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Abstract. The purpose of this study is to examine the and described by Kudeki and Farley (1989), Lu et al. (2008)
STARE irregularity drift velocity dependence on the EISCAT for the equatorial electrojet and studied in numerical simula-
Iir}e—of—sight (los or I-0-s) electron drift velocity magnitude, tion by Otani and Oppenheim (1998, 2006).
VExp: and the flow angl®"" (sgperscnpt N and/or F re- Keywords. lonosphere (Auroral ionosphere; lonospheric ir-
fer to the STARE Norway and Finland radar). In the noon- L : -

. regularities; Plasma waves and instabilities)
evening sector the flow angle dependence of Doppler veloc-
ities, VJ\:’F, inside and outside the Farley-Buneman (FB) in-
stability cone (Vi ;| >C; and | V)9S ;| <C, respectively,
whereC; is the ion acoustic speed), is found to be similar 1 Introduction
and much weaker than suggested earlier. In a band of flow
angles 483<ON-F<85° it can be reasonably described by The flow angle dependence of the auroral backscatter
'VirNr’F‘ xAN.FCs cod' ON-F, whereAy Fa21.2—1.3 are mono- Doppler velocities has been a subject of numerous studies for
tonically increasing functions oFg. g and the index: is more than 30 years. Greenwald and Ecklund (1975) and Eck-

~0.2 or even smaller. This study (a) does not support theIund etal. (1975?) foun_d tha_t/S-m irregularity drift (Doppler
conclusion by Nielsen and Schlegel (1985), Nielsen et alor phase) \_/elocny varies with the azimuth angle consistently
(2002, their #[18]) that at flow angles larger thaC® (or with a cosine law with respect to the flow angle (the flow

N.F 1<) th | lociti | angle is the angle between tlfie< B electron drift direction
‘Virr ’ =300m/s) the STARE Doppler velocities are equal g the radar wave vector). However, the flow angle in the

to the component of the electron drift velocity. We found opservations of Greenwald and Ecklund (1975) was limited
(b) that if the data points are averages over 100 m/s interval@o vary between-75 and~105 with respect to the mean au-
(bins) of I-o-s electron velocities and 10 deg intervals (bins)roral ejectrojet flow. Later, in the framework of the very first

of flow angles, then the largest STARE Doppler velocities STARE measurements Greenwald et al. (1978) concluded
always reside inside the bin with the largest flow angle. Inthat they could confirm the velocity cosine law dependence
the flow angle bin 80the STARE Doppler velocity is larger  of ~1-m irregularities versus the flow angle. Their data were
than its driver term, i.e. the EISCAT l-o-s electron drift ve- not Supported by an independent measurement of the electron

locity component‘ Vi:\:’F‘ > |V .|. Both features (a and b)  drift velocity and were statistically limited. Observations

as well as the weak flow angle velocity dependence indicaténade in the auroral zone with steerable UHF radars (Tsun-
that the |-o-s electron drift velocity cannot be the sole factoroda, 1975, 1976) revealed that, typically, there is a “plateau”
which controls the motion of the backscattet-m irregu- ~ With approximately constant positive Doppler velocities to
larities at large flow angles. Importantly, the backscatter waghe east and a similar plateau with negative Doppler veloci-
collected at aspect angtel® and flow angle®>60°, where ties to the west, separated by region of a quick velocity tran-
linear fluid and kinetic theories invariably predict negative Sition. Using Homer 398-MHz phased array radar with better
growth rates. At least qualitatively, all the facts can be rea-time and space resolution (i.e. better than in Tsunoda’s stud-
sonably explained by nonlinear wave-wave coupling foundi€s) Moorcroft and Tsunoda (1978) found that the region of
the quick velocity transition was small (356or even nonex-
Correspondence tavl. V. Uspensky istent. This shed doubt on the reliability of using UHF tran-
(mikhail.uspensky@fmi.fi) sition velocities for estimating the ionospheric electric field
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5 2 Experimental technique and observational conditions
=70 Norway, We consider data gathered by the STARE VHF radars (fre-
beam:4 qguencies 143.8 and 140 MHz for the Finland and Norway

Finland

radars, respectively) between 10:00 and 17:00UT on 11 and
12 February, 16 and 17 September, 12, 13, 14 and 15 Oc-
tober 1999. Very dispersed and short fragments of Finland
radar measurements on 13 and 14 October 1999 when the
radar was faulty (a few percent of data) are omitted. Figure 1
shows the orientations of the Finland beam 4 and Norway
beam 4 whose data are studied in this paper. These beams
were selected for the reason that their intersection at the E-
o layer altitude covers the magnetic flux tube where EISCAT
60 measurements of the electric field are available (the large dot
in Fig. 1). The curved lines crossing the STARE beams in-
dicate ranges of 600 and 900 km assuming a mean backscat-
Fig. 1. Field of view of the Hankasalmi Finland STARE radar ter altitude of 110km. The distances from the STARE radar
beam 4 and the Midtsandan Norway STARE radar beam 4 assunrSites at Hankasalmi, Finland and Midtsandan, Norway, to the
ing 110-km height of backscatter. The short curved lines across th&ISCAT E-layer collecting area are 870 km and 775 km, re-
beams are slant range marks at 600 and 900 km. In the standarspectively. During the events, the radars were collecting data
mode mapping the STARE irregularity drift velocity vect®fr, is  with 15x50-kn? spatial resolution. Data cover the range in-
the cosine-merged product of the two measured veloctisand  terval between 825 and 1035 km for the Finland radar and
VirFr' The solid dot denotes the area where ionospheric parametersetween 675 and 885 km for the Norway radar.

were measured by th_e EISCA‘_I' incoherent scatter fac!llty, wh|ch in- The STARE ACE velocities,V-N’F, were measured in
cludes a UHF transmitter/receiver at Tromso and receivers at Kiruna . i

and Sodankyla (crosses). The solid thick lines indicate PACE(PoIatthe MP mode with 20-s averaging. (Note that the term

Anglo-American conjugate experiment) magnetic latitudes. Vi:\rl’Fcan be called synonymously the irregularity drift (phase
or Doppler) velocity). Of importance to this study is the fact
that due to an asymmetry of STARE Doppler spectra (and

strength (Tsunoda, 1975). This doubt was later supporteathers factors, Uspensky et al., 2005), the phase angle de-

by the STARE-EISCAT comparison by Nielsen and Schlegelpendence of the echo autocorrelation function versus the lag

(1985), (see their Fig. 2), who found that the Doppler veloc-number (Hanuise et al., 1993) is often nonlinear (Nielsen,

ity barely reacted to flow angle changes when the flow angle2004). In the eastward electrojet this feature renders the

varied between 30 and 60Later Nielsen et al. (2002) found ACF-to-double-pulse (DP) velocity-velocity ratio to factor
that a weak flow angle dependence exists. It can be described1.1 and~1.7 for the Norway and Finland radar, respec-
asoh cos' © with « andb are functions of the electron drift  tively. The STARE ACF velocities have better accuracy than
velocity. DP velocities and consequently we use them to define the

In this study we extend the STARE-EISCAT flow angle ve- peaks of the power spectra as well as the power-weighted
locity measurements in the eastward electrojet with increase#elocities (Uspensky et al., 2005). The standard merging of
statistical significance using STARE multi-pulse (MP) mode two veIocitiesVi'r\: and VirFr measured by Norway and Finland
and the ACF velocities (Uspensky et al., 2005). Our atten-STARE radar, Fig. 1, is based on the assumption that each
tion is concentrated on larger flow angles betw®s5 and  radar “sees” its own |-0-s cosine component of the total ir-
85°. The improved statistics allows us to see better howregularity flow, Viy.

