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Abstract

The purpose of this study is to examine the STAREgularity drift velocity dependence

on the EISCAT line-of-sight (los or I-0-s) electrdrift velocity magnitudeV%, and the

flow angle @™ (superscript N and/or F refer to the STARE Nonaay Finland radar).

In the noon-evening sector the flow angle depengl@hi®oppler velocitiesy,"" , inside

los

and outside the Farley-Buneman (FB) instability ECO('IVExB

>C, and |\/E'§§

<C,,
respectively, wher&, is the ion acoustic speed), is found to be sinaiftet much weaker

than suggested earlier. In a band of flow angle% 45" <85’ it can be reasonably

described by N’F|DAN‘FCSCO§@N’F, where A, . =1.2-1.3 are monotonically

increasing functions o¥_, and the index1 is ~0.2 or even smaller. This study (a) does
not support the conclusion by Nielsen and Schlég@85), Nielsen et al. (2002, their
#[18]) that at flow angles larger than 6@r \V,)'"| <300m/s) the STARE Doppler

rr

velocities are equal to the component of the aectlrift velocity. We found (b) that if
the data points are averages over 100 m/s inte(ads) of I-o-s electron velocities and
10 deg intervals (bins) of flow angles, then thgédst STARE Doppler velocities always

reside inside the bin with the largest flow angle.the flow angle bin80’the STARE

Doppler velocity is larger than its driver terme.i.the EISCAT Il-0-s electron drift

> E'S; . Both features (a and b) as well as the weak flow

irr

velocity component)V;\*

angle velocity dependence indicate that the |-testen drift velocity cannot be the sole
factor which controls the motion of the backscattérm irregularities at large flow
angles. Importantly, the backscatter was colleeedspect angle 1* and flow angle
© >60°, where linear fluid and kinetic theories invariapredict negative growth rates.
At least qualitatively, all the facts can be readun explained by nonlinear wave-wave
coupling found and described by Kudeki and Farl&980), Lu et al. (2008) for the
equatorial electrojet and studied in numerical $ation by Otani and Oppenheim (1998,
2006).
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1. Introduction

The flow angle dependence of the auroral backsc&tppler velocities has been a
subject of numerous studies for more than 30 y&amsenwald and Ecklund (1975) and
Ecklund et al. (1975) found that ~3-m irreguladiyft (Doppler or phase) velocity varies
with the azimuth angle consistently with a cosiam Wwith respect to the flow angle (the
flow angle is the angle between tliexB electron drift direction and the radar wave
vector). However, the flow angle in the observatiah Greenwald and Ecklund (1975)
was limited to vary between ~75 and ~31@th respect to the mean auroral ejectrojet
flow. Later, in the framework of the very first SRE measurements Greenwald et al.
(1978) concluded that they could confirm the velpciosine law dependence of ~1-m
irregularities versus the flow angle. Their dataravaot supported by an independent
measurement of the electron drift velocity and wstaistically limited. Observations
made in the auroral zone with steerable UHF ra@lesanoda, 1975,1976) revealed that,
typically, there is a “plateau” with approximatetgnstant positive Doppler velocities to
the east and a similar plateau with negative Dapgaéocities to the west, separated by
region of a quick velocity transition. Using Hom&®8-MHz phased array radar with
better time and space resolution (i.e. better timamsunoda’s studies) Moorcroft and
Tsunoda (1978) found that the region of the quielosity transition was small (3%6or
even nonexistent. This shed doubt on the relighilitusing UHF transition velocities for
estimating the ionospheric electric field stren@iisunoda, 1975). This doubt was later
supported by the STARE-EISCAT comparison by Nielaed Schlegel (1985), (see their
Fig.2), who found that the Doppler velocity baredacted to flow angle changes when
the flow angle varied between 30 and’.d0ater Nielsen et al. (2002) found that a weak

flow angle dependence exists. It can be descritedlhcos’® with aand bare

functions of the electron drift velocity.

In this study we extend the STARE-EISCAT flow angkdocity measurements in the
eastward electrojet with increased statisticalifiance using STARE multi-pulse (MP)

mode and the ACF velocities (Uspensky et al., 200k attention is concentrated on
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larger flow angles betwee® =45 and 88 The improved statistics allows us to see better
how STARE velocities react to changes of the flawgla and the I|-o-s electron drift
velocity. We find clear evidence that the I-o-scélen drift velocity is not the sole factor
which controls the velocity of the ~1-m irregulaeg at large flow angles. Similar to the
previous studies by Nielsen et al. (2002) the aatee collected simultaneously by the
EISCAT UHF radar and the Norway and Finland STARMHBars probing the EISCAT

flux tube over Tromso.

2. Experimental technique and observational conditions

We consider data gathered by the STARE VHF radeeguencies 143.8 and 140 MHz
for the Finland and Norway radars, respectivelyjveen 1000 and 1700 UT on February
11 and 12, September 16 and 17, October 12, 1and415, 1999. Very dispersed and
short fragments of Finland radar measurements dob®@c 13 and 14, 1999 when the
radar was faulty (a few percent of data) are onhitt€igure 1 shows the orientations of
the Finland beam 4 and Norway beam 4 whose datatadéed in this paper. These
beams were selected for the reason that theiisedgon at the E-layer altitude covers the
magnetic flux tube where EISCAT measurements ofelbetric field are available (the
large dot in Fig.1). The curved lines crossing 8IBARE beams indicate ranges of 600
and 900 km assuming a mean backscatter altitudel@fkm. The distances from the
STARE radar sites at Hankasalmi, Finland and Mrlsa, Norway, to the EISCAT E-
layer collecting area are 870 km and 775 km, respadg. During the events, the radars
were collecting data with 15x50-Knspatial resolution. Data cover the range interval
between 825 and 1035 km for the Finland radar astdiden 675 and 885 km for the
Norway radar.

The STARE ACF velocitiesy,"'F , were measured in the MP mode with 20-s averaging.

(Note that the termV,"'" can be called synonymously the irregularity drifhgse or
Doppler) velocity). Of importance to this studytie fact that due to an asymmetry of
STARE Doppler spectra (and others factors, Uspemskal., (2005)), the phase angle

dependence of the echo autocorrelation functiosugethe lag number (Hanuise et al.,
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1993) is often nonlinear (Nielsen, 2004). In #astward electrojet this feature renders
the ACF-to-double-pulse (DP) velocity-velocity mtio factor ~1.1 and ~1.7 for the
Norway and Finland radar, respectively. The STAREFAvelocities have better
accuracy than DP velocities and consequently wethesa to define the peaks of the

power spectra as well as the power-weighted vedscitUspensky et al., 2005). The

standard merging of two velocitieg and V. measured by Norway and Finland

STARE radar, Fig.1, is based on the assumption ¢hah radar “sees” its own I-0-s

cosine component of the total irregularity flow, .

The EISCAT UHF radar was run in the CP-1K mode wita Tromso antenna being
pointed along the local magnetic field line and Kieina and Sodankyla receiver beams
being oriented toward a common volume at a heigk280 km. Such a configuration of
the EISCAT beams allows us to perform tri-statiectic field measurements. The
diameter of the EISCAT beam spot was ~1 km in thayEr and ~2.8 km in the F-layer,
the data averaging was 1 min. For comparison WilARE the EISCAT data are

interpolated to 20-second time resolution.

