motion patterns to the polar cap expansion/contraction durphenomenon of coherent echo detection from the auroral E-
ing variable IMF conditions and discuss the relative impor- region is often referred to as the radar aurora.

tance of two types of processes: the dayside reconnection and |nformation on the amplitude and Doppler velocity is fun-
IMF-triggered substorms. We also investigate the irregularitygamentally important for understanding the plasma physics
Doppler velocity for the STARE (144 MHz) and CUTLASS ¢ the irregularity formation (Fejer and Kelley, 1980; Sahr
(12 MHz) observations at large flow angles in the context of g g Fejer, 1996). The Doppler velocity measurements are
the eastward and westward electrojet systems. We show thafjso extensively used for monitoring plasma motions at vari-
the 144-MHz Doppler velocity is determined by a combi- oys heights (Greenwald et al., 1978, 1995). It has been shown
nation of two factors: the sense of electrojet currents andhat the UHF and VHF E-region echoes collocate with the
the aspect angle conditions within the STARE field of view. greas of intense electrojet currents (Greenwald et al., 1975;
Finally, the behavior of small dayside enhancements of thersynoda et al., 1976). Moreover, the echo strength was found
IRIS absorption (up to 0.5dB at 38.2 MHz) accompanying to e a measure of the electrojet intensity (Greenwald et al.,
the radar echoes and electrojet currents is examined. Since973: Uspensky et al., 1983; Starkov et al., 1983). Coherent
the velocity of the meridional displacements was close to thatadars hence can be used for tracing the auroral electrojets.
of the poleward/equatorward progressing intense currents, i has also been established that the E-region echoes often
is suggested that the absorption patches observed during thgscur in the areas adjacent to the visual auroral arcs (Green-
event were related to the heating of the E-region plasma byya|d et al., 1973; Tsunoda et al., 1976), so that they can pro-
the unstable plasma waves in the regions of enhanced electrigge valuable information for the auroral arc physics as well

Introduction

fields. (Timofeev et al., 1987).
More recently, with the construction of a number of
Correspondence tadR. A. Makarevitch the Super Dual Auroral Radar Network (SuperDARN)

(r.makarevitch@lancaster.ac.uk) HF radars, studies of the high-latitude ionosphere and
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studies (e.g. Greenwald et al., 1973; Tsunoda et al., 1976)
ena, such as magnetic disturbances, riometer absorption, etc.
Our target is the radar frequency effects (HF versus VHF),
so that HF radar capabilities can be better understood. We
vations for which the relationship of HF radar echoes with
various phenomena is not well established. More specifi-
cally, the purpose of the present report is, first of all, to inves-
N and the potential reasons for these motions. Secondly, we
AR explore the details of the spatial distributions of the VHF and
N -- 1 HF Doppler velocity and compare them with the electrojet
“ ‘
\\\\ th tempt to complement previous radar studies which concen-
\\\ \ trated on the echo intensity. Finally, we compare the motions
\ of the radar echoes and equivalent currents with those of the
responsible for the riometer absorption during the event.
Fig. 1. The experimental setup in Northern Scandinavia show-
ing the near <1200 km) fields of view of the CUTLASS (grey)
the CUTLASS (STARE) beams 0-15 (1-8) are indicated by the
solid (dashed) straight lines. Also shown are slant range markdn this study, we used the data collected by the CUTLASS
(dashed circular curves) and PACE lines of equal magnetic latitude§inland radar located at Hankasalmi, Finland (8NN3
a==2°, _llol" o represeﬂt the Eeor:“et”cill Oﬁk'perpe“gi?m":]r (@s- yadar is analogous technically and operationally to all other
pect) angle lines at 110km. The heavy black cuwe0® is the g, oy pARN radars described in some detail by Greenwald
perfect aspect angle line at 110 km, assuming a model electron den
three-letter abbreviation) of the stations of the IMAGE and SAM- antenn_a _array Consist_s _Of 16 Iog-r_)_e_riodic antennas (with both
NET magnetometer networks close to the radars’ FoV is shown bylfansmitting and receiving capabilities) that are phased rela-
triangles. The open circles (with digits nearby showing the beamtive to one another to form the field of view (FoV) centered at
the meridional direction of interest. The DMSP pass (F13: 14:18—+12° W). The radar sweeps through 16 beam positions (sep-
14:21 UT) with the measured perpendicular ion velocities is indi- arated by 3.2%) in 2 min, with the 7-s dwell time in each
cated by black vectors. The scale for the ion velocities is shown inposition. The measurements of the Doppler velocity, power,
sequence that allows for the 18-lag auto-correlation function
(ACF) determination. The data are available in 45-km steps
magnetosphere with HF coherent radars have become poptier ranges 180-3500 km.
detect echoes not only from the E-region but also from the Fthe CUTLASS Finland radar by a grey sector. The dashed
region (at UHF and VHF, detection of the E-region echoes iscircular curves represent the slant range marks. Also shown
only possible), so that additional information on the plasmain Fig. 1 by heavy solid black curves are the Polar Anglo-
al., 2002). The comparisons between the echo characterisetic latitudesA =60°, 65°, and 70 (Baker and Wing, 1989).
tics at HF and VHF have also been used recently for studies |n this study we also used the data collected by the STARE
of the plasma physics of irregularity formation (Koustov et VHF radar. In the standard STARE mode (we use only such
In this paper we advance our knowledge on radar auto determine the Doppler velocity of the E-region echoes
rora dynamics with the disturbance development at high lat{~110km) and the single-pulse data are used to determine
itudes by exploring the joint HF and VHF radar data in the the power of echoes (Greenwald et al., 1978; Nielsen, 1982).
available, including the Co-operative UK Twin Located Au- imuth, so that the STARE radar FoV is somewhat narrower
roral Sounding System (CUTLASS) HF radari2 MHZz) than the CUTLASS FoV (28%8versus~52°). The STARE
and Scandinavian Twin Auroral Radar Experiment (STARE) radar antenna boresite directioni49.1° E. The data are in-

we consider the radar echoes in the context of other phenom-
concentrate on the afternoon/early-evening sector of obser-
tigate the meridional displacements of HF and VHF echoes
structure as observed by magnetometers. In this way, we at-
y — 4 riometer absorption patches, in attempt to reveal the factor(s)
and STARE (white) Finland radars. The nominal directions of 2 Experiment setup
A=60", 65, and 70 (solid black curves). The black thin curves 26 @ E, geographic), oriented towards magnetic north. The
sity profile and a radar frequency of 12 MHz. The location (with the et al. (1995) (see also Milan et al., 1997). The Hankasalmi
number) represent the easternmost IRIS beams (at 100 km) close the boresite direction of 12° E (east of geographic north, or
the top right corner of the diagram. and spectral width are made by using a 7-pulse transmission
lar. The advantage of HF coherent radars is in their ability to  Figure 1 shows the near FoV (slant range1200 km) of
there can be obtained (Milan and Lester, 1998; Koustov etAmerican Conjugate Experiment (PACE) lines of equal mag-
al., 2002; Makarevitch et al., 2002). data), the double-pulse phase delay measurements are used
Scandinavian sector, where data from several facilities ard’he echoes are monitored in 8 beams separated by3a&-
VHF radar (~144 MHz). Following classical UHF and VHF tegrated over 20s. In terms of range, the measurements are
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b)

showed the STARE Finland radar FoV in Fig. 1 by the white
sector; the central positions of the STARE beams are indi-
cated by the dashed straight lines.