STARE velocities react to changes of the flow angle and the The EISCAT UHF radar was run in the CP-1K mode with

|-0-s electron drift VelOCity. We find clear evidence that the the Tromso antenna being pointed a|0ng the local magnetic

l-o-s electron drift velocity is not the sole factor which con- fie|d line and the Kiruna and Sodankyla receiver beams being

trols the velocity of the~1-m irregularities at large flow an-  oriented toward a common volume at a height-#80 km.

gles. Similar to the previous studies by Nielsen et al. (2002)sych a configuration of the EISCAT beams allows us to per-
the data were collected simultaneously by the EISCAT UHFform tri-static electric field measurements. The diameter
radar and the Norway and Finland STARE radars probing theyf the EISCAT beam spot was1km in the E-layer and

EISCAT flux tube over Tromso. ~2.8km in the F-layer, the data averaging was 1 min. For
comparison with STARE the EISCAT data are interpolated
to 20-s time resolution.

This study covers observations in the eastward electrojet
in the noon and evening sectors when the auroral electrojet

® Hankasalmi

30
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Fig. 2. The EISCAT electron density profiles for two events of this study. Dashed line shows the altitude of 111 km used in our calculations,
dotted lines show the altitude 105 km used in a model estimate by Nielsen and Schlegel (1985), Nielsen et al. (2002).

center was located at approximately 120 km altitude (e.g3 The STARE Doppler velocity versus the EISCAT flow
Kamide and Brekke, 1977). The altitude of the electro- angle, the electron drift velocity magnitude and the
jet center can be found by inspecting EISCAT(%) pro- ion-acoustic speed
files. Two typical events are shown in Fig. 2. In esti-
mating the altitude with largest contribution to the auroral 3.1 STARE-EISCAT velocities (original data)
radar backscatter we adopt the method used by Uspensky
et al. (2003, 2004). Based on the EISCAT(h) profiles,  The clouds of blue points in Fig. 3, panels (a—d) and (e—
they defined the effective values of the backscatter altitudeh), respectively, show the measured STARE Norway and
heft, the aspect angleberr, and the mean electron density Finland Doppler velocitiesy;N and| Vi |, as a function of
of the backscatter volumeVyes, as a power weighted aver- the EISCAT line-of-sight electron drift velocity magnitude,
age of the relative value of the radar volume cross sectiod V"onB| =VE«p C0sS®. The angle® is the flow angle, i.e.
along altitude. Basic parameters in the estimates are the altthe angle between the mean electron drift velocity and the
tude of zero aspect angle @97 and 99 km (Koustov et al., radar wave vector which is directed toward the radar along
2002), a growth of the aspect angle with height§.07 its antenna beam. ThuBg « g cos®@yn and Vg« p COSOF are
and~0.08/km (Uspensky et al., 2003) for the Finland and components of the EISCAT electron drift velocity,g g,
Norway radars, respectively, as well as the mean power atteralong the STARE Norway or Finland radar antenna beam,
uation with the aspect angle of 10 dB/An event from our  respectively. The data points are grouped and averaged over
statistics (12 February 1999, see correspondif@) pro- 10-deg intervals (bins) of the flow angl®, centred at 50, 60,
files in the LHS panel of Fig. 2) was under study by Us- 70 and 80, and over the 100-m/s intervals (bins) of the EIS-
pensky et al. (2004). The authors find that the effective val-CAT I-o-s electron drift velocity. The grey lines are the mean
ues of the parameters ahggf~110-113 km,Wes~0.9-F, STARE velocities,<VN> and <Vf >. The mean STARE
and Neg~(0.5-0.8)< 10 m—3. We believe that these esti- velocities and the linear least squares fit lines (green) of the
mates of the ionospheric parameters, which define the largegioint clouds reasonably overlap. (Below, where possible, we
contribution to the backscatter power, are reasonable for themit, for simplicity, the angular brackets). As in Nielsen et
whole set of data under consideration. al. (2002), to simplify the velocity comparison we ignore the
sign of the velocity and fold the flow angles of the Finland
STARE radar, which ar®g>90°, into the flow angle inter-
val 0 <®<90°. However, we have to keep in our mind that
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STARE Doppler Velocities versus EISCAT |-o0-s Electron Speed
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Fig. 3. (a—d)and(e—h)blue points are the STARE Norway and Finland irregularity drift velod@r', and Vir':r, versus the EISCAT Il-o-s
electron drift velocity,v'EoiBzvng cos®n, r. The data are grouped and averaged over four 10-deg flow angle intervals (bins) centered at

50, 60, 70 and 80(numbers in the top and bottom panels), grey solid lines are its mean STARE velocméﬁs';, over 100-m/s interval
(bins) of the EISCAT I-o0-s electron drift velocity for the different flow angles; green lines are the linear least squares fit Iineﬁ'r\bhﬂrtb
Vl'r:r values; black lines are attempts at velocity prediction in the flow angle bins of 50, 70 &n@-80the isothermal ion-acoustic spe€d

versus the I-o-s electron drift veIociW}?iB; the tilted dashed line is the bisector.

similarly to steerable radars (Tsunoda, 1976; Moorcroft andcited and, perhaps, velocities of type 1 echoes can be ex-
Tsunoda, 1978) the Finland radar sees the negative velocitigsected to be seen in panels (a), (b), (e), (f). In panels (k) and
to the west and the Norway radar sees the positive velocitiegl) there are opposite cases whefgis mainly (panel k) or

to the east and that in a band of flow angles centred%r totally (panel I) greater tham’,'vf";"B, i.e. only the secondary
there is a region of velocity transition. “out of cone” type 2 irregularities can be expected to be re-

The bottom panels of Fig. 3 show the ratio between theSponSibIe for the backscatter velocities, panels (c), (d), (0),