This study covers observations in the eastwardrejet in the noon and evening sectors
when the auroral electrojet center was locatedpataximately 120 km altitude (e.g.
Kamide and Brekke, 1977). The altitude of the etget center can be found by
inspecting EISCAT N(h) profiles. Two typical evergge shown in Fig.2. In estimating
the altitude with largest contribution to the aataadar backscatter we adopt the method
used by Uspensky et al. (2003, 2004). Based ol 8E€AT N(h) profiles, they defined

the effective values of the backscatter altitudg, the aspect angl#,, , and the mean
electron density of the backscatter volunié,. , as a power weighted average of the

relative value of the radar volume cross sectiam@laltitude. Basic parameters in the
estimates are the altitude of zero aspect angi®atand 99 km (Koustov et al., 2002), a
growth of the aspect angle with height by ~0.07 a@d8/km (Uspensky et al., 2003)
for the Finland and Norway radars, respectivelyywa$f as the mean power attenuation
with the aspect angle of 10 dBAn event from our statistics (February 12, 199€g
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corresponding N(h) profiles in the LHS panel of .Bjgwas under study by Uspensky et
al. (2004). The authors find that the effectiveuesl of the parameters ahg, ~110-113
km, W, ~0.9-P, and N ~(0.5-0.8)10'" m®. We believe that these estimates of the

ionospheric parameters, which define the largestritution to the backscatter power,

are reasonable for the whole set of data underideration.

3. The STARE Doppler velocity versus the EISCAT flow angle, the electron
drift velocity magnitude and the ion-acoustic speed

3.1 STARE-EISCAT vdocities (original data)

The clouds of blue points in Fig.3, panels a-d eddrespectively, show the measured

STARE Norway and Finland Doppler velocitieg" and V..

irr irr

, as a function of the

EISCAT line-of-sight electron drift velocity magm'ie,|\/'°S

ExB

=V C0sO. The angle®

is the flow angle, i.e. the angle between the maantron drift velocity and the radar

wave vector which is directed toward the radar gldts antenna beam. Thus,
V€080, andV.,cosO, are components of the EISCAT electron drift velgcV.

along the STARE Norway or Finland radar antennarheaspectively. The data points
are grouped and averaged over 10-deg intervals)(binthe flow angle®, centred at
50, 60, 70 and 80 and over the 100-m/s intervals (bins) of the EA$Q-o-s electron

drift velocity. The grey lines are the mean STAR&ogities, <V," >and <V >. The
mean STARE velocities and the linear least squiiréses (green) of the point clouds
reasonably overlap. (Below, where possible, we porot simplicity, the angular
brackets). As in Nielsen et al. (2002), to simplifie velocity comparison we ignore the
sign of the velocity and fold the flow angles oktRkinland STARE radar, which are
©, >90°, into the flow angle interval® < ® <90°. However, we have to keep in our

mind that similarly to steerable radars (Tsunoda/€l Moorcroft and Tsunoda, 1978)

the Finland radar sees the negative velocitiebe¢ontest and the Norway radar sees the
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positive velocities to the east and that in a baihfiow angles centred at ~9there is a

region of velocity transition.

The bottom panels of Fig.3 show the ratio betwd®nisothermal ion-acoustic speed,

C, = (kg(T, +T,)/m)*?, k, is Boltzman’s constantT, is the EISCAT temperature of

electrons/ions andnis the mean ion mass in the plasma (31 atomic Jyrarsd the
EISCAT l-o-s electron drift velocity magnitud&,%. In panels (i) and (j) the ion-
acoustic speed is lower than the I-o-s electroft delocity (i.e. C, values are under the
bisector, dashed line). Then, as it was widely pismk the primary “in cone” FB
irregularities can be excited and, perhaps, veésinf type 1 echoes can be expected to

be seen in panels (a,b,e,f). In panels (k) andh@)e are opposite cases whee is

mainly (panel k) or totally (panel I) greater th&{?, i.e. only the secondary “out of

cone” type 2 irregularities can be expected to bsponsible for the backscatter

velocities, panels (c,d,g,h).

In Fig.3, panels (a,b and e,f), one can see thatntlean irregularity drift velocity

magnitudes (grey lines) in a strongly driven elgietr; e.g. V% > 400 m/s, are close to or

los

smaller than the assumed driving teriyy; (i.e. meanV,' andV,, are under the

bisector). In panels (c,d and g,h) with two largést angles of 70 and 80both sets of

N,
irr

STARE Doppler velocitiesy,"'" gradually become larger than the driver te¥f; . By

comparing the STARE Doppler velocity,""" , with the EISCAT ion acoustic velocity,

C., and the I-o-s electron drift velocity,% , we meet a puzzling fact that the stronger
primary (weaker secondary) irregularities are tliageslower (faster) than their driving

term, V% . A feature of the data seen in Fig.3 is a gradwaith of the mean Doppler

velocity slope versuy/.

se With the flow angle growth (also with respect to theebtsr)

and a decrease of the mean velocity growth vek&ffswhen the ion acoustic speed

los

C.becomes smaller than the I-o-s electron drift vigypd/.%s , (panels (b,c and f,g\e>

is more than 650 m/s) The common STARE velocity behaviour as well asvhlecity



9/16/2008 9:02:02 AM Draft-angeo-2007-0150-tx 8/28

dispersion does not show any noticeable markstadreition from an area of “in-cone”,
Fig.3(a,b,e,f), to an area of “out-of-cone”, Fig.8(g,h) irregularities. Figs.4 and 5 give

more details for a quantitative comparison.

3.2 Mean STARE velocity versus EISCAT Ex B velocity

Let us now consider how the mean STARE Dopplerareés (adopted from Fig.3) react

to the flow angle and the mean electron drift véyod=igure 4(a,b) reveals two main
features of data. The first one is that the STARIppler velocity,V\'", is gradually
growing along with the total EISCAT electron drttlocity, V., in a way similar to the
isothermal ion acoustic velocity;, (black solid lines in upper part of panels). Tiwe-

acoustic speed is ~200 m/s larger in magnitude tharSTARE velocities and there is

also a saturation tendency of the velocity-velod#pendence at largé,, magnitudes.

The second feature is that the STARE Norway Dopypdbocities nearly do not react to

the flow angle and there is no visible reactionalit for Finland velocities, i.e. if

VNF Ocod' @, then n is close to zero (see quantitative estimates détise 3.4). The
Doppler velocity response to the flow angle is tdyghe same for allE x B electron
drift velocities. Thus, we have a family of pos@iend negative Doppler velocity plateau
with the ExB-dependent Doppler velocity magnitude. We have ata f Doppler
velocity behavior in a region of the velocity tram, however, it is clear that it is

located somewhere between flow angle©qf more or less close to ~B&nd ©,. less or

close to ~9%

Earlier in Fig.3 we have made a rough estimataioh @ flow angle velocity dependence
based on least squares fit lines (compare greerblkac#t lines). For Finland data there
was no pronounced dependence while the Norway st to show a weak tendency
for the velocity to decrease with increasing flomgke (compare light-blue and yellow-

green line). To have a sense of the true cosinefllaw angle dependence we use blue

circles in Fig.4(a,b) and arbitrarily select a refece point with® =60° andV,,; = 1000
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m/s, large circle. Smaller circles from top totbat are the expected cosine-dependent
velocities with respect to the reference pointtsf fiow angles are® =50,70,80° and
Vs = 1000 m/s, respectively. Comparison shows thamntlieasured flow angle velocity

dependences are very weak.

A feature seen in Fig.4(a,b) is a west-east asymynoétthe Doppler velocities. Indeed,
Fig.1 shows that the Finland STARE radar collectoes from a westerly direction and
in the eastward electrojet the velocities are negatnd systematically 50-70 m/s smaller
in their magnitude, while the Norway STARE radatled echoes from an easterly
direction with larger (positive) velocity magnitudeMost probably the velocity
asymmetry is due to the neutral wind contributidsunoda, 1976) since linear theories
predict a growth of the ion motion effects with tip@wing aspect angle (e.g. Uspensky
et al., 2003 and references therein, Makarevici. e2007). In this study the aspect angle
of backscatter irregularities was ~1-deg. We haveeason to suspect that that could be
a calibration problem between the radars. A sim(tat opposite) velocity asymmetry
can be found in Homer observations by Tsunoda@)l@rd by Moorcroft and Tsunoda
(1978), where the positive plateau magnitudes ® dhst are less than the negative
plateau magnitudes to the west in the eastwardrejet(andvice versa in the westward
electrojet). The opposite velocity asymmetry fouméHomer, Alaska and in Scandinavia
(STARE) can be due to neutral wind contribution amdopposite orientation of the L-
shells, i.e. mean direction of electrojets, witlsprect to lines of geographical latitude

(which, perhaps, better control the neutral windctire).

Both Finland and Norway STARE velocities are smaifetheir magnitudes than was
earlier found by Nielsen and Schlegel (1985), gtashed line, and Nielsen et al. (2002),
two dotted lines, although the trends of all degegs are similar. Larger velocities in
the measurements cited have no simple explanaioce the ACF velocities used in this
study have to be larger than the Nielsen et albl#spulse velocities (Nielsen et al.,
2002; Nielsen (2004); Uspensky et al., 2005).
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Nielsen and Schlegel (1985) did not actually fingranounced flow angle dependence
when their data covered the inten@l= 30— 60° (see their Fig.2). That is why we depict
their dependence in Fig.4(a,b) by the single daghed line. Later Nielsen et al. (2002)
revealed a weak Doppler velocity dependence offlalaeangle, which we show by two
dotted lines,® =50 and 60°, although their flow angle velocity dependencethie

interval of 10°was stronger than we find in three time wider flamgle interval of30°.
The velocity magnitudes in our data better suppibet earlier evening sector

measurements by Nielsen and Schlegel (1985), grslyad line.

3.3 Mean STARE velocity versus EISCAT |-o-s veocity

Figure 5 was build in similar manner as Fig.4 exdbat the STARE data were re-
grouped and averaged over 10-deg intervals (bih)eoflow angle (as earlie® =50,
60, 70, 80) and over 100-m/s intervals (bins) in the EISCAG-4 electron drift velocity.

One important feature can be clearly seen in Fag%( which was not revealed in Fig.3.

Namely, there is a gradual growth of the mean Dep(dr phase) velocityy, ", with

the increasing flow angle for any EISCAT l-o-s \a@ty, V.. It happens regardless of
whether V% values are larger or smaller than the smallest aooustic speed,
C, ~400m/s, dotted vertical lines in Fig.5. This figureosls that there is no a

noticeable regular break in the behavior of thevesiyV,"'"'sversusV,%'s, even when

they are in the area limited by two dotted linesifLbottom part of panels) with the

worst condition for exciting irregularities300=V,\"F <C"™. For anyV)% the largest

irr
velocityV, """ belongs to the largest flow angle of’8@hereV,"" is even larger than its
l-o-s electron velocity component (for both STAR&dars), i.e.V,"""'s are above the

bisector. Similar “overspeed” effect was seen $pont Finland Doppler velocities by
Uspensky et al. (2003) in the morning sector. Itadsy Nielsen et al. (2002) the phase

velocity overspeed V""" >V.!%  can be revealed in their Fig.3 whafg, <  608. A

irr
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number measurements with\ >V/% and ©>70°can be found in the paper by

irr

Makarevich et al. (2007) in their Fig.5 (c,d).

Thus, we cannot confirm the conclusion that “theppler shifts are equal to the
component of the electron drift velocity on theeliaf sight..” by Nielsen and Schlegel

(1985), Reinleitner and Nielsen (1985), Nielseralet(2002, their #[18]). These facts
illustrate why similar studies are important. Thentioned feature and the weak flow
angle dependence as a whole show that the I-oss@tedrift velocity cannot be the sole
factor (or driver) only which defines the drift veity of secondary irregularities at large
flow angles. With such condition and in a strondlyven electrojet, nonlinear effects

driven by the mainExB electron drifts are more important. If the STARBdDler

velocity V."F would be a function ok/% only, then the curves in Fig.5 were mutually

irr

overlapped.
3.4 Flow angle dependence

Our velocity measurements made in the eastwardrejeccover the flow angles 45-85
(centered in four bins at 50, 60, 70 and’)88nd a wide band of the electron drift
velocities, V;~ 400-1700 m/s. Altogether 3464 samples of jointABE/EISCAT

measurements of Doppler velocity,"'", the total V., and the l-o-s electron drift

velocity, V%, have been analysed. In a similar recent studyiblgen et al. (2002) there

were a total of 1334 joint samples, of which ~@re collected in the eastward and
~2/3 in the westward electrojet region. A limitaehount of large flow angle data in the
eastward electrojet (in comparison with this studre available for the Finland radar
and only a few tens of samples for the Norway rgtigelsen et al., 2002, their Fig.1).

Thus, for the eastward electrojet and for the matgelarge flow angles, the present data

set is about 10 times statistically more signifiddwan the earlier study cited.
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To reveal the features of the me®|} and V. behavior quantitatively, we arbitrarily

selected the data in the flow angle bin@f 60, (i.e. ©,,) as a reference set, Fig.3 (c,g).
This allows us to search for a way to predict tledoeity in other flow angle bins,
V'F(@), as a function of V' (O,,) (cos®/cos<O,>)"  or

A, C2cos< Oy, > (cosD/cos< O, >)", where A, . is a multiplicative term, which

itself is a function of the I-o-s electron driftlgeity, V.o, and C? are sets of ion acoustic
speed samples, which represents a certain flonedngl®. The indicesmand n were
adjusted to fit the measured and predicted ve&xcitty eye. The thin black line in
Fig.3(a,b,d and e,f,h) shows examples of such gmstent based on the first ratio,
where for both Norway and Finland velocity preidictwe found m~0.3 or close to

zero, respectively.

In the adjustment based on the second ratio, whigre O A .C, cos'®, we used the

idea presented by Bahcivan et al.(2005) that taBB@ Doppler velocity variations with

the flow angle can be “.. described by tiecos® law”. To see how this conclusion fits

our data, we search for thé, . term as theV,)" (©)/C,cos0y" ratio for the

reference data set. If both the numerator and deratar of the latter formula are
represented by a linear least squares fit lines fbethe Norway and Finland the ratios
can be expressed reasonably well by simildra2der polynomial equations (for more

details see Appendix A). Both ratio curves (Fig.&1)) expressed as a function of the I-
o-s- electron velocity V2%, increase monotonically; the magnitude starts frein3
(~1.2) at theV.%~400 m/s and rises to ~1.35 (~1.23) at th&%~800 m/s for the
Norway (Finland) radar. Thus, the STARE Doppleroeéles are only slightly larger

than the “l-o-s ion-acoustic speedC,cos®, and the ratio gradually grows as a function

of the |-0-s electron velocity. Thus, for the refiece set® = 60°the idea presented by

Bahcivan et al. (2005) appears to give a reasorible
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These two similar velocity ratiog, . allow us to search theos© power index n for

our two sets of STARE data. The power index wasdoto be n ~ 0.2 for the Norway
data andn ~ O for the Finland data. Figure 6(a-d,e-h) ilates our by-eye adjusted
fitting. The grey lines are the STARE Norway andl&nd Doppler velocities taken from
Fig.3. The blue dots are predicted velocities basethe derivedA . term, the EISCAT
isothermal ion acoustic speed and the EISCAT flogie O ., in each the flow angle
bin. The mutual overlapping of the measured andiptred quantities looks reasonable.
Due to smaller dispersion of the ion-acoustic speednitudes (in comparison with
STARE velocity dispersion, e.g. Fig.3 (a-d, e-lif)seems thaC -dependent prediction
is more effective. However, our data on ~1-m irtagties, in general, do not support (or
support only partly) the idea by Bahcivan et al0Q®) that the irregularity velocity
(perhaps, mainly of type 2) closely follo@,cos© law. A possible explanation can be

the fact that due to refraction the ~5-m irregtiesi observed by Bahcivan et al.(2005)
can be seen at smaller (closer to zero) aspectesrthlan in our case with ~1-m

irregularities, where refraction is much smalled dine aspect angles are of~1
3.5 Effects of the low flow angle velocity dependence

The weak flow angle velocity dependence can leathtealistic estimates of the merged
V; and V" -velocity of irregularities when the stereoscoBiEARE velocity mapping

technique is applied, Fig.1. To see a cause of rtaingy let us suggest that a real
direction of the irregularity flow for a moment v@ry close to being orthogonal to the

Norway or Finland antenna beam, e@j, or O, is around 80-100 In such a case one

F N F
> ’\/irr Or ’\/il'l' < NI’I’

V.. =V or V_=V/'. However, due to the weak flow angle dependeneto¢ity

irr
_ F
irr

. Then the merged velocity, e.g. in the EISCAT flube, i.e. close to the

expects to measurFs;’N

irr

and then the merged velocity magnitude

plateau) the measured velocity magnitudes are yethrd same,|\/N

irr
N| F
irr irr

centre of STARE field of view, becomes ~2 times tbal irregularity drift velocity. In

or
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the northern part of the STARE field of view, ea.GG latitude/longitude of 72and

20, respectively, the merged velocity becomes ~2n@dilarger than the re¥], .

Although there are uncertainties due to the weakv flangle velocity dependence,

however, due to the reversal of the velocity sighew ©,.=90°, the STARE

stereoscopic merging succeeds well in defining ghadrants of the irregularity drift
vectors. Inside each quadrant the merged irregulalocities should be grouped
roughly around the bisector between Finland andMdgrantenna beams. The described
features of the STARE velocities do not contradiith the possibility of observing a full
circle rotation of the merged velocity vectors (ebg Nielsen and Greenwald, 1978,
1979; Walker et al., 1979). However, although ¢ited authors applied an integration
over time and/or space (any average will smoothovecariations), in sets of STARE
plots (with 20-s integration time particularly) osan meet often directional jumps of

neighbouring vectors from one quadrant to another.

Figure 7(a) shows a model case where the mergedrsesf irregularity drifts were built
with an arbitrary suggestion that no the flow andgpendence exists at all. In this case
we put Finland velocities in all antenna beams ianall range gates equal 430 m/s and
similar Norway velocities equal 470 m/s (roughlyim$-ig.5). In the model the merged
vectors exhibit two features: (a) a gradual couwtbekwise (CCW) turn and (b) a
gradual increase of the vector magnitude by a fae2ogoing from southern to northern
part of the STARE plot. Both features are prodwétantenna beam orientation and the

angle between beams at a specific point.

Figure 7(b) shows a typical example of STARE obsgon in the extensive eastward
electrojet with ~100 nT of positive H componentSaroya magnetometer under STARE
echo collection area. Note a similarity betweea ttodel and the observation: CCW
turn of vectors and similar ratio between vectogmtudes in the middle and top part of
the STARE plot. An exception is smaller vector miagtes at the bottom of the plot due
to growth of the aspect angles for both Norway &mdand radars (Greenwald et al.,
1978; Nielsen, 1986; Makarevich et al., 2007).
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3.6. Lowest |-0-selectron drift velocitiesin STARE echo appearance

A sudden appearance of STARE echoes at lowest électron drift velocitiesV.,

exhibits an interesting threshold feature. In Fig3) the echo appearance is marked by

vertical dotted lines. The marked values of YHg& -threshold reasonably follow the flow

angle cosO -law. Table 1 shows the measured and expewt&dif the latter obeys the

true flow angle velocity cosine dependence Asaaresee, the velocity threshold obeys

the cosO -law reasonably well if the maii,; electron drift velocity is close to 425 m/s.

At the largest flow angle of 8@he echoes arise when the I-0-s electron ¥ift is ~65

or ~90 m/s only. One could assume that in this tlheeschoes are due to the gradient-
drift or wind driven instability. Such suggestiosn mot supported by our data for both
Finland and Norway radars, e.g. at smaller flow lemgof 50-76, where nearly
simultaneously no echoes are recorded under sirolar [-o-s electron drifts. It is
interesting to note that at the large flow angle6®80 the STARE Doppler velocities

were dispersed between ~100 and ~400 m/s, whidgested driven term\;) was

close to or smaller than ~200 m/s.

4, Discussion

A number of papers were involved in early studiethe auroral radar Doppler velocities
and its flow angle dependence at different wavdlessy (e.g., Ecklund et al., 1975;
Greenwald and Ecklund, 1975; Tsunoda, 1975,1976gidRy and Jamin, 1975;
Greenwald et al., 1978; Moorcroft and Tsunoda, 194ilsen and Schlegel, 1985;
Robinson, 1993; Nielsen et al., 2002). The primgrggestion based on the linear fluid
and kinetic theories (see the theories, e.g. FajerKelley, 1980, Wang and Tsunoda,
1975) was that auroral irregularities act nearlyrasers of line-of-sight electron drifts. It
was the basis of the STARE stereoscopic methodafo Ai-m irregularity drift velocities
in the auroralE region (Greenwald et al., 1978). The authors assiutfmat the total drift
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velocity of ~1-m irregularities is close to the atfen drift velocity,V,, =V., and each

radar sees its “own” |-0-s component of the totalouity, V' ==|\7

irr irr

COSO ¢ -

However, later, by combining EISCAT and STARE meaments, Nielsen and Schlegel
(1985) revealed that the STARE radars essentialigerestimate the electron drift
velocity and the Doppler velocity flow angle depende is much weaker than earlier
suggested. They also found that Doppler velocafdsB irregularities in theE region are

limited to a value near the ion acoustic velocRgcently, Koustov et al. (2002) noted
that in the EISCAT flux tube the STARE radars caralwvays see a purely orthogonal
backscatter, i.e. they suggested that a deficieidphe velocity measurements can be
contaminated partly due to this fact. Uspensky.€2@03) went even further by declaring
that the auroral backscatter is always effectivedn-orthogonal in a sense that for any
radar cell the auroral echo is collected from wasibeights, of which at only one height
there is perfect orthogonality. Below we will debe and discuss the features of the

STARE velocities in more detail.

