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Abstract. Milan et al. (2004 have recently reported on While the resulting frequency appears to be valid, applying
close-range E region decameter size echoes that seem to bee usual root of the fluid dispersion relation at large aspect
relatively weak, have apparently unusually large aspect anangles yields strong decay rates which are at odds with the
gles, and possess Doppler shifts that are slow and are clearlymall growth rate approximation that was used to derive it.
consistent with the ion drift of the medium as opposed to,However, when a dispersion relation valid at large aspect an-
say, its electron drift or its ion-acoustic speed. We argue thagles is analyzed, it yields the solutions whibtilan et al.
these irregularities are the result of a nonlinear wave conver{20049 expected, namely, modes that move at the ion drift
sion process triggered by the nonlocal evolution of decametespeed in the majority of cases. Nevertheless, this still leaves
Farley-Buneman waves. According to this picture, structuresone important question open, namely: one still has to figure
which have weak spontaneous growth rates and are initiallyout how the HAIR modes have acquired their energy, since
field-aligned undergo an evolution of their aspect angle thatthey are purely decaying modes in the first place.

results in a jump in the aspect angle at some point in time We propose here that the modes are fed by a nonlinear
and space. When this takes place, a rapid mode conversiomode-coupling mechanism triggered by the nonlocal evolu-
must follow, which takes energy away from a standard two-tion of slowly growing primary waves. We show that even
stream signature and converts it either to a strongly dampethitially field-aligned structures evolve to non-zero aspect an-
ion-acoustic mode or to a purely decaying mode, dependingyles, but that while the mode does not develop large aspect

on altitude. angles as such, it will have a jump in the aspect angle. Even
Keywords. lonosphere (auroral ionosphere: ionosphericWhe” the aspect anglle_itself remains re!atively small (Igss
irregularities; plasma waves and instabilities) than two degrees), this jump has properties that are entirely

equivalent to a large aspect angle case. In the nonlinear con-
text, our explanation for the HAIR echoes is similar to the
one that was advanced for the “type II” modes uncovered
years ago in the equatorial E regidbudan et a).1973, in

that the modes are linearly stable but are nevertheless excited
to detectable levels by nonlinear processes.

1 Introduction

Milan et al. (2004 have used the SuperDARN chain of HF
radars (e.gGreenwald et al.1985 to study high-latitude
E region echoes. They found an unusual class of close-
range E region echoes from an apparent “high-aspect ang|
irregularity region” (HAIR) that are relatively weak, have
unusually high aspect angles, and possess Doppler shif
that are slow and are clearly consistent with the ion drift of
the medium as opposed to, say, its electron drift or its ion-
acoustic speed.

Milan et al.(2004) used an often-quoted approximation of
the root to the fluid dispersion relation in order to analyze . T
the results. We show hgre, however, that this formula isynot1983' The nonlocal effects came from having a variation

valid at the large aspect angles considered by the author?Iong the magnet_lc flelc_i of the various par'c_‘m‘?ters that drive
the roots of the dispersion relation. Thus, in lieu of a paral-

Correspondence tal. Drexler lel wavevector (or aspect angle) description along the mag-
(josef@geology.cornell.edu) netic field (orz) direction, Drexler et al.(2002 used the

S The roots of the dispersion relation

t L . . .

3.1 Nonlocal generalization of the dispersion equation
Drexler et al.(2002 have presented a nonlocal description

of Farley-Buneman waves based on a standard linearization
procedure which can be found in many papers (Budan
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Fig. 1. Panel(a): Profile of the high-aspect angle phase spe¢é seen by a ground-based observer (solid) and of the ion drift (dashed).
Panel(b): Corresponding plots of the normalized decay raté (solid), as well as of-v; /2 (dashed) andkicf/vi (dash-dotted).

original spatial derivatives for the direction, while still  traditional Farley-Buneman dispersion relation for the com-
Fourier analyzing the waves in the plane perpendicular toplex frequencyw,.,, namely,
the magnetic field. From this, they found the following lin-

earized partial differential equation in terms of the perturbedw, (w;. + iv;) + i \I}( e —k1vg) — kicf =0 (2
densitydn/ng
where