. . . ; h).
isothermal ion-acoustic spee@,=(kz (T, +T;)/m)Y?, kg is ( _
Boltzman's constant, ; is the EISCAT temperature of elec- " Fi9- 3, panels (a), (b) and (e), (f), one can see that the
trons/ions andn is the mean ion mass in the plasma (31 mean irregularity drift velocity magnitudes (grey lines) in a

atomic units), and the EISCAT I-o-s electron drift velocity StOngly driven electrojet, e'g[g)§3>400 m/s, are close to
magnitudeV[°S .. In panels (i) and (j) the ion-acoustic speed Of smaller than the assumed driving tery%  (i.e. mean

is lower than the I-o-s electron drift velocity (i.€, values VirNr and V| are under the bisector). In panels (c), (d) and
are under the bisector, dashed line). Then, as it was widelyg), (h) with two largest flow angles of 70 and “§(both
accepted, the primary “in cone” FB irregularities can be ex-sets of STARE Doppler veIocitieS{iFr"F gradually become

Ann. Geophys., 26, 3398409 2008 www.ann-geophys.net/26/3395/2008/
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Fig. 4. Mean STARE irregularity drift velocities\/i# and Vir':r, (similar as Fig. 3) regrouped as a function of the EISCAX B electron

drift velocity magnitude Vg« g; (a) STARE Norway data andb) STARE Finland data, heavy green line is a reference dependence for the
flow angle of©6=60°, light-blue line for 50, yellow-green line for 7® and red line for 80; bars are the standard deviation of mean STARE
velocities, thin black line with bars in upper part of figure is the mean EISCAT isothermal ion acousticGpesdltitude 111 km, two grey
dotted lines limit an interval between tk8e=50 and 60 for the flow angle velocity dependence by Nielsen et al. (2002), dashed grey line is
the mean STARE Doppler velocities inside the inte®at30—60° by Nielsen and Schlegel (1985); blue circles illustrate a hypothetical case
if a true flow angle cosine dependence would exist with respect to the arbitrary selected measured véesitffand Vg, p=1000 m/s,

large blue circle; smaller blue circles from the top to the bottom are the expected velocities for the flow angles 50, 70 and 80

larger than the driver term{,'if’jB. By comparing the STARE  well as the velocity dispersion does not show any noticeable
Doppler velocity,V;\'", with the EISCAT ion acoustic veloc- Marks of a transition from an area of “in-cone”, Fig. 3a, b, e,
f, to an area of “out-of-cone”, Fig. 3c, d, g, h irregularities.

ity, Cy, and the |-o-s electron drift veIociW{g’jB, we meet ) ; . o .
a puzzling fact that the stronger primary (weaker secondaryf'g“res 4 and 5 give more details for a quantitative compari-

irregularities are traveling slower (faster) than their driving S°M-

term, V1% .. A feature of the data_seen inFig. 3isa gradual 3.2 Mean STARE velocity versus EISCATx B velocity
growth of the mean Doppler velocity slope verS/(ﬁB with
the flow angle growth (also with respect to the bisector) and g _et us now consider how the mean STARE Doppler veloc-
decrease of the mean velocity growth versif§ ;when the  ities (adopted from Fig. 3) react to the flow angle and the
ion acoustic speed; becomes smaller than the I-0-s elec- mean electron drift velocity. Figure 4a, b reveals two main

tron drift velocity, V,S ., (panels b, cand f, /%S , ismore  features of data. The first one is that the STARE Doppler

than~650 m/s). The common STARE velocity behaviour as velocity, Vi:\:,F, is gradually growing along with the total

www.ann-geophys.net/26/3395/2008/ Ann. Geophys., 26, 3395-2008
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Fig. 5. Mean STARE irregularity drift velocities (from Fig. 3) as a function of EISCAT I|-o-s electron drift velomﬁl,; (a) STARE

Norway data and(b) STARE Finland data, heavy green line is the flow angl®ef60°, light-blue line for 50, yellow-green line for 70

and red line for 80; bars are the standard deviation of mean STARE velocities , tilted dotted line is the bisector, horizontal dotted line of
300 m/s divides two areas of low and moderate-high Doppler velocities, vertical dotted line of 400 m/s divides two areas of smaller and
greater than the smallest isothermal ion-acoustic spgedt00 m/s (Fig. 4).

EISCAT electron drift velocity,Vg«p in a way similar to Earlier in Fig. 3 we have made a rough estimate of such
the isothermal ion acoustic velocitg, (black solid linesin  a flow angle velocity dependence based on least squares fit
upper part of panels). The ion-acoustic speed200m/s  lines (compare green and black lines). For Finland data
larger in magnitude than the STARE velocities and there isthere was no pronounced dependence while the Norway
also a saturation tendency of the velocity-velocity depen-data seem to show a weak tendency for the velocity to de-
dence at larg& g« p magnitudes. crease with increasing flow angle (compare light-blue and

The second feature is that the STARE Norway Dopp|eryellow-green line). To have a sense of the true cosine-

velocities nearly do not react to the flow angle and therel@W flow angle dependence we use blue circles in Fig. 4a,
is no visible reaction at all for Finland velocities, i.e. if P and arbitrarily select a reference point with=60" and

vNFo cog ©, thenn is close to zero (see quantitative es- VExp=1000m/s, large circle. Smaller circles from top to
ti};;ates in Sect. 3.4). The Doppler velocity response to thgPottom are the expected cosine-dependent velocities with re-
flow angle is roughly the same for ali x B electron drift spect to the reference point if its flow angles &re50, 70,

80° and Vg« p=1000m/s, respectively. Comparison shows

velocities. Thus, we have a family of positive and negative -
Doppler velocity plateau with th& x B-dependent Doppler that the measured flow angle velocity dependences are very
weak.

velocity magnitude. We have no data of Doppler velocity
behavior in a region of the velocity transition, however, itis A feature seen in Fig. 4a, b is a west-east asymmetry of
clear that it is located somewhere between flow angl€spf the Doppler velocities. Indeed, Fig. 1 shows that the Finland
more or less close t685° and®g less or close t6-95°. STARE radar collects echoes from a westerly direction and

Ann. Geophys., 26, 3398409 2008 www.ann-geophys.net/26/3395/2008/
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in the eastward electrojet the velocities are negative and sysralues are larger or smaller than the smallest ion acoustic
tematically 50-70 m/s smaller in their magnitude, while the speed,C;~400 m/s, dotted vertical lines in Fig. 5. This fig-
Norway STARE radar collect echoes from an easterly direc-ure shows that there is no a noticeable regular break in the
tion with larger (positive) velocity magnitude. Most probably behavior of the curvesy\'F's versusVis .'s, even when

the velocity asymmetry is due to the neutral wind contribu- they are in the area limited by two dotted lines (LHS bottom
tion (Tsunoda, 1976) since linear theories predict a growthpart of panels) with the worst condition for exciting irregu-
of the ion motion effects with the growing aspect angle (e.9.|arities, 306> VirN(chpﬂin_ For anyvllig)iB the largest velocity
Uspensky et aI.', 2003, and references therein; Makarewch N.F belongs to the largest flow angle ofgvhereVF is

al., 2007). In this study the aspect angle of backscatter |rregé'rr !

118
= ven larger than its l-o-s electron velocity component (for
ularities was~1-deg. We have no reason to suspect that tha

- o NF, : L
could be a calibration problem between the radars. A simi-Tboth STARE radars), i.6/, s are above the bisector. Sim

lar (but opposite) velocity asymmetry can be found in HomerIlar qv_erspeed effect was seen shor_tly n lean.d Doppler
observations by Tsunoda (1976) and by Moorcroft and Tsun_velocmes by Uspensky et al. (2003) in the morning sector.
oda (1978), where the positive plateau magnitudes to the eag'g data tN)yF Nielsen et al. (2002) the. phas.e vglomty over-
: : eed,V,"" > V19 can be revealed in their Fig. 3 where
are less than the negative plateau magnitudes to the west et Vin ExB’ os
the eastward electrojet (and vice versa in the westward elecYExB <600m/s. A number measurements with) > VExB
trojet). The opposite velocity asymmetry found in Homer, @1d ©>70" can be found in the paper by Makarevich et
Alaska and in Scandinavia (STARE) can be due to neutrafl- (2007) in their Fig. 5¢, d. _ )
wind contribution and an opposite orientation of the L-shells, Thus, we cannot confirm the conclusion that “the Doppler
i.e. mean direction of electrojets, with respect to lines of geo-Shifts are equal to the component of the electron drift veloc-
graphical latitude (which, perhaps, better control the neutralty On the line of sight...” by Nielsen and Schlegel (1985),
wind structure). Reinleitner and Nielsen (1985), Nielsen et al. (2002, their

Both Finland and Norway STARE velocities are smaller #[18]). These facts illustrate why similar studies are impor-
in their magnitudes than was earlier found by Nielsen andt@nt. The mentioned feature and the weak flow angle depen-
Schlegel (1985), grey dashed line, and Nielsen et al. (2002)9|ence as a whole show that thg l-0-s electrqn drlft_velocny
two dotted lines, although the trends of all dependences ar&2nnot be the sole factor (or driver) only which defines the
similar. Larger velocities in the measurements cited havedrift velocity of secondary irregularities at large flow angles.
no simple explanation, since the ACF velocities used in thisWith such condition and in a strongly driven electrojet, non-
study have to be larger than the Nielsen et al. double-pulsdnear effects driven by the maift x B electron drifts are
velocities (Nielsen et al., 2002; Nielsen, 2004; Uspensky etmore important. If the STARE Doppler velocitgy'™ would
al., 2005). be a function ofv}S , only, then the curves in Fig. 5 were

Nielsen and Schlegel (1985) did not actually find a pro- mutually overlapped.
nounced flow angle dependence when their data covered the
interval @=30—60° (see their Fig. 2). That is why we depict 3.4 Flow angle dependence
their dependence in Fig. 4a, b by the single dashed grey line. ) )

Later Nielsen et al. (2002) revealed a weak Doppler velocity©Ur Vvelocity measurements made in the eastward electro-
dependence on the flow angle, which we show by two dot-€t cover the flow angles 45—830entered in four bins at
ted lines,0=50 and 60, although their flow angle velocity 90, 60, 70 and 80 and a wide band of the electron drift
dependence in the interval of 1@as stronger than we find Velocities, Vi p~400-1700 m/s. Altogether 3464 samples
in three time wider flow angle interval of 30 The veloc- of joint STARE/EISCAT measurements of Doppler velocity,

ity magnitudes in our data better support the earlier eveningy -+ the totalV g, and the |-o-s electron drift velocity,
sector measurements by Nielsen and Schlegel (1985), grey/°S ;, have been analysed. In a similar recent study by
dashed line. Nielsen et al. (2002) there were a total of 1334 joint sam-
ples, of which~1/3 were collected in the eastward ané/3
3.3 Mean STARE velocity versus EISCAT I-o-s velocity  in the westward electrojet region. A limited amount of large
flow angle data in the eastward electrojet (in comparison with
Figure 5 was built in similar manner as Fig. 4 except that thethjs study) were available for the Finland radar and only a
STARE data were re-grouped and averaged over 10-deg infew tens of samples for the Norway radar (Nielsen et al.,
tervals (bins) of the flow angle (as earli@e=50, 60, 70,80) 2002, their Fig. 1). Thus, for the eastward electrojet and for
and over 100-m/s intervals (bins) in the EISCAT I-0-s elec- the moderate-large flow angles, the present data set is about
tron drift velocity. One important feature can be clearly seen1 times statistically more significant than the earlier study
in Fig. 5a, b, which was not revealed in Fig. 3. Namely, therecited.

is a gradual growth of the mean Doppler (or phase) velocity, To reveal the features of the mear;r’\: and Vifr be-
VT, with the increasing flow angle for any EISCAT |-o- havior quantitatively, we arbitrarily selected the data in

s velocity, Vi% ;. It happens regardless of whethigfs , the flow angle bin of6=60°, (i.e. ®gp) as a reference
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Fig. 6. (a—d)and(e-h)blue points are the predicted velocities, 4y FCy C0SOgp(COSO / COSBgp))" magnitudes, versus of the EISCAT
I-0-s electron drift veIocityV)'E"jB, grey solid lines, are the mean STARE velocities taken from Fig. 3, for more details see text.

set, Fig. 3c, g. This allows us to search for a C,cos®, and the ratio gradually grows as a function of the
way to predict the velocity in other flow angle bins, I-o-s electron velocity. Thus, for the reference §et60°
Vi:\:":(G), as a function OM:\:’F(Geo)( €0s® / cos<BOgp>)" the idea presented by Bahcivan et al. (2005) appears to give
or An.rCP cos<®gp>(COSO / cOS<Bgp>)", whereAy pis  areasonable fit.
a multiplicative term, which itself is a function of the I-o-s  These two similar velocity ratiody r allow us to search
electron drift Ve'°City'V1|§§B' andcs@ are sets of ion acous- the cos® power index: for our two sets of STARE data. The
tic speed samples, which represents a certain flow angle bipower index was found to be~0.2 for the Norway data and
©. The indicesn andn were adjusted to fit the measured and »n~O0 for the Finland data. Figure 6a—d, e-h illustrates our by-
predicted velocities by eye. The thin black line in Fig. 3a, b, eye adjusted fitting. The grey lines are the STARE Norway
d and e, f, h shows examples of such an adjustment based gind Finland Doppler velocities taken from Fig. 3. The blue
the first ratio, where for both Norway and Finland velocity dots are predicted velocities based on the derivgg term,
prediction we foundn~0.3 or close to zero, respectively. the EISCAT isothermal ion acoustic speed and the EISCAT
In the adjustment based on the second ratio, wherdlow angle,®n, in each the flow angle bin. The mutual
Vi:\:‘foAN,FCs co¢' ©, we used the idea presented by Bahci- overlapping of the measured and predicted quantities looks
van et al. (2005) that the 30-MHz Doppler velocity variations reasonable. Due to smaller dispersion of the ion-acoustic
with the flow angle can be “...described by tfigcos®  speed magnitudes (in comparison with STARE velocity dis-

law”. To see how this conclusion fits our data, we searchPersion, e.g. Fig. 3a—d, e-h), it seems thiatlependent pre-

for the An r term as the‘/i?:":((%o) /Cs cos@%': ratio for dlctl_o_n is more effective. However, our data efl-m irreg-

the reference data set. If both the numerator and denomitlarities, in general, do not support (or support only partly)
nator of the latter formula are represented by a linear leasthe idea by Bahcivan et al. (2005) that the irregularity veloc-
squares fit lines then for the Norway and Finland the ratiosity (Perhaps, mainly of type 2) closely follo@, cos® law.

can be expressed reasonably well by similar 2nd order polyA possible explanation can be the fact that due to refraction
nomial equations (for more details see Appendix A). Both the ~5-m irregularities observed by Bahcivan et al. (2005)
ratio curves (Fig. Ale, f) expressed as a function of the I-o0-s-can be seen at smaller (closer to zero) aspect angles than in
electron VeIOCiWJ/E)iBI increase monotonica”y; the mag- our case with~1-m irregularities, where refraction is much

nitude starts from~1.3 (~1.2) at theV/%s ,~400m/s and ~ SMallerand the aspect angles are-af.

rises to~1.35 (~1.23) at theV}ij~800 m/s for the Nor-
way (Finland) radar. Thus, the STARE Doppler velocities
are only slightly larger than the “lI-o-s ion-acoustic speed”,
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Fig. 7. (a) model: merged vectors configuration assuming no flow angle dependence exists at all: in each antenna beam and range gate
\4{\::470 m/s andVir':r:430 m/s,(b) observation: a typical example of the STARE merged vectors configuration in the extensive eastward
electrojet. Note similarity between panels (a) and (b). The colour is mean SNRs of Norway and Finland STARE radar.

3.5 Effects of the low flow angle velocity dependence regularity velocities should be grouped roughly around the
bisector between Finland and Norway antenna beams. The
The weak flow angle velocity dependence can lead to undescribed features of the STARE velocities do not contra-

realistic estimates of the mergat, and V;N-velocity of ir- dict with the possibility of observing a full circle rotation
regularities when the stereoscopic STARE velocity mapping®f the merged velocity vectors (e.g. by Nielsen and Green-
technique is applied, Fig. 1. To see a cause of uncertaintyV@!d, 1978, 1979; Walker et al., 1979). However, although
let us suggest that a real direction of the irregularity flow the cited authors applied an integration over time andj/or
for a moment is very close to being orthogonal to the Nor- SPace (any average will smooth vector variations), in sets of
way or Finland antenna beam, e@ or O is around 80— STARE plots (with 20-s integration time particularly) one

100°. In such a case one expects to meagui| > [VF can meet often directional jumps of neighbouring vectors

or |ViN| <|vf| and then the merged velocity magnitude from one quadrant to another.

Virr“ViL\r‘ or mevifr, However, due to the weak flow angle Figure 7a shows a model case where the merged vectors of
dependence (velocity plateau) the measured velocity magirregularity drifts were built with an arbitrary suggestion that
nitudes are nearly the sam'g{im ~ ]Vlfr’ or |V,# A~ ’Vm no the flow angle dependence exists at all. In this case we put
Then the merged velocity, e.g. in the EISCAT flux tube, i.e. Finland velocities in all antenna beams and in all range gates
close to the centre of STARE field of view, becomeatimes ~ equal 430 m/s and similar Norway velocities equal 470 m/s
the real irregularity drift velocity. In the northern part of the (roughly as in Fig. 5). In the model the merged vectors ex-
STARE field of view, e.g. at GG latitude/longitude of’72nd ~ hibit two features: (a) a gradual counterclockwise (CCW)
20°, respectively, the merged velocity become®.6 times  turn and (b) a gradual increase of the vector magnitude by a
larger than the redfi,. factor~2 going from southern to northern part of the STARE
Although there are uncertainties due to the weak flow an-plot. Both features are products of antenna beam orientation

gle velocity dependence, however, due to the reversal oftnd the angle between beams at a specific point.

the velocity sign wher®yn g~90°, the STARE stereoscopic Figure 7b shows a typical example of STARE observation
merging succeeds well in defining the quadrants of the ir-in the extensive eastward electrojet witi00 nT of positive
regularity drift vectors. Inside each quadrant the merged ir-H component of Soroya magnetometer under STARE echo
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Table 1. STARE echo onset: smallest |-0-s electron velocity as a function of the flow angle.

Mean flow angled, deg 40 50 60 70 80
Threshold velocity, Norway radar, m/s 350 300 215 140 65
Threshold velocity, Finland radar, m/s 350 280 210 160 90

VEx B C0S® magnitude Vg p=425), m/s 326 273 2125 145 74

collection area. Note a similarity between the model and theto map~1-m irregularity drift velocities in the aurord re-
observation: CCW turn of vectors and similar ratio betweengion (Greenwald et al., 1978). The authors assumed that the
vector magnitudes in the middle and top part of the STAREtotal drift velocity of~1-m irregularities is close to the elec-
plot. An exception is smaller vector magnitudes at the bot-tron drift velocity, Vir~V g« g and each radar sees its “own”
tom of the plot due to growth of the aspect angles for bothl-o-s component of the total velocity#\r"':% |Virr| COSON,F.
Norway and Finland radars (Greenwald et al., 1978; NielsenHowever, later, by combining EISCAT and STARE measure-
1986; Makarevich et al., 2007). ments, Nielsen and Schlegel (1985) revealed that the STARE
radars essentially underestimate the electron drift velocity
3.6 Lowest |-o-s electron drift velocities in STARE echo and the Doppler velocity flow angle dependence is much
appearance weaker than earlier suggested. They also found that Doppler
velocities of FB irregularities in the E-region are limited to
A sudden appearance of STARE echoes at lowest |-0-s ele¢g yalue near the ion acoustic velocity. Recently, Koustov et
tron drift veIocities,Vl'EoiB, exhibits an interesting threshold 5| (2002) noted that in the EISCAT flux tube the STARE
feature. In Fig. 3a—h the echo appearance is marked by velmdars cannot always see a purely orthogonal backscatter,
tical dotted lines. The marked values of tHfS p-threshold i ¢ they suggested that a deficiency of the velocity measure-
reasonably follow the flow angle céslaw. Table 1 shows  ments can be contaminated partly due to this fact. Uspensky
the measured and expectgff? , if the latter obeys the true et al. (2003) went even further by declaring that the auroral
flow angle velocity cosine dependence. As one can see, thgackscatter is always effectively non-orthogonal in a sense
velocity threshold obeys the c@slaw reasonably well ifthe  that for any radar cell the auroral echo is collected from var-
main Vg g electron drift velocity is close to 425 m/s. ious heights, of which at only one height there is perfect or-
At the largest flow angle of 8Gthe echoes arise when the thogonality. Below we will describe and discuss the features
I-0-s electron driftV"onB is ~65 or~90 m/s only. One could  of the STARE velocities in more detail.
assume that in this case the echoes are due to the gradient-
drift or wind driven instability. Such suggestion is not sup- 4.1 The flow angle velocity dependence?
ported by our data for both Finland and Norway radars, e.g. at

smaller flow angles of 50-70where nearly simultaneously njielsen and Schlegel (1985) found that (a) when the flow

no echoes are recorded under similar low |-0-s electron drn‘tsangle is 30<®<60°, the velocity of irregularities/i'r\'r": is

It is interesting to note that at. t.he large ﬂ_OW angles of 60_Iimited to a value near the ion acoustic velocity and both ve-
80° the STARE Doppler velocities were dispersed between, iiios mentioned are a function of the electron drift veloc-

~ ~ i i [ . : i
100 and~400m/s, while suggested driven tervi; ;) ity magnitude,Vg« . They also found that (b) “the cosine

was close to or smaller thar200 m/s. relationship (/irNr’F~ cos®) is not in general valid for obser-
vations associated with the two-stream instability”, however,
if the Doppler velocities in the westward electron flow (east-

ward electrojet) ar@’ir'\'r":§300 m/s, one can apply the cosine-

A number of papers were involved in early studies of the au-relationship to the measured STARE velocitig§, and V.

roral radar Doppler velocities and its flow angle dependencdn & more recent paper by Nielsen et al. (2002), the authors
at different wavelengthes (e.g. Ecklund et al., 1975; Greenconfirm their earlier conclusion that “for large flow angles,
wald and Ecklund, 1975; Tsunoda, 1975, 1976; Rogister andhe Doppler shifts are equal to the component of the electron
Jamin, 1975; Greenwald et al., 1978; Moorcroft and Tsun-drift velocity along the line of sight” and found that (c) for
oda, 1978; Nielsen and Schlegel, 1985; Robinson, 1993the flow angle®=0-60" the irregularity drift velocity mag-
Nielsen et al., 2002). The primary suggestion based on thaitudes can be expressed 4§ "~»C cos’ ©, whereb and
linear fluid and kinetic theories (see the theories, e.g. Fejer have values-1.2 (1.05) and~0.8 (0.2) when the electron
and Kelley, 1980; Wang and Tsunoda, 1975) was that aurodrift velocities Vg g are 600 (1600) m/s.

ral irregularities act nearly as tracers of line-of-sight electron In the present study for flow angles 6&50°, we found
drifts. It was the basis of the STARE stereoscopic methodthat the mentioned feature (a) rather can be described as

4 Discussion
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vi:\:vF%CS—ZOO m/s. (Note, that in Nielsen and Schlegel’s is not trying to understand the physics of the weak flow an-
paper the authors used their model estimate of the ion acousgle dependence, the latter fact by itself is enough to predict
tic speed at 105-km altitude). In our case the isothermalan overestimation (underestimation) of the electron drift ve-
ion acoustic speed; was based on electron and ion tem- locity if the prediction is based at STARE velocity and the
perature data measured by EISCAT. For data comparison weISCAT largest, e.g9=80° (or moderate, e.gd<60°) flow
choose the”; magnitudes recorded at 111 km altitude since angle. In Fig. 5 aB=80°, V\'F > Vi, 5 cosOy ¢, while at

the strongest evening sector backscatter can originate in ge moderate flow angle¥,\'" <V g cosO F.

bottom part of the E-layer and we believe that backscatter The mentioned featureiginevitabl become sources of er-
altitude is at approximately 110-113km (for more details y

. . . Bors if one uses the standard stereoscopic STARE velocity
see Sect. 2). In our data the isothermal ion acoustic speed . in (as in Fig. 1). More uncertainties arise if the merged
of C111~1.2C105 (superscript indicates the altitude in km). bPing g 2)- 9

) F oA STARE velocity is converted to the ionospheric electric field

However, the reason why in our caBf " <C!*canbe ex-  nqcedin guantitative estimates (e.g. by Amm et al., 2005).
plained in the framework of linear plasma theory and sup-t. sTARE merged vector magnitudes in the EISCAT flux
ported by experimental data (Nielsen, 1986; M_akarevich et be (Uspensky et al., 2004) underestimate kheB elec-
al., 2007) due to a permane°-off-orthogonality of the o drift velocities by a factor-0.55. If applying this fact
noon-evening auroral backscatter in the EISCAT flux tube. to the poleward (equatorward) part of the STARE plot, due

One part of the feature mentioned above in point (b) isto the angle changes between Norway and Finland antenna
that “the cosine relationship is not valid...” is well con- peams, such an underestimate can take a faefo? (~0.4
firmed in this study (see e.g. our Fig. 4a, b and Fig. 5a, bor even less due to the increased off-orthogonality). Ear-
Another part, namely that for large flow angles the measuredier Robinson (1993) made model calculations of errors in
STARE velocity “equals” the |-o-s component of the elec- plasma drift velocities derived by the cosine law velocity
tron drift velocity, Vil "=Vg « 5 cOSON F=V|% ,, in general  merging. He assumed E-layer irregularities obey the features
is not supported in this study (see Fig. 5a, b). The irregu-described by Nielsen and Schlegel (1985).
Iarle drift velocity versus the flow gngle@=50—80°, ex In comparing our evening sector velocities with evening
hibits a gradual and regula'[l gxcursmn seen by both STAREsg 1 velocities by Nielsen and Schlegel (1985), one can find
radars from area 1, wheng, ™ <VEx g C0SO, ©=50-60"  {hatin the first data set they are slightly smaller, Fig. 4. This
to area 2, Where/"'-\rl’ngExB cos®, ®=70°, and to area 3, fact is puzzling since STARE MP ACF velocities are always
where irregularities travel already 70-120 m/s faster than l-higher than their DP counterparts as was found by Nielsen
0-s driver term,Vi:\r"F> VExp COS®, ©=80°. Uspensky et et al. (2002) and by Nielsen (2004); for more details see by
al. (2003) observed similar STARE velocity “overspeed” at Uspensky et al. (2005).
the large flow angles in the Finland radar data. They ex- Rogister and Jamin (1975) suggested that turbulence of
plained it by arguments of the linear theory as a contribu-the plasma is coupled with 2-D nonlinear wave-wave interac-
tion _of the backscatter off-orthogonality anc_i the ion motion. tjons that transfer energy from linear growing modes at short
Their data for the Norway STARE radar did not reveal the yyayelengths to linear damping modes at longer wavelengths,
effect due to small flow angles €=40-50. Similar fea-  \yhich propagate in other directions. Contained in this theory
tures were seen and described earlier by Tsunoda (1975) angd similar as we found, a slight dependence of the phase ve-
recently by Makarevich et al. (2007). locity of irregularities on the flow angle. (In Sect. 4.2 we dis-

The flow angle dependence (c) by Nielsen et al. (2002)cuss the wave-wave interaction also as an origin offhe-
is shown in Fig. 4a, b based on EISCAT:!! values (i.e.  off-orthogonal auroral backscatter). A number of nonlinear
the ion acoustic speed roughly in the area of the backscattgslasma theories predict a saturation of wave phase velocity
origin) where®=50° (upper curve) and 60(lower curve),  and the weak flow angle dependence, see e.g. by Otani and
grey dotted lines. These two curves are located between th@ppenheim (1998, 2006, and reference therein) who found
111-km ion acoustic speed dependence and our velocity datahat the independence of phase velocity of the flow angle is
The trends of all dependences in Fig. 4a, b are very similarconsistent with the three-mode coupling mechanism used in
however the dependence (c) is noticeably outsidev;ﬁé:- their modeling. In large scale simulations of 2-D fully ki-
values (the present study), although the latter are not too fanetic FB turbulence by Oppenheim et al. (2008) the authors
from the earlier data by Nielsen and Schlegel (1985) (greyreveal the phase velocity dependence on the flow angle, how-
dashed line). A possible explanation of the discrepancy isever, it was accompanied byl5-dB power decrease of short
that Nielsen et al. (2002) used mainly morning sector datascale waves propagating at nearly orthogonally with respect
while the present study as well as by Nielsen and Schlegeto Vg« p flow. Oppenheim et al. (2008) found also that the
(1985) were based at the evening sector data. Thus, one cammulation reacts to the box size and large-scale modes de-
see that our knowledge of the flow angle velocity dependencerelop much faster than predicted by the linear theory, sug-
is not yet complete, except for the common conclusion thatgesting that nonlinear mode coupling plays a critical role in
the flow angle dependence isco$? ® or weaker. If one their development. One can suggest that the weak velocity
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local nonlinear velocity limitation nearly to the ion-acoustic
speed and (b) large scale (tens of metres to kilometres) tur-
bulence (vortices) which spreads domains with small-scale
irregularities to a band of flow angles. The early paper by
Greenwald et al. (1978) is based on a limited set of the first
STARE observations. They affirm that at VHF the velocity
plateau is not observed. Now we can see that in the VHF
band the velocity plateau does exist and that the transition
region is also narrow, perhaps arounti0®, since the largest

;o flow angles in our statistics are 85 and’95
/' px An interesting feature of the present data is the almost co-
B .~ y sine dependence of tHgS , threshold with a sudden echo
z=-B/B appearance in the weakly driven electrojet, see Table 1. We

believe that the sudden appearance of echoes in a condi-
Fig. 8. A sketch of the STARE Norway radar observational geome- tion with a margina| IOV\’VEXB Ve|0city magnitude to excite
try over the EISCAT spot. The secondary wave withwave vélgior  £B jrregularities €400 m/s), illustrates the efficiency of the
red, is formed by the subtraction of two primary wakesandki1, — ngnlinear wave-wave coupling and, perhaps, is based also
which are traveling nearly horlzontall_y Wlth a positive and negative on subtraction of two different (non-strong yet and with a
flow and random aspect angle 0.3-0iside the auroral westward . . -
electron flow (for more details see text). smaller q”‘ference in the flow gngles) shorter _sc_ale primary

waves with wave vector magnitudas, ko> ks, similarly as

in Fig. 8. In any case, irregularities seen by the STARE radars

reaction to the flow angle is due to a decrease of echo powe?hOUId be Iarge_r In wave scales than the linear kinetic limit
L . . . of FB wave excitation, e.g. see Ossakow et al. (1975). Thus,
at large flow angles and the limited side lobe isolation of the

STARE RX antenna array (Greenwald et al., 1978) This Vave-wave coupling seems to be a suitable explanation and

suggestion is not supported by data from Fig. 5. Then th the wave packets are, perhaps, nearly resonant ones due to a

STARE velocities should be the same at a fixed I-0-s eIectro(ra%'m'ted amount of primary waves inside a narrow flow angle

. . . _ cone. If the secondary waves with a velocity/ k3 and with
:jnrg)t velocity going to large flow angles (but they are grow the aspect angle of1° are nonlinearly pumped, they can be

. . . detected by a radar.
The mentioned Doppler velocity dominance at the largest

flow angles of®N >80 can be explained if the magni-
tude of theE x B electron drift velocity,Vg . g, controls the

small-scale irregularity structure and its velocities for the ) )
large flow angles, perhaps, through a nonlinear wave couThe effects of the wave-wave coupling were discussed and

pling, e.g. as is illustrated in Fig. 8. Conclusions on the described earlier and recently by Kudeki and Farley (1939),
wave-wave interaction with a creation of the large flow an- S@hr and Farley (1995) and by Lu et al. (2008). The cited

gle secondary waves were obtained also by Janhunen (1994 }JthOI’S explained the decrease of the aspect angle sensitiv-

Oppenheim at al. (1996) and Otani and Oppenheim (1998) ify (growth of the off-orthogonal angles) and decrease of
their three-wave coupling simulation of FB instability. Otani € irregularity phase velocity due to the subtraction of two

and Oppenheim (1998, 2006) confirm that the wave-wave inSlightly off-orthogonal primary waves. The nonlinear wave
teraction is very efficient and it creates: (a) turning of the pri- VEctor subtraction is sketched schematically in Fig. 8, where
mary waves away from the mean electron drift direction and® POINts along the radar beam roughly to north-east (as for

(b) a saturated wave phase velocity below that predicted byl Norway antenna beam) and orthogonally to the magnetic
linear theory but around the ion acoustic speed. field line, y points roughly to east and along the electrojet
flow, andz is anti-parallel to the magnetic field line. Closely

the electron drift velocities are 1000-1500 m/s. Here a sin—‘taO”OWIng the paper by Lu et al. (2008) we reconsider the

gle secondary wavis along of Norway (or Finland) radar wave vector subtraction for our auroral geometry. Let us

antenna beam is, perhaps, a superposition of a family of Iori_take two primary waveg1, k2 which are traveling more or

% andk’ i band of E-I ititud ith less horizontally in the westward direction. To simplify the
mary wavesk, andk; In a band of E-layer altitudes with a consideration the vectdr, is orthogonal tat and we arbi-

wide range of flow (and, perhaps, aspect) angles, wave scalq§ary selected thaliky| =+/3|ks| and [ky| =2|ks] to satisfy
and angular velocities. Such a scenario could be a rough 212
2%

qualitative explanation for the weak flow angle dependence€ conditionks’
and the “velocity plateau” in the STARE Doppler velocities Now we assume that the wavés, k> traveling west-

as found in this study. In other words, the weak flow angleward have the moderate positive and negative flow an-
velocity dependence is, perhaps, a result of two factors, (a) gles shown in Fig. 8 as well as some (e.g. 0.320.5

4.2 Echoes at the aspect angles-df
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uncorrelated random aspect angles. Of course, therecho intensity and, perhaps, Doppler velocity. The west-east
are many other primary pairs that would give a simi- asymmetry in STARE echo intensities is well known (see,
lar k3, a vector that will produce radar echoes. Thene.g. by Koustov et al., 2002, their Fig. 4; Uspensky et al.,
the waves can be expressedkas=—k1, X —k1,y+k1,Z and 2003, their Fig. 2). The west-east asymmetry in the Doppler
ko=0x—koy y+ko 2, Wherekyy, k1y, koy, koy>k1., ko, and velocities can be seen in our Figs. 4 and 5. Except for the
both wave satisfy the linear dispersion relation. If the wave 3neutral wind effects discussed in Sect. 3.2, if one suggests
is the vector subtraction of waves 2 and 1 we find thatthat the Finland radar in reality collects echoes from slightly
ka=ky X+ (k1y—k2y) y+(k1; —k2;)Z andwz=wr—w1. outside of the ionization valley, at trailing edges of a pri-
The aspect angles of the primary waves can be written asnary wave, where mean ionisation is higher (echo power
(839 =(k2.) /k2=(k2,) / k3, then the rms aspect angle of the is higher), but electron drifts are slightly lower than in the
waveks will be (Arzms>%<(klz_k21)2>/k§x:7(8r2m ) ionization valley center (Otani and Oppenheim, 1998, their
Note that the rms aspect angle of the secondary wave Fig. 3). Perhaps, the features of the wave-wave coupling
is in the 2nd order dependence to the primary wave numbegan be a further explanation of the STARE Doppler veloc-
values. Thus, even one stage of this coupling process couldy asymmetry. However such the scheme alone cannot ex-
quite reasonably be expected to generate secondary wavé¥ain the opposite velocity asymmetry in Homer UHF data
with rms aspect angles that are substantially larger than th€y Tsunoda (1976).
angles of the primary waves, e.g. aspect angles of 1-1.5
in our obse_rvations. On the other hand, the fre_querlcy of5 Summary
the waveks is now ws=w>—w1 and the Doppler shifi is

smaller than for primary waves. Lu et al. (2008) found simi- 1 The Norway and Finland STARE Doppler veloci-
lar features of rms aspect angles in the equatorial electrojet.  ties react only barely to flow angles when they are

Although the wave-wave coupling mechanism can explain - g —50-80° and©r=100-13C. The reason is that in

why their angular velocities are lower than in the primary V19 .=V, g COSO, is not the sole factor which con-
waves as well as the primary wave saturation, a quantitative  tro|s the drift velocity of~1-m irregularities. We con-
estimate of the irregularity drift velocity in the auroral elec- firm the conclusion by Nielsen and Schlegel (1985) that

trojet cannot yet be done. It seems that the wave-wave cou-  the cosine relationship of the irregularity drift velocity
pling as a physical mechanism does not contradict with the as a true function of the flow angle is not valid.
so-called off-orthogonal fluid approach (OOFA) by Uspen-

sky et al. (2003, 2004), where the authors indirectly accept a 2. The STARE Doppler velocity reacts tfixB elec-
nonlinear nature of irregularities existing at large aspect and  tron drift velocity variations in a similar way than the

flow angles (where linear fluid and kinetic theories invariably isothermal ion-acoustic velocity at 111 km, i.e. roughly
predict negative growth rates). Hence, based on the linear ~ at altitude of strongest backscatter 110-113km. The
dispersion properties of the irregularities in their dissipative ~ ion-acoustic velocity was~200m/s larger than the

mode, OOFA helps estimate semi-empirically (i.e. using the ~ STARE Doppler velocity magnitude, perhaps mainly
measured aspect angle dependence) a mean velocity of the due to the~1° backscatter orthogonality.
backscatter as a weighted family of echoes from a band of 3

altitudes. . A model of merged velocities based on the suggestion

that no flow angle dependence exists predicts reason-
ably well the features of the merged drift velocity vec-

4.3 Features of data and wave-wave coupling
tors based on STARE radar measurements.

Trying to apply the modelling by Otani and Oppenheim
(2006) to our auroral eastward electrojet case (westward
electron flow), one can find (see, e.g. their Figs. 7 and 8) that
due to the intense wave-wave coupling there can be a struc-
ture with south-west (north west) flow with larger (smaller)
plasma density, which co-exist simultaneously. The south-
west electron drifts are mainly within increased ionization
and they run roughly along the line-of-sight of the STARE
Norway radar. The structures with north-west flow are lo- 5. The conclusion by Nielsen and Schlegel (1985), Nielsen
cated in ionization valleys and they run roughly along the et al. (2002) that at large flow angles the measured
line-of-sight of the STARE Finland radar. Due to increased velocity of irregularities equals the line-of-sight com-
(decreased) ionization in south-west (north-west) electron ponent of the electron drift veIocityV,'ij, is not,
drifts populated by secondary waves the STARE Norway in general, supported by the present study. The ir-
and Finland radars could see a west-east asymmetry in the regularity drift velocity versus the flow angle exhibits

4. The weak flow angle velocity dependence of the irregu-
larities, we believe, could be a result of two factors: (a)
a local nonlinear velocity limitation nearly to the ion-
acoustic speed due to the wave-wave coupling and (b)
existence of large-scale (tens of metres to kilometres)
turbulence which spreads domains with small-scale ir-
regularities to a band of flow angles.

www.ann-geophys.net/26/3395/2008/ Ann. Geophys., 26, 3395-2008
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Fig. Al. (a) and(b) are the term&; cosON r, ©N,F=60°, in accordance with suggestion by Bahcivan et al. (2005), blue pdijtand

(d) are STARE velocitiesf;vi:\:":‘ for the flow angle 60, grey lines in panels (a—d) are its linear least squares fit lif@snd(f) are the
velocity-to-velocity ratioViL\:’F(e)eo)/ Cy cos(—)gé': based at the least squares fit lines from panels (c) and (a), (d) and (b); for more details
see text in Sect. 3.4.

a gradual and regular excursion from area 1, whereUniversity of Trondheim, Norway. EISCAT is an international fa-
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N,F
Virr

N,F
Virr

irregularities travel already at 70-120 m/s faster thal
the l-o-s component of the electron drift velocity,

vNFl S Ve g cos®, ©=80°.

Irr

Appendix A

A solution for the termAnpr, Fig. Al, in our search
for the flow angle velocity dependence in a form of
Vi#":foN,FCs cog O (for more details see Sect. 3.4).
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