The aspect angle conditions for coherent radar observa-
tions in the Scandinavian sector are quite favorable. To illus-
trate this, we show in Fig. 1 by thin black curves the lines of
geometrical or rectilinear aspect angle- — 2°, —1°, and
0° at 110km. In a large area, very little bending of the
radar beam is required to reach orthogonality with the mag-
netic field at the E-region heights. Since the frequency of
the STARE radar is 144 MHz, one need not consider refrac-
tion of the radio waves for typical E-region densiti.es and ON€L.. » The schematic diagram showia) the qeometry of ob-
can expect t,hat the STARE_ echoes would occur in the brOa(éegrva’[ions along a meridie?n (north is rS(E;])the rigght) in ?P/we vertical
area of the ionosphere, with the strongest echoes near ﬂ‘kﬁane andb) electrojet current system near the boundary dividing

ranges of minimum achievable aspecF _angle. For_ th_e highthe eastward (circles with dots) and westward (circles with crosses)
number beams, the aspect angle conditions are quite intereturrents.

ing; the perfect aspect angle line=0° (thin) intersects the
beams twice (e.g. for beam 8, at 700 and 1000 km), so that
one would expect strong VHF echoes to occur at two sets ofield-aligned irregularities shown by short heavy lines. Ex-
ranges. amples of two IMAGE magnetometers and three beams of

For the CUTLASS radar (12 MHz), refraction can be sig- the IRIS riometer measuring the magnetic field perturbations
nificant; to illustrate its effect we show by heavy black line @and CNA, respectively, are shown in Fig. 2a by triangles
in Fig. 1 the expected zero aspect angle line computed in &nd oblong figures. We return to this diagram, panel (b), in
simple geometrical optics approach of Uspensky et al. (1994f5€ect. 4 where we interpret the observations.
for a typical (for the location and time of observations) elec-
tron density profile from the model (Bilitza, 2001). The .

: . . 3 Observations

electron density profile used has a broad maximum at the

electrojet heights around 110km, with the maximum den-5 14 February 2000, 11-18 UR-{3-20 MLT), the CUT-

. _3 ) I}
sity ~7.10% e, One would expect the HF echoes tp OC- LASS HF radar observed bands of both E- and F-region
cur preferentially at ranges close to the heavy black line, ag5cyscatter that were moving along the meridian, which have
~400km, which is~300km equatorward of the expected qgjted in the appearance of the quite remarkable “V-" and
ranges of the STARE echoes. even “W-like signatures” in the range-time-intensity (RTI)

Figure 1 also shows by triangles the locations of the In-po15. The STARE VHF radar observed similar signatures in
ternational Monitor for Auroral Geomagnetic Effects (IM- he E_region backscatter.

AGE) fluxgate magnetometers in the vicinity of the radars’  1hg period under consideration was characterized by the
FoV (e.g. Luhr et al., 1998) and by open circles the central,oqerate level of magnetic activity; the globi, index
positions (at 100 km) of several beams of the Imaging Ri-\, o petween 4+ and 5+. According to the Advanced Com-
ometer for lonospheric Studigs (IRIS) at Kilpisjarvi, Finland position Explorer (ACE) satellite, the solar wind velocity
(69.'N, 20.8 E). The IRIS riometer (Browne et al., 1995, (310ng the x-axis) and proton number density were around
del Pozo et al., 2002) records the non-deviative cosmic Nois§ 40 km/s and 8 cm?, respectively, for almost the entire pe-
absorption (CNA) at 38.2 MHz at 49 different directions with 1joq The propagation time from the satellite upstream point
1-s resolution, although some post-integration is usually €M1 5410° km from the Earth) can be estimated using these
ployed. We show only those IRIS beams (digits nearby indi-\,51,es. The 3-step technique of Khan and Cowley (1999)
cate the IRIS beam number) that were the closest to the areghplied to our event gives a resultef5 min and from here-

of interest 23 E, geographic _(s_ee Sect. 3.2) .and _thgt Wereafter we adopt this value as the time required for changes in
not affected by the solar radiation/ionospheric scintillations,« |MF conditions to reach the Earth’s ionosphere.

during the event.

To provide an overall perspective on various measure3.1 Echo band motions at HF and VHF
ments, we present in Fig. 2a the geometry of the observa-
tions in the vertical plane along the meridian. The STARE Figures 3a and b show the time-lagged by 45 min IBJEB,,
VHF radar beam (straight line) reaches orthogonality withcomponents, respectively, measured by the ACE magnetic
the magnetic field (indicated by the slightly inclined long ar- field instrument (Smith et al., 1998) with 16-s resolution.
rows) at an E-region height 6f110km. The CUTLASS The positive (negative) IMB, data are shown by red (blue)
HF radar is able to reach the orthogonality condition at bothcolor. The time intervals corresponding to the positive (neg-
E- and F-region heights<(110 and~300 km, respectively). ative) IMF B, are marked by dark (light) grey background
The radio waves can be scattered back from the magneticfor all panels of the diagram. The heavy vertical black lines