32 [ 92 A R Q22

8—Z2<W+viw+kl& - ‘I’Z‘Ilo(1+ v;}(;) 3)
e

ka_vez 82 1 0 V; on o

AR PR <1+ )a,‘i'klc +l*0kyvd n—ozo (1) 2.3 The smalW limit

As far as an analysis of the roots of this dispersion relation
is concerned, it will be important to note below that a proper
perturbation scheme in terms of an expansion baseklemi

is the better way to recover the well-known so-called “small

growth rate approximation”, because the growth rate will not
in fact turn out to be small compared to the frequency for the
modes we are interested in. To this goal, we just rewrite the
previous equation as

whered/dt'=9/dt+ik | -v; represents the time derivative in
the frame of reference moving with the ions, at veloaity
The subscripte and: refer to the electron and ion popu-
lations, respectively. The symbois and Q; are the col-
lision and cyclotron frequencies of specigsvy=v.—v; is
the relative electron-ion driftg, is the ion-acoustic speed,
andWo=(vev;)/(2.2;).

This nonlocal description of E region irregularities al- > 2 ' , ,
lowed Drexler et al.(2002 to describe how coupling with ( - kJ_Cs> +ivi (wp + Yo, —kivg) =0 (4)
the neutral background forces the instability to evolve intheIf dint fth I atewe th
parallel direction. This coupling is associated with a corre- we now expand interms ot the smalfl parametewe then
sponding parallel group velocity that means waves can sa @SSUme
rate by moving through the unstable region until the growthw/ = wo+ Yoy (5)
rate decreases to zero. This motion is similar to mecha-
nisms proposed originally bigaw (1972 andLee and Ken- ~ From this, we require the following leading order solutions
nel (1973, in a different context for the equatorial electro- k 6
jet. In the present paper, we show that it is not only satura-"’ Lvd ©)
tion from a zero-growth condition that produces ion-acousticgnd
modes, but that shocks stemming from a nonlinear evolution
of the aspect angle can excite ion-acoustic modes as well. Wwep, = — (kJ_C — g —iv; wo) @)

1

2.2 The standard (local) dispersion relation and its roots Combining these two solution we then obtain
In the event that the collision frequency and/or the back-. = k| -vs(1— W) — zv— (kJ_C — a)é) (8)

ground temperature gradients can be neglected, we can use a
plane wave decomposition 6fi/ng along thez-direction in Forw«1, thisis essentially the solution that has been repeat-
order to solve EqL. In that case, we immediately recover the edly used in the past (see ekgjer et al.1984), including by
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Milan et al.(2004. One important point about the derivation, neutral frame of reference. In other words, we will observe a
however, is that we do not have to assume that the growtlirequency given by

rate, that is, the imaginary part af,, is “small” (which is

normally implicitly assumed to mean “by comparison to the

real part of the frequency”). Instead, the smallnes# dkelf = Re(w,) + k1 -v; = kv (13)
directs the solution to having a small growth rate in the event

thatk -vq is large. However, the solution is valid even when \ye ¢aim that these are the HAIR modes that were observed
k,-vg is small. It is important to consider this possibility in by Milan et al. (2004 since these authors were adamant

modern studies. For instance, in so-called “type II” modes, 5jqt the fact that they had observed larger aspect angle
the wave vector and relative drift tend to be at right angles t0,5qes with a phase velocity that matched the ion drift along
one another. In principle, in such cases, a solution based Of,q jine of sight, just as indicated by E4.3.

the “small growth rate approximation” should not be used. - ¢ d . h > .
However, this inconsistency is removed very easily by using . Profiles ofw andy (not using the EqX2) approxima-

the small¥ approximation instead of the less general smallt'on) Iare shlgwn ";1 Figl. As expehctefd, below e;plpl)roxp
growth rate approximation. mately 115km (where; /2=k, c;), the frequency follows

the ion drift, and has an additional component from H®) (
2.4 The large¥ limit above this altitude that rapidly goeskac,. Similarly, the
growth rate follows the small magnitudes from Egj2) be-

