Ann. Geophys., 30, 23250, 2012 ~ "*
www.ann-geophys.net/30/235/2012/ G Ann_ales
doi:10.5194/angeo-30-235-2012 Geophysicae
© Author(s) 2012. CC Attribution 3.0 License. -

Velocity of E-region HF echoes under strongly-driven electrojet
conditions

J. D. Gorin®, A. V. Koustov!, R. A. Makarevich?, J.-P. St.-Maurice!, and S. Nozawa

1ISAS, University of Saskatchewan, 116 Science Place, Saskatoon, SK, S7N 5E2, Canada
2Geophysical Institute and Department of Physics, University of Alaska Fairbanks, Fairbanks, AK, 99775-7320, USA
3Solar-Terrestrial Environment Laboratory, Nagoya University, Furo-Cho, Chikusa-ku, Nagoya 464-8601, Japan

Correspondence toA. V. Koustov (sasha.koustov@usask.ca)

Received: 9 August 2011 — Revised: 30 December 2011 — Accepted: 11 January 2012 — Published: 20 January 2012

Abstract. Data collected by the Stokkseyri SuperDARN HF plasma instability. For such drifts, the velocity of echoes,
radar simultaneously at short and far ranges are used to isbserved roughly along the electron flow direction, is close
vestigate the relationship between the velocity of E-regionto the isothermal ion-acoustic spe€d of the plasma (e.g.,

HF echoes,E x B electron drift and the isothermal ion- reviews by Schlegel, 1996; Sahr and Fejer, 1996). With
acoustic speed’s. The work targets larg& x B drifts of an increase of th& x B magnitude, the echo velocity in-
>1000m s and observations predominantly along the flow. creases, but it is still close ts. It is therefore often said

By considering the EISCAT temperature and electric fieldthat the VHF/HF radar velocity “saturates” @t (Nielsen
data, an empirical relationship between fe B drift veloc- and Schlegel, 1985, for VHF echoes and Foster and Erick-
ity andCs is established for a number of ionospheric heights.son, 2000, for UHF echoes). Although the notion of an E-
For the Stokkseyri HF radar beams oriented roughly alongregion velocity saturation is well accepted, several issues are
the E x B direction, the observed E-region HF velocities are still unresolved, for example, (1) how close the velocity is to
consistent with the”s values at the bottom of the electrojet Cs, or, more generally, to the instability threshold speed, and
but not at its center. For a subset of the data with smooth an@2) how sensitive the relationship & is to the cone of flow
consistent velocity variation with the beam azimuth at bothangles (and, generally speaking, the cone of aspect angles)
short and far radar ranges the velocity varies according to thé€e.g., Haldoupis and Schlegel, 1990; Farley and Providakes,
cosine law. For the E-region echoes, the proportionality coef-1989; Bahcivan et al., 2005; Uspensky et al., 2006). Progress
ficientin the cosine law is consistent with thg values atthe  in this area has been hindered, first of all, by the scarcity
bottom of the electrojet. For these events, the E-region velocef the data on plasma parameters within the radar scattering
ity maximum is shown to be between tiex B and electric  volume. In addition, the height of backscatter is typically not
field directions. The statistically average shift420° and it ~ known.

increases slightly with th& x B magnitude.

Concurrent observations of VHF STARE-140 MHz)

and incoherent scatter EISCAT radars provided some in-
sights into the above two issues. Nielsen and Schlegel (1985)
established an empirical relationship between the STARE
1 Introduction velocity and theE x B drift magnitude for observations
roughly along the drift direction. The dependence was shown
The relationship between the Doppler velocity of the high-to be very similar to the dependence®@$ upon theE x B
latitude E-region VHF/HF coherent echoes (phase velocity ofvelocity. It was suggested that the irregularities with a near-
the electrojet irregularities) and the ionosphdfii B elec-  Cs velocity can fill the entire flow angle cone of the FB in-
tron drift is a fundamental question important for both un- stability, 8 < cos 1(Cs/ Ve g), Whered is the flow angle
derstanding the plasma physics of irregularity formation anddefined as an angle between the irregularity propagation and
for an electric field vector determination from Doppler radar the E x B directions. Haldoupis and Schlegel (1990) made
measurements. Of special interest is a case of strong drifta direct comparison of STARE velocities a@d. Their data
well exceeding the threshold for the Farley-Buneman (FB)showed significant variability (e.g., their Fig. 9); the authors,
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however, favoured an idea that the VHF velocity is 10-20 %often occur at HF, but a host of other echo types was dis-
higher than a non-isotherm@k that was evaluated from the covered (Milan and Lester, 2001). Some characteristics of
EISCAT electron and ion temperature data by assuming adithese new types were related to tBex B magnitude and
abatic electrons and isothermal ions. Farley and Providakedirection; however, more work was needed to establish the
(1989) had likewise found that during strong electron heat-character and nature of the relationship. For example, Kous-
ing events seen over the EISCAT field of view, the phasetov et al. (2005) compared the Stokkseyri SuperDARN radar
velocity of so-called type IV echoes observed in the same(whose look directions are mostly zonal) E-region velocities
volume as EISCAT at 50 MHz was faster than the isothermalwith the E x B drift velocities measured by the DMSP satel-
ion-acoustic speed, and indeed somewhat faster than the iotites. The authors concluded that, aside from a small number
acoustic speed computed assuming adiabatic electrons araf points for which the echo velocity was close to the drift,
isothermal ions. the majority of echo velocities was considerably smaller than
The above results were, however, at odds with thosethe electron drift component along the corresponding radar
of Kofman and Nielsen (1990) who reported instead thatbeam and were perhaps bel@y. Some echoes were found
STARE velocities were belows at all heights. Further- to have two components, and one of these could have been
more, Chen et al. (1995) clearly showed that the STARE ve-associated with the FB waves “saturated” at the spéed
locity became smaller thatis by up to~30 % as the electron However, it was not possible to determine the flow angles for
temperature (and, presumably, tHex B drift) increased. A  these observations.
detailed and more systematic investigation of a joint STARE- Another puzzling conclusion came from papers by Kous-
EISCAT data was undertaken by Nielsen et al. (2002). Thesé¢ov et al. (2001) and Makarevitch et al. (2001, 2002a) who
authors concluded that whether the STARE velocity is abovecompared the velocity of HF (12 MHz) and VHF (50 MHz)
or below Cs depends on the flow angle. For small angles echoes observed simultaneously roughly along Ehe B
(along the flow), the STARE velocity was20 % aboveCs direction. The authors identified two clusters of echoes:
at~600m s ! but only 5% above&’s at 1600 m st with Cs for one cluster, the HF and VHF velocities were both be-
and the radar line-of-sight velocity both increasing with the tween 200 and 700 nT$ and had a comparable magnitude,
E x B magnitude. In terms of the flow angle dependence, thewith somewhat faster HF velocities; for the other cluster, the
STARE velocity was found to decrease within the FB insta- HF velocity was dramatically (several times) smaller than
bility cone according to cd® law (with o decreasing from the concurrently-measured VHF velocity. Based on ear-
0.8t0 0.2 forE x B drifts in the range of 400 to 1600 m¥). lier VHF and UHF studies, the occurrence of low-velocity
Recently, Bahcivan et al. (2005) and Bahcivan and Hysell(<200 m s'1) HF echoes for strond x B drifts was highly
(2006) proposed to significantly modify the velocity satura- unexpected, even though it now appears to be a common oc-
tion concept. They suggested that the electrojet irregularitycurrence at HF, as determined from concurrent rigave-
velocity decreases with the flow angle according to a sim-locities of 50-MHz echoes (Koustov et al., 2001; Makare-
ple cosine law with the maximum value 6% for directions  vitch et al., 2001, 2002a) or from the finding of very slow
close toE x B. They also suggested that the echoes withline-of-sight HF velocities in the presence of simultaneous
the velocities neaf’'s can only be detected within a very nar- high convection velocities (Milan and Lester, 1998; Makare-
row (perhaps, several degrees) cone of flow angles. To sup¢ich, 2008, 2010).
port their hypothesis, Bahcivan et al. (2005) presented data In this study, we continue the investigation of the rela-
of their ~30-MHz radar observations concurrent with rocket tionship between the velocity of high-latitude E-region HF
measurements of the electron drift. The ion-acoustic velocityechoes, theE x B drift and the ion-acoustic speed of the
was not measured; instead, the empirical formula by Nielserplasma in the auroral electrojet. We target small flow an-
and Schlegel (1985) was employed. Uspensky et al. (2006gles and largeE x B drifts of >500ms1 for which we are
2008), by considering joint STARE and EISCAT data, ar- confident that the FB plasma instability is operational. We
gued that the cosine law seems to work at relatively largeconsider data collected by the Stokkseyri HF radar whose
flow angles of>40°, but the velocity maximum is perhaps low number beams are oriented close to the magnetic L-shell
not Cs. Makarevich et al. (2007) have used joint STARE directions, and therefore along the predominant direction of
and EISCAT observations at flow angle580° and at sev- the E x B drift in the afternoon/evening sector. We adopt
eral locations with different aspect angles to demonstrate thathe approach by Milan and Lester (1998) and Makarevitch et
the electrojet irregularity velocity was close to that given by al. (2004), i.e., we select events with co-existing echoes at
the empirical formula of Nielsen et al. (2002) at small aspectshort (E-region) and far (F-region) ranges and use velocity
angles & < 1°), while being significantly different at larger data from the far ranges to estimate #i& B vector assum-
aspect angle values. ing that the electric field is distributed uniformly across the
Attempts to address the issue with HF coherent radarsneasurements region.
(decameter irregularities) have not clarified the picture; on
the contrary, it became more complicated (e.g., review in
Chisham et al., 2007). Th€s-like echoes were shown to
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Table 1. Periods of EISCAT CP1 observations considered in this Taple 2. Parameterst and B of the fit Cs=A+B- Vng to the
study. EISCAT data at various heights.

Day in 1999 Starttime, UT  End time, UT Height, km A, ms! B,1041/(ms1) N points

11 February 00:00 24:00 99.2 308.989 0.447894 1842

12 February 00:00 16:00 102.3 319.027 0.674093 1080

16 September 00:00 24:00 105.3 333.486 1.04535 1574

17 September 00:00 16:00 108.4 352.641 1.38634 1749

12 October 10:00 24:00 1115 379.599 1.56347 1770

13 October 00:00 24:00 114.5 410.051 1.41437 1833

15 October 0:000 16:00 117.6 452.500 1.14489 1707

3 December 00:00 16:00 120.7 479.806 1.18760 1557
2 lon-acoustic speed as a function of x B drift magni- To quantitatively improve the comparisons with the

tude at electrojet heights isothermal ion acoustic speed, we have revisited the depen-

denceCs(Ve« p) by selecting a data set made of 5 EISCAT

As discussed above, the velocity of the E-region echoes haddys of observations (Table 1), totaling about 160h of EIS-
customarily been compared at high latitudes to the isothermatAT CP1 measurements. For these periods, data on temper-
ion-acoustic speed, labeled here@sand which is given ~ aturé and electn_c field were good in terms of c_]ua_ll_ty (consis-
by the expressioiCs = /ks(Te+ T)/mi, Wherekg is the tently I0\_/v error in mgasurements), yvhlle a significant span
Boltzmann constant ang; is the mean ion mass of30  ©f electric field magnitudes was achieved. The data were ob-

atomic mass units. For ease of comparison with previoud@ned with a height resolution 6f3km and an integration

work we continue here to use this parameter even thougfime of 2min. ,
it has now become clear that a proper calculation of the 1h€ isothermals values were computed for every height

ion-acoustic speed should include not just electron adiabatif©M the measured electron and ion temperatufgaitd7i).
effects mentioned above, but also electron heat flows and’©iNts with error in temperature measurements-@00 K
thermal diffusion effects. During electron heating events, Were rejected. The scatter plot 65 versusVe waszthen

or in the lower parts of the E-region, these corrections carfit With @ quadratic dependence of a type=A+B-Vj, p.

be substantial (e.g., Dimant and Sudan, 1995, 1997; Kagar "€ inferred coefficientst and B were found for the en-
and St.-Maurice, 2004: St.-Maurice and Kissack, 2000 Kis-"e data set and then for individual UT hours. Since only
sack et al., 1995, 2008) and we should note that their effectdninor variations of the coe.ffi.cients were fou.nd for various
have clearly been observed in the equatorial electrojet (St.0UrS, we report here coefficients for the entire data set (Ta-
Maurice et al., 2003). An additional problem is thatwrile ~ Pl€ 2)- One should note here that although the data set
is fairly stable in the equatorial ionosphere, it can vary signif- Under conS|derat|;)n was significant, the data coverage for
icantly in the high-latitude region in the presence of electric VExs > 1000ms™ was somewhat limited, and very few
fields that become so strong that the FB waves themselveBOINtS were obtained fog 5 in excess of 1500 m—é

will heat the electrons to temperatures well above the ambi- Figure 1 gives a graphical presentation of the inferred de-
ent atmospheric temperature (e.g., Schlegel and St.-Mauricé’,end?”C'eS for all helghts..One can see a gene.ral increase of
1981: St.-Maurice et al., 1981, 1999: Wickwar et al., 1981: Cs With Ve g. The effect is certainly stronger in the mid-
Jones et al., 1991: Dimant and Milikh, 2003: Milikh and Di- dle of the electrojet, with the fastest rate of increase with
mant, 2003; Bahcivan, 2007). Despite extensive data studie¥£x# at 111km. This is consistent with previous reports
on the electron temperature variation with thex B drift that turbulent glectron heating is ;trongest at thgse heights
that have been published in the past, the evaluatiafsais (e.g., St.—Maur_lce et al., 1990). It is however of interest to
a function of theE x B drift magnitude has rarely been com- r)ote'that'the Nielsen aqd Schlegel (1985) cur\./e.(blue dashed
puted as concurrent ion temperatures were usually not reline in Fig. 1) PIas a similar shape but that it is offset by
ported. This complicates the interpretation of the velocitiesSOMe~100 ms ™= (and more as’k . 5 is increased) from the

of VHF/HF coherent echoes. Nielsen and Schlegel (1985)ata at 111km, the center of the elecrojet layer. Nonethe-
proposed a simple quadratic formula for the STARE VHF |€SS, we find that the often quoted nominal 400thsalue
velocity versust x B drift for observations at small flow an- for t.he ion-acoustic speed in the high-latitude glectrOJet can
gles. Since for these flow angles the velocity of VHF echoesP® Judgedl as reasonable as longlas.p remains below
has routinely been compared to the isothermal valu€f ~800ms=.

their proposed formula has been often used as a proxy for the

Cs(Vexp) dependence (e.g., Bahcivan et al., 2005).
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ExB Magnitude m/s tween gates 0 and 24 (ranges 180-1260 km). The height of 110 km
’ is assumed. The blue lines are the zero aspect angle lines for obser-
. . . . . vations under various electron densities in the ionosphere (densities
Fig. 1. Variation of the isothermal ion-acoustic speed Wi« are also shown in blue in units of 4dm~—3) at 110 km and the radar

B magnitude at various heights in the ionosphere (99-121 km)frequency of 12MHz. The thick lines are the AACGM magnetic
as inferred from EISCAT measurements betweeb2:00 and | .+ des of 65-75.

18:00 MLT. Dashed line is the dependence of the VHF radar ve-
locity upon theE x B magnitude reported by Nielsen and Schlegel
(1985). Red curve at 111km corresponds to the height with
strongest variation.

was given by Milan and Lester (1998). In addition to band
stability, we wanted the far-range echoes in the standard Su-
perDARN range-time plots to have a high velocity of the or-
3 HF radar data selection der of 1000 m st or more and echoes at short ranges to have
clearly lower or comparable velocities. Only cases with clear

To investigate the relationship between the HF velocity, bands were considered. Ideally, we also wanted the far-range
E x B plasma drift and’s, we consider data collected by the echoes to occupy as many beams of the radar as possible
Stokkseyri SuperDARN radar. Figure 2 shows the Stokkseyribut this criterion was not easy to satisfy, as quite often these
radar field of view (FoV), and one can see that the low num-echoes existed in a limited number of beams, in contrast with
bered beams (0-2) are oriented close to the L-shell directionthe E-region echoes. Finally, the velocity of far-range echoes
the predominant direction of the plasma flol k B direc-  should be gradually changing with the flow angle, if the as-
tion) in the afternoon/evening sector. Computations showsumption of a uniform ionospheric electric field was to hold.
that smallest L-shell angles arel5° at very short range To check the approximate uniformity of the electric field dis-
gates of 3-5; they decrease with range so that the flow antribution in the sector of observations, standard SuperDARN
gle is around zero at the radar range gates~8b. At convection maps (obtained through the map potential method
these ranges, F-region echoes are usually observed. Figureaf Ruohoniemi and Baker, 1998) were studied for each event.
also shows the lines of zero off-orthogonality angles for the We give 3 examples of the events that we investigated in
radar rays at the height of 110 km (for the radar frequency offig. 3. For the 1 November 2001 event, there is a band of rel-
12 MHz, the irregularity wavelength of 12.5m). For density atively low-velocity echoes extending across range gates 0—
of 3.5x 10* cm3, the perfect aspect condition is expected 14; these are assumed to be E-region echoes. Gates 11-14
at range gate 15, while for density of X00*cm=2 it is at fall outside of our assumed E-region ranges, but the backscat-
range gate 7. For the above aspect angle estimates, simpter power and Doppler velocity maxima (one can consult the
Snell's law was applied to a spherically uniform ionosphere. SuperDARN websitehttp://superdarn.jhuapl.edudo occur

In this study, we identified a number of events with stablewithin the range gates 3—-10. Therefore, we are confident
and long-lived concurrent short-range@30 km, gates 3-10, that the echoes are still coming from the E-region, even in
presumably E-region) and far-range{00 km but less than gates 11-14. For this event, the concurrent F-region echo
~2000 km, gates 11-40, F-region) HF echo bands, observetland occurred at range gates 15-30. We inferred that these
in the afternoon sector. The original idea for this approachechoes are from the F-region since they are of significantly

Ann. Geophys., 30, 235250, 2012 www.ann-geophys.net/30/235/2012/
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Fig. 3. Stokkseyri radar velocity-range-gate-time plots for three Fig. 4. Echo power, spectral width and velocity recorded by the

typical events considered in this study. All data are for beam 1.Stokkseyri radar in the event of 1 November 2001 in range gates 0—

Notice that the color scales are not all the same. 40. Red curves represent the median value of a respective parameter
at various range gates.

larger velocity (green color saturates) and constitute a sep-

arate band visible in the backscatter power. Figure 3b, for
19 November 2001, illustrates a case of very low velocitiesgate' One can see that the strongest echoes, at 30-40dB,

L . . . “were received in range gates 6-8 and that the echo power
persisting for a long period of time. Contrary to the data in ) .
) L . . o was gradually decreasing with range gate beyond that. Start-
Fig. 3a, temporal variations in the F-region velocities do not. ; )
. . . ing from range gate-18, the power started to increase again,
have any corresponding response in the velocity of the short- L : ) i
. ) . . reaching its second maximum (in the range profile) at range
range E-region echoes. Figure 3c gives an example of a third ; :
) ; . . ate 21, Fig. 4a. Figure 4b shows that strongest echoes were
type of events: for the period between 20:00 and 20:20 U
- also the broadest, 200—300 m'sat the near range gates ver-
on 15 January 2002, velocities at small and large radar range < .
ates are comparable Sus 100-200 nT3" at the far range gate_s. The echo_velomty,
9 ’ Fig. 4c, clearly demonstrates that while the velocity at the
far range gates was in excess1200ms?, at the small
4 Velocity comparison in one direction and low- range gates it was only 200-500m's The velocities in
numbered beams range gates 15-25 were, in some places, low while at the

other places they were high. This is an indication that in
As a first step, we simply compare the Stokkseyri velocity these range gates, the echoes were coming from the E-region
data in beam 1 at short and far ranges. This beam is oriat one time and from the F-region (above the electrojet layer)
ented only 15-25° off the L-shell directions (Gorin, 2008). at another. It means that the red curve does not characterize
We consider these differences to be small enough that th&/pical F-region velocity in these range gates. One can also
Comparison would refer at least rough|y to thex B drift notice near-zero velocities in |arge gates; these are IIker to
direction. be due to some small contribution from ground scatter sig-

To explain the procedure for the velocity comparison, we nals that were not properly filtered out by the algorithm.

present in Fig. 4 the Stokkseyri data (1 November 2001) for To estimate the meah x B drift for each time interval,
the echo power, spectral width and velocity for range gates O-we considered the corresponding echo velocity range pro-
40. The data cover half an hour of measurements betweefile (similar to the one shown in Fig. 4) and first determined
16:00 and 16:30 UT. This has been done for the purpose ofthe maximum velocity magnitude in range gates 11-40 (F-
illustration only; similar profiles have been considered for region ranges). We then selected a set of velocities for those
each beam and for every radar scan. The red curve in Fig. 4ates of the beam whose magnitude was within 40 % of the
traces the median value of the respective parameter for eagheak value. The mealk x B electron drift (actually, its

www.ann-geophys.net/30/235/2012/ Ann. Geophys., 30, 2356 2012
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Stokkseyri, beam 1, 01 Nov 2001

50T

with the maximum echo power at short ranges. More specifi-
cally, we would find the range with the maximum echo power

,, 40 (@ I L R in a selected beam, and then average its velocity with the ve-

:_:— 30 . axxew T e x T locities found in adjacent range gates. We also estimated the

3 20~ J * average echo power and spectral width in the selected range
“ ok gates at each time interval.

ol v v v v b b Figure 5 presents a time series plot of the average (a) echo

goo— T T T T T T T T T T power, (b) spectral width and (c) velocity for the event of

2 600_-('0) ] 1 November 2001. The E-region echoes are stronger and

£ 400 * . = "\ . e broader than the F-region echoes (Fig. 5a and b) and the E-

S PO T e T ek e A region velocity magnitudes are near the ion-acoustic speed

2007, g RN while the F-region velocity (electron drift component along

the beam) is very large~1300 m s'1) and varies more sig-
nificantly. We estimated the velocity ratio in the E- and F-
regions,R = Vg/ Ve and found thaR holds steady at a value
around 0.3.

A number of events was processed in the same way with
the goal to assess the velocities of E-region echoes in relation
to the E x B drift magnitude (that we associate with the ve-
locities of the F-region echoes) anddg. The isothermal’s
estimates were obtained using the empirical quadratic formu-
las discussed in Sect. 2. We present the results of this analysis
in Fig. 6. In Fig. 6a we show data for the three events already

jesented in Fig. 3. For 1 November 2001 (red diamonds),
the cloud of points is spread around the line describeddy

at 99km. For 15 January 2002 (blue points), one can dis-
tinguish 2 types of behavior. One cluster is aligned with the
dashed (pink) line of ideal coincidence of the E-region ve-
component along the beam) was inferred as the median valu@city and theE x B drift. Quite a few points, however, are
of the velocity set. In this way, data contamination from the ghifted from the dashed line and cover a wide range of pos-
E-region and ground scatter echoes was prevented while gpe Cs values. For 19 November 2001 (green points), the
significant amount of points were still included into assess-g|gcities are significantly smaller than both thex B and
ment. We note that the criteria for echo acceptance (Pothrg valyes. In this sense, they are similar to what is known to
for the E- and F-region echoes) were that the echo power bgyye place for SuperDARN echoes at large flow angles (e.g.,
larger than 3 dB, the error in the line-of-sight velocity deter- kqustov et al., 2002; Makarevitch et al., 2002a, 2004). These
mination be less than 300 msand the echo spectral width echoes are therefore probably of a different origin. For ex-
be less than 800 ”_ré- These are not very stringent condi- gmple, they often co-exist with low-velocity echoes of op-
tions, but they eliminate really poor measurements. posite polarity (blue color in Fig. 3c), the so-called HAIR

The handling of the E-region data was more complicated.echoes (Milan et al., 2004). The HAIR echoes are believed
We demonstrated that the observed echo power varies witho be received at large aspect angles and thus involve differ-
range (Fig. 4a). This is expected (e.g., Makarevitch et al..ent physics. Since the very low-velocity echoes could be of
2002b), because the E-region echoes are highly aspect sedifferent origin, we decided not to include this kind of events
sitive. For the 1 November 2001 event, range gates 6-8 corinto our statistics.
respond to a condition with maximum power and minimum, To enlarge the data set, more events have been processed
perhaps zero, aspect angle observations. The velocity of thfor observations taken in 1999-2002. Figure 6b gives binned
E-region echoes also shows a maximum in range gates 6—8alues of the observed E-region velocities for 33 events that
though not as obvious as in the echo power. We relate thall seem to have characteristics similar to the 1 November
existence of this maximum to the velocity aspect angle attenand 15 January 2001 events. The data spread, indicated by
uation at ranges away from the maximum for the echo powerthe standard deviation in each bin, is still significant but the
this effect has been demonstrated for both VHF and HF co+rends are obvious: (1) all the points are clustered around the
herent echoes (e.g., Ogawa et al., 1980; Kustov et al., 1994Cs line at 99 km and (2) the Doppler velocity generally in-
Makarevitch et al., 2002b, 2007). To obtain an estimate ofcreases with th& x B magnitude, very much like the curve
the E-region velocity least affected by the aspect angle effectCs(Vex p) at 99 km.
we considered the mean velocity in three radar cells (among
those observed in gates 3-10) corresponding to the ranges

Velocity, 100 m/s

15:30

16:00 16:30

Universal Time

Fig. 5. Temporal variations ofa) the echo powe(b) spectral width
and(c) velocity for the E-region and F-region echoes (inferred from
short- and far-range data, as discussed in the text). Red cross
represent the E-region parameters while blue diamonds connect
by the blue lines represent F-region parameters.
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Fig. 6. (a)Scatter plot of the Stokkseyri E-region velocity in beams 1 and 2 veisu® drift magnitude (estimated from F-region velocity

data, as discussed in the text) for the events of 1 November 2001 (red), 19 November 2001 (green) and 15 January 2002 (blue). These ar
three typical types of events identified in the data. Shown also are curves for the depefigldiiseB) at the heights of 99, 108 and 121 km,
reported in Fig. 1. Dashed and pink line is an ideal coincidence (lmeBinned values of the Stokkseyri velocity in beams 1 and 2 (black

dots) with standard deviation in each bin (vertical bars) and the number of values involved in averaging over each bin. The curved lines are
the same as in pan@).

5 Observations in all beams fected by mixed/ground scatter echoes at larger valugs of

Figure 7 also shows the cosine fits to the binned values of
The above analysis can be criticized in 3 ways. First, thethe velocity (dashed lines). Looking at how the points are
flow angles are slightly different at the far and short rangeslocated around the fitted cosine lines, one can conclude that
of the Stokkseyri FoV. Secondly, the direction of tHex B selection of this functional dependence is reasonable for both
drift can differ from the assumed direction, as the flow might the E- and F-region echoes. This is one of the arguments for
not be perfectly aligned with an L-shell. Finally, the peak using cosine functions below to fit the binned data.
velocities of the E-region echoes might not themselves be There are significant differences between the maximum F-
aligned with theE x B direction. We now address these and E-region velocities in the cosine fits, namely, 1330t s
points using data collected from all the beams as opposegersus 393 ms!, respectively (a velocity ratio 0f0.3).
to just those beams that are closely aligned with the L-shellsThis result fully agrees with the results from the low-
Such an investigation has its own merit, as the characterisnumbered beam analysis presented in Sect. 4. Another in-
tic dependence of E-region echoes on the flow angle is noteresting feature is that the velocity maxima in the E- and
well established (e.g., Milan and Lester, 1998, 2001). In thisF-regions are achieved at slightly differepitangles ¢7°
section, we use the L-shell angjeas the reference for the versus+18°, respectively, we show the mutual orientation
flow angle directions, which themselves will be described byof the E-region and F-region velocity peaks on the insert).
the flow angled. The angleg will be measured counter- This feature is investigated further in Sect. 5.4. Note that a
clockwise from the line of constant magnetic latitude to the similar analysis of many other events showed similar results.
Stokkseyri line-of-sight direction. Every range gate within The variations shown in Fig. 7 are, in other words, typical.
the Stokkseyri FoV then has its own unique L-shell angle.

5.2 Approach to analysis of individual scan data
5.1 Flow angle variation for velocity

One can argue that a better approach to the investigation of
We first consider individual velocity measurements for the the velocity variation with flow angle would be analysis of
entire event of 1 November 2001 for both the E-region andall the velocities from individual scans. Figure 8a gives an
F-region echoes in Fig. 7. Here all the data are plotted usinggxample of such a Stokkseyri scan for which the band of
scatter plots. The data points have been binned according-region echoes (red color at short ranges) covers a broad
to the L-shell angley. Clearly, the velocity of the F-region region that extends across the entire FoV while the band of
echoes changes drastically frori400ms?! at¢ = 20° to F-region echoes (yellow and green colors) is also quite ex-
~0ms1aty =70°. Note that the data set is somewhat af- tended, covering most of the FoV in gates 11-40.
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Stokkseyri: 01 Nov 2001, 15:20-18:00 UT sented in Fig. 8b; in this instance, this resulted in dependen-
_ RPERTEE — cies Vg =—1630-cog¢ + 18°) and Ve = —390- cog¢p —4°)
O Fregion ™ = = " qu iy ifisdoly g™ E for the F- and E-region echoes, respectively, after neglecting
N = anth £ F-region velocities greater thar500 ms* and L-shell an-
10 - L o E gles less than 40 However, it turned out that the number of
A ST ] scans comparable in quality to the one shown in Fig. 8a, b
-5 = . 0 was low for this event, and the situation was worse for other
20 '1?’30 COS(?+18'2 ) events in the database. For these reasons, it was decided to

] do a preliminary averaging of the data before performing the
E cosine fit. That is to say: at first, data in each beam posi-
3 tion were considered separately, and the velocity estimates
for the E- and F-region echoes were done as described in
Sect. 4. Specifically, for the E-region, we found the range
with the maximum echo power in the selected beam, and

Velocity, 100 m/s Velocity, 100 m/s

E region -393* -7.4°
-8 9 M 393 COS(¢‘7'4 ) then averaged this velocity with the velocity in the adjacent
0 20 40 60 80 range gates. This velocity was assigned to the L-shell angle
L-Shell Angle ¢, deg of the range gate of the power maximum. For the F-region

echoes, the velocity maximum was found along the beam in
Fig. 7. Scatter plot of the Stokkseyri F- and E-region velocities for range gates 11-40 and then this value was averaged over all
all scans between 15:20 and 18:00 UT on 1 November 2001. Diagther observed velocities whose magnitude was within 40 %
monds with vertical bars are binned values of the velocity and thepf the peak within that beam. This velocity was assigned to
standard deviation for each bin. Red dashed lines represent the cgpe | -shell angle of the range gate of the velocity maximum.
sine fits to the binned velocity values. Inferred parameters of theFigure 8c and d illustrates what emerged from this approach

fits are shown in the right bottom corner of each panel. Inset be- ith dependencies given by = —1560- cos¢ + 10°) and

tween the panels explains inferred mutual orientation of the E- and\A// A A
F-region velocity € x B drift) with respect to the L-shell direction "E = —480-cos¢ +0°) for the F- and E-region echoes re-

(dashed line). spec;ively._ Although the_obtained parameters of the cosine
function differ from the first approach, we believe that the
differences are not significant, and that this justified using

] ] ] the second approach for the bulk of the data set. In fact, the
Figure 8b presents the velocity data in a more readablgiis performed in the second way produced a closer visual
form. Here, red crosses show the velocity within the as-54reement with the cloud of points than the first method of
sumed E-region ranges (gates 3-10) and diamonds show thgn |y fitting to the clouds of points first. The reason is that
velocities within the assumed F-region ranges (gaté&—  gyen a couple of outliers from the general trend affect the fit

40). Two sets of points are recognizable here: one set, digjgnificantly while these outliers are removed in the second
amonds, is stretching to high velocities up4d4600ms?t approach.

and the other one is a cloud of points located near velocities

1 . .
of 300-500 m 3. Within the second cluster, there are a few ing a Levenberg-Marquardt algorithm (Press and Vetterling,

points that are c_Iassified as F-region scatter; as_stated ear!ie{986), which provides a numerical solution to the problem of
these were received in gates 11-15. These are likely E'reg'oﬂwinimizing a non-linear function over the space of its param-

echoes still, with the fact that they belong to the cloud of E- eters, in this case the peak velocitg, and the phase shift,

region points in Fig. 8b supporting this assumption. $o. Based on several trial-and-error work, it was determined
To characterize the E- and F-region sets, we fitted the vethat the fitted result should be discarded if the standard error
locities with a cosine function of the forvi = V- cos¢ — between the fitted cosine curve and the peak line-of-sight ve-
$0), where the coefficierity represents the peak line-of-sight locity estimates was greater than 300 $or the F-region
velocity and¢yg is the L-shell angle of that velocity maxi- fits and greater than 150 mfor the E-region fits.
mum. The major problem in accomplishing this task is that
there is a significant scatter in the data, especially in the low5.3  E-region velocity maximum andE x B magnitude
velocity band. Another problem is the overlap of velocities
mentioned above: at small angles, some far-range velocitdeally, individual velocity maps presented in the form of
ties fall into the second group, and are associated with EFig. 8b would allow one to assess, at least qualitatively,
region echoes. In addition, there is an overlap between thevhether the velocity of E-region echoes can be described
two data sets at angles of ¥(°. To overcome these dif- by the cosine or by some other function. For the scan un-
ficulties, two different procedures were attempted. With theder consideration, a description of the red crosses in terms
first procedure, it was decided to apply a cosine fit straightof the cosine function looks reasonable as a way of treating
to velocity versus L-shell angle scatter plots of the type pre-E-region data using either of the two approaches described

The cosine function fit to the velocity data was done by us-
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Fig. 8. (a)Stokkseyri HF radar velocity map obtained on 1 November 2001 at 15:58:00-15:59:48 UT. The magnetic parafedsdf3tD

are shown by grey line to simplify estimates of the L-shell argléb) Scatter plot of the velocity versus L-shell angle for the map shown
in panel(a) and cosine fit results for the fit to Stokkseyri velocities for 1 November 2001 at 15:58-16:@6)Wosine fit results for the

fit to the peak line-of-sight F-region velocity estimates for 1 November 2001 at 15:58-16:Q0)lWosine fit results for the fit to the peak
line-of-sight E-region velocity estimates for 1 November 2001 at 15:58-16:00 UT.

in Sect. 5.2. For other Stokkseyri scans, the task was not as Figure 9 presents the values of the E-region velocities that
straightforward, as the data scatter was sometimes considewe obtained, binned in terms of th#e x B drift magnitude
able. The decision was made to consider only those scandetermined from F-region data. Vertical bars indicate the
for which the fit with the cosine function was perceived to be standard deviation for each bin. We also show the lines
reasonable. With respect to the F-region data, the violationCs(Vg« g) inferred from EISCAT data at three heights (see
of this assumption meant that the electric field distribution Sect. 2). Although the number of points is limited and their
within the radar FoV was simply not uniform. With respect scatter is significant, one reliable conclusion emerges: the HF
to the E-region echoes, our adoption of the cosine depenvelocity is near theCs values at 99 km. In other words, the
dence at small flow angles can be justified by the results oflata that we retrieved from Stokkseyri do not contradict the
Bahcivan et al. (2005) at 30 MHz, particularly after bearing Bahcivan et al. (2005) hypothesis, but only if one assumes
in mind that at large flow angles a cosine fit is the traditional that the HF echoes are consistently coming from the bottom
way to describe the data (e.g., Villain et al., 1987; Uspen-of the electrojet layer.
sky et al., 2001; Makarevitch et al., 2002b). We also showed The data presented in Fig. 9 do not show a general ten-
in Fig. 7 that the scatter plots of the velocity versus L-shell dency of the velocity increase with x B drift, contrary to
angle for the entire interval can be well represented by thethe data of Fig. 6. We attribute this to a relatively small num-
cosine function. ber of good scans that we were able to identify in this ap-
We ended up with a selection of a small number of proach, poorer coverage of smallest and largest drift magni-
Stokkseyri scans that had reasonable (according to the critgudes, and significant data spread. The binned values of the
ria specified above) data for fitting both the E- and F-regionvelocity themselves are, however, in reasonable agreement
velocities and we found the maximum E-region velocity and with those in Fig. 6.
the direction of this maximum. Data for four of these events
are presented here: 1 November 2001, 17 November 200k 4  Direction of the E-region velocity maximum and the
15 January 2002 and 3 March 2002. For these days, reason- g x B direction
able amount of good scans was found so that total of 186 data
points was available. As was mentioned in Sect. 5.1, the L-shell angles of the F-
region and E-region velocity maxima do not coincide if all
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Fig. 9. Maximum E-region velocity (derived from the Stokkseyri
scan data and fitting procedure) for varidiis B drift magnitudes.
Successful fittings for four events were considered: 1 Novem-
ber 2001, 17 November 2001, 15 January 2002 and 3 March 2002.
Solid lines are the dependenCg(E x B) at the heights of 99, 108
and 121 km, reported in Fig. 1.
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examine the results of the cosine fitting for 186 Stokkseyri ExB Drift Magnitude, m/s

scans considered in Sect. 5.3. Figure 10a gives a histogram

dlstrlbutlor_1 of the d_lfferences b_etween the azimuths O_f the I:'Fig. 10. (a)Occurrence histogram for the difference in the azimuth
and E-region maX|m_um Velc_'C'Fy' The bell shaped d'agr_ambetween the direction of thE x B drift magnitude and the E-region
suggests that there is a statistical mean value of the shift ofe|ocity maximum ). Maximum of the Gaussian fit to the his-
2224, with the F-region (E-region) echoes having small togram occurs at-16.3. (b) Scatter plot ofA¢ versus theE x B
positive (negative) azimuth. This implies that the E-region drift magnitude. Solid dots with bars represent binned values and
velocity maximum is generally shifted by20° towards the  standard deviations within each bin. Also shown are a linear fit line
direction of the electric field, just like shown in the insert of and its parameters.

Fig. 7 (the scans were in the afternoon/evening sector with a

northward oriented electric field). We also examined how the
above shift changes witll x B magnitude, Fig. 10b. The drift, but the flow angles of measurements were not reported

shift is more pronounced at largd# x B magnitudes; the ~and no comparison with the expected values were per-
linear fit to the obtained points givesp, = 0.016 Ve 5 — 2 formed. A re-assessment of the published plots shows that
degrees and the trend of the data (shown in red, Fig. 10b§4uite a few points had velocities below the nomia@glvalue

agrees with the fitted result. of 400ms?t. . ' '
Several papers have discussed the properties of E-region

HF echoes with neaf’s velocities (so-called “type 1”
echoes), referring to a nominal value@=400ms? (e.g.,
Villain et al., 1987, 1990; Hanuise et al., 1991; Milan and
Lester, 1998, 2001). In the current study we addressed the
HF echo velocity are very limited, especially for observa- i;sue further by estimatings vglues using a statistical rela-
tions roughly along the drift direction. Davies et al. (1999) tionship betweerE x B andCs inferred from EISCAT mea-

and Koustov et al. (2005) involved EISCAT and DMSP data surements and th& x B drift estimates inferred from far
for HF velocity studies. They found smaller E-region ve- '@nge data of the Stokkseyri radar.
locities as compared to the |-o-s component of hie B

6 Discussion

Concurrent measurements of tiilex B drift and E-region
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Two approaches were employed: (1) a straight comparisomwith due exceptions, repeated observations strongly suggest
of the velocities at short (E-region) and far (F-region) radarthat the phase speed of E-region structures at their maximum
ranges and (2) fitting the velocity data in all beams with theamplitude is very often comparable to the threshold speed,
cosine function and inferring maximum velocity for the E- namely, the isothermal ion-acoustic speed (e.g., Sahr and Fe-
and F-region echoes. Both approaches lead us to a conclyer, 1996). A basic explanation for this has been advanced by
sion that the typical velocities of HF E-region echoes for ob- Liperovski et al. (1999) and St.-Maurice and Hamza (2001)
servations close to thE x B direction are comparable to the who both argued that, in effect, as the amplitude of a sub-
expectedCs values. The observations also show a tendencystructure grows, the electric field inside it must rotate and
to increase withE x B but the magnitude of the velocities decrease in magnitude until the growth rate becomes zero,
corresponds to ion acoustic-speeds that would have to comat which point the structure moves at the threshold speed

predominantly from the bottom of the electrojet] 00 km. while having reached its maximum amplitude. Numeri-
cal simulations also strongly suggest that the largest am-
6.1 Magnitude of saturation speed plitude structures should move at a speed somewhat larger

than the threshold speed of the instability while the electric
The results obtained here disagree with several previousield clearly rotates inside them (e.g., Otani and Oppenheim,
studies. For example, Milan and Lester (2001) reported1998; Oppenheim et al., 2008). Many factors conspire to
Pykkvibaer HF velocities to be statistically larger than the the production of threshold speeds that, however, differ from
nominalCs value. They did identify a cluster of points with  the isothermal ion-acoustic speed. For one thing, the elec-
velocities close to it (perhaps, the “genuine” type 1 echoes)trons are neither isothermal nor isotropic (e.g., Dimant and
but overall, it seems that velocities above the nomifigl  Sudan, 1995, 1997; Kagan and St.-Maurice, 2004; Kissack
dominated their datasets. E-region velocities greater thart al., 2008). At decameter wavelengths, this conspires to in-
400ms! have also been reported by Hanuise et al. (1991)crease the threshold speed of the irregularities, particularly
who explained them by invoking echo reception from rela- at the lower altitudes (e.g., Kagan and St.-Maurice, 2004).
tively large heights. Uspensky et al. (2001) reported E-regionHowever, increasing the aspect angle from 0 to 1 degree un-
velocities of up to 700ms'. Makarevitch et al. (2002a) der these conditions means that the net increase above the
presented HF data with velocities up to 700Th ¢hat were  jsothermal ion-acoustic speed should only be of the order of
larger that concurrently detected VHF (50 MHz) velocities. 10 percent (Kagan and St.-Maurice, 2004). At the equator,
At 30 MHz, Bahcivan et al. (2005) showed echo velocities upwhen the aspect angle is sometimes very small, the increase
to 600m s that were believed to be close @. Makare-  at the lower altitude is, however, sometimes of the order of 30
vich (2008, 2010) also expanded original findings by Mi- percent, which has been observed, complete with an increase
lan and Lester (2001) and investigated SuperDARN E-regiorof the phase velocity with decreasing altitude during strong
echoes with velocities well above the nomidg)value. Our  electric field conditions (e.g., St.-Maurice et al., 2003).
analysis indicates that although high E-region HF velocities Two other factors are known to modify the speed of ir-
of up 600-700ms! can be detected, these correspond toregularities at saturation: turbulence, and density gradients.
strong electric fields and very higls values. For example, The more strongly turbulent the plasma is, the broader the
no binned HF velocity in our analysis exceeded 500tM's spectrum becomes and the slower the observed phase veloc-
and in fact the trends at 99 km were only extended up to jusity becomes compared to the threshold speed (Hamza and
below 500 ms* at 2000 ms? (Figs. 6b and 9). Statistically ~ St.-Maurice, 1993). The fact that, even along L-shells, the
speaking, the velocities observed in the current study weree-region spectra in our data set are quite wide (of the or-
below what one expects for th€s values in the middle of  der of 300 ms* in Doppler units) might therefore be signifi-
the electrojet layer. cant. Finally, if they favor growth, ambient density gradients

The reasons for the observation of lower-than-expected Hfean, particularly at decameter wavelengths, easily decrease
velocities in our case are not entirely clear. One factor maythe threshold speed and vice-versa for unfavorable gradient
be that the electric field was, in reality, somewhat smallerdirections (Hanuise et al., 1991; St.-Maurice et al., 1994).
than inferred from the far-range velocity data; some decreasén addition to physical constraints, one should also keep in
of its magnitude towards lower latitudes is highly expected.mind that the Doppler shift of HF radar echoes is affected by
Retroactively, after the performed analysis, we attempted tahe index of refraction of the medium (Ponomarenko et al.,
isolate Stokkseyri events with velocities abavg by a sim-  2009). The effect can be as large as a 20 to 30 percent un-
ple visual search through the Stokkseyri data base. We werderestimation of the true drift and is strongest for the larger
not able to find too many events when the short-range velocambient plasma densities (Gillies et al., 2009).
ity was clearly close to the velocity at far ranges. Observationally, all our cases were for relatively large E-

It has also become clear over the years that several factonegion electron density=(10°cm~3) since only for these
need to be considered before assessing what the speed of Hensities one can get Stokkseyri E-region echoes at short
region irregularities should be for directions comparable toranges (see Fig. 2 for the aspect angle contours), one of
the E x B direction. To start with and, as mentioned earlier, our criteria of event selection. For strong densities, it might

www.ann-geophys.net/30/235/2012/ Ann. Geophys., 30, 2356 2012



246 J. D. Gorin et al.: Velocity of E-region HF echoes under strongly-driven electrojet conditions

T T ized reasonably well by a cosine function. In this sense, we

gof 01/11/2001 U /4 selected, from the beginning, a class of events that were con-
[ 153351851&%OKUT e sistent with the idea by Bahcivan et al. (2005) that the varia-
é’ [ - m x\" i‘ﬁ»-’ ] tion is V() = Cs-cod. As was discussed above, we found
= 60 ’ "‘xﬁ‘g‘g‘x* * ] the E-region velocity maximum to be smaller th@gin the
- * %: % x* middle of the electrojet layer but the cosine type of variation
= a0k x>§(§z’f ' ] was fairly clear in the selected individual cases. A similar
g >¢ "x;&: * ] variation, although not discussed at length, was seen in the
= /_ /., g X% y: x"x ] small-flow-angle data presented by Uspensky et al. (2001).
< 20k NSRRI * * x The latter paper interpreted the SuperDARN Pykkvibaer E-
VI) : / }‘ Xex ¥ })‘ ] regi L. . . .
A EE ] gion vglocmes in terms pf highly mhomogenequs, patchy
L H | i electric field so that genuine Type 1 echoes (with a veloc-
0_— Y \ ] ity of 400m s'1 speed) coexisted with high-velocity echoes
Ll - L (~700 m 1) but at quite different azimuths/locations. Since
-800 -600 -400 -200 0 no F-region velocity estimates were available for the event
Velocity, m/s considered in that study, one cannot judge if their case con-

] ) ) tradicted our results. In the recent studies involving the Su-
Fig. 11. Scatter plot of the E-region velocity (red crosses) VersusperDARN radars at Syowa (Makarevich, 2008, 2010) a broad

L-shell angle for the Stokkseyri scan 15:58:00-15:59:48 UT (the ange of flow angles was considered with tHex B esti-

same as in Fig. 8b), cosine fit line for these data (dashed line), ané t btained f farth Ust d in th
expected velocity variations with L-shell angle according to Bah- mates obtained from farther ranges just as was done in the

civan et al. (2005) (dash-dotted line) and empirical dependence bPreSent work. Although the focus of these studies was on
Nielsen et al. (2002) for VHF (dotted line). the high-velocity echoes, just like in the present study, the
low velocities echoes<200ms1) were also observed un-
der the strongly-driven conditions at small flow angles, with
be that only the bottom part of the potential echo-detectionthe velocity variation being consistent with a cosine trend.
curve is effective (for the curve, see Uspensky et al., 1994 The present study thus provides a critical piece of evidence
and Uspensky et al., 2001). Generally, such an assumptiofor the hypothesis that these echoes originate from the bot-
is difficult to justify. Information on elevation angles would tom of the electrojet layer by using tiig estimates directly-
help testing this possibility, but elevation angles are not reli-driven by theE x B drift velocity data. Moreover, the current
able for the Stokkseyri radar. study shows this to occur on a statistical basis. An impor-
Having taken all the above factors into consideration, wetant difference, however, appears to be that no high-velocity
conclude that the need to have E-region echoes at close progounterparts were observed in the current study.
imity in order to have small enough angle conditions is the Nielsen et al. (2002) and Uspensky et al. (2008) worked
most important factor for observed threshold speeds that ar&ith the STARE VHF data and found that the velocity vari-
lower than in other observations. The reason is that in orde@tion with the flow angle is not a pure cosine function but
to obtain echoes at close proximity, the E-region density it-rather some power of it. The strength of the velocity de-
self has to be large. This means in turn that the Doppler shifcrease away from thE x B direction was also shown to de-
correction due to the index of refraction is on the high side,pend on the electric field intensity. The fact that we found
perhaps leading to apparent speeds that are as large as 30th@t the type of variation depends on the selected dataset in-
smaller than the real speeds. In addition, the aspect angledicates that a larger database may be needed to establish the
are probably be on the high side of E-region delectability asmost representative type of variation at VHF. In this respect,
well. This means that the threshold speed may well be onlyour analysis cannot address the issue in a quantitative fash-
10% larger than the isothermal ion-acoustic speed even d@pn. We simply selected cases when the cosine-type variation
the lower altitudes. There might be a link between the obserwas highly visible. In this process, cases with different vari-
vation being limited to lower altitudes and the larger spectralations were automatically rejected. One of the reasons is that
widths that we observe (faster decay rates), contributing to dhe data spread for individual scans was significant. In addi-

further decrease in the observed threshold speeds. tion, concurrent F-region velocity data often did not show a
smooth velocity variation with the flow angle. We conclude
6.2 Flow angle variation that, in our dataset at least, the flow was rather nonuniform

in these cases that had to be rejected, meaning that the data
The other issue addressed by our analysis is the velocity varihas been carefully selected before a cosine law analysis can
ation with the flow angle. We considered very strong electricbe applied to it. We surmise that a similar problem may have
field cases so that the FB linear instability cone was fairly existed with the VHF studies. It could also be, of course, that
wide. We identified a number of events for which the veloc- there is some fundamental difference between the behavior
ity variations in both E- and F-region echoes were characterof HF and VHF echoes at the frequencies used by STARE.
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To illustrate how far the Stokkseyri velocity flow angle regions. An alternative would be a result of the rotation in
variation was from the dependencies reported at VHF wethe electric field that routinely has to take place inside the
present a typical scan data, Fig. 11, along with expectationstructures. Such a rotation is clearly seen in numerical simu-
of Bahcivan et al. (2005) and Nielsen et al. (2002). In thislations (Otani and Oppenheim, 1998), and its basis has been
analysis, we used our estimategifbased on EISCAT data discussed in terms of the nonlinear effects that must be part
reported in Sect. 2. At flow angles for which the HF data of the evolution of the structures (St.-Maurice and Hamza,
were available, the velocity is described reasonably well by2001; Hysell and Drexler, 2006). For areas with an increased
theCs-co% dependence. The inferred coefficient of propor- electron density, the maximum irregularity velocity would be
tionality of ~487 ms'1 is smaller than the expected value of rotated away from thé x B direction towards the electric
Cs~580ms?! (dash-dot line ap = 0°). The relationship field direction while areas with depleted electron densities
by Nielsen et al. (2002) does not work well; the dotted line have to rotate in the opposite direction. Further work needs
is way off the HF data and the cosine-fit curve. One can sayto be done to see if the depletions would contribute less to the
that for this scan the Stokkseyri data support the Bahcivan etotal echo signal so that a net rotation in echo power would
al. (2005) hypothesis in terms of the flow angle (functional) take place. No matter what, it should be stressed that our
dependence. finding that the existence of a rotation with respect to the

Bahcivan et al. (2005) also proposed thathesaturated  E x B direction depends on the magnitude of e B drift
FB waves, i.e., propagating exactly with the velodity, can ~ appears to be a new observational result that could put some
only be observed in a very small flow angle cone and not ev-of the theoretical ideas to the test.
erywhere within the FB linear instability cone. Stokkseyri
observations occasionally do show such a feature for som@.4 Other observational features
periods; cases were identified for which the velocity was
changing relatively slowly with azimuth at large L-shell an- Our data showed that some Stokkseyri short-range echoes,
gles while the velocity was close to the expected values ofdentified as E-region echoes, may have been from above
Cs at small L-shell angles, for low-numbered beams. Thisthe electrojet, as their velocities were very close to the ve-
feature was also reported by Milan and Lester (2001) forlocity of far-range F-region echoes. This was seen in one-
the Pykkvibaer radar. We note, however, that the number op€am data, Fig. 6, as well in the velocity scan data, Fig. 11,
Stokkseyri events with variations of the kind discussed herevhere the velocities of relatively close-range echoes were a
was low. One possib|e reason for this is that very low L-shell better fit with the cluster of F-region velocities rather than E-

angles are not available within the Stokkseyri FoV. region velocities. Unfortunately, we are unable to determine
whether these echoes were indeed received from above the

6.3 Rotation of the orientation of the maximum electrojet heights. It would be interesting to know how often
velocities this happens and how often such cases affect the conclusions

on the nature of short-range SuperDARN echoes. Simulta-
Another interesting result of our all-beam data analysis wagieous observations with incoherent scatter radar would help
existence of a significant average shift between the directioriésolve this issue.
of the E-region velocity maximum and the direction of the = We have not stressed much, but it is worthy to mention that
E x B drift. Makarevitch et al. (2002a) reported the offset the other characteristics of the considered E-region echoes,
(~5°) between the velocity maxima at HF and VHF while the power and spectral width, seem to be quite different from
comparing Syowa SuperDARN data and concurrently operthose reported in the past. For example, Hanuise et al. (1991)
ated 50-MHz radar data. Earlier, Blix et al. (1996) observedreported a typical power of10dB (versus~30dB in our
stronger electrostatic fluctuations at the bottom of the E layercases) and typical width 0£100m$ (versus~300ms?t
away from theE x B direction, which is reminiscent of what in our case) using the Systeme HF d’Etude Radar Polaires et
we observe with the Stokkseyri radar but in terms of the ve-Aurorales (SHERPA) HF radar located at Schefferville, Que-
locity. Our data show some weak tendency for the effect tobec. Milan and Lester’s (2001) data are more consistent with
increase with theE x B magnitude. This implies that the what we reported here. We think that the E-region echoes
shift is harder to detect at averadex B drifts. The exis-  considered in this study are consistent with Type 4 echoes
tence of the shift itself has been predicted theoretically in theaccording to the HF echo classification scheme of Milan and
past using both quasi-linear and nonlinear approaches (e.gl.ester (2001). Further studies are required on this aspect of
Janhunen, 1994; Sahr and Farley, 1995). The net rotation iBieasurements.
also clearly seen in advanced numerical simulations (Oppen- One interesting implication of the present work is the fact
heim et al., 2008) and has been attributed to a linear effecthat we identified a large number of events for which the ve-
associated with ion heating inside the structures (Oppenheinfocity of E-region echoes was much smaller than the B
and Dimant, 2004). However, given its relation to ion heat- electron drift component inferred from concurrent F-region
ing, this rotation should not be substantial for electric fieldsobservations. The typical velocity ratiB = Vg/ Vg was
smaller than, say, 50 mV ™, particularly in the bottomside found to be 0.3 and in many instances it was as low as 0.1
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(more data are given by Gorin, 2008). The inferred value
R = 0.3 for observations along the flow is somewhat smaller
than expected since for the FB waves, propagating along the
E x B direction, the velocity would be close to the typical
ion-acoustic speed 6¥500—-600 m 51 for enhanced electron
drifts of 1000-1500 mst. Our analysis of the data collected
in other beams/directions showed very comparable values for
R (~0.3) which is roughly consistent with earlier conclusion
by Makarevitch et al. (2004) who considered the Hankasalmi
radar observations at large flow angles. Their typical velocity
ratio was~0.2 for ~4 h period of observations. The current
study thus extends the range of flow angle investigated sta-
tistically to include small values under the strongly-driven
conditions for which the FB instability is definitely opera-
tional and derives a representative factor between the E- and
F-region velocities.

Because of typically low ratio®, care must be exercised
when SuperDARN convection maps (produced through the

J. D. Gorin et al.: Velocity of E-region HF echoes under strongly-driven electrojet conditions

locities tended to increase with x B, similar to the
dependenc€s(Ve« p) at the height of 99 km.

3. For a large number of individual scans, the Stokkseyri

velocity variation with the flow angle was found to be
well described by a cosine function. For these cases,
the maximum velocity of E-region echoes was seen off
the E x B direction, with a shift towards the (northward
oriented) electric field direction. The mean value of the
shift was~20°, and the shift increased with the magni-
tude ofE x B .

4. The occurrence of E-region echoes with velocity three

and more times smaller than tli2 x B electron drift
strongly suggests that great caution should be exercised
before using any E-region data to derive SuperDARN
convection maps, as it could lead to serious underesti-
mations of the electric field.
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