performed from 495 to 1245 km with a 15-km resolution. We | ) \g \
% HF: F

F region 300 km

E region, 110 km

Horizon
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represent the sudden northward IMF turnings (SNITs). Twosign with no apparent effect in the echo band motions either
bottom panels are the RTI plots of the signal-to-noise ratioat VHF or at HF.
(SNR) for the (c) STARE beam 8 and (d) CUTLASS beam 9. At 16:23 UT B,, again, became negative and soon after
During data post-processing the ground scatter echoes in thiaat both VHF and HF radars started to detect echoes. For
CUTLASS data were removed from the records. The echoe$oth radars, the echoes were moving to the radar until the
that had low SNR£3 dB) and unusually large spectral width time of the third IMF reversal, 17:25 UT. Similar to the two
(=500 m/s) were also not considered. previous cases, the change in the direction of the HF echo
The IMF B, was negative and more or less stable band meridional displacement was slightly delayed with re-
(~—7nT) for over 2h from 11:05 to 13:10 UT in the begin- spect to the time of the IMF reversal. The poleward progres-
ning of the interval under study; th&, component varied sion apparently stopped soon after thebecame negative
in random fashion around zero. At 11:20UT the STARE at 17:45 UT, again, with larger delay at HF. We would like
radar started to detect the echoes at 800 and 1000 km. Afto point out here for future reference that a second distinct
ter ~1200 UT the echoes started to show a regular equatorband of VHF echoes appeared at 17:25UT at farther ranges
ward displacement. To facilitate the monitoring of the effect of ~1000 km.
we computed the range of the echo maximum at each instant The RTI plots for the STARE beam 8 and CUTLASS beam
and connected the obtained points by solid black line; see (roughly along the magnetic meridian) presented in Fig. 3
the ragged black lines in panel (c). The equatorward motionindicate that the echo bands were moving in range as a whole
was especially clear after 12:20 UT when both VHF and HFas well. Also, we note that the exact range position of the
echoes intensified. To estimate the velocity of equatorwarchower maxima was not exactly coincident with the expected
progression we fitted the straight line to the maximum powerranges of perfect aspect angle either at VHF or at HF.
range location curve. This fitted line is indicated in Fig. 3b
by a white line with the digits representing the echo band3.2 Electrojet meridional motions according to the IMAGE
displacement speed along the radar beam. magnetometers
Similar meridional motions were observed by the CUT-
LASS radar; see panel (d) for beam 9, Fig. 3. The HF echoedo judge the dislocation of electrojet currents during the
first appeared at 11:15UT at 500 km. The equatorward pro€vent we employed the method of spherical elementary cur-
gression speed was slightly lower, 100 m/s, as compared to gent systems (Amm and Viljanen, 1999; Pulkkinen et al.,
speed of 114 m/s for STARE. Interestingly, equatorward mo-2003). The method requires a continuous data record-
tion of HF echoes was also observed at ranges 900—1200 kning throughout the event for the magnetometers considered
These echoes are usually associated with the scatter from tHgostly for convenience of programming and computation
F-region (Milan et al., 1997; Danskin et al., 2002; Koustov et time minimization), therefore, the data from KEV and KIR
al., 2002). The F-region HF echo band displacement speeétations were excluded from the analysis. The complete list
was larger, around 142 m/s. of considered stations is UPS, NUR, DOB, HAN, OUJ, LYC,
At 13:10 UT the IMF abruptly changed its direction from RVK, PEL, SOD, MUO, LEK, ABK, KIL, AND, MAS,
southward to northward, which is shown by the first black TRO, SOR, BJN, HOP, HOR, LYR, and NAL. All magne-
vertical line in Fig. 3. Almost immediately after this IMF tometer data were post-integrated with a period of 1 min.
turning, the STARE echoes started to move away from the The results of calculations are illustrated in Fig. 4 which
radar, Fig. 3c. The IMF returned back to the southward ori-shows the equivalent current densityat 24.8 east of geo-
entation in about 10 min but the poleward echo band progresgraphic north at 100 km altitude as a function of geographic
sion continued up until 14:00 UT, when it stopped and be-latitude and universal time. The contours filled with solid
came equatorward again. The second equatorward progreseolor (horizontal lines) correspond to the eastward (west-
sion continued untit~14:15 UT when the second SNIT oc- ward) electrojet. We reproduce in Fig. 4 the grey scale shad-
curred. At HF, the situation was very reminiscent of the oneing scheme of the background from Fig. 3. To facilitate com-
at VHF, except the HF echoes started to move poleward afteparison with the radar data we also show in Fig. 4 the location
the first IMF northward turning not at 13:10 UT but some- of the center of eastjet current system (latitude of maximum
what later. From 13:20 to 14:00 UT, the F-region echoes be-<current, J>200 A/km) by the red line. The location of the
came strong and abundant enough to be traced as polewardaximum backscatter power for the STARE beam 8 (CUT-
progressing. LASS beam 9) from Fig. 3 is shown by the white (orange)
After the second SNIT at 14:15 UT, the strongest STAREIline(s). For CUTLASS data, these locations are shown for
echoes were observed at 630 km; the poleward motion of thé¢he F- and E-region echo bands separately.
echo band was less obvious here compared to the case of theFrom 11:05 to 13:10UT the eastward current center
IMF reversal at 13:10 UT; the range of maximum power wasmoved towards the equator. At13:10UT the first SNIT
jumping between 630 and 735 km but one can notice that the@ccurred and the motion became poleward. The motions be-
~8- and 16-dB contours of SNR at the equatorial edge werdween the eastward electrojet center and the boundary be-
moving poleward. At HF, the poleward progression after thetween eastward and westward electrojets are well synchro-
second SNIT startedt10 min later and it was very clear. We nized (red line follows closely thé=0 contour but shifted
note that at 14:40 UT th8, component sharply changed its equatorward by 2-3°), indicating that the electrojet was



R. A. Makarevitch et al.: Meridional motions of the afternoon radar aurora 1653

IMF Bz, nT

=
c
=
o
'R
= \
i SNR, dB
[
: 28
} 725°
1 } 200 — 2
[ 71.4°
I 20
£ } 70.9°
ot \ 7040
g i 16
= } 69.8°
e } 60.3° 12
8
2] } 68.8° .
i 68.2°
} 67.7° 4
} 67.1°
i 66.6° 0
1 } s SNR, dB
49
} 71.0° I
} 0 _ 42
‘ 69.4°
g \ 35
X
ag') } 68.6°
E } 67.8° 2
8
7] } 67.0° 21
\ 66.2°
‘ 14
‘ 65.4°
| 7
} 645°
| ccc Mo
11 12 13 14 15 16 17 18

Universal Time

Fig. 3. The panela) (andb) presents the ACE IMB; (By) data on 14 February 2000, 11:00-18:30 UT, shifted by 45 min. The positive
(negative)B; data are shown by the red (blue) color and the corresponding time intervals are marked by the dark (light) grey shade of the
background. Heavy vertical lines show the INBE reversals from southward to northward. The range-time-intensity (RTI) plots of the SNR
measured at STARE beam 8 and CUTLASS beam 9 (see Fig. 1) are presented ir{g)arel¢d), respectively. The color bars are shown

to the right of each RTI plot. Also shown on the right axes of panels (c) and (d) are the geographic latitudes along each radar beam. The red
lines in panels (c) and (d) indicate the ranges with the perfect aspect angle at 144 and 12 MHz, respectively. The thin ragged lines represen
time variation of the range location of the power maximum for each radar. The 12-MHz power maxima have been identified separately for
the closer £<800 km) and farther/(>800 km) ranges of the CUTLASS radar measurements. Examples of the linear best fit to the power
maxima range variation curves (for the intervals of steady equatorward progress) are shown by the white lines with the apparent echo banc
velocity along the radar beam indicated by the digits.
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Fig. 4. The contour plot of the equivalent current dengitfeast-west component) at 24 B (geographic) as a function of UT and geographic
latitude. The scale for the current density in A/km is shown on the right. The contours filled with the solid color (horizontal lines) correspond
to the eastward (westward) electrojet. The intervals of northward (southward) IMF are marked by the dark grey (white) background. The
location of the center of eastjet (maximumJglong the meridian) is shown by the red line. Also shown are the latitudinal positions of the
power maximum along the STARE beam 8 (white line) and CUTLASS beam 9 (orange lines) from Fig. 3.
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Fig. 5. The IRIS keogram at 23 (geographic). The black line is a contol#=0 from Fig. 4 representing the boundary between eastward
and westward electrojets. On the top we reproduce the grey-scale shading from Fig. 3; the dark (light) grey shade corresponds to the time
interval when time-lagged by 45 min ACE IME, component was positive (negative).

moving as a whole and was to a certain degree homogeneoubne suddenly jumps up by more thah &f latitude and stays

At ~14:00 UT the eastjet center again changed its meridionaht 70" for about 10 min. This jump is clearly associated with
motion direction to the equator. Note that no changes in thehe appearance of the second band of VHF echoes at this time
IMF conditions were observed at this moment. The equator{Fig. 3).

ward progression was, however, not long this time; it ended
at ~14:20 UT. After that, the poleward progression of the

electrojet system was observed, up untll6:10 UT. The last strongest VHF echoes or the most intense equivalent current
change in the direction of the meridional motion from equa-_l_h Ig c; toth qllEJ'V -ntcu h '
torward to poleward during the considered period occurred € lower orange curve corresponding to the -region €choes
i Is systematically equatorward of the STARE echoes and most
at17:30 UT. . -
of the time equatorward of the current center. The meridional
The meridional displacement of the strongest VHF motions of the E-region echoes at HF were nevertheless well
backscatter (white line) was in good agreement with the mostorrelated with those of VHF scatter and eastward electro-
intense equivalent current location (red line). For the 12:30-et. The correlation with the latter was truly remarkable from
14:30 UT interval, when both were the closest to the radar,12:40 to 14:20 UT. The situation was somewhat different for

the white line is 20-50 km poleward. At 17:30 UT the white the F-region echoes (upper orange curve) which appeared at

The location of the strongest backscatter at HF (orange
lines) significantly differed from the position of either the
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the latitudes of the eastward electrojet (e.g. 12:00-12:40 UT)present the Doppler velocity RTI plots for various observa-
as well as of the westward electrojet (13:30-13:40 UT). Intional directions. Similar to Fig. 3, the ragged black line is
both cases, the CUTLASS F-region echoes were located sighe range location of the power maximum along each radar
nificantly poleward from the latitudes of the eastjet centerbeam, the heavy orange line is the best linear fit to this line
and the STARE echoes. The meridional motions of the F-for the intervals of steady progression, and digits nearby in-
region echoes, however, overall, corresponded rather well taicate the velocity of echo band displacement along the radar
those in the STARE and IMAGE data. beam. With respect to the latter, one should note that in this
section, in addition to the echo band displacement velocity
3.3 Meridional motions of absorption patches according totowards/away from the radar, we consider the irregularity
IRIS Doppler velocity measured by the radar directly. To avoid
any confusion we will refer to the former as “the echo band
The FoV of the imaging riometer installed at Kilpisjarvi (displacement) velocity”W,q.<) and to the latter as “the (ir-
overlaps with both STARE and CUTLASS viewing areas andregularity) Doppler velocity”. Note that both velocities are
is close to several IMAGE magnetometer stations (Fig. 1),assumed to be positive (negative) for motions toward (away
which provides an excellent opportunity for studying the mo- from) the radar.
tions in the riometer data for the auroral zone in conjunction For the STARE radar the aspect angle conditions are pro-
with radars and magnetometers. The event under study, howgressively more favorable with the STARE beam number in-
ever, was characterized by a considerable level of solar radigrease; for beam 1, panel (b), the minimum achievable rec-
noise/ionospheric scintillations. Fortunately, the IRIS beamstilinear aspect angle is-1.42 (we indicated the range cor-
closest to the meridional direction of interest (indicated in responding to this angle by the dashed red line), for beam
Fig. 1 by the open circles with numbers) were not signifi- 4, panel (d), it is—0.44, and for beam 8 it is zero. For the
cantly affected. CUTLASS radar, the orthogonality condition is met closer
Figure 5 is the absorption keogram at 23ii® 20-s reso-  to the radar because of refraction, typically at 400-450 km,
lution. The keogram longitude was chosen as a compromisand we show these ranges determined from the model by the
between the proximity to the meridional direction of interest solid red lines in panels (a), (c), and (e).
(see Fig. 1) and a requirement to stay within the IRIS FoV. The diagrams in Fig. 6 have an appearance similar to the
An additional reason is that this longitude is far enough fromone in Fig. 3, with “W-like” signatures for observations at
the beams that were disturbed by the solar radiation. Thel2:00-15:30 UT and “V-like” signatures at 17:00-18:00 UT.
IMF B, grey-scale shading from Fig. 3 is reproduced on theAt HF and ranges of the F-region echoes 000 km) the “V-
top of the diagram. The black contour corresponds to thesignature” without the bottom part is well seen in CUTLASS
boundary between westward and eastward electrdjef8 beams 5 and 9, panels (c) and (e).
from Fig. 4. At VHF, the echo band velocity seems to be nearly con-
During the first (roughly) half of the period under study, stant for all directions, with perhaps a small increase with
the displacement of the absorption contours seemed to bbeam number W.,4=107, 112, and 114m/s at STARE
consistent with the latitudinal variations of the eastjet pole-beams 1, 4, and 8, respectively). Interestingly, the situation
ward border (black line). The reversal of the meridional is the opposite for the E-region HF echoes, where the echo
motion direction in absorption data from equatorward to band velocity at closer ranges seems to be decreasing with
poleward somewhat preceded the electrojet boundary mobeam number¥y,,s=146, 122, and 100 m/s at CUTLASS
tion reversal and the first SNIT at13:10 UT (see the grey- beams 1, 5, and 9, respectively). The decrease is also seen
scale bar above the main diagram). Aftei4:30UT, the for the F-region HF echoe$/,,,,=366, 164, and 142 m/s,
absorption dropped below the 0.2-dB level and in generalalthough the first number is probably an overestimation.
did not exhibit any consistent pattern in latitudinal shift. ~ Turning to the Doppler velocity data, one can see that for
The relatively strong absorption enhancement appeared dhe first time interval (11:00-15:00 UT), the F-region irreg-
~17:30 UT, soon after the last SNIT. From 17:37 to 17:52 UT ularity velocity at farther ranges-@00 km) decreases with
the contours were moving northward and then from 17:52beam number increase or, in other words, with the devia-
to 17:56 UT equatorward, consistent with the motions of thetion from the expected x B drift direction. The E-region
eastjet-westjet boundary. HF Doppler velocity is, on the other hand, fairly constant; it
decreases with beam number but very slowly, remaining neg-
3.4 Coherent echoes: velocity of the meridional motionsative for the entire interval and for almost all slant ranges. In
and Doppler velocity sharp contrast with that, the VHF velocities could be either
negative or positive, depending on whether the echoes are
Another objective of this study is to examine the spatial dis-close to the range location of the power maximum. Thus,
tribution of the observed Doppler velocities at two radar fre- VHF echoes that are close to the power maxima location
quencies and to find out if the velocities are consistent with(denoted by the thin ragged line) predominately have nega-
the magnetometer data. We also look at the velocity of thetive velocities (the cells filled with the solid color), consistent
echo band meridional displacement for different observa-with the expected electrojet eastward orientation for this time
tional directions in both the E- and F-regions. In Fig. 6 we sector. However, there is a large set of VHF echoes with the
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opposite sign of Doppler velocity, so that at STARE beams 1large (13:00-14:30UT), the areas with the largest STARE
and 8 the “islands” of the solid color are surrounded by theDoppler velocities (red) are located somewhat poleward of
much larger “seas” of the echoes with positive Doppler ve-the areas with the most intense eastward currents (yellow).
locities. At easternmost STARE beam 8, the positive Doppler The CUTLASS E-region velocities, on the other hand,
velocities as high as 700 m/s (the hatched red cells at 12:40are predominantly consistent with the eastward electrojet,
13:40 UT, at slant ranges of more than 800 km) are observedrig. 7b. Contrary to VHF measurements, the area with the
Notice that the echoes in the second band of VHF echoes dargest HF velocity (red) is equatorward of the most intense
~1000km, at 17:30 UT, the presence of which we noted earcurrents (yellow). The shift in the most negative velocities
lier (Fig. 3), also have positive Doppler velocities and they with respect to the most intense eastward currents (equator-
are quite high4£500 m/s). ward at HF and poleward at VHF) is in agreement with a
Positive Doppler velocities in general and large positive similar feature in the SNR data presented in Fig. 4.
velocities of 700 m/s in particular are impossible to explain  Another way to look at the problem is to compare explic-
in terms of the usual sense of an irregularity velocity sign thatitly the locations of the STARE and CUTLASS Doppler ve-
is appropriate for the observations in the eastward electrojetiocity of the same sign and in Fig. 8 we show the plot for
We have to remember, however, that the second band of VHkhe CUTLASS Doppler velocity (Fig. 6e) with the overlaid
echoes from the data presented in Fig. 4 was clearly assoCBTARE velocity plot. The grey-scale (color) scheme for the
ated with the westward electrojet, for which the Doppler ve- HF (VHF) Doppler velocity is shown on the right. Figure 8
locity is expected to be positive for our observational direc- shows clearly that the gap between the E- and F-region CUT-
tions. One can think then that all other echoes with positiveLASS echoes was to a great extent covered by the STARE
velocities (including the ones at800 km) originated from  echoes and that there was a good correlation between the E-
the westward electrojet as well. region echo occurrences at both frequencies. The agreement
The equivalent electrojet current data presented in Fig. 4etween velocity signs, on the other hand, is rather poor; the
is a useful framework that can be used to resolve this iSCUTLASS velocities were predominantly negative, whereas
sue. In Fig. 7a we compare the STARE velocities at beam &he STARE velocities (observed at the same range gates, say,
from Fig. 6f and the IMAGE equivalent currents from Fig. 4. at 500700 km) were either negative or positive. Once again,
Since the IMAGE and STARE data refer to slightly different we notice that the positive (red) VHF velocities equatorward
locations, we compare them in terms of the PACE geomagof the areas with negative VHF velocities (yellow) were all
netic latitude. The positive (negative) Doppler velocities arelocated within the CUTLASS echo band (negative veloci-
shown by the dark (light) grey cells. The boundary betweenties). The meridional motions of the areas with negative ve-
the currents of the opposite polari=0 is shown by the |ocities at HF and VHF, however, were quite similar.
white contour. The red (yellow) area represents the range
cells with the largest negative Doppler velocities (current in-
tensities), with the farthest radar range limited by 720km.4 Discussion
One can see in Fig. 7a a good general agreement between
electrojet currents and VHF Doppler velocities. The white In this study, we considered meridional motions of echo
contour is close to the boundary between positive and negabands observed by the STARE VHF and CUTLASS HF
tive velocities. The hypothesis that the large positive veloci-coherent radars, electrojet currents inferred from the IM-
ties of more than 700 m/s from 12:50 to 13:30 UT at farther AGE magnetometer data, and IRIS absorption, during a 7-h
ranges occur within the westward electrojet also seems t@vent in the afternoon/early-evening sector, with three abrupt
find its confirmation; the dark grey cells are generally abovenorthward turnings of the IMF each preceded by at least a
the white contour. This is also the case for the second ban®0-min interval of southward IMF registered by the ACE
of VHF echoes at 17:40 UT. magnetic field instrument upstream of the magnetopause at
There are, however, several unexpected features in Fig. 7a+13:10, 14:15, and 17:25 UT (the IMF data were shifted by
First, the cells with the positive Doppler velocities (dark 45 minto account for the propagation time from the upstream
grey) equatorward of the islands of negative velocities (lat-point to the ionosphere). The time variation of the AL in-
itudes of 65—66) are all well within the eastward electro- dex indicated two periods of enhanced substorm-like activ-
jet. At 13:10 UT, although the latter moves very close to theity, 11:00-16:00 UT and 16:00-18:00 UT, with the minima
equatorward edge of the STARE observations=63°> N), in AL index at~13:00 and~17:00 UT, although the qual-
the first~100km in range of the STARE observations are ity of the AL index data was not fully conducive to the ex-
still within the eastward electrojet, while the radar records theact substorm onset time identification, since not every sta-
positive Doppler velocities for all slant ranges with echoestion recorded the data during the event. The SAMNET and
present. Even when the radar detects the echoes with negdMAGE magnetometers recorded two periods with enhanced
tive velocities (e.g. at-12:50 and 13:30 UT), the white con- Pi2 pulsation intensity, indicating the substorm onsets near
tour dividing the equivalent currents of opposite directionsthe first and third SNITs at+13:10 and 17:25UT. The geo-
is somewhat poleward of the line that divides the echoesstationary satellite LANL 1984-084 detected three sharp in-
with positive and negative Doppler velocities. For an inter- creases in both proton and electron fluxes on the nightside at
val when both Doppler velocities and currents intensities arel3:08, 14:08, and 17:10 UT, indicating substorm-associated
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particle injections into the nightside ionosphere. The analysisafternoon/early-evening sector (13—-20 MLT). In this respect
of the nightside POLAR UVI data revealed the UVI aurora we would like to point out that although the radar aurora
intensification associated with the substorm expansive phasdynamics during the substorm conditions has been studied
onsetat 17:12 UT. extensively in the past on the nightside (Greenwald et al.,
During the event, the areas of the strong coherentl973; Greenwald et al., 1975; Tsunoda et al., 1976; Baumjo-
backscatter were moving in slant range both at VHF and HFhann et al., 1978; Uspensky et al., 1983; Lewis et al., 1997;
changing the direction of meridional motion from equator- Voronkov et al., 1999), we report the first observations of
ward to poleward several times. These changes, howevethe poleward motion of the radar echoes in response to the
were not quite simultaneous at VHF and HF; VHF echoessubstorm onset on the dayside, as early as 15 MLT. Impor-
preceded the E-region HF echoes%%0min and slightly  tantly, this feature was consistent with the data from all other
trailed behind the F-region HF echoes. The speed of equatoinstruments. Thus, our observations suggest that the day-
ward/poleward progression was slightly decreasing with theside dynamics in the 15 MLT sector can be controlled by the
deviation from meridional direction at VHF and increasing substorm processes in the midnight sector rather than by the

at HF, both for the E- and F-region echoes. dayside processes related to the reconnection near noon. The
exact longitudinal extent of the region directly affected by
4.1 Radar aurora and auroral oval dynamics the IMF through the dayside reconnection needs to be inves-

tigated further and this work is planned.

We would first like to discuss the reasons for the observed The equatorward progression of the coherent echoes be-
changes in the location of the strong backscatter on a globaore the substorm onset at 13:10 UT can be then interpreted
scale and interpret the noted earlier differences between thgs associated with the expansion of the auroral oval dur-
meridional motions at HF and VHF. ing the substorm growth phase. A similar feature was re-

We showed in Fig. 3 that the changes in the radar auroraorted recently at HF by Lewis et al. (1997) and Voronkov
meridional motion direction from equatorward to poleward et al. (1999). In both Lewis et al. (1997) and Voronkov et
corresponded remarkably well to the reversals of the IMF di-al. (1999), however, no poleward progression after the sub-
rection from southward to northward, even with some uncer-storm onset was observed. Several examples of the coher-
tainty in the IMF delay time. One quite obvious reason for ent HF echoes moving in latitude synchronously with the
such a correlation is the dayside reconnection. For a southproton aurora were presented (but not discussed in terms of
ward IMF, the polar cap expands and the ionosphere adjustsubstorm-associated auroral oval dynamics or IMF variation)
to a new equilibrium with the auroral oval moving equator- by Jayachandran et al. (2002). We would like to empha-
ward. For a northward IMF, the dayside reconnection cannokize at this point that the observations of the equatorward
proceed anymore; the polar cap contracts and the auroral ov@lrogression of the HF coherent echoes during the substorm
moves poleward. One should note here that although an assgrowth phase presented in this study are also unique, since
ciation between the dayside meridional motions and IBAF  they refer to the postnoon sector. In this sense, of special
polarity has been reported in the past for the case of opticainterest are the results of Uspensky et al. (2001), who pre-
aurora (e.g. Horwitz and Akasofu, 1977), whether a similarsented the CUTLASS Finland radar observations of the F-
association exists between the IMF and the radar echo bandsd (later) E-region echoes3 h before the substorm onset
needs to be investigated, since the optical and radar auroria the postnoon/early-evening sector. The relatively narrow
are not necessarily related. bands 100 km in slant range) of HF echoes were slowly

Our observations of the radar echoes, although supportdrifting equatorward with the speed of30 m/s. Uspensky
ing this scenario for most of the event, are not in agreemenet al. (2001) associated the E-region CUTLASS echoes with
with it for observations during 13:20-14:00 UT, when the the equatorial boundary of the diffuse luminosity belt located
backscatter area was clearly moving poleward, while IMFequatorward of the auroral oval and equatorial progression of
B, was negative. We think that this feature is related to thethese echoes with the diurnal rotation of the auroral oval; in
fact that the motions of the afternoon radar aurora, in particthe evening sector of the ionosphere the motion of the equa-
ular, and the auroral oval, in general, were affected by thetorial boundary is expected to be equatorward. In our ob-
substorm processes on the nightside. servations, the speed of equatorward progression was greater

As already mentioned, the data from several instrumentg>100 m/s), almost certainly related to more disturbed con-
indicated a substorm onset at13:10UT, in reasonable ditions during the event.
agreement with the first SNIT and the reversal of the merid- In Sect. 3.4 we demonstrated that the speed of the echo
ional motion direction from equatorward to poleward. It is band equatorial progression was larger at HF and that it was
therefore reasonable to assume that the poleward progreslifferent for various HF beams. For both E- and F-region HF
sion of the backscatter area after 13:20 UT under negativeechoes, the echo band velocity,,, was decreasing with
IMF B, conditions was related to the poleward expansionbeam number, implying that the echo band displacement ve-
of the auroral oval during the substorm expansion phasdocity vector was directed roughly along the meridian as one
(Akasofu, 1964). One should note that most of the auro-would expect for the equatorward expanding auroral oval.
ral observations during the substorm have been made on thEhe variation of the echo band velocity for the STARE ob-
nightside, whereas our observations were performed in theervational directions was small, so that the velocity decrease
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with beam number was most likely just an apparent effect dueechoes almost simultaneously with the STARE radar, Fig. 8.
to the uncertainties of the estimates. The spatial coverage of the two radars was different, with the
The echo band velocity changes with azimuth at HF weremost intense VHF echoes observed in the gap between E-
however, quite significant. We think that this effect is a con- and F-region HF echoes. The reversal in the meridional mo-
sequence of HF ray bending in the course of the radio waveion direction of the E-region HF echoes associated with the
propagation to the irregularities and back, as discussed besubstorm onset occurred a few minutes later as compared to
low. The broad ionospheric region with enhanced electronthe corresponding reversals inferred from the VHF radar and
density and electric field moving equatorward will be first magnetometer data. Another important implication of this
detected by an HF radar at farther ranges as F-region echoestudy is the potential overestimation of the echo band pro-
then by a VHF radar at lower E-region heights at somewhatgression speed at HF as compared to VHF, due to the radar
closer ranges, and, finally, by an HF radar in the E-regionbeam curvature.
Fig. 2a. Meridional motion of the large-scale ionospheric en-  Different aspect angle conditions at two radar frequen-
hancement would result in meridional displacement of echacies were most likely the reason for the significant equator-
bands, which is consistent with the data presented in Fig. 3ward shift of the HF E-region echo band. Thus, in Fig. 4
which suggests that the reversal in the meridional motion di-the location of the most intense irregularities as observed by
rection occurs in the described above succession. The obsey*HF radar is systematically (100—200 km) poleward of the
vations of the F-region and the observations of the E-regiorstrongest HF echoes in the E-region. In Fig. 8, the areas with
at HF at ranges much closer than at VHF are only possiblehe most negative VHF velocities are also located poleward
due to the large ray bending at HF. As the ionospheric en-of those at HF.
hancement migrates closer or farther from the radar, it moves If one considers the re|ati0n3hip between e|ectrojet cur-

essentially along the straight VHF radar beam, while at HFrents and radar echoes, an agreement between the strongest
the ray is curved and hence the echo band velocity along th/HE echoes and most intense currents was quite good,
HF radar beam would be larger, even though the “true” ve-Fig. 4. There was some poleward shift in the VHF echoes
locity of the echo band, that is the velocity of the magnetic during the intervals when the most intense currents were lo-
flux tube CrOSSingS, is the same, Flg 2a. This ImplleS that thQ:ated closer to the radar (eg afl3 UT), which is again
larger echo band displacement velocities at HF as compare@robably related to more favorable aspect conditions at VHF
to VHF is most likely an apparent effect. at large slant ranges (see also next section). The boundaries

A similar argument can be put forward as an explanationpetween electrojet currents and VHF Doppler velocities of
of the stronger azimuthal dependence of the echo band veloghe opposite polarity were also located close to each other,
ity at HF. The amount of bending of the radar beam depends=ig. 7a. The difference in range between these boundaries
upon the azimuth of observations. We can qualitatively esyas most pronounced near the substorm onsef.8t10 UT,
timate how this would affect our observations using the pre-wjith the electrojet currents typically reversing at slightly far-
sentation of Fig. 1, which shows two types of the aspect anglgher ranges. Similar comparison between the electrojet cur-
isolines: the thin black curves represent the rectilinear aspegents and HE velocities shows that the E-region echo band
angle lines¢=-2°, —1°, and 0) and the heavy black curve gt HF was located within the eastward electrojet, consistent
a=0° indicates the perfect aspect angle line with refractionyith the sign of HF velocities, Fig. 7b. The meridional mo-
taken into account. Importantly, the azimuthal variation of tions Of the boundary between e|ectrojets Of the opposite po_
the range distance between the heavy curve and, say, the bafrity were well synchronized with those of the absorption
tommost thin curved=-2°), gives a sense of the amount patches during the first half of the interval under study, Fig. 5.
of the ray bending as a function of radar look direction.

Thus, for example, for the low-number beams this distanceq 2  |rregularity Doppler velocity and electrojet direction
is much larger than for the high-number beams, meaning that
refraction is more significant at low-number beams, which, in Another major issue considered in this study is the relation-
turn, signifies that the apparent velocity along the radar beamyip petween the Doppler velocity of coherent echoes and the
would be larger for directions away from the meridian, con- jonospheric electric field/electrojet current. In the F-region,
sistent with the data presented in Fig. 6. We hence concludgne gominant irregularity generation mechanism is the gradi-
that the difference between the azimuthal variations of thegnt gyift (G-D) instability and the irregularity phase velocity
echo band displacement velocity at HF and VHF is simply ajs simply equal to that of the background plasma convection
consequence of larger refraction at HF. or Ex B drift. In the E-region, the situation is much more
With respect to the comparative ability of the HF and VHF ¢ompjicated. For observations at large angles with respect to
radars to detect the auroral echoes and to monitor the aurorghe background drift of electror.o, the secondary waves
oval dynamics, one has to consider the meridional motiongyenerated through the nonlinear cascade of energy from the
as they are observed by different instruments, including Cot'grimary two-stream or G-D waves. are often assumed to

herent radars at significantly different frequencies (12 an ropagate with the velocity of primaries given by
144 MHz in our study). The CUTLASS radar, primarily de-

signed to monitor the large-scale convection patterns in the ~ Vo+ ¥V
high-latitude F-region, in our observations detected E-regionV = * - ————/— (1)
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with stripe). The electrojet current at100 km is shown schemat-
o2 ically by the circles with dots and crosses inside; itis directed
v = el (cof o + — sirf ). (2) tothe east(west) for the area located southward (northward)
Q2,8; Vg from the white stripe denoting the boundary between the
. electrojets of the opposite polarity.
Herek is the unit wave vectok/k; V.o(V o) is the electron The large positive Doppler velocities were observed only

(ion) drift velocity; « is the off-orthogonal magnetic aspect gyring the interval for which the westward electrojet was ob-
angleve, vi, ., and<; are collision and gyrofrequencies of served very close to the radar (e.g~&t3:30 UT), which can
the electrons and ions, respectively. imply that during this interval the radar probed (at farthest
Since in the E-regior2; <v;, the electron background ranges) the areas with the most intense electric field. Thus,
drift dominates, so that for the westward convecting plasman Fig. 2b the radar would probe the darkest area to the right
flow appropriate for the MLT sector under study (13:00— (poleward) from the white stripe when the white stripe (to-
20:00 MLT), the E-region Doppler velocity should be nega- gether with adjacent grey areas) would move the farthest to
tive for the radar beams looking more westward (e.9. STAREthe |eft (equatorward).
beam 1) and close to zero at perpendicular to the flow direc- |mportantly, since the aspect angle conditions are better at
tions (STARE beam 8). the far ranges (where the westward electrojet was developed)
In Fig. 6 the Doppler velocity is indeed negative for the than at short ranges (where the eastward electrojet was devel-
slant ranges close to the power maximum location (islandspped), the latitudinal variation and direction reversal of the
of solid color). The latter, however, was not maximized at aelectric field stipulate significantly higher Doppler velocities
range close to the minimum aspect angle range shown by thg the westjet as compared to the simultaneous eastjet ob-
red lines and this was also the case for the Doppler velocityservations, even if the electric field intensity itself is smaller
though Egs. (1-2) predict that the phase velocity should bgn the westjet (as suggested by Fig. 4). Being directly pro-
maximized at perfect (if it is achievable) aspect angle andportional to the convection velocity/electric field and quickly
decrease with the aspect angle increase. decreasing with the aspect angle through Egs. (1-2), the
Moreover, for STARE beam 8 (Fig. 6f), that is for radar Doppler velocity variation with latitude/range is determined
beams looking perpendicular to the flow, we observed an iny the combination of these two factors.
teresting feature; velocity was positive at farther ranges and Although no electric field measurements were available
very large, up to +700m/s, in disagreement with the senséor the interval 12:30-13:30 UT when large positive veloc-
of westward drifting plasma (eastward current flow). We ities were observed, the DMSP ion drift measurements of
then compared the STARE Doppler velocity with the IM- the convection velocity for three passes over the FoV (F13:
AGE equivalent currents (Fig. 7a) and found that these large14:18-14:21 UT, F14: 17:52-17:56 UT, and F15: 17:44—
positive Doppler velocities were recorded within the west- 17:48 UT) during the event generally support the hypothe-
ward electrojet. sis of the electric field/convection gradual decrease with lat-
To interpret large velocity magnitudes of more than itude, direction reversal, and again gradual increase towards
700 m/s within the westward electrojet, however, is not thatthe magnetic pole. In Fig. 1 we show the ion drift-meter data
easy. We think that the combination of two effects, namelyfrom one Defense Meteorological Satellite Program (DMSP)
the aspect angle conditions for the radar directions of interespass over the near radars’ FoV during the interval under
and electric field gradients are responsible for the observedtudy. Here the black vectors are the cross-track ion drift ve-
significant Doppler velocity variation with range. locity. The scale of vectors is indicated in the top right corner
The large positive Doppler velocities were observed onlyof the diagram. Data from a DMSP altitude of 810 km were
for the easternmost STARE beams 7 and 8. For these diprojected to an E-region height of 110 km along the PACE
rections, as we noted earlier, the orthogonality condition canmagnetic field lines. For the other two passes, the zonal con-
be reached at two sets of ranges with relatively good aspeoctection reversal latitudes were also found to be in reasonable
angles of the order of 0°%etween 700-1200 km and with agreement with the latitudes of the eastjet poleward bound-
quickly decreasing aspect angles up-t2° at closer ranges ary.
500-700 km. One can state that the aspect angle conditions The other interesting Doppler velocity feature noticed in
at farther ranges corresponding to the westward electrojet arBig. 7a was that the STARE radar recorded small positive
much more favorable than at closer ranges (eastward electraselocities for a large number of radar cells. These small pos-
jet) for these directions. itive Doppler velocities are impossible to explain by the dif-
The latitudinal distribution of the equivalent current den- ferent direction of the plasma flow, since some of them were
sity under the assumption of the plasma density homogenedefinitely within the eastjet for which the I-0-s component of
ity, on the other hand, indicates corresponding latitudinalthe flow is expected to be negative, especially for more zon-
variation of the plasma drift/electric field with the direction ally directed beams such as STARE beam 1. We think that
reversal in the latter occurring near the range of the Dopplethe STARE velocity measurements for these areas might not
velocity sign reversal. We illustrated this feature in Fig. 2b represent general trends, since both the echo power and elec-
that shows the areas with the gradually changing electric fieldrojet intensity was low. As mentioned, in this study we used
intensity (to the left and to the right from the white inclined the standard double-pulse STARE velocity data, which, as
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demonstrated by Uspensky et al. (2004), under certain contributed the polar progressing disturbances in both magne-
ditions can somewhat underestimate the true Doppler veloctometer and riometer data in the polar cap to the electron
ity (inferred from the ACF data similar to the SuperDARN heating associated with thB,-related disturbances in the
radars). Moreover, according to Uspensky et al. (2004) (seelectrojet current system. One should note that the above
their Fig. 2), when the backscatter power (and multi-pulseinterpretation is remarkably different from the more widely
Doppler velocity) was low the STARE Finland double-pulse accepted notion that the auroral precipitation of the ener-
velocity changed its sign, becoming slightly positive for east- getic (> 15 keV) electrons is responsible for the formation of
ward electrojet flow. absorption patches (see, for example, the recent review by
Interestingly, the E-region CUTLASS observations in the Stauning, 1996), which implies that the latter should move
areas collocated with those of small positive STARE veloci- either with theE x B drift (Hargreaves, 1970; del Pozo et al.,
ties (500-700 km) showed predominantly negative Doppler2002) or with significantly larger velocities during the sub-
velocities for almost the entire period (except for the laststorm expansion phase (Nielsen, 1980; del Pozo et al., 2002).
80min), indicating the “proper” direction of the flow, During the first half of the period under study, the absorp-
Figs. 6a, c, e. The Doppler velocity at HF was neverthe-tion features moved in the meridional direction with veloci-
less smaller compared to that at VHF when the area withties that were very close to those observed in the radar aurora
strong VHF echoes (or negative velocities) was sufficientlyand equivalent currents, Fig. ¥ps=Vpunqa~100m/s. The
close in range to allow the meaningful comparison (as, forDoppler velocity measured by the coherent radars near the
example, near 12:45 or 14:00 UT). The Doppler velocity atIRIS FoV (r~800km) was, on the other hand, significantly
HF was typically less than 300 m/s, and it did not changelarger; for example, at12:10 UT the STARE radar observed
sign along the radar beam. HF echoes with unusually smalE-region velocities 0f~500 m/s, with similar F-region ve-
Doppler velocities were reported previously by Makarevitch locities recorded by CUTLASS, Figs. 6e, f, which implies
et al. (2002) and Milan et al. (2003) and hypothesized to bethat the meridional motion velocity of absorption patches in
the scatter from the bottom of an unstable E-layer, where theur observations was different from the convection compo-
Doppler velocity is depressed because of the enhadced nent, but comparable to that of the coherent echo bands and
factor in Eg. (1) due to larger collision frequencies with neu- electrojet currents. One can then assume that the absorption
trals, Eq. (2). patches in our event were moving together with the areas of
In both Makarevitch et al. (2002) and Milan et al. (2003), enhanced electric field in the E-region rather than with the
however, no electric field measurements near the HF scateonvecting magnetic field lines and that the CNA enhance-
ter area were available. In our observations, simultaneousnents were caused mostly by the heating associated with the
STARE velocities were quite high (up to 500 m/s&00 km large horizontal electric fields.
in Fig. 6d), therefore, HF Doppler velocity limited in mag-  In our opinion, the observations of the auroral riometer
nitude is unlikely to be caused by the small electric field in- absorption presented in this study are thus more consistent
tensity. The Doppler velocity at HF was featured recently with the electron heating mechanism (or Electron Heating
in another study (Makarevitch et al., 2004), where the sameéAbsorption (EHA) type in classification of Stauning, 1996)
conclusion was reached on the basis of the simultaneous Rhan with the D-region electron precipitation idea. In this
and E-region CUTLASS observations during the event whensense the results of the present study are more reminiscent of
the DMSP drift-meter measurements did not show any sig-those of Stauning (1984) and Stauning et al. (1995) than, for
nificant latitudinal variation of the convection component. example, of del Pozo et al. (2002). There are, however, sev-
Therefore, we will not discuss this issue any further, but noteeral important differences between this study and Stauning et
that the simultaneous HF/VHF observations provide yet an-al. (1995). First of all, the electric field that caused the ab-

other argument in support of this conclusion. sorption enhancements in our case was the electric field as-
. . sociated with the background auroral convection rather than
4.3 Absorption patch velocity with the local convection flow enhancements. The motion of

N ) o the absorption patches was synchronized with the meridional
Under the conditions of strong horizonal electric field the E- gisplacements of the auroral oval rather than with the polar
region plasma can be heated by the unstable plasma WaVsﬁogressing?y—related disturbances in the polar cap and ve-

St.-Maurice, 1981). This E-region heating could also lead to

an increase in the CNA, since absorption is proportional to

ve, which for the typical E-region heights increases with the 5 Summary and conclusions

electron temperaturg, ascx Tel/2 (e.g. Kelley, 1989, p. 462).

Following this idea, Stauning (1984) introduced a new classThe presented observations of the radar aurora at two fre-
of riometer events for observations in the polar cap, wherequencies (12 and 144 MHz), electrojet currents, and riome-
relatively small absorption enhancements (patches) assocter absorption during a 7-h event in the afternoon sector
ated with heating could be easily distinguished from the ab-(13-20 MLT) showed synchronous, to a first approximation,
sorption due to the particle precipitation that is responsiblemeridional motions of the areas of strong HF and VHF
for a bulk of CNA events. Later, Stauning et al. (1995) at- coherent backscatter, intense equivalent electrojet currents,
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and enhanced radio wave absorption with the speed of theoncluded that the radio wave absorption enhancements of

poleward-equatorward progression of the order of 100 m/s. the order of 0.4—0.5 dB observed during the event most likely
The reversals of the meridional motion direction were al- did not represent any significant particle deposition into the

most coincident in time with the IMBB, reversals; the mo- D-region but rather corresponded to the E-region heating by

tion direction was equatorward (poleward) for the southwardintense zonal auroral currents.

(northward) IMF, consistent with the polar cap expansion

(contraction) associated with the reconnection processes 0
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