For the work at hand it is also very important to look at low 110km, but switches to; /2 above 115 km.

the approximate solutions in terms of large magnitudes in

¥ when considering the large aspect angle limitMiBn 2.5 How nonlocal effects generate large aspect angle solu-
et al. (2009 were attempting to do. According to Egthe tions

value of ¥ rapidly becomes greater than 1 as the aspect angle

increases above @.5for the ionospheric situations of inter- i

est. As a result, we find that, to leading order, at large aspecj US far we have shown that, in the context of the standard

angles, the 1w term disappears from EcR)so that the dis- local dispersion relation, if large enough aspect angles are
persion relation now becomes generated in the 100 km to 110 km region they will match

the observed properties of the HAIR echoes. It is not clear
Wl (@), +iv;)) — k22~ 0 (9) in that context, however, how modes could be generated with

these large aspect angles, since they are strongly damped and
We find the solution to be that of a damped harmonic oscil-cannot be generated directly.

lator, namely, The answer to the mystery seems to be rooted in the non-

) 5 5 local evolution of decameter structures. We will show in the
w, = F,/kTc2 —vi/4—ivi/2 (10)  next section that one consequence of the nonlocal evolution
undergone by slowly growing structures is that they evolve

Whenv; /2 is small by comparison to, ¢, (typically, above 4 15rge derivative in their parallel wave vector (or aspect an-
115km for decameter structures) these modes have a dampgghy "I we then return to our first equation and explore what

ion-acoustic signature and might be identified by experimen~nappens under conditions for which the secordkrivative

talists as being so-called “type I” modes in spite of their large ;¢ trying to become very large (equivalent to a study of large
aspect angles. _ aspect angle solutions in standard local theory, but not for
For v;/2>k.c; on the other hand (below approximately {he same physics) we find that the first term in EX).Kas
115km), the large-aspect angle dispersion relation has, ing, gominate the second term. However, since the two terms
stead, a purely damped, non-oscillating character, namely, st add up to zero, this means that the first term has to go to

zero by itself. Not only that, but it is the term whose second
Re(w,) =0  Im(w,) =—v;/2+,/v2/4—k%c2 (11)  ;-derivative is taken that has to go to zero. When that hap-
o o . o pens, however, the equation being solved becomes identical
In the limit of very large collision frequencies this yields i, Eq. 0).
the heavily damped solution=1m(w.)=—v; as well as the

more weakly-damped root given by We conclude from this that the HAIR echoes are generated

because decameter structures evolve discontinuities in their

kicsz aspect angles, which then feed purely decaying modes be-
YR (12)  low 110 km altitude. This means that the Doppler shift of the

' modes will match the line of sight velocity of the ions. Fur-

The bottom line is that if, well below 115 km (say 105 km), thermore, in the likely event that energy is fed to the modes at
a large aspect angle decameter mode is excited (by whatevarrate faster than their natural decay rate (which seems likely
mechanism) it will have one root that is relatively weakly in mode-coupling situations such as this), the spectral width
damped. A ground-based observer will see a weak Doppleshould be comparable to the magnitude of the growth rate,
shift associated with that mode, since it will be created in thegiven by Eq. 12).
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Fig. 2. Typical aspect angle and group velocity evolution from initial conditiokyef0. Pane(a): Aspect angle in degrees shown as function

of altitude and time. Color indicates the value of the aspect angle, with black contours corresponding to the horizontal lines in the color bar
to the right. Pane(b): Corresponding group velocity faf /B=1000m/s, in the same format. Positive values represent motion to higher
altitudes.

3 Nonlocal theory presence of a local growth terp) then leads to an equation

for the wave amplitudei (z, t),
Drexler et al. (2002 have solved the nonlocal Farