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Abstract. Observations of HF radar backscatter from the MHz radio band to achieve orthogonality wi#, a condi-
auroral electrojet E region indicate the presence of five mation necessary for the observation of backscatter from field-
jor spectral populations, as opposed to the two predominanaligned irregularities. At 10 MHz, the Bragg condition is sat-
spectral populations, types | and Il, observed in the VHFisfied for irregularities with a wavelength of 15 m, i.e. in the
regime. The Doppler shift, spectral width, backscatter powerdecametre regime. Several studies have demonstrated that, at
and flow angle dependencies of these five populations are ineast to the first order, decametre-scale irregularities in the F
vestigated and described. Two of these populations are idenegion do indeed drift with th& x B velocity (Davies et al.,
tified with type | and type Il spectral classes, and hence, arel999, and references therein).

thought to be generated by the two-stream and gradient drift At E region altitudes, below, for example, 130 km, >
instabilities, respectively. The remaining three populationsg;, ions are said to be unmagnetised, and the ion population
occur over a range of velocities which can greatly exceed thes constrained to move with the neutral atmosphere, which is
ion acoustic speed, the usual limiting velocity in VHF radar often assumed to be stationary. The disparity in ion and elec-
observations of the E region. The generation of these spearon velocities results in a current. This current is especially
tral populations is discussed in terms of electron density graintense where the E region electron density or conductivity
dients in the electrojet region and recent non-linear theoriess high, as in the eastward and westward auroral electrojet
of E region irregularity generation. regions. The instability mechanisms operating in this colli-
sional regime are more complex than at F region altitudes,
with, in addition to the gradient drift instability, the two-
stream or Farley-Buneman instability (Farley, 1963; Bune-
man, 1963) being of major importance. The spectral charac-
1 Introduction teristics of coherent backscatter from the E region has been

i i i . studied extensively with VHF radars (see Haldoupis et al.,
At F region altitudes, both ions and electrons are said t0 b& ggg ang references therein), which are sensitive to metre-

magnetised; their gyrofrequencies exceed their collision frég.ie jrregularities. Theoretical work concerning the insta-
quenciesy, < Qezand vi < £, and so b,Oth move with @ - pijin; mechanisms responsible for generating these irregu-
velocity E x B/B*, whereB is the Earth's magnetic field | jties in this wavelength regime can now qualitatively ex-

and E is the convection electric field imposed by the mag- pain the characteristics of most spectra observed. In particu-
netosphere. Plasma instability mechanisms operating in they. narrow spectra with velocities near the local ion-acoustic

F region, primarily the gradient drift insta_lbility (_Maeda el speedc; ~ 400 ms (called type | spectra) are understood
al., 1963; Knox, 1964), generate field-aligned ionospherici, toyms of the two-stream instability, and slower, broader
plasma density perturbations or irregularities with a variety spactra (type 11) are thought to be generated by the gradi-
of scale-lengths from submetre to kilometres. As these ir-gnt it instability. In VHF radar measurements, the ion-
regularities are thought to drift with the bulk plasma motion, 5., stic speed is found generally to be an upper limit to the
the Doppler shift imposed on coherent backscatter (radar AUange of velocities observed, though the magnitude,aind

rora) from the F region gives an estimate of the line-of-sightp 1o the phase velocity of type | spectra increases under
component of the convection speed. HF radars, such as tho§ﬁgh electric field conditions (Robinson, 1986).

which comprise SuperDARN (Greenwald et al., 1995), ex-
ploit the ionospheric refraction experienced in the 10 to 30

Key words. lonosphere (ionospheric irregularities)

HF radar observations of the E region have received less
attention (e.g. Villain et al., 1987, 1990; Hanuise et al., 1991;
Correspondence tdS. E. Milan (steve.milan@ion.le.ac.uk) Milan and Lester, 1998, 1999; Milan et al., 2000). HF radars
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allow E region instability mechanisms to be studied in a newpower and spectral width of the backscatter is estimated from
wavelength regime where, it will be demonstrated, a greatea Lorentzian or Gaussian fit to the decorrelation of the ACF,
variety of spectral types are found and Doppler shifts nearand the line-of-sight Doppler velocity from a least squares fit
1000 m st are regularly observed. The present paper aimsto the phase of the complex value of the ACF as a function of
to provide an overall description of the spectral characterdag. Little difference was found between the Lorentzian and
istics of backscatter originating in the auroral electrojet re-Gaussian estimates of spectral width and power, and hence,
gions, predominantly from E region altitudes, as observed byonly the former are shown from this point onwards. We
the CUTLASS Iceland coherent HF radar. Five main pop-should note that the ACF analysis technique assumes that re-
ulations of spectra are identified, as defined by their velocturn echoes comprise only a single component. It is almost
ity, spectral width, backscatter power and flow angle distri- certain that some spectra are multi-component, but we cannot
butions. This paper presents a context within which futureeasily tackle this problem at the present time.
studies can discuss the instability mechanisms and propaga- The object of this study is to investigate the characteristics
tion geometry responsible for E region backscatter generaef backscatter from E region irregularities, and hence E and
tion. F region backscatter, both routinely observed by the radar,
must be distinguished. A previous investigation of HF radar
observations of E region backscatter (Hanuise et al., 1991)
2 The CUTLASS Iceland coherent HF radar accomplished this by assuming that all backscatter observed
within 800 km range or so of the radar originated solely in
The CUTLASS (Co-ordinated UK Twin-Located Auroral the E region. The present study, however, employs the ele-
Sounding System) bistatic coherent HF radar system formsation angle at which the backscattered signal is observed to
the eastern-most portion of the northern hemisphere Supetstimate the altitude from which the scatter originates. The
DARN chain (Greenwald et al., 1995). It comprises two elevation angleA, is determined through an interferometric
radars, of which the CUTLASS Iceland radar, located attechnique, described more fully in Milan et al. (1997). The
pykkvibeer (63.8 N, 20.5 W), is the focus of the present altitude, i, of the scatter volume can then be estimated as-
study. This radar is similar in construction to the other Su-suming straight line propagation, i.e. ignoring the effects of
perDARN radars, and only the most relevant details are intefraction, with
cluded here. The radar scans through 16 azimuthal pointing 5 ) 5
directions, separated by approximately°3.2nd distributed /= (Rg +2RgDsinA + D) — Rg @
symm.etncally about the radar boresite of3@ast of geo- whereD is the radar range of the backscatter @ngis the
graphic north). In the normal scan mode of the radar, the di f the Earth. Refraction effects can become sianif-
16 beams are sounded with a dwell time of 7 s, producing.ra Ius © N : ; . 9
. . . . icant, and the straight line propagation assumption breaks
field-of-view maps every 2 minutes of backscatter with an

. . down if backscatter occurs near the top of the E region. Sim-

azimuthal coverage of over 50Typically, 75 range gates are S . .
: . ._ple ray-tracing indicates that in this cagetends to be an

sampled for each beam (hence, a total field-of-view contain- : .

; . . over-estimate of the true altitude of the scatter volume, usu-
ing 1200 cells), with a pulse length of 3@, corresponding .

to a gate length of 45 km, and a lag to the first gate of 1,260 ally by 10-20 km, but up to 50 km in extreme cases. Unfor-

9 9 X 9 9 tunately, the effects of refraction cannot be taken into con-

(180 km). The s“can m_o?,'e employed n the present s_t_udy_ (reéideration on a routine basis without a detailed knowledge of
ferred to as the “myopic” scan mode) is a slight modification

of this in that the pulse length is reduced to 100(15 km) to Lhe E region electron de_ns.|ty dlstr|but|_on.. Howgver, it will
. : . . . . be demonstrated that this is not a major impediment to the

provide high spatial resolution observations of the electrojet t stud
region, where E region scatter is most often observed (Mi—presen Y-
lan and Lester, 1998). In this configuration, the field-of-view
covers 10 of magnetic latitude (65N to 75 N) and 1.5 3 QOpservations
hours of magnetic local time (ML* UT to UT + 1.5). On
occasions, the dwell time was reduced to 3 s, reducing théhe first task of the investigation is to distinguish between E
scan time to approximately 50 s, and hence, increasing theegion and F region backscatter. Figure 1 illustrates the oc-
number of observations. In total, 321 hours of myopic ob-currence distribution of backscatter altitude deduced by the
servations were collected between February 1998 and Marcinterferometer from all myopic observations employed in this
1999; the period selected for the present study. study. Two populations are observed in this distribution, with

The radar can operate in the HF band between 8 MHzmaxima near 120 km and 230 km, identified as E region and
and 20 MHz, though the observations of the present studyF region backscatter, respectively. The E region population
were made at a radar operating frequency of approximatelextends up to altitudes of 150 km, though as discussed above,
10 MHz (corresponding to an irregularity wavelengthr the high altitude tail of this population is thought to be due to
15m). A7 pulse scheme is transmitted and the spectral chamver-estimation of the true altitude of scatter, due to a break-
acteristics of the backscatter are determined directly from thelown of the straight line propagation assumption. We take
resulting 17-lag auto-correlation function (ACF) collected at 150 km to be the demarcation altitude between backscatter
each range gate, as described by Hanuise et al. (1993). Thdentified as being of E region or F region origin. Clearly
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s Fig. 2. Velocity occurrence distributions for all backscatter identi-
fied as of E and F region origin, a demarcation altitude of 150 km is
employed. Velocity bins are 40 n$ wide.

100

low spectral width. Of the ionospheric scatter, a greater pro-
portion of backscatter has positive rather than negative ve-
locity, as most originated in the eastward as opposed to the
westward electrojet region, as will be discussed below. Of
0 1 7 3 4 S particular interest are the shoulders which appear at approx-
Occurrence <%> imately+350 ms1 in the E region occurrence distribution,
but which are much less discernible in the F region distri-
Fig. 1. The occurrence distribution of backscatter altitudes deter-bution. This is highly reminiscent of the distributions found
mined for all 321 hours of operation of the myopic radar mode. by Hanuise et al. (1991) who employed the SHERPA HF
Altitude bins are 5 km wide. radar to study the characteristics of E region backscatter. The
observation that our F region and E region occurrence dis-
tributions have different shapes, coupled with the similarity
between our E region distribution and that of Hanuise et al.,
some ambiguity is present near this demarcation altitude, bustrongly suggests that the altitude discrimination employed
we find that this is not a significant problem for the purposesin the present study works effectively in separating these two
of the present study. altitude regimes. In light of this, the remainder of this study

To test the success of this technique in discriminating beWill concentrate solely on the E region observations.
tween backscatter from the E and F regions, the occurrence It is natural to compare the spectral characteristics of E
distribution of backscatter as a function of line-of-sight ve- region backscatter observed with HF radars with the well-
locity, or Doppler shift, from the two altitude regimes for all known characteristics of VHF radar observations. Such a
321 hours of myopic observations is presented in Fig. 2. Thecomparison led Hanuise et al. (1991) to interpret HF radar
data is binned in velocity increments of 40 ms A power E region backscatter with a line-of-sight velocity near 400
threshold of 3 dB has been applied to the data to remove thens™! (close to the E region ion-acoustic speed) as type |
contribution of observations with a very low signal to noise spectra, or backscatter from irregularities produced by the
ratio. In total, 10 x 10° and 14 x 10° points were identified  two-stream instability. The remaining observations, with ve-
as F and E region scatter, respectively. Both E and F regiorocities below 400 ms!, were identified with type |l spectra,
distributions have a broad occurrence maximum, centred orscattered from gradient drift irregularities. We follow this in-
0 ms1. An overwhelming preponderance of observationsterpretation in the present study. Of special interest to us,
have very low velocities indeed, betwe#0 ms, though  though, are the spectral characteristics of backscatter with
this is not apparent in the figure as the occurrence scale hdme-of-sight velocities significantly higher than the ambient
been selected to emphasise the more salient points of the disalue of the ion-acoustic speed, which forms a significant
tributions. This low velocity population is thought to be an proportion of the present observations. To investigate these
undesired contribution from ground or meteor backscatterspectra in more detail we will turn to an examination of spe-
which tends to have little or no imposed Doppler shift and cific examples and case studies.
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Fig. 3. Two examples of radar scans from the myopic campaign from 24 February 1997. (Upper panels) Curved lines indicate locii of
geomagnetic latitude and longitude. Dashed lines demarcate different channels observed within the E region backscatter, labelled I, II, and
Ill. (Lower panels) the same scans displayed on a magnetic latitude and magnetic local time coordinate system. The dot-dashed lines shov
the high and low latitude boundaries of the statistical auroral oval.

Figure 3 illustrates two typical examples of radar scanstures within the E region backscatter (see below). In the
containing E region backscatter, from 0330 UT and 2116upper panels, the radar scans are displayed in a rectilinear
UT, on 24 February 1997. Line-of-sight velocity is shown, beam/gate format for clarity and to make comparison easy
which in SuperDARN observations is conventionally posi- with Fig. 2 of Milan and Lester (1998). The lower panels
tive towards the radar and negative away from the radar. Thaisplay the same data in a magnetic latitude and magnetic
colour scale in each case has been chosen to emphasise féaeal time (MLT) coordinate system. For reference, the pole-
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ward and equatorward edges of the statistical auroral oval \

for moderate geomagnetic activity are indicated in the lower & 20 I
panels by dot-dashed lines. Beam 0 points northeast (geo- S Total I
magnetic azimuth of 3§ whereas beam 15 points almost & '°f o2l a
directly east (82 azimuth), so lines of constant geomagnetic & ol ! ! ! ]
latitude and longitude, GMLAT and GMLON, curve from £ I B ]
pottorr_]—left to top-right and bot_tom-right to top-left, respec- i Westward Eostward b ]
tively, in the upper panels of Fig. 3. In both scans, a region g0k electrojet electrojet i
of backscatter is observed equatorward of g@omagnetic I 12.4% 24.4% 1
latitude (sub-divided into channels 1, Il, and IIl), which is ap- & »

proximately aligned along lines of constant geomagnetic lati- ; oL

tude or, equally, the edges of the statistical auroral oval, and it ®
is these features which are identified as E region backscatterz 40
by the interferometric measurements. Previous studies of HFS

radar E region backscatter, for instance, Villain et al. (1987, 20

1990), Milan and Lester (1998) and Milan et al. (2000),

have demonstrated that such features are typically L-shell 0 o -

aligned and indeed, this is found to be characteristic of all 00 06 12 18 o

E region backscatter observed during the myopic campaign. uT

The backscatter from higher latitudes in Fig. 3 is identified as

F region backscatter, whereas the sporadic or “grainy” scat- 19— T T T T T 75

ter observed in the first 15 to 20 range gates (esp. at 0330 i 18 to 06 UT c

UT) is attributed to meteor scatter (Hall et al., 1997). 80 160
The sense of the line-of-sight velocities measured by the [ 1

radar gives an indication of the direction of flow and hence, g I _ 1 S

which electrojet is under observation. At0330 UT (see Fig.3) 3 °°f Hous of sbsenation ] 45 2

all line-of-sight velocities within the E region scatter are neg- £ | Haurs of observation ] §

ative (away from the radar) which, as the radar points east of 3 40 130 %

north, corresponds to an eastward flow component. This isS [

consistent with the location of the radar in the westward elec- 20 15

trojet region at this time. The situation is reversed at 2116 UT I |

when the radar is located in the eastward electrojet region. ol . 1o

The details of the velocity observations presented in Figure 3 0 1 2 3 4 5+

will be discussed more fully below. First, however, we de- Kp

scribe the diurnal variation in the occurrence of E region
backscatter observed during the myopic campaign, the diFig. 4. (a) The diurnal coverage of the myopic campaign; of a to-
urnal variation in the predominant direction of flow, and also tal of 321 hours of operation, most observations were conducted
the dependence of the occurrence on geomagnetic activitpetween 18 and 06 UTb) The occurrence distribution of observa-
Each of the 321 hours of operation of the myopic experimentt'on of the eastwgrd eleptrOjet (mfalnly pOS'It.IVG veIQC|t|es) and the
was categorised by a variety of parameters: the prevailingfesmard electrOJet_(m_aunIy negative velocities) during the myopic
planetary geomagnetic disturbance indéx whether a sig-  ca7Paign. Local midnight occurs near 00 Ug) The occurrence

oo - . of observation of significant electrojet backscatter, between 18 and
nificant amount of E region scatter was ob_serv_ed during thag UT, as a function of th&p index.
hour; and if so, whether the overall flow direction observed
within the backscatter was consistent with the eastward or
westward electrojet region. Figure 4 presents a summary of
these findings. Figure 4a shows the times of day at which thevhen backscatter is observed in nearly 80% of hourly bins.
myopic experiment was conducted. The myopic mode wasA dearth in backscatter occurs near local noon, though this
operated most often between 18 and 06 UT, as this is wheis due in part to the auroral oval moving to high latitudes,
the probability of observing E region backscatter is the greatpoleward of the radar field-of-view at this time. Also indi-
est. In fact, the myopic observations were made on almostated in Fig. 4b is the proportion of backscatter in which the
20 nights between February 1998 and March 1999. Feweflows are consistent with the eastwards or westwards electro-
measurements were made during the day; the myopic modgts. The eastwards and westwards electrojets are observed
operating between 06 and 15 UT on only 6 days. In total,primarily pre- and post-midnight, as expected. However, al-
321 hours of observations were collected. Figure 4b showsnost twice as much backscatter is identified as originating in
the diurnal variation in the occurrence of observation of sig-the eastwards rather than the westwards electrojet. Overall,
nificant E region backscatter in each hour. The maximumthe probability of observing E region backscatter in any par-
in occurrence of observation occurs between 20 and 22 UTicular hour is 37%; the probability of observing eastwards
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L—shell angle, ¢° the backscatter observed from the E region. Of most impor-

tance is the mean Doppler shift of the spectra, measured as
the line-of-sight velocity. Before we can discuss the Doppler
shift observations in detail, we need to define a reference
frame in which the observations can be placed. In the F
region, irregularities drift with the bulk plasma motion, the
velocity of which,E x B/B?2, is directly proportional to the
convection electric fieldE. Radar backscatter from such
irregularities has a line-of-sight Doppler shift which is pro-
or westwards electrojet backscatter is 24% and 12%, respegyortional to cogp, where is the “flow angle”, the angle
tively. Finally, Fig. 4c shows the occurrence of observing petween the radar beam (more specifically, the irregularity
backscatter in any particular hour as a function of the prevaily5,e vectok) and the direction of plasma drify, = cos i

ing Kp conditions; these statistics were compiled solely for bE«p. Itis well known from VHFE radar studies, however
the hours 18 to 06 UT, when the auroral oval was well within 5+ i general the irregularity drift speed in the E region is

the radar field-of-view and most backscatter was observednot directly proportional taE. However, we find it conve-

Even during the quietest geomagnetic conditions, 40% of,ient to employ the concept of the flow angle in this study,

hourly bins contain backscatter. This occurrence rises withys it is found to successfully order our observations. As we
increasingKp, reaching a plateau of 70% fafp of 3 and  5nnot explicitly determine the flow angle in our observa-

greater. tions, we use instead the “L-shell angle”, the angle between
We now turn our attention to the spectral characteristics ofthe beam direction and the local L-shell. We measure the

Fig. 5. (a) Contours of L-shell or flow angle within the radar field-
of-view when operating in the myopic modéb) The occurrence
distribution, within the 1200-cell field-of-view, of different L-shell
angles.
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Fig. 7. (Upper panels) Radar backscatter observed between 1800 and 2200 UT, on 3 October 1997, during selected scans. (Lower panel) /A
range-time representation of the backscatter observed along beam 7 of the radar field-of-view between 1700 and 2300 UT.

L-shell angle anti-clockwise from east. The flow angle andHowever, we do not feel that this influences our results to
the L-shell angle are equivalent if thE x B direction is  any great extent.

assumed to be L-shell-aligned (a reasonable first-order ap-
proximation in the electrojet regions). Figure 5a illustrates
the variation of the L-shell angle across the radar field-of-
view. The highest L-shell angles (near°’$®ccur in beam

The regions of electrojet backscatter shown in Fig. 3 can
be sub-divided into several L-shell-aligned channels in which
the behaviour of the line-of-sight velocity is different, three

in the case of 0330 UT and two in the case of 2116 UT. In the

he most meridionally-pointin m, and the lowest L- s ;
0, the most meridionally-pointing beam, and the lowest first example, the channels are observed within the approxi-

shell angles (near°} occur in beam 15, the most zonally- . -
pointing beam. Figure 5b illustrates the occurrence distribu- & latitude limits 70-69", 6°~68", and 68-67°. These

tion of the L-shell angles within all 1200 cells of the field-of- qhalnn;els Vf;”" be referredftc(j) as (_:hr_:mnels I:{. lil, and Ii resrp])ec-
view. Due to the 3.2azimuthal separation of the radar point- tively, for the purposes o escrlptl_on. Int IS exampie, chan-
ing directions, L-shell angles cluster around preferred valueyels . anq i elxtend across the flheld-of;we'w fr?m beam O

separated by approximately;3his explains the striped ap- tbo approxtl)mate y7beadmlioi burt] N anlnlia Llsl_on y fob_sirved
pearance of some L-shell angle distributions which will be etween beams 7 and 11. In channel ], the line-ot-sight ve-

presented below. This then defines the reference frame W@cmes increase from near-zero in beam O to approximately

e 1 . . _
will employ to characterise the Doppler shift observations;I ?00 rE_sblnt\Seaml_lO. Irf1 th'sh(t;asf th;ere agp;ﬁari tohbﬁ are
Villain et al. (1987, 1990) found a similar strategy useful in ‘2 O"SNIP bEtween fine-of-sight velocily and the L-shefl an-
their work. It should be noted that sampling biases exist ingle which is similar to the cosine-dependence expected for F

our observations. For instance, the portion of the radar field  €9'on scatter. In channel ll, the line-of-sight velacities are

N . . . higher than in channel I. The velocity increases from near
of-view in which the L-shell angle is lowest (high numbered . ; .
view n whi gle is lowest (high nu —400 ms?tin beam 1 to a maximum near600 ms?t in

beams) also looks to the lowest latitudes, and vice Versa, -m 8. and then decreases once again460 ms? in
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Fig. 8. Spectral characteristics from four 1-hour tranches during the interval 1800 to 2200 UT, on 3 October 1997. Points are colour-coded
with spectral width, with blue being lowest and red highest.

beam 10. In other words, velocity increases with decreasingrowers which peak at 25 dB (Fig. 6b). Channel | is observed
¢ at high¢ and decreases with decreasimh@t low ¢. This in both scans, comprising a group of points clustered near
L-shell angle dependence is a common feature of the obses-350 m s and between 15and 30 in the A-V distribution
vations, as will be demonstrated below. Lastly, in channel I,(Figs. 6c and f), which have narrow spectra, with spectral
velocities appear restricted to a narrow range betwe®8d0  widths below 100 ms!, and low backscatter powers, less
ms1and—350 ms. In the second example, at 2116 UT, than 10 dB. Channel Il is the most complex of the three. In
only two channels are observed. The pattern of velocitieghese examples, the maximum absolute velocity observed is
observed within these two channels indicate that they are thelose to 600 mst, centred near an L-shell angle of°3&nd
equivalent of channels | and Il identified in the first example, 25° at 0330 and 2116 UT, respectively. At higher and lower
though the line-of-sight velocities are in this case reversed. L-shell angles the Doppler shift decreases. At the highest
velocities the spectral widths are low, below 100 Th,sand

The two examples in Fig. 3 have been selected for illustra-the backscatter powers are high, near 30 dB. As the Doppler

tive purposes for their relative simplicity. Much more com- shift decreases, however, the spectral width increases rapidly

plex interleaving of channel types can arise. This can makeand the backscatter power decreases rapidly.
identification of different spectral types in the backscatter

difficult. Moreover, we also need to examine the spectral These examples demonstrate that distinct spectral classes
width and backscatter intensity of the backscatter returns. Texist in the E region backscatter, and that these exist more or
this end, we produce scatter plots which show the relationiess symmetrically in the eastward and westward electrojets.
ship between spectral width and velocity, power and velocity,We will demonstrate below that these distinct populations
and velocity and the L-shell angle of all points that are identi- are observed as a matter of course in all E region observa-
fied as E region backscatter. These will hereafter be referretions and that this grouping of spectral types occurs irrespec-
to as W-V, P-V, and A-V distributions. Figure 6 presents tive of the complexity of the spatial structure of the electrojet
these distributions for the two scans of Fig. 3 (panels a and dbackscatter. This grouping has been described previously by
b and e, c and f are the W-V, P-V and A-V distributions, re- Milan and Lester (1999) and we draw particular attention to
spectively). In these we identify the spectra from channels I their Fig. 2 which shows schematically the locations of these
Il'and Ill. At 0330 UT the spectra from channel Il are clearly populations in the W-V, P-V, and A-V distributions. In their
evident: a population that progresses from very low veloci-nomenclature the spectra of channels | and Il are termed pop-
ties to approximately-250 m s'1 between the L-shell angles ulationsi andii, respectively; the lows and highe spectra

of 65° and 30 (Fig. 6¢). These spectra tend to have spectralof channel Il are named populatiofisandiv, respectively;
widths between 30 and 200 m’s(Fig. 6a) and backscatter an additional fifth populatiory, is also indicated which we
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will discuss further below. Their diagram relates specifically
to backscatter observed in the eastward electrojet; for west-
ward electrojet backscatter, the sign of the velocities is sim- —~ 400 ¢
ply reversed. 2 300k
To demonstrate the ubiquity of these spectral populations,~ ¢
we present three further intervals of myopic observations. = 2°9
During the firstinterval, 1800 to 2200 UT on 3 October 1997, =
the CUTLASS Iceland radar was located in the eastward elec- Pl AR e e
trojet region. This interval is typical of all myopic obser- 50 N T T T
vations, though it has been selected for illustrative purposes Lo FENe ii0 JF
as the time-evolution of the spectral populations containedfg g
within the data makes their characteristics clear. Figure 7~ 30F
shows a sequence of radar scans from this interval, demon-2 ,qF
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strating once again the L-shell aligned nature of E region ?
backscatter, and the interleaving of different channel-types - il \ R
within the backscatter. As discussed above, this interleaving 0 i b

=250 O 250 500 750 -250 O 250 500 750 1000

can become quite complex, illustrated especially in the scans Velocity (ms) Velocity (ms™)

starting at 1932, 2004, and 2026 UT. Low velocity backscat-
ter at the furthest. ranges |s.ground backscatter. The bOttor‘[}ig. 9. Spectral characteristics during the interval 1900 to 2100 UT,
panel shows thg tlme—eyolutlon of the backscatter along bear’gn 3 October 1997, separated into L-shell angle regignes 35°

_7 of the radar field-of-view. Between 1800 f_;lnd 2200 UT an and¢ > 35°. The nomenclature of Milan and Lester (1998) is
increase and then a subsequent decrease in the amount ofgployed to distinguish the different spectral populations.

region backscatter is observed, though the latitudes at which

the backscatter is observed do not change markedly during

the interval. Furthermore, there is an increase followed by

a decrease in the maximum velocity observed within thisbackscatter powers less that 20 dB. This population occurs
backscatter, between a minimum of 500 Msand a max-  at higher L-shell angles, between®l&nd 60, and there ap-
imum of 1000 ms?. This period is accompanied by an in- pears to be an increase in velocity with the decreasing L-shell
crease in the H component of magnetograms from stationgngle. These are type Il spectra, scatter from gradient drift
located on Iceland, indicating an enhancement of the eastitregularities, corresponding to channel Il in the first example
ward electrojet at this time. For investigation of the spectralof Fig. 3.

characteristics of the backscatter, the interval has been di- During tranches 2 and 3, between 1900 and 2100 UT,
vided into four one-hour tranches. Figure 8 presents scattehigher velocity spectra are observed in addition to the type
plots of the W-V, P-V and V-A distributions for the E region | and type Il spectra of tranche 1. This additional popula-
backscatter from each tranche. As can be seen most clearlyon is most distinct in the A-V distribution, with the same
in the W-V panels, each point has been colour-coded withcharacteristics as the channel Il backscatter described above.
spectral width, with blue and red corresponding to low andAt low L-shell angles, between°5and approximately 35

high spectral widths, respectively; this colour-coding is car- Doppler shift increases with the increasing L-shell angle; at
ried through into the P-V and V-A distributions as well. higher L-shell angles, above 33oppler shift tends to de-

In the first tranche, between 1800 and 1900 UT, two pop-crease with increasing L-shell angle. In the W-V and P-V
ulations of spectra are observed. The first occurred with vedistributions the low- and high- populations are superim-
locities near 400 ms', with backscatter power less than 20 posed. However, spectra with Doppler shifts near 600 s
dB, and spectral width in general less than 200t sFur- tend to be of the highest backscatter power and the lowest
thermore, this population was only observed in field-of-view spectral width. It is interesting to note that in the A-V and
cells which had low L-shell angles, between°®Idnhd 30. P-V distributions this high Doppler shift, low spectral width
(Note that the horizontal-striped appearance of the V-A dis-population appears to grow out of the pre-existing channel
tributions is due to the L-shell angle occurrence distribution| population at a velocity near 350 m% low ¢ and low
of Fig. 5.) We identify these as type | spectra backscattetbackscatter power. This is also evident in Fig. 6 in which the
from two-stream waves, which constitute the majority of the channel | spectra appear near the pwnd of the channel Ill
points which make up the shoulders of the E region distribu-population in the A-V distribution. This close association be-
tion in Fig. 2. The observation that this population appearstween the channel | and channel Ill populations perhaps sug-
only at low L-shell angles is also apparent in the examplesgests that the latter is brought about due to a modification of
in Fig. 3, where channel | (type | spectra) is observed solelythe two-stream dispersion relationship, as will be discussed
in high numbered beams, as presumably these corresporidter. To aid the distinction between the low- and hifgh-
to look-directions which are within the two-stream “cone of populations of channel Ill, Fig. 9 displays the W-V and P-
instability”. The second population occurs at lower veloci- V distributions for the period 1900 to 2100 UT, separated
ties, has spectral widths in excess of 100th&nd also has into the L-shell angle regimeg < 35° and¢ > 35°. The
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Fig. 10. (Upper panels) Radar backscatter observed between 1500 and 1634 UT, on 22 November 1997, during selected scans. (Lowel
panels) Radar backscatter observed between 0308 and 0418 UT, on 24 February 1997, during selected scans.

approximate edges of the populations have been overlaid a5997. The spectral characteristics of these two intervals are
solid lines, following the classification scheme of Milan and presented in Fig. 11. In the first example, a broad region of
Lester (1999): populationisandii correspond to channels | electrojet backscatter is observed which fills the near-range
and I, and populationsi andiv to the low- and highp por-  field-of-view of the radar. As time progresses, however, the
tions of channel lll, respectively. Populatidntends to be of  electrojet progresses to higher ranges and the L- shell aligned
lower spectral width and has higher peak backscatter powermature of the backscatter becomes apparent, especially after
than populationiv. However, populatioiii is predominantly 1600 UT. The channels we are now familiar with are not so
observed only between Doppler shifts of 350 and 900 s  easily discernible within the backscatter as in previous exam-
whereas populatioiii is observed between 0 and 900ms  ples. However, the spectral characteristics from the interval
In other words, populatioiii is only observed with Doppler (Fig. 11) display the populations associated with channel-
shifts greater than the nominal ion acoustic speed. types Il and Ill. A very interesting additional population is
also observed. Most Doppler shifts within the backscatter
qre positive, as the radar is located in the eastward electro-
jet at this time. However, at the very closest ranges, the first
6 to 10 gates of backscatter or so, negative Doppler shifts
are observed. This is the last class of spectra observed in
The time evolution observed throughout the whole of themyopic data, which was termed populatiemy Milan and
interval indicates that spectral populations come and go, pret ester (1999). The demarcation between negative and pos-
sumably in response to changes in the magnitude of the elegtive Doppler shifts in Fig. 10 is very sharp and appears to
trojet strength and maybe variations in the electron densityoccur at a specific radar range rather than being an L-shell
distribution within the E region. However, when a popu- aligned boundary, as most features in electrojet backscatter
lation appears, it tends to follow a characteristic pattern inare. This characteristic feature is most apparent in the scan
the W-V, P-V, and V-A distributions. This can be empha- from 1619 UT in which the edges of the electrojet feature are
sised by studying the reproducibility of these spectral dis-|-shell aligned, but the boundary between populatiand
tributions during other myopic runs. The last two intervals the rest of the electrojet backscatter occurs at range gate 10.
we describe briefly show this reproducibility. In addition, Figure 11 indicates that these negative Doppler spectra dis-
the first of these will introduce one further spectral popula- play an L-shell angle dependence, as velocity increases with
tion to those already discussed. Figure 10 shows a selectiofmcreasingg. In addition, these spectra are broad, having

of radar scans from these two intervals, the top panels frongpectral widths in excess of 200 mis One further popu-
22 November 1997 and the bottom panels from 24 February

After 2100 UT the high Doppler shift spectra are no longer
observed, and the observed distributions return to a situatio
similar to the 1800 UT to 1900 UT tranche (Fig. 8). On the
whole, narrow spectra appear to dominate the distributions.



S. E. Milan and M. Lester: Spectral populations in HF radar backscatter from the E region auroral electrojets 199

22 Nov 1997 24 Feb 1997 b channel Il populations, and the L-shell angle in which this
1?9‘045%0 oT @ 0300\704‘30UT maximum occurs, differ slightly from day to day.
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High spatial resolution HF radar observations of backscatter
from the auroral E region indicate that five spectral popula-
tions are commonly observed, with distinctive spectral width,
Doppler shift and backscatter power distributions. These pop-
ulations are as follows: 1) Narrow spectra with a mean Dopp-
ler shift near the ambient value of the ion-acoustic speed;
these appear similar to type | spectra observed at VHF fre-
quencies. 2) Broader spectra with Doppler shifts below the
ion-acoustic speed, similar to VHF type Il spectra. These
Doppler shifts increase with the decreasing L-shell angle,
as would be expected if the Doppler shift were the line-of-
sight component of th& x B drift. 3) Spectra with Doppler
: shifts greater than the ambient ion-acoustic speed, which ap-
g it 1 L ! 1 pear at low L-shell angles, and whose Doppler shift increases
O b doned - Bocebonon o] with the increasing L-shell angle. 4) Spectra whose Doppler
Velocity (ms™) Velocity (ms™) shift is generally greater than the ambient ion-acoustic speed,
which appear at the high L-shell angles, with Doppler shifts
Fig. 11. Spectral characteristics from the two intervals presentedwhich decrease with the increasing L-shell angle. 5) Broad
in Fig. 10. Points are colour-coded with spectral width, blue being spectra whose Doppler shifts are of opposite sign to that of
lowest and red highest. other spectra in the electrojet backscatter. These Doppler
shifts are lower than the ambient ion-acoustic speed. These
spectra appear only in the nearest ranges of the field-of-view,
o o and the demarcation between this region of backscatter and
lation is seen near-350 ms™* Doppler shift with narrow  giher spectral types is dependent on range and is not L-shell
spectral widths. This population is an instrumental artefact,a"gned_ Milan and Lester (1999) termed these spectral types
however, with backscatter observed behind the radar (see Mipopulationsi to v, respectively. These spectral populations
lan et al., 1997). are thought to be characteristic of the irregularity types and
In the final example on 24 February 1997, the L-shellinstability mechanisms operating in the E and upper-E re-
aligned nature of the backscatter is again apparent. The radgjions, and are not necessarily a consequence of large-scale
is within the westward electrojet at this time and hence, thefeatures in the flow pattern. The different populations are
Doppler shifts are predominantly negative in this case. Oncehen produced by the plasma dynamics within each radar cell
again, channel |, Il, and lll-type spectra are present in theand depend on the orientation of the look-direction of the
backscatter. radar with respect t& (to close approximation, the L-shell
As a less-detailed overview of the myopic dataset, Figs. 12angle) and possibly electron density gradients as will be dis-
and 13 present A-V occurrence distributions from 16 inter- cussed below.
vals, 8 from the westward electrojet and 8 from the east- These results contrast with observations in the VHF
ward electrojet, respectively. These distributions are colourtegime, i.e. at irregularity wavelengths near 1 to 3 m (as
coded on an arbitrary scale, which is different in each ex-opposed to 15 m), where two main spectral populations are
ample, to represent occurrence, black being zero occurrencebserved, type | and type Il, generated by the two-stream and
and red being greatest occurrence, in each bin 20'mvide gradient drift instabilities, respectively (Haldoupis, 1989).
in velocity by T in the L-shell angle. In each of these, one Type | spectra have Doppler shifts close to the ambient ion-
or more of the spectral populations described above can bacoustic speed and type Il spectra have Doppler shifts below
identified. In general, low Doppler-shift spectra dominate this. However, it perhaps should come as no surprise that
the occurrence plots; channel | and II-type spectra are thenore spectral types are observed at HF frequencies than pre-
most populous. Also, low channel Il spectra dominate viously at VHF frequencies. Even within the VHF regime
in numbers over higlp spectra. However, high-are still a wavelength dependence is suggested by the fact that most
much in evidence, especially in the eastward electrojet ob-observations of the exotic spectral types Ill and IV occur at
servations. These figures also demonstrate that while eacb0 MHz as opposed to 150 MHz (Haldoupis, 1989). Type
of the spectral populations are relatively ubiquitous, their ex-11l spectra are thought to be scatter from electrostatic ion cy-
act locations within the V-A distribution vary from example clotron, or EIC waves in the upper E region, whereas type
to example. For instance, the maximum velocity within the IV spectra, with Doppler shifts exceeding the ambient ion-
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Fig. 12. Spectral characteristics, displayed as occurrence distributions (red represents the highest occurrence, black represents no occurrenc
for 8 intervals of myopic observations in the westwards electrojet.
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Fig. 13. Spectral characteristics, displayed as occurrence distributions (red represents the highest occurrence, black represents no occurrenc
for 8 intervals of myopic observations in the eastwards electrojet.
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acoustic speed, are thought to occur in regions of the ionofelation between the spectral mean frequency shift,and
sphere in which the local value @, has been enhanced the spectral widthAwy:

through heating effects (Robinson, 1986). Observation at

HF frequencies represents a move to even longer irregularity —~ (513 + Aw,f — kicf)

wavelengths, and perhaps the occurrence of type Ill and typé’i(1 + W) ‘

IV spectra should be expected to increase. Indeed, Villain et k-K 15 -0 3)
al. (1987; 1990) reported HF radar observations of spectra K21+ W) Q; k=

which appeared consistent with generation by the"NEC . ) ) _
instability, i.e. the HF equivalent of VHF type Ill spectra. WhereK = VNo/No x B defines the electron density gradi-

In these studies, regions of high Doppler shift echoes superent perpendicular to the magnetic fild(with a scale length
imposed on a slower-moving background were interpreted ad = 1/K), ¥ = vevi/(Q.;) for field-aligned irregularities,
two-stream ¢y = kC) and EIC (})Ig = Q2 4 k2C2) waves andv, and2, are .the elegtron and ion collision frequencu.es
occurring in regions of sub-critical field-perpendicular elec- @nd gyrofrequencies. Initially we set the Doppler broadening
tron drifts (V. < wi/k ); herewy is the irregularity wave term _Awk to zero to investigate solely the effects_ of electron_
frequencyk is the wave number, ang; is the ion gyrofre- density gradients on the backsgatter characteristics. In this
quency. By sub-critical we mean that the field-perpendicularcontext, thek - K/kz term of (3) is of interest. The™* de-
electric field is less than the threshold necessary for the genP€ndence of this term indicates that gradients play a more
eration of these waves. Chaturvedi et al. (1987) predictecﬁ'gn'f'ca”t role in mflgencmg the dlspersm_m relationship at
that such waves could be generated, despite sub-critical eledonger wavelengths, i.e. at HF frequencies as opposed to
tric field, if significant field-parallel electron drifts (field- VHF frequencies, as argued by St-Maurice et al. (1994). We
aligned currents) were present. However, the observation§an reformulate (3) in terms of Doppler velocity= @y / ):
of Villain et al. bear a striking resemblance to those of the
present study (cf. channel Il in our Fig. 3 with Plate 3 of 0, (4)
Villain et al. (1987)). The L-shell angle dependence found
for our channel Il spectra does not appear consistent withwhered is the angle betweeK defining the electron density
the known characteristics of the EIC instability, for which direction and the irregularity wave vectbr The irregularity
the Doppler shift is predicted to be characteristics are now determined by the direction of irregu-
larity wave propagation with respect to the dominant electron
density gradients. If these gradients have preferred orienta-
ok /Qiz ) tions in the electrojet regions, then this defines a reference
V= % Ve + G (2) frame which could produce the L-shell angle dependence in
backscatter characteristics observed in the present study. To
independent of look-direction. As mentioned above, heatingmodel this L-shell angle dependence we assume that the elec-
effects can elevate the ion-acoustic speed generating type I¥ojet electron driftV, is directed westwards along the local
spectra with Doppler shifts greater than 400 Th.s How- L-shell (eastwards electrojet) and hengeas directed pole-
ever, while such a mechanism could also be active in thevards. The magnetic field is taken to be pointing directly
case of the present observations, this again cannot explaidownwards. The angle between the radar look-direction and
the dependence of the Doppler shift on radar look-direction.the direction of electron drift is 186+ ¢, whereg is the radar
Another way to produce waves with velocities above or be-look-direction in terms of L-shell angle (measured anticlock-
low the ion-acoustic speed is to introduce electron densitywise from east). The line-of-sight component of the electron
gradients, as described by the modified two-stream theorgrift is given byVios = —V, cog180+¢), where this is made
(Rogister and D’'Angelo, 1970; Sudan et al., 1973; Fejer etnegative as SuperDARN velocities are conventionally posi-
al., 1975, 1984). Here the presence of an electron densityive towards the radar. Similarly, the azimuth of the irregular-
gradient can stabilise or destabilise the E region to the generity wave vectork is 180 + ¢ as this is scattered back along
ation of two-stream waves, requiring that a larger or smallerthe radar look-direction. A good correspondence between
electric field is necessary to trigger the generation of irregu-our model and the observations is found if we also assume
larities and hence, backscatter. St-Maurice et al. (1994) rethatK is directed polewards, so now the angle betweeand
interpreted the observations of Villain et al. (1987) in terms K is6 = 90° + ¢. Finally, we choose the values 8f = 800
of this idea, suggesting that the high Doppler shift spectrams™, C; = 400 ms!, and use typical E region values of
were generated not by EIC waves but by two-stream waves ithe collision- and gyrofrequencies. Figure 14 presents the
the presence of stabilising electron density gradients. To inirregularity growth ratd™ of the modified two-stream insta-
vestigate this further we present the modified two-stream disbility as a function of irregularity drift speed (Doppler shift)
persion relationship as formulated by Hamza and St-Mauriceand radar look directiop for three cases, where = oo
(1993) who included the effects of turbulent mode-coupling (essentially no electron density gradient) dneé= +£10 km.
processes on the Doppler broadening of E region spectra aBhe contours are on an arbitary scale, though the thick con-
well as the effect of electron density gradients. In this frame-tour shows tha™ = 0 condition given by Eq. (4), and the
work the zero growth rate condition is given by the following shaded region indicates where> 0. The dotted line shows

(VZ—C2> Veosd v
vi(1+ W) URPLA+ W) Q0
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L — 00 cant electron density gradient is present, which drift with the
90 [< : : line-of-sight component of the electron drift. In the first case
RN } | presented, as no gradients are present, the threshold velocity
S | V(I' = 0) is independent of look-direction and is everywhere
equal toCy. Vios exceedd/ (I' = 0) for ¢ < 60° and so here,
60 1 | T d I within the “cone of instability”, two-stream waves are ob-
r : served. Outside of this, no gradient drift waves are expected
‘ N 1 as no gradientis present. This is the equivalent of our channel
30+ } S H I spectra. In the second case, whére: 10 km, the electron
r < : O \ | density gradient de_stgbilises the two-stream _instability an_d
! the threshold velocity is decreased. The maximum effect is
0 | : 1 | | observed ap = 90° where the effective gradient scale length
Leif = L. At lower ¢ the effective scale length is given by
Lef = bL/| cosf| = L/| cog90° + ¢)| andV (I' = 0) tends
towardsC;. In this exampleVps > V(I' = 0) for ¢ < 75°
and two-stream waves are observed with Doppler shifts be-
low C, but which increase with the decreasing L-shell angle.
This appears closely related to our channel Il spectral pop-
ulation. At¢ > 75° gradient drift waves will be excited in
the ambient electron density gradient, but these are not ob-
served in our experiment as the L-shell angles this high are
not sampled. In the final example, the electron density gradi-
ent points in the opposite direction and has a stabilising effect
on the two-stream instability. In general, velocities in excess
of Cy; must be attained before two-stream waves are gener-
ated. In a similar manner to before, though, the stabilising ef-
fectis greatest at high, and so itis only fopp < 40° that the
threshold velocity is exceeded and two-stream waves are ob-
served. In this regime, the variationins with ¢ means that
the backscatter Doppler shift increases with the increasing L-
shell angle. In look-directions where the two-stream waves
are not excited, gradient drift waves are observed which have
Doppler shifts equal tds, in other words, which decrease
with the increasing L-shell angle. This is highly reminis-
cent of the characteristics of the channel Il spectra. In this
way, the characteristics of the major spectral populations ob-
served in E region backscatter can be explained solely in
terms of variations in electron density gradients; in this case,
the electric field is constant everywhere, as is the ion- acous-
tic speed. One important repercussion of this idea is that
channel Il spectra, thought previously to be backscatter from
0 250 500 750 100C gradient drift waves, could be re- interpreted as destabilised
1 two-stream waves. If it was assumed that the Doppler shift of
| N these spectra was equal to the line-of-sight component of the
\/e|OCIty, v <mS > electron drift, as would be the case for gradient drift waves,
then the electric field would be significantly underestimated.
Our model has one major flaw. We have assumed Khigt
directed meridionally, which requires th¥tNg is directed
eastwards or westwards. We do not expect that this is rou-
tinely the case in the electrojet regions. Indeed, the L-shell
aligned nature of discrete auroral forms and ionosonde ob-
the line-of-sight component of the electron drift as a func- servations (Whalen, 1983) would suggest tha{y itself is
tion of ¢. In the theory of Hamza and St-Maurice (1993), if more likely to be directed meridionally, and hen&would
the line-of-sight drift exceeds the Doppler shift at which the point zonally. Potentially, a geometry other than that which
I' = 0 condition is metV (I' = 0), then two-stream waves we have modelled is responsible for the spectral characteris-
are generated which drift at this threshold velocity. Below tics we observe. However, we have demonstrated that elec-
this threshold, gradient drift waves are excited if a signifi- tron density gradients could play a significant role in shaping
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Fig. 14. Model growth rates for the stabilised and destabilised mod-
ified two-stream instability. See text for details.
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the spectral populations observed in E region backscatter. 5 Conclusions

The spectral characteristics of HF radar backscatter from the
E region are more complex than those observed by VHF
radars. In addition to the two main spectral populations ob-
: . . — d at metre wavelengths, types | and Il, in the decametre-
sence of horizontal electron density gradietkis= 0), @2 serve i ' L . .
Y9 s 0), @) + wavelength regime three other populations have been identi-

2 _ 1202 — ; ;
Awy ._ k“C; and nOtw". - k.C‘“ as pr_edlcted by previous fied. These populations can have velocities which greatly
theories. Hence, a relationship can exist between the DOppleéxceed the expected value of the ion acoustic speed, or have
shift and the spectral width of two-stream waves. In theory, :

the mean Doppler shift of backscatter spectra can drop bea Doppler shift of opposite sign to that expected for the di-

low the ion i difth tra become broad Thirection of E. It is possible that electron density gradients are
0 € 10n-acoustc spee € Spectra become broad. Thig, .o significant at HF than at VHF in enhancing or depress-
can be taken to the limit where low Doppler shift spectra, if

enerated by the two stream irregularities, should have s eci[]g the threshold velocity for marginal growth of the two-

fqral widths cl)ése to the ion acous%ic spee d’ (St-Maurice etF;I Stream irregularities with respect to the ambient ion-acoustic
. i . o . “speed. It is also suggested that the threshold velocity for

1994). Some evidence for such a relationship possibly exist P 99 y

; ) . : rowth of these irregularities is critically dependent on the
in the present data set: as noted in the discussion of the W-\ . . : ; .

L . : orientation of the electron density gradients with respect to
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