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Abstract. On 15 February 2007, several duskward moving Sun through the entire field of view of a ground-based all-sky
sun-aligned (SA) auroral forms have been observed by theamera, a typical instrument for SA observations. The arcs
all-sky camera at Resolute Bay, Nunavut (Canada). Concureccur predominantly for the northward-oriented interplane-
rent observations with the Rankin Inlet (RANK) PolarDARN tary magnetic field (IMF),B,>0. They are often seen as
HF radar within the field-of-view of the camera showed “detaching” from the auroral oval on its either dusk or dawn
signatures of moving auroral forms in all signal parame-side and moving through the central polar cap and reaching
ters with the most remarkable effects being the echo powesometimes the pole and even further to the opposite side of
drop and velocity reversal as the arc reached a specific raddahe polar cap (Zhu et al., 1997). In this sense, SA arcs are
beam/gate. Spatial and temporal variations of the velocity insimilar to more intense auroral displays known as the theta-
the vicinity of the SA form are investigated. It is shown that aurora that is not only more intense but also more global and,
the form-associated convection reversal was located polefor these reasons, identifiable from satellite images. The di-
ward (duskward) of the global-scale convection reversal asfection of the SA motion, dawnward or duskward, was found
sociated with the dawn cell of the large-scale convection patto be strongly controlled by the IMB, component (Val-
tern. Thus, the RANK radar was monitoring the polar capladares et al., 1994; Zhu et al., 1997; Kullen et al., 2002): in
portion of the global-scale convection pattern and its transithe Northern Hemisphere, the dawn (dusk-) sector arcs move
tion from the IMF B, <0 to the B, >0 situation. Magnetic towards dusk (dawn) for IMB, >0 (B, <0).

perturbat|0ns a.SSOC|ated W|th the SA form paSSIng the Zen|th Although many morpholog|ca| proper“es Of SA arcs have
of several magnetometers are investigated. It is shown thaeen identified (e.g. Valladares et al., 1994; Kullen et al.,
although magnetometer signatures of the moving form wereo02), the physical processes leading to their onset and sub-
clear, the convection pattern derivation from magnetometekequent evolution are not well understood (Zhu et al., 1997).
records alone is not straightforward. Part of the problem is that the acquired data are limited and

Keywords. lonosphere (Electric fields and currents; controversial in many aspects. On the theoretical side, pro-

lonosphere-magnetosphere interactions; Polar ionosphere) Posed models of SA formation (e.g. Sojka et al., 1994; Zhu
etal., 1997) require a number of input parameters that are not

well known in individual cases. One of these is the global-
scale plasma convection pattern. Information on plasma con-
vection is not readily available as convection measurements
Aurora is well known to occur poleward of the auroral oval have been limited to either one direction, as for the case of
latitudes, inside the polar cap, all the way to the magnetican incoherent scatter radar (e.g. Robinson et al., 1987, \_/aI-
pole (e.g. Zhu et al., 1997: Hultquist, 2007). It has beenIadares and Carlson, 1991; Gallagher, 1997), or to one trajec-
seen in a variety of f(’)rms a’nd intensit;/. One of the well es-t.ory (line) as for the case of ion drift measurements on satel-
tablished classes of the high-latitude aurora is the so calle tes (e.g. Carlsqn e.t_ al., 19.88)' The networ_k. C.)f SuperDARN
sun-aligned (SA) arcs. SA arcs are relatively narrow band Eradars has S|gp|f|c_:antly mprpved capabilities of the space
of luminosity stretching in the direction roughly towards the science community in monitoring the glopal—scale plasma
convection pattern, and several recent publications have con-
Correspondence toA. Koustov tributed to understanding of theta auroras (Chang et al., 1998;
(sasha.koustov@usask.ca) Milan et al., 2005; Liu et al., 2005; Eriksson et al., 2006).
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1.1 Geometry of observations

Figure 1 shows the FoV of the Rankin Inlet Polar-
DARN/SuperDARN radar and the FoV of the all-sky camera

at Resolute Bay (for the off-zenith angle ofj5Radar range

ticks are made for gates 10, 20, 30, 40 and 50 (ranges 630,
1080, 1530 and 1980 km). Within the radar FoV we indicate
the position of the radar beam 7 data from which will be dis-
cussed in more detail. Also shown are the locations of several
ground magnetometers. One can see that the RES camera is
optimal for joint work with the RANK radar for radar range
gates 25-30, corresponding to radar slant rangesl@00—

1500 km. Although these are typical ranges for F region echo
detection in the auroral zone (e.g. Danskin et al., 2002), for
the magnetically higher latitude radars (such as Halley and
Rankin Inlet), the echoes are more frequent at shorter ranges,
) ) ) ) <1200 km for the Rankin Inlet radar. This experimental find-
Fig. 1. Field of view (FoV) of the Rankin Inlet (RANK) Polar- .4 reqlized after the RANK radar was installed, unfortu-
DARN radar between ranges of 400 and 2600 km and '.Ocat'on Ofnately, reduces the chances for co-located optical-radar stud-
ground-based magnetometers data from which are used in the study.
The dashed lines indicate radar ranges according to the gate numb 5>

(10, 20, 30, 40, 50). A shaded beam-like area within the radar Fov In this paper we consider one event of Sun-aligned arc
is the position of beam 7. Red circle represents the FoV of all-skymonitoring by the RANK radar on 15 February 2007. Over
camera (for the off-zenith angles ef75°) at Resolute Bay (RES) this day, a significant amount of joint data was collected so
for the height of 250 km. that several phenomena can be investigated. We focus on rel-
atively short period of~30 min in duration between 07:50
and 08:20 UT. During this period, clear SA form appeared

For the case of SA arcs, attempts have not been so succesat the eastern edge of the RES camera FoV, it then moved
ful. One of the reasons is, perhaps, a lack of radar data ifluskward (to the West), reached the RES zenith and, after
close vicinity of the optical forms where HF radio waves are Making several stops, moved to the western part of the RES
strongly refracted/reflected (Uspensky et al., 1994) or simplycamera FoV and eventually disappeared.

absorbed. In addition, to observe high-latitude echoes asso-

ciated with polar cap arcs, the SuperDARN radars, that are

located at the equatorward.edge of the auroral oval, would, All-sky images of the sun-aligned arc

have to rely on echoes received through 1&1/2 hop propaga-

tion mode (ranges of 2500—-3000 km); such echoes are very Fi

. ure 2 shows three RES OMTI raw camera images (in red
sensitive to the aurora presence as enhanced electron densjt . ) : o
o ine of 630 nm) illustrating the event under investigation. At
can change significantly the radar wave path.

) 07:56 UT, near the beginning of the event, an optical form is
Recently installed HF PolarDARN radar (part of the Su- seen stretching in the north-south direction. At 08:10 UT, it
perDARN network) at Rankin Inlet (RANK) monitors the s |ocated in the zenith of RES. One clearly recognizes that,
ionosphere at latitudes above®/GLAT. The field-of-view 4t this time, the luminosity band consists of several forms
(FoV) of the RANK radar covers latitudes up to and even yth two strongest ones at its eastern and western edges so
over the magnetic pole, including an area around the Resgat the form can be said to consist of two arcs oriented to-
olute Bay (RES) where several optical instruments are Sefyards the Sun. The overall width of the luminosity band is of
to monitor high-latitude auroras; among these is the OMTline order of~100 km if one assumes the luminosity heights
all-sky camera run by the Solar-Terrestrial Environmentiq pe 250 km. By 08:20 UT, the luminosity band passed the
Laboratory (STEL), Nagoya University (Shiokawa et al., Rgs zenith and is seen as a single sun-aligned form. We
1999). RES is located at relatively short ranges from RANK ghoyd say that the double-arc structure of the form was not
(~1300km); thus, the RANK radar — RES OMTI camera recognizable in optical images prior te07:58 UT and af-
is a very powerful combination for studies of the polar cap ter ~08:16 UT. The splitting of a single optical form in the
physics, including SA arcs. course of the event is consistent with the radar data that will
In this paper we investigate one case of SA arc observabe discussed later. This means that the optical form under
tions using the RANK radar and RES all-sky camera with adiscussion was not only relatively broad, but also was chang-
primary goal to establish radar signatures of SA arc and thering in configuration over the event duration. Despite this fact,
to investigate plasma flows associated with such an arc.  we shall use interchangeably the terms SA arc and SA form.

. Rankin Inlet

N
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Fig. 2. Three all sky images of sun-aligned auroral forms recorded by the OMTI camera at a wavelength of 630 nm at Resolute Bay on 15
February 2007.

3 General conditions on 15 February 2007 and onset of
sun-aligned arc 5 ; ; T

15 February 2007 was a relatively quiet day with figin-
dex of 2 between 06:00 and 09:00 UT. The low activity is : : : :
expected from the IMF conditions as tiBe component was i : it - it
positive over a significant portion of this period, Fig. 3. : 5 : :
In Fig. 3, the ACE measurements of the IMF (with a
time delay of 57 min to account for the disturbance propa-
gation from the satellite location to the midnight sector of
the high-latitude ionosphere) are presented. Shaded box in-_
dicates period of the ground-based measurements under disc
cussion. There is always some uncertainty with the estimatejy
of the time shift for the ACE measurements. For the consid- i ; L | :
ered event, the solar wind speed was quite highQ0 km/s, 05 06 0 08 09 10
which may introduce a significant error in the delay esti- Universal Time
mates. In addition, the event occurred on the nightside which
imply even more uncertainty. In selecting of the 57-min de- _Fig. 3. Interplanetary magnetic field (IMF) x, y and z components

: - ; in the GSM coordinate system according to the ACE satellite mea-
Ie?r)gsvﬁsupsoer?dﬂt]g :av'(;jl’iilgkagﬁ:s;eedisr{[wéorhl;ge\l:/mlgugn i?sf SAsurements on 15 February 2007 between 05:00 and 09:00 UT. The
Z

till bei itive. Th idered int | tches thi . data were shifted by 57 min. Shaded box correspond to the period
Stll being posiuve. 1he considered interval matches this Crl'during which SA forms were observed by the RES all-sky camera.

terion well. Additional testing of the delay selection has beenVerticaI solid lines indicate moments of easily recognizable start in
done by considering optical signatures during the period 0Ofihe duskward progression of the SA forms.

05:00-09:00 UT with similar IMF conditions. It was found

that four other duskward moving SA-like events occurred.

The beginnings of all of these are marked by dotted lineswas detecting poleward expanding aurora starting from about
in Fig. 3: ~05:30 UT (~15min in duration, the forms were (03:00 UT. The active aurora did not reach very high-latitudes,
only seen at the edge of the camera FoV)6:05 UT (event  such as the RES location, but was quite bright, lasting up to
lasting ~30 min), ~06:50 UT (short event with progression about 05:00 UT and showing several eastward and westward
at the equatroward edge of the FoV) and 09:25UT (eveniprogressions. Occurrence of morning SA arcs after substorm
lasting~30 min). For these periods, the IMF conditions sat- activity in the midnight sector is then consistent with the re-
isfy also the above criterion. In addition, over the main eventsuits of Shiokawa et al. (1997).

that we consider in this study, there were several activations

of duskward motions. The times for these activations are de-

noted by the vertical solid lines in Fig. 3; these times also4 HF radar signatures of the sun-aligned arc

match the criterion.

It should be noted that the onset of the SA events was preFigure 4a shows the SA form in the MLT-MLAT coordinates;
ceded by substorm activity in the Canadian sector of Arcticthis is the same image as the one presented in the first frame
as indicated by magnetic bays recorded by the CARISMAof Fig. 2. The mapping is done by assuming the luminosity
magnetometers between 02:00 and 05:00UT with the Pizeight of 250 km (630 nm filter data). The edges of the arc
onsets around 02:00UT and 02:50UT. The RES camerare enhanced by a ragged line; the western line corresponds

By (nT)
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Fig. 4. (a)Auroral luminosity observed by the RES OMTI camera at 07:56:38 UT in MLT-MLAT coordinates. The locations of the arc
edges are shown by white ragged line. The side closer to the RES location in the center (the duskward side) corresponds to the arc’s uppe
part); (b) Rankin Inlet radar echo power map and the location of the luminosity edges as presented in pérjdRéaukin Inlet radar echo

velocity map (positive: toward the radar) and location of the luminosity edges as presented in pgdgL{ayinosity (black), echo power

(blue) and velocity (red) variations with the beam number in gate 8 (range of 540 km). Location of gate 8 is indicated on panels (b) and (c)
by dashed lines.

to the bottom part of the luminosity at the F region heights.the map (high number beams). The entire luminosity band
One can recognize sun-alignment of the luminosity band agorresponds to positive velocity, i.e. to antisunward plasma
it stretches through the entire FoV of the camera towardsflow.
12:00 MLT tick. The form is not ho_mogenous; this was typi- The above features in the mutual distribution of the auroral
cal for other frames as well, especially towards the end of thquminosiw, echo power and velocity are quantitatively illus-
event. trated in Fig. 4d where these parameters are plotted against
Figure 4b shows the RANK echo power distribution for the radar beam number for gate 8 (slant range of 540 km).
the scan that starts at 07:56 UT. Clear power minimum inThese data correspond to one azimuthal scan at one range.
central beams (blue COlor) is identifiable. This minimum The power drop associated with the duskward edge of the
spatially coincides with the duskward edge of the Iuminos-|uminosiw occurs in beam 7, it is20dB. Beam 7 almost
ity band. This edge of the optical form corresponds to thecorresponds to the direction in which the velocity changes its
upper part of the luminosity, and it would mark the location polarity; the velocity reverse occurs somewhere in between
of the arc if it were a thin structure at the F region helghts beams 6 and 7. Such Sharp power drop and Ve|ocity reverse
Figure 4c shows the RANK velocity map. The duskward at the duskward edge of the luminosity band have been iden-
edge of the luminosity band collocates with an area of shargified for almost all other scans during the entire period un-
velocity reverse from large negative (away from the radar)der consideration; these are the strongest signatures of SA
values in the western part of the map (low number beams) tarc in the HF radar data. To illustrate further these features,
large positive (toward the radar) values in the eastern part ofve present in Fig. 5 a sequence of echo power and velocity

Ann. Geophys., 26, 2712423 2008 www.ann-geophys.net/26/2711/2008/
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Fig. 5. Rankin Inlet HF(a—f) echo power andg-I) velocity maps (positive:

closest time for the entire event (07:50-08:20 UT).
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toward the radar) and locations of the auroral luminosity at

maps, together with the locations of the luminosity bandwards the end of the event). The echo power drop and the
over the entire period under consideration (07:50-08:20 UT)velocity reversal are shifting westward synchronously with
One can clearly recognize that the arc has been fast movinthe luminosity band. The exception is the last two frames,
westward/duskward; our estimates show that the velocity oftorresponding to the time when the arc was located west-
this motion was~100-200 m/s (the form slowed down to- ward of the RES zenith. We note that the eastern edge of

www.ann-geophys.net/26/2711/2008/
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SUPERDARN PARAMETER PLOT 15 Feb 2007 5 Radar observations in a fixed beam

Rankin Inlet: pwr_| unknown scan mode (-157)

Beam 7 0740 (046) to 0820 (046) Since the SA form was crossing the radar FoV from the

East to the West at only small azimuthal angle to the central
% RANK radar beams, another way of monitoring its motion is
1200 s to look at the data obtained in a fixed beam and investigate
temporal variations of echo parameters. This would be sim-

1600

1400

1000

Range (km)
(gp) somod

800 20 ilar to measurements with a single-beam incoherent scatter
600 ” radar whose beam is fixed in certain direction. Certainly, for
w00 s the case of an HF radar, the spatial resolution is much worse
; that makes measurements more ambiguous, but these are still
200 informative.
1600 Figure 6 shows temporal variations of the echo power, ve-
1400 locity, spectral width and elevation angle in the radar beam 7.
1200 - For convenience of inter-comparison between various panels
€ 1000 20 < of this diagram, we introduced a marker, the sloped line; to
T ;""g some extent, this line reflects the position of the luminosity
§ 800 1003 band’s duskward edge at various ranges and times, although
600 200~ imprecisely.
400 o According to Fig. 6, echoes were observed at relatively
200 s short ranges 0&900 km. The drop in echo power was de-
1600 Seatter tected during~8-10 min as the optical form was crossing the
1400 beam. The drop was not strong at range®)0 km; in fact
270 two different drops are recognizable, one~#17:55UT and
240 another one at-08:04 UT. We should mention that optical
g sz measurements at these short radar ranges were not available
) 1so§ because of the limitations of the RES camera FoV. Another
: e circumstance is that, at these short ranges, the echoes were
60 very likely being received from the E region heights. Indeed,
% the electron density inside the polar cap arc can reach values

of ~2x10° cm~23 (Robinson et al., 1987), which is sufficient

to strongly bend radio waves even at short ranges and large
geometric aspect angles (e.g. Koustov et al., 2002). Addi-
tional argument for the above opinion comes from the eleva-

40.5
36.0

= ats tion angle measurements presented on the bottom panel. One
fg Z: o can clearly see that the elevation angle steadily decreases at
5 50 farther ranges, as one expects if the echoes are coming from

135 a fixed height, which can only be the E region height at such

jﬁz short ranges. Also, this trend is in contrast to elevation angle

- 00 increase with range at farther ranges, beye/3@0 km.
o e e poet oo In Fig. 6b, one can see that the echo power drop coincides
ut well with the velocity reversal at various ranges. The veloc-

_ ) _ _ ity reversal seems better characterizing the arc passage and
Fig. 6. Echo power, velocity, spectral width and elevation angle s js a more convenient parameter for arc monitoring than
according to RANK measurements in beam 7 between 07:40 angne ocho power. Our analysis for thed6:00 and 09:30 UT
08:20 UT. Vertical sloped line is a marker introduced for conve- . . . )

. : events showed that signatures in the velocity are still present
nience of the comparison. . . .

whereas they are not obvious in the power. No change in ve-

locity polarity occurred at short rangest00 km once again

indicating that perhaps the SA arc was not extended so much
the luminosity band does not reflect the width of the opti- in the equatorward direction and that perhaps the echoes here
cal form; the luminosity here is accumulated from various were coming from the E region as the velocity of such echoes
heights that are impossible to establish. These last framesan be different, even of opposite polarity, from the velocity
are presented to show that as the SA form moves away, botbf F region echoes (Makarevich et al., 2004).
the echo power and velocity drop in magnitude (probably to Figure 6c shows the spectral width changes during the
the background levels) to the east from the optical form. passage of the SA form. Although the variability of this

Ann. Geophys., 26, 2712423 2008 www.ann-geophys.net/26/2711/2008/
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Fig. 7. RANK radar velocity in gate 8 (red) for a number of selected radar azimuthal scans between 07:52 and 08:20 UT. Black line is the
luminosity intensity in radar gate 8 for every beam position. A scale bar at the bottom panels is a 100-km distance in the azimuthal direction
(along a circle) at the radar range of 540 km.

parameter is significant, it is safe to say that the echoes ha@ Radar data in gate 8 for selected scans
increased spectral width in the vicinity of the SA form, near
its both duskward and dawnward edges. The width is someOverall, the data presented in Figs. 5 and 6 illustrate the
what larger in the wake of the moving form, and this feature fact that the radar signatures of the SA optical forms mov-
can be one of the signatures of the SA arc. ing across the polar cap can be found by looking at routine
Finally, Fig. 6d shows another obvious signature of SA SuperDARN data plots alone. Now we investigate the de-
form crossing the RANK beam, namely strongly enhancedtails of the velocity distribution in the vicinity of SA form as
elevation angles on the form’s dawnside. High elevationplasma convection associated with these forms is one of the
angles imply that the echoes are received here from largekey questions of the polar cap electrodynamics (Zhu et al.,
heights. This can occur if the electron density is enhancedl997).
in the wake of it, at the F region heights. Such an effect has Figure 7 presents radar velocity data (red line) collected
been predicted in a theoretical model of SA arc formation byover a number of scans for the period under study. Mea-
Crain et al. (1993) and the presented HF observations can bgurements in one gate, number 8 (range of 540 km), are con-
considered as a confirmation of this theory. sidered as these were continuous over the entire event. We
also show in Fig. 7 the luminosity intensity (black line) cor-
responding to the same gate for each beam position. The

www.ann-geophys.net/26/2711/2008/ Ann. Geophys., 26, 27123-2008
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OMTI AS| PARAMETER PLOT 15 Feb 2007
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Fig. 8. Global map of plasma convection inferred from SuperDARM measurements at 07:56 UT and location of the optical form. Midnight
is at the bottom.

data are organized in columns with the most left (right) one“attached” to the western edge of the luminosity band and
representing the beginning (end) of the interval. Such a preit shifts westward synchronously with the luminosity. The
sentation allows one to see the azimuthal position of the SAconvection velocity in front of the luminosity edge is com-
form within the radar FoV (and thus its duskward progres- parable in magnitude to the one behind it; the velocity mag-
sion) and simultaneously to see the plasma flow componentitudes are of the order of 300 m/s although some variations
along each beam. Since the optical form was only slightlyare discernible. For example, for the 07:54 UT frame, they
tited with respect to the radar beams (Figs. 4 and 5), theare 330 (westward of the edge) and 300 m/s (eastward of
velocities presented are almost the component of the plasmthe edge) whereas for the 07:58 UT frame, they -aB90

flow tangential to the optical form. There is some minor vari- and 280 m/s. The first frame of the second column corre-
ation in the flow angle, as the azimuth of the beam changessponds to the time when the SA form slowed its duskward
but in the central RANK beams, where the most of interest-progression and perhaps started splitting onto two bands; op-
ing data were collected, this effect is not significant, perhapgical measurements do not allow clearly identify splitting as
less tharn~10-20%. the forms were still away from the camera zenith. The ve-

The first column of Fig. 7 shows the most dynamic part locity shows formation of a small dip in beam 6 in the an-

of the event when the optical form was quickly crossing thetisunward portion of the arc-associated flow. This dip en-
radar FoV. One can clearly see that the flow reversal is well@nces later, see the 08:08 UT frame; at these times, a double

Ann. Geophys., 26, 2712%23 2008 www.ann-geophys.net/26/2711/2008/
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structure of SA form is clearly recognizable in the optical show signatures of SA arcs has not been resolved yet and this
data. The second column in Fig. 7 illustrates progression ohas been recognized as one of the outstanding issues (Zhu et
the dip in the velocity and concurrent changes in the flowal., 1997). In this view, our main goal is first to infer the
around the forms. We note that the velocity within the dip magnetometer signatures of the SA arc and then to check if
does not reach negative values (sunward flow). The last colthey are consistent with the radar data.
umn presents measurements for the period when the SA form Figure 9 shows variations of the X, Y and Z components of
was leaving the RANK FoV. The 08:14 UT frame shows en- the Earth’s magnetic field at four locations (Fig. 2), Resolute
hanced plasma flow at the dawnward edge of SA form anday (RES), Cambridge Bay (CBB), Taloyak (TALO), and
the last two frames at 08:16 and 08:18 UT show that as théRankin Inlet (RANK). In selecting these sites, we recognized
SA form passed the radar FoV, the velocity decreased sigthat all magnetometers are stretched roughly along the SA
nificantly and stayed at a level 8100 m/s being towards form, Figs. 1, 4 and 5. The CBB magnetometer is located
the radar (antisunward direction). An interesting feature ofslightly westward (duskward) of others, but this is actually
the observations at 08:12—-08:14 UT is that during this periodan advantage as the magnetic effects slightly away from the
a significant portion of the SA form was covering the radar SA form can be assessed. In Fig. 9 we indicated by a vertical
beams 0-4 whose velocities were remarkably around zerdbar the period during which the SA form was roughly located
These signals were most likely the ground scattered echoesiear the zenith of the RES magnetometer.
they were received because the electron density inside the op- Figure 9 shows clear perturbations associated with the SA
tical form was very high and thus provided significant radar form progression at RES and TALO, in all three components.
wave bending at the bottom of the ionosphere, perhaps evefhis is not a surprise because the SA form crossed the zenith
at the E region heights. of each of these magnetometers. At CBB, the magnetic per-
turbations were similar to the ones at RES and TALO but
) ) with some delay which is what is expected taking into con-
7 Global-scale convection pattern and SA form location  gjgeration the fact that the SA form reached longitudes of
and orientation CBB ~3-5min later. At RANK, the magnetic signatures
. were not so clear with the exception of the Z component.
This is probably because the SA form was not so much ex-

formation of the global convection pattern is one of impor- . . .
. tended equatorward, consistent with what we have inferred
tant but unresolved so far issues (Zhu et al., 1997). For th
rom the radar data alone (Sect. 7).

considered event, only the Rankin Inlet and Hankasalmi Su- In the Z component. one can see a negative “bav” for the
perDARN radars collected reasonable amount of data and eriod prior to E)he SA’ form arrival to thegzenith ar)(d osi-
the assessment of the global convection pattern is rather lim? P P

ited. Standard SuperDARN convection maps, without the.tIVe bay” after it passed the zenith. Similar perturbations

RANK data, show a two-cell convection pattern typical for in the Z component were detected by other magnetometers

B.~B,~+3nT. No special signatures of plasma flows in the (bottom panels of Fig. 9). These perturbations can be in-

i Co terpreted in terms of an equivalent string-like current source
dawn sector can be recognized as the pattern is driven by th o . .

- X that is aligned with the optical form and that has the current
statistical model of plasma convection.

Figure 8 shows a global 2-min convection map obtainedﬂow towards noon (antisunward convection). With time, the

by using all available velocity data at 07:56 UT along with source shifts duskward, synchronously W.'th the form. .
the SA arc. Overall two-cell pattern is well recognizable but In the ¥ component, there were negative bays both prior
i and after the SA form zenith location. To interpret these per-

the dawn cell has the mesoscale structure with sheared flow . . .
. ; turbations, one can assume that the single-string current was
associated with the arc.

. . actually an extended one in the direction perpendicular to the
Unfortunately, not much data is available to explore how _ . . ;
. . : . string and that it actually was split onto two components,
this local convection cell is merged with the overall convec-

. : : o ; with a stronger filament current flowing towards noon (an-
tion pattern for the entire event. This task is in our mind for . : ) .
. ) . tisunward convection) and a weaker filament current flowing
other events that we hope to investigate as joint RANK-RES - .
i . towards midnight (sunward convection). For a magnetometer
observations continue. . X o
location between these two filaments, the perturbation in the
Y component would be decreased as compared to the pertur-
8 Magnetometer perturbations related to the duskward ~ bations for magnetometer locations away from the zenith. At
moving auroral forms far locations, effect of the weaker filament is overpowered by
the effect of the stronger filament, and only negative bays are
During the event under study, several magnetometers werseen. Such a model of the current source would be consis-
conveniently located to study Earth magnetic field (current)tent with the radar detection of splitting of the antisunward
changes associated with the SA form progression, Fig. 1portion of the flow onto two components occurred simulta-
While investigating the magnetometer data, we kept in mindneously with the SA arc splitting (Figs. 1 and 7).
that the fundamental question as to whether magnetometers
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ments were different in the width and their extension along
31nT the arc. The domination of the dawnside filament string is

e ”‘\M\w not a surprise because the electron density should be larger
on the dawnside of the SA form moving duskward (Crain et
,\,\/_/\/ e al., 1993) and this was flagged in the radar data by larger
1 elevation angles on this side of the form.

An important conclusion from the above magnetometer

25nT
TALO \W/\" : e data consideration is that although signatures of the SA form
/\r/\/\ T are well seen for the magnetometers whose zenith was passed

CBB

{

X components

78nT by the SA form, derivation of the true convection structure
from the magnetometer data alone is not a simple task.

L N f\\ d 25nT . . .
RES 9 Discussion and conclusions
™ . :
con A\W/ , VAN 35nT In this study, the Rankin Inlet SuperDARN HF radar mea-
surements were combined with all-sky camera observations

at Resolute Bay to investigate radar signatures of, and the

Vi o s2nT plasma flows around, the sun-aligned optical form originated
on the dawnside, probably near the auroral oval, and mov-

w ing across the polar cap, thus entering the FoV of both the
RANK -\,\‘/\N’\// o sont radar and the all-sky camera. The optical form was stretched
! ' I ' I
]
\A_\’_\—”\/
I

RANK

:

TALO

Y components

‘ ‘ ‘ roughly along the radar’s central beams so that the compo-
‘ \ ‘ ‘ T nent of the plasma flow tangential to the arc was monitored.
a7nT Significant difference of the presented here HF radar ob-
servations of SA arc as compared to previous cases of theta

RES

aurora (Chang et al., 1998; Milan et al., 2005; Liu et al.,
s4nt 2005; Eriksson et al., 2006) and auroral zone evening arcs

e (Uspensky et al., 2001) is that the echoes were detected con-

);/\f\ﬂ o tinuously and in most of the space around the optical struc-

TALO AJ._\«J” ture at radar ranges o£900km. In the past, patchy and
‘ ‘ i /

Z components

+ episodic echo occurrence has been enough to infer an aver-
ot age convection pattern associated with theta-aurora, an opti-
cally more intense event. We should note that many features
that have been described here, were also observed during an-
other minor SA form event happened just0 min prior to
the main event. The intensity of luminosity for this event was
Fig. 9. X, Y and Z components (geographic coordinates) of the very low so that the form was barely discernible from the op-
Earth magnetic field fluctuations recorded at Resolute Bay (RES)tical data, but the radar data showed clear signatures in echo
Cambridge Bay (CBB), Taloyak (TALO) and Rankin Inlet (RANK) power (“gap” at the form’s location) and velocity (velocity
between 07:30 and 09:00 UT on 15 February 2007. reversal near the form location) and in fact, the event was first
identified in the radar data and only later optical signatures
were found. Other SA events on 15 February 2007 showed
Perturbations in the X component are consistent with theradar signatures in the velocity, and these are currently under
double-filament model with a stronger dawnside filament.investigation.
Indeed, Fig. 9 shows positive deflections for the magne- Formulation of the radiophysical model for the echo sig-
tometer locations both westward (duskward) and eastwardhal formation in the considered event is a challenging task.
(dawnward) of the optical form. For the magnetometer lo- Range resolution of the RANK measurements is 45 km while
cations near the zenith (under the optical form), the mag-the thickness of the individual auroral forms is expected to be
netic deflection was small (perhaps the background valudess than that. We believe that signal integration effect was
was reached), implying that the magnetic effects of individ- one of the reasons why the echo power did not drop signif-
ual sub-filaments were compensating each other. We shoul@tantly when the arc was within a specific radar gate. VHF
note that although the magnetometer data can be interpreteghd UHF measurements near the intense auroral oval arcs,
in terms of simple double-filament model, why one of the having better spatial resolution, show stronger effect (Uspen-
filaments was stronger is not very clear. Perhaps the filasky et al., 1983). Another expected feature of echoes in the

uT
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vicinity of an auroral arc is the velocity enhancement in the changing polarity towards positive values. Originally, the arc
area adjacent to the arc (Uspensky et al., 1983; Timofeev etvas moving with the speed e¥200 m/s, but slowed down
al., 1987; Aikio et al., 2002). We did not find any evidence and stopped, perhaps in response to IBiFdecrease to al-

for the effect in Rankin data; this also can be explained bymost zero at the end of the discussed period. There were
limitations in the radar spatial resolution. We note that an-two subsequent reactivations of arc’s duskward motion, all
other possible reason for the weaker effect is that the polastarted with a changing IMB, to larger positive values
cap arcs are not so intense as the ones in the auroral zone. (while B, being positive).

Additional challenge for understanding the HF signal for-  While moving duskward, the SA form experienced split-
mation from SA arcs comes from the fact that HF radarting onto two components. Similar phenomenon but for a
waves experience enormous amount of refraction while passduskside transpolar arc has been investigated recently by
ing an optical arc as the electron densities achievable withirEriksson et al. (2006). The IMF conditions for their event
the polar cap arc can be significant (up te 1 cm 3, were different, and direct comparison with our observations
Mende et al., 1988). We have identified (Sect. 7) a shortdoes not make sense. However, an important component of
period when strong refraction provided detection of groundtheir work is an electrodynamical model of the currents as-
scattered signals at ranges as short as 540 km (gate 8, Fig. 3ociated with the split arc. Eriksson et al. (2006) suggested
frame 08:12 UT). Presence of the strong arc-associated ele¢hat the split transpolar arc electrodynamics is governed by
tron densities and their horizontal gradients might lead totwo upflowing field-aligned currents (FAC) co-locating with
lateral bending of radio waves and echo reception from thethe arcs and an additional downward FAC located in between
“walls” of an arc instead of from inside it. Another com- them. The FACs are interconnected through Pedersen cur-
plicating factor is the strong height variation of the electron rents in the ionosphere so that, for both arcs, the electric field
density profiles related to SA arcs; these were predicted theis converging, i.e. directed towards the center of each upward
oretically by Crain et al. (1993). The radar data presented~ACs.
support one major conclusion of the modeling by Crain et Our data at the beginning (end) of the event, when a sin-
al. (1993) that the electron density is enhanced on the dawngle SA form was observed, do show a converging electric
side of a duskward moving SA arc; the effect was flagged byfield on the dusk side (dawn side) of the arc. Also, the flow
strongly increased elevation angles of echo arrival from thewas quite uniform duskward and downward the SA form lo-
dawnside of the arc. cation, along the arc extensior400 km, from 400 km to

In passing by, we note that strong variations of the radar800 km, Fig. 5) which is remarkable and quite different from
echo height might be responsible for some misalignment ofobservations by Gallaher (1997) and Mende et al. (1988).
radar and optical data. We have compared optical and radar As the SA form was evolving (or seen as) into two com-
maps by assuming various heights for the luminosity, fromponent structure, the radar measurements are more difficult
220km to 300 km, and for fixed echo height of 300 km. We to interpret. The duskward edge of the arcs was all time
found that mutual displacements are noticeable but not drasso-locating with the large-scale flow reversal, and the arc
tic. For this reason we selected for the presentation the heigtgplitting occurred within the antisunward portion of the flow
of 250 km. More significant changes might occur if the echoshear. We do not have direct evidence for the onset of the
heights are below 200 km or above 300 km, which potentiallysunward flows in the area between the split arcs, as only
may occur (Koustov et al., 2007). an overall decrease (dip) of the velocity was detected (e.g.

Another argument for the extreme significance of iono- 08:08 UT frame of Fig. 7). However, we can interpret the
spheric HF refraction for the event under consideration isflow velocity decrease in the area between the arcs as the on-
the fact that the echoes were detected only at relatively shorset of additional sunwaré x B flow “carving out” velocity
ranges of<1000km. The arc was quite extended latitudi- from the overall antisunward flow. To be consistent with the
nally, and the flow was fast{300 m/s), so that one expects model by Eriksson et al. (2006) we have to assume that this
that the conditions for the ionospheric plasma instabilities,sunward flow between the split arc components consisted of
e.g. gradient-drift instability, were satisfied in much more sunward and antisunward components with the sunward one
significant area. lonospheric refraction thus provided focus-being stronger. This suggestion would be consistent with our
ing of radio waves only at certain ranges. magnetometer signatures of the SA form, as a magnetometer

Clearly, to understand HF echo formation in the vicinity cannot resolve two current filaments separated-ti0 km
of the polar cap SA arcs, detailed information on the verticaland would sense a large-scale antisunward flow and an “ef-
and horizontal distribution of the electron density is required.fective” sunward flow channel located between the split arcs.
This can be achieved in future, with the installation of the In terms of the radar velocity data, unfortunately, we have to
incoherent scatter radar at Resolute Bay. keep in mind that our measurements may not have required

In terms of general morphology, the observed SA form spatial resolution as the arc separation was of the order of
was a typical SA feature reported in the past. It was first~100-150 km from the optical data and the velocity peaks
clearly seen when the IMB; was positive and3, was neg-  (Fig. 7, 08:08 UT frame) were separated %% beam po-
ative, and the arc’s motion was taking place while was sitions which also gives separation of the order of 150 km
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(38.2%& x5=16.2 of azimuthal separation which gives 150 km comparable magnitude. The Z component shows a neg-

at the radar range of 540 km). Such separation is not much  ative (positive) deflection for the magnetometer location

more than the radar beamwidth in the azimuthal direction. to the west (east) of the SA form. Radar data indicate
In terms of convection on a global scale, the SA form that it is hardly possible to infer the structure of the con-

looked as a separate entity that, while moving, was perturb-  vection around the SA form on the basis of magnetome-

ing the general two-cell convection pattern on the dawnside. ter data alone.

Arc-associated shear flow did not coincide with the rever- ) o

sal of global-scale convection cell as mentioned by Zhu et 3- SUPErDARN network global pattern estimates indicate

al. (1997). We are not confident in these two conclusions,  that the local convection reversal associated with the

however, as the SuperDARN data were very limited. SA formwas not allgned/commd{ng with the conveptlon
The data available do not allow us to say definite wordson ~ reversal of global-scale convection cells; rather, it was

the magnetospheric origin of the observed SA forms. While ~ located poleward (duskward) of it. The duskward pro-

the forms were moving duskward, the remnants of the au-  9ression of the arc-gssomated reversal and opthal arc

roral oval luminosity at the eastern edge of the camera Fov ~ Were probably reflecting the mesoscale restructuring of

were identifiable. This suggests that the arc was formed by  the global-scale convection pattern fraby— to By+

splitting/detaching from the oval and not by protruding into configurations.

the polar cap from the midnight auroral oval. Thus, processe
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