4.1  Theflow angle velocity dependence?

Nielsen and Schlegel (1985) found that (a) whenflitve angle is30° < ©®<60°, the
velocity of irregularitiesv,)'" is limited to a value near the ion acoustic vejoaind both

velocities mentioned are a function of the electdoift velocity magnitude\V,;. They

also found that (b) “the cosine relationshig (" ~cos®) is not in general valid for
observations associated with the two-stream ingtdbi however, if the Doppler

velocities in the westward electron flow (eastwalectrojet) areV'™ < 300 m/s, one

can apply the cosine-relationship to the measufe8RE velocities,V\ andV/ . In a
more recent paper by Nielsen et al.(2002), theaasatkonfirm their earlier conclusion
that “for large flow angles, the Doppler shifts aeualto the component of the electron
drift velocity along the line of sight” and foundhat (c) for the flow angles

©®=0-60°the irregularity drift velocity magnitudes can bexpeessed as
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V'F ~bC,co§®, whereb anda have values ~1.2 (1.05) and ~0.8 (0.2) when the

electron drift velocities/,,; are 600 (1600) m/s.

In the present study for flow angles 6f>50°, we found that the mentioned feature (a)
rather can be described ¥s'" =C_-200 m/s. (Note, that in Nielsen and Schlegel's

paper the authors used their model estimate abthacoustic speed at 105-km altitude).

In our case the isothermal ion acoustic sp&&dwas based on electron and ion

temperature data measured by EISCAT. For data casopa we choose the

C,magnitudes recorded at 111 km altitude since ttomgest evening sector backscatter

can originate in a bottom part of tlie layer and we believe that backscatter altituds is

approximately 110-113 km (for more details seeigec®). In our data the isothermal

ion acoustic speed oE!*'~1.2C!% (superscript indicates the altitude in km). Howeve

the reason why in our casé) " <C!'* can be explained in the framework of linear

plasma theory and supported by experimental datelg@h, 1986; Makarevich et al.,
2007) due to a permanent®~dff-orthogonality of the noon-evening auroral bscitter
in the EISCAT flux tube.

One part of the feature mentioned above in points(that “the cosine relationship is not
valid...” is well confirmed in this study (see e.gur Fig.4(a,b) and Fig.5(a,b). Another

part, namely that for large flow angles the mead 8 ARE velocity “equals” the I-o-s

component of the electron drift velocity;"

F=Vgg COSO, . =Vas , in general is not
supported in this study (see Fig.5(a,b)). The ulagty drift velocity versus the flow
angle,® =50-80, exhibits a gradual and regular excursion seepadbly STARE radars

from area 1, where/ " <V_,cos®, ©@ =50-60"to area 2, wher&/,\"F [ V_,c0s0,

© =70, and to area 3, where irregularities travel alye@a@d-120 m/s faster than I-o-s

driver term,V,\"F >V ,cos®, © =80°. Uspensky et al.(2003) observed similar STARE

velocity “overspeed” at the large flow angles ie finland radar data. They explained it

by arguments of the linear theory as a contributbthe backscatter off-orthogonality



9/16/2008 9:02:02 AM Draft-angeo-2007-0150-tx 18/28

and the ion motion. Their data for the Norway STARHBar did not reveal the effect due
to small flow angles ofd =40-5C0. Similar features were seen and described ednjier
Tsunoda (1975) and recently by Makarevich et &072.

The flow angle dependence (c) by Nielsen et alZ2@® shown in Fig.4(a,b) based on
EISCAT C.''values (i.e. the ion acoustic speed roughly indhea of the backscatter

origin) where © =50 (upper curve) and0’ (lower curve), grey dotted lines. These two
curves are located between the 111-km ion acospged dependence and our velocity
data. The trends of all dependences in Fig.4(are) \eery similar, however the

dependence (c) is noticeably outside ¥h&" -values (the present study), although the

latter are not too far from the earlier data byldéa and Schlegel (1985) (grey dashed
line). A possible explanation of the discrepancthest Nielsen et al. (2002) used mainly
morning sector data while the present study as aglby Nielsen and Schlegel (1985)
were based at the evening sector data. Thus, onsegathat our knowledge of the flow

angle velocity dependence is not yet complete, gfoe the common conclusion that the

flow angle dependence isces”® or weaker. If one is not trying to understand the
physics of the weak flow angle dependence, therlddict by itself is enough to predict

an overestimation (underestimation) of the electdoift velocity if the prediction is
based at STARE velocity and the EISCAT largest, ®g=80° (or moderate, e.g.
©<60°) flow angle. In Fig.5 at® =80°, V,,"" >V, cosO, ., while at the moderate

flow angles,V,;"" <V, COSO .

The mentioned features inevitably become sourceermirs if one uses the standard
stereoscopic STARE velocity mapping (as in Figipre uncertainties arise if the
merged STARE velocity is converted to the ionosjghetectric field and used in

guantitative estimates (e.g. by Amm et al., 2005The STARE merged vector

magnitudes in the EISCAT flux tube (Uspensky et &2004) underestimate the
ExBelectron drift velocities by a factor ~0.55. If &jipg this fact to the poleward

(equatorward) part of the STARE plot, due to thglarchanges between Norway and

Finland antenna beams, such an underestimate karattactor ~0.7 (~0.4 or even less
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due to the increased off-orthogonality). EarliebiRgon (1993) made model calculations
of errors in plasma drift velocities derived by tbesine law velocity merging. He
assumed E-layer irregularities obey the featurescrdeed by Nielsen and Schlegel
(1985).

In comparing our evening sector velocities withrexg sector velocities by Nielsen and
Schlegel (1985), one can find that in the firstedsgt they are slightly smaller, Fig.4. This
fact is puzzling since STARE MP ACF velocities akvays higher than their DP

counterparts as was found by Nielsen et al. (2@0%) by Nielsen (2004); for more

details see by Uspensky et al. (2005).

Rogister and Jamin (1975) suggested that turbuleh¢ke plasma is coupled with 2D
nonlinear wave-wave interactions that transfer gné&om linear growing modes at short
wavelengths to linear damping modes at longer vesnghs, which propagate in other
directions. Contained in this theory is, similarvae found, a slight dependence of the
phase velocity of irregularities on the flow angll section 4.2 we discuss the wave-
wave interaction also as an origin of the’-eff-orthogonal auroral backscatter). A
number of nonlinear plasma theories predict a aatur of wave phase velocity and the
weak flow angle dependence, see e.g. by Otani appetheim (1998; 2006 and
reference therein) who found that the independehgdase velocity of the flow angle is
consistent with the three-mode coupling mechanisedun their modeling. In large
scale simulations of 2D fully kinetic FB turbulenby Oppenheim et al. (2008) the
authors reveal the phase velocity dependence onfloke angle, however, it was
accompanied by ~15-dB power decrease of short sgalees propagating at nearly

orthogonally with respect t&/,, flow. Oppenheim et al. (2008) found also that the

simulation reacts to the box size and large-scatelas develop much faster than
predicted by the linear theory, suggesting thatlinear mode coupling plays a critical
role in their development. One can suggest thatwbak velocity reaction to the flow
angle is due to a decrease of echo power at ldmgedngles and the limited side lobe
isolation of the STARE RX antenna array (Greenvetldl., 1978). This suggestion is not
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supported by data from Fig.5. Then the STARE véilesishould be the same at a fixed I-
0-s electron drift velocity going to large flow deg (but they are growing).

The mentioned Doppler velocity dominance at thgdat flow angles 0B, . > 80°can

be explained if the magnitude of tHexB electron drift velocity,V.g, controls the

small-scale irregularity structure and its velastifor the large flow angles, perhaps,
through a nonlinear wave coupling, e.g. as is titated in Fig.8. Conclusions on the
wave-wave interaction with a creation of the laflggv angle secondary waves were
obtained also by Janhunen (1994), Oppenheim §18@6) and Otani and Oppenheim
(1998) in their three-wave coupling simulation d& Fstability. Otani and Oppenheim

(1998, 2006) confirm that the wave-wave interaci®nery efficient and it creates: (a)
turning of the primary waves away from the mearcteten drift direction and (b) a

saturated wave phase velocity below that predibtetinear theory but around the ion

acoustic speed.

A separate case can be a strongly driven electndjete the electron drift velocities are

1000-1500 m/s. Here a single secondary wﬁyalong of Norway (or Finland) radar

antenna beam is, perhaps, a superposition of gyfafmprimary Waveslzzi and Elj in a
band of E layer altitudes with a wide range of flow (andrh@s, aspect) angles, wave
scales and angular velocities. Such a scenarild dmia rough qualitative explanation
for the weak flow angle dependence and the “vefgoiateau” in the STARE Doppler
velocities as found in this study. In other wortth® weak flow angle velocity dependence
is, perhaps, a result of two factors, (a) a locallimear velocity limitation nearly to the
ion-acoustic speed and (b) large scale (tens afemiéd kilometres) turbulence (vortices)
which spreads domains with small-scale irreguksito a band of flow angles. The early
paper by Greenwald et al. (1978) is based on atddnset of the first STARE
observations. They affirm that at VHF the velogtateau is not observed. Now we can
see that in the VHF band the velocity plateau doést and that the transition region is
also narrow, perhaps around 216ince the largest flow angles in our statistics 86
and 95.
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An interesting feature of the present data is theost cosine dependence of thel,

threshold with a sudden echo appearance in thelydeaken electrojet, see Table 1. We
believe that the sudden appearance of echoes andition with a marginal low/;
velocity magnitude to excite FB irregularities (604m/s), illustrates the efficiency of the
nonlinear wave-wave coupling and, perhaps, is batdon subtraction of two different
(non-strong yet and with a smaller difference ia flow angles) shorter scale primary
waves with wave vector magnitudek, k, > k,, similarly as in Fig.8. In any case,
irregularities seen by the STARE radars shouldadoger in wave scales than the linear
kinetic limit of FB wave excitation, e.g. see Ossaket al. (1975). Thus, wave-wave
coupling seems to be a suitable explanation andvthes packets are, perhaps, nearly
resonant ones due to a limited amount of primaryesanside a narrow flow angle cone.

If the secondary waves with a velocity,/k, and with the aspect angle of °~are

nonlinearly pumped, they can be detected by a radar
4.2 Echoes at the aspect angles of ~1°

The effects of the wave-wave coupling were disadissel described earlier and recently
by Kudeki and Farley (1989), Sahr and Farley (1989%) by Lu et al. (2008). The cited
authors explained the decrease of the aspect aswgisitivity (growth of the off-
orthogonal angles) and decrease of the irregulphBse velocity due to the subtraction
of two slightly off-orthogonal primary waves. Themlinear wave vector subtraction is
sketched schematically in Fig.8, whexepoints along the radar beam roughly to north-
east (as for the Norway antenna beam) and orthdlgaimathe magnetic field line)y
points roughly to east and along the electrojet/fland z is anti-parallel to the magnetic
field line. Closely following the paper by Lu et §008) we reconsider the wave vector

subtraction for our auroral geometry. Let us take primary wavesk;,k, which are

traveling more or less horizontally in the westwaditection. To simplify the
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consideration the vectdk, is orthogonal tox and we arbitrary selected tdﬁ;‘ = \/5‘&‘

and‘lzl‘ = 2“23‘ to satisfy the conditiotk, =/k? —k? .

Now we assume that the Wavfels,lz2 traveling westward have the moderate positive and
negative flow angles shown in Fig.8 as well as s¢eng. 0.3-0.% uncorrelated random
aspect angles. Of course, there are many otheapyipairs that would give a similds,,

a vector that will produce radar echoes. Then theves can be expressed as
k =k, &=k, §+k,2 and k, =0%k—k, §+k,,2, whereky,ky,.Ky,,ky, >>ki;,.k,, and
both wave satisfy the linear dispersion relatidrthé wave 3 is the vector subtraction of

waves 2 and 1 we find thét = k, X+ (ky =k, )V +(k,-k,,)Z andw, =, -

The aspect angles of the primary waves can beewrit§ o7, ) = (k. )/ k7 = (kZ,)/kZ,
then the rms aspect angle of the waywill be (&2 ) =((k, =k,,)*)/ k3, =7(8%,).

Note that the rms aspect angle of the secondarg \Hg\'vs in the 2nd order dependence

to the primary wave number values. Thus, even tagesof this coupling process could
quite reasonably be expected to generate secom@dags with rms aspect angles that are

substantially larger than the angles of the primaayes, e.g. aspect angles of 1°4rb
our observations. On the other hand, the frequefitlie wavek, is now w, = @, — ¢,
and the Doppler shifty, is smaller than for primary waves. Lu et al. (2Dfaind similar

features of rms aspect angles in the equatoriatrejet.

Although the wave-wave coupling mechanism canargiow the off-orthogonal waves
can be nonlinearly formed and why their angulapeities are lower than in the primary
waves as well as the primary wave saturation, atifative estimate of the irregularity
drift velocity in the auroral electrojet cannot y& done. It seems that the wave-wave
coupling as a physical mechanism does not contradib the so-called off-orthogonal
fluid approach (OOFA) by Uspensky et al. (2003, 20Qvhere the authors indirectly
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accept a nonlinear nature of irregularities exgtuh large aspect and flow angles (where
linear fluid and kinetic theories invariably prediegative growth rates). Hence, based
on the linear dispersion properties of the irregti&s in their dissipative mode, OOFA

helps estimate semi-empirically (i.e. using the soeed aspect angle dependence) a

mean velocity of the backscatter as a weightedljaofiechoes from a band of altitudes.

4.3 Featuresof data and wave-wave coupling

Trying to apply the modelling by Otani and OppenthgR006) to our auroral eastward
electrojet case (westward electron flow), one caa fsee, e.g. their Fig.7 and 8) that due
to the intense wave-wave coupling there can beuatste with south-west (north west)
flow with larger (smaller) plasma density, which-@xst simultaneously. The south-west
electron drifts are mainly within increased ioniaatand they run roughly along the line-
of-sight of the STARE Norway radar. The structuneth north-west flow are located in
ionization valleys and they run roughly along theedof-sight of the STARE Finland
radar. Due to increased (decreased) ionizatioroirthswest (north-west) electron drifts
populated by secondary waves the STARE Norway amdrfel radars could see a west-
east asymmetry in the echo intensity and, perhBogpler velocity. The west-east
asymmetry in STARE echo intensities is well knowseg, e.g. by Koustov et al., 2002,
their Fig.4; Uspensky et al., 2003, their Fig.2heTwest-east asymmetry in the Doppler
velocities can be seen in our Fig.4 and 5. Exaapthfe neutral wind effects discussed in
section 3.2, if one suggests that the Finlandrradeeality collects echoes from slightly
outside of the ionization valley, at trailing edgek a primary wave, where mean
ionisation is higher (echo power is higher), bugctlon drifts are slightly lower than in
the ionization valley center (Otani and Oppenhei@98, their Fig.3). Perhaps, the
features of the wave-wave coupling can be a furgixptanation of the STARE Doppler
velocity asymmetry. However such the scheme alanaat explain the opposite velocity
asymmetry in Homer UHF data by Tsunoda (1976).

5. Summary
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1. The Norway and Finland STARE Doppler velocitiescteanly barely to flow
angles when they ar®, =50-80°and ©_ =100-13C¢°. The reason is that in

such a flow angle band the I-o-s electron drifoegly, V% =V, c0sO, is not the

sole factor which controls the drift velocity of-Al irregularities. We confirm the
conclusion by Nielsen and Schlegel (1985) that d¢bsine relationship of the

irregularity drift velocity as a true function dfe flow angle is not valid.

2. The STARE Doppler velocity reacts #x B electron drift velocity variations in a
similar way than the isothermal ion-acoustic velp@t 111 km, i.e. roughly at
altitude of strongest backscatter 110-113 km. idheacoustic velocity was ~200
m/s larger than the STARE Doppler velocity magrgugerhaps mainly due to
the ~2 backscatter orthogonality.

3. A model of merged velocities based on the suggestimt no flow angle
dependence exists predicts reasonably well theuresmtof the merged drift

velocity vectors based on STARE radar measurements.

4. The weak flow angle velocity dependence of thegutarities, we believe, could
be a result of two factors: (a) a local nonlinealoeity limitation nearly to the
ion-acoustic speed due to the wave-wave couplinig(lanexistence of large-scale
(tens of metres to kilometres) turbulence whicteads domains with small-scale

irregularities to a band of flow angles.

5. The conclusion by Nielsen and Schlegel (1985), ¢ielet al. (2002) that at large

flow angles the measured velocity of irregularitiequals the line-of-sight
component of the electron drift velocity,es , is not, in general, supported by the
present study. The irregularity drift velocity vessthe flow angle exhibits a

gradual and regular excursion from area 1, whew'"|<V,,cosD,

©=50-60to area 2, wher N'F| [ VggCOsO, @=70, and to area 3, where

irr
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irregularities travel already at 70-120 m/s fastem the I-o-s component of the

electron drift velocity V)" | >V,,, c0S®, © =80".

Appendix A

A solution for the termA, ., Fig.Al, in our search for the flow angle velocity

dependence in a form ®f'" O A, .C, cos'© (for more details see section 3.4).
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Tablel. STARE echo onset: Smallest |-0-s electron veloagya function of the flow

angle.
Mean Flow Angle®, deg 40 50 60 70 80
Threshold Velocity, Norway Radar, m/s 350 300 215 401 65
Threshold Velocity, Finland Radar, m/s 350 280 210160 90

Vg COSO magnitude (V. = 425), m/s 326 273 2125 145 74
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Figure captions

Fig 1. Field of view of the Hankasalmi Finland STARE rada@am 4 and the
Midtsandan Norway STARE radar beam 4 assuming M Owkight of backscatter. The

short curved lines across the beams are slant naragks at 600 and 900 km. In the

standard mode mapping the STARE irregularity driflocity vector,V, ., is the cosine-

merged product of the two measured velocité8and V© . The solid dot denotes the
area where ionospheric parameters were measurdgtlebfzISCAT incoherent scatter
facility, which includes a UHF transmitter/receiagrTromso and receivers at Kiruna and
Sodankyla (crosses). The solid thick lines intic®®ACE (Polar Anglo-American

conjugate experiment) magnetic latitudes.

Fig.2. The EISCAT electron density profiles for two etseof this study. Dashed line
shows the altitude of 111 km used in our calcutetjalotted lines show the altitude 105
km used in a model estimate by Nielsen and Sch(@§85), Nielsen et al. (2002).

Fig.3. (a-d ande-h): blue points are the STARE Norway and Finland irtegty drift

velocity, VN and V|

irr irr 7

versus the EISCAT I-o0-s electron drift velocity,

Vee =Vge COSO, . The data are grouped and averaged over four §(ides angle

intervals (bins) centered at 50, 60, 70 anfl @mbers in the top and bottom panels),
grey solid lines are its mean STARE velocitied/,)"" >, over 100-m/s interval (bins) of
the EISCAT I-o-s electron drift velocity for thefidrent flow angles; green lines are the
linear least squares fit lines of the' andV,” values; black lines are attempts at velocity
prediction in the flow angle bins of 50, 70 and,8Gi-l): the isothermal ion-acoustic
speed C, versus the l-o-s electron drift velocity%; the tilted dashed line is the

bisector.



9/16/2008 9:02:02 AM Draft-angeo-2007-0150-tx 32/28

N and V©

Fig.4. Mean STARE irregularity drift velocitiesy,, (o (similar as Fig.3)

regrouped as a function of the EISCEX B electron drift velocity magnitud¥,; ; (a):
STARE Norway data andp): STARE Finland data, heavy green line is a reference
dependence for the flow angle & =60 light-blue line for 56, yellow-green line for
70 and red line for 89 bars are the standard deviation of mean STAREcit@s, thin
black line with bars in upper part of figure is tiiean EISCAT isothermal ion acoustic
speedC,, at altitude 111 km, two grey dotted lines limit iaterval between th® =50

and 60 for the flow angle velocity dependence by Nielseml. (2002), dashed grey line
is the mean STARE Doppler velocities inside therval © =30-60° by Nielsen and

Schlegel (1985); blue circles illustrate a hypattatcase if a true flow angle cosine

dependence would exist with respect to the arlitselected measured velocity at
© =60 andV.; = 1000 m/s, large blue circle; smaller blue csdem the top to the

bottom are the expected velocities for the flowlasd0, 70 and 80

Fig.5. Mean STARE irregularity drift velocities (from ER) as a function of EISCAT I-
o-s electron drift velocity,V.%; (a): STARE Norway data andp): STARE Finland
data, heavy green line is the flow angle@# 60, light-blue line for 56, yellow-green
line for 70 and red line for 80 bars are the standard deviation of mean STARE
velocities , tilted dotted line is the bisectoryikontal dotted line of 300 m/s divides two
areas of low and moderate-high Doppler velocitrestical dotted line of 400 m/s divides

two areas of smaller and greater than the smadieftermal ion-acoustic speé€il ~ 400

m/s (Fig.4).

Fig.6. (a-d and e-h): Dblue points are the predicted oreds, i.e.
A, C, CoSD,(cosO/cogB,,))" magnitudes, versus of the EISCAT I-o-s electraft dr

velocity, VL%, grey solid lines, are the mean STARE velocit@een from Fig.3, for

more details see text.

Fig.7. (&) model: merged vectors configuration assumingflow angle dependence

exists at all: in each antenna beam and range\gute470 m/s andv,” =430 m/s, (b)

irr
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observation: a typical example of the STARE mergedtors configuration in the

extensive eastward electrojet. Note similarity ke panel (a) and (b).

Fig.8. A sketch of the STARE Norway radar observatiogedmetry over the EISCAT

spot. The secondary wave with wave ved{pr red, is formed by the subtraction of two

primary Waveslz2 and El, which are traveling nearly horizontally with asgtove and

negative flow and random aspect angle 0.3-&ide the auroral westward electron flow

(for more details see text).

Fig.Al. (a) and (b) are the ternt, cosO, ., ©,  =60°, in accordance with suggestion

by Bahcivan et al. (2005), blue points; (c) and 4 STARE velocities N'F| for the

flow angle 60°, grey lines in panels (a-d) are its linear leagtases fit lines; (e) and (f)
are the velocity-to-velocity rativ,'" (©,,)/ C, cosOy;" based at the least squares fit lines

from panels (c) and (a), (d) and (b); for more dietee text in section 3.4.
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Fig 1. Field of view of the Hankasalmi Finland STARE rateam 4 and the Midtsandan
Norway STARE radar beam 4 assuming 110-km heighiamkscatter. The short curved

lines across the beams are slant range marks aa®@@®00 km. In the standard mode

mapping the STARE irregularity drift velocity vec,t()7irr , Is the cosine-merged product of

the two measured velocitieg,' andV,” . The solid dot denotes the area where ionospheric

irr irr

parameters were measured by the EISCAT incoheiattes facility, which includes a
UHF transmitter/receiver at Tromso and receiverkiatna and Sodankyla (crosses). The

solid thick lines indicate PACE (Polar Anglo-Ameait conjugate experiment) magnetic

latitudes.
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EISCAT, February 12, 1999 < 10% EISCAT, October 12, 1999 « 10%°
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Fig.2. The EISCAT electron density profiles for two etseof this study. Dashed line
shows the altitude of 111 km used in our calcutetjalotted lines show the altitude 105
km used in a model estimate by Nielsen and Sch(@§85), Nielsen et al. (2002).
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STARE Doppler Velocities versus EISCAT |-o-s Electron Speed
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Fig.3. (a-d ande-h): blue points are the STARE Norway and Finland irtedty drift
velocity, V' andV;’ , vs the EISCAT I-o-s electron drift velocityys, =Vgg COSOy

in four 10-deg flow angle bins centered at 50,6@i0 86 (see numbers in the top and
bottom panels), grey solid lines are the mean STA&Ecities,<V,"" >, within 100-
m/s bins of the EISCAT I-0-s electron drift velgcfor the different flow angle bins;
green lines are the linear least square fit lifeb®V,\ andV,/ values; black lines are
attempts at velocity prediction in the flow anglasof 50,70 and 89 (i-l): the
isothermal ion-acoustic spe@] vs the |-o-s electron drift velocity.® ; the tilted

dashed line is the bisector.
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STARE Norway Radar STARE Finland Radar
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Fig.4. Mean STARE irregularity drift velocities/" andV,”, from Fig.3 as a function

of the EISCATE x B electron drift velocity magnitud¥,; ; (a): STARE Norway data
and,(b): STARE Finland data, heavy green line is a referelsgendence for the flow
angle of @ =60, light-blue line for 56, yellow-green line for 70and red line for 89

bars are the standard deviation of mean STARE itmscthin black line with bars in
upper part of figure is the mean EISCAT isothermaalacoustic spee(@,, at altitude

111 km, two grey dotted lines limit an intervalween the® =50 and 60 for the flow
angle velocity dependence by Nielsen et al. (2080&23hed grey line is the mean STARE
Doppler velocities inside the interv@ =30-60° by Nielsen and Schlegel (1985); blue
circles illustrate a hypothetical case if a trumyvlangle cosine dependence would exist
with respect to the arbitrary selected measurealitylat © = 60° andV,,, = 1000 m/s,

large blue circle; then smaller blue circles frdra top to the bottom are the expected

velocities for the flow angles 50, 70 and’.80
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STARE Norway Radar STARE Finland Radar
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Fig.5. Mean STARE irregularity drift velocities (from EB) as a function of EISCAT I-
o-s electron drift velocity VL% ; (a): STARE Norway data angh): STARE Finland

data, heavy green line is the flow angle@®# 60°, light-blue line for 56, yellow-green
line for 70 and red line for 80 bars are the standard deviation of mean STARE
velocities , tilted dotted line is the bisectorrikontal dotted line of 300 m/s divides two
areas of low and moderate-high Doppler velocitiestical dotted line of 400 m/s divides

two areas of smaller and greater than the smadletermal ion-acoustic speét] ~ 400

m/s, Fig.4.
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Fig.6. (a-d and e-h): blue points are the predictedoreés, i.e.
A, £ C, c0SD,(cosO/cogB,,))" magnitudes, versus of the EISCAT I-o-s electraft dr
velocity,V.% , grey solid lines, are the mean STARE velociti®n from Fig.3, for

more details see text.
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Fig.7. (a) model: merged vectors configuration assuminfaw angle dependence at
all, (b) observation: a typical example of the STARerged vectors configuration in the

extensive eastward electrojet. Note similarity lestw panel (a) and (b).
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Fig.8. A sketch of the STARE Norway radar observatiggedmetry over the EISCAT
spot. The secondary wave with wave ved?grred, is formed by the subtraction of two

primary Waveslz2 and El, which are traveling nearly horizontally with asgtove and

negative flow and random aspect angle inside theralwestward electron flow (for
more details see text).
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Fig.Al. (a) and (b) are the tern, cos®,, ., ©,  =60°, in accordance with suggestion

by Bahcivan et al. (2005), blue points; (c) andajd STARE velocitiesV,"'

F‘ for the

irr

flow angle 60°, green lines in panels (a-d) are its linear legstre fit lines; (e) and (f)

are the velocity-to-velocity rati/ """ (©,,)/ C, cosO};" based at the least square fit lines

irr

from panels (c) and (a), (d) and (b); for more dietee text in section 3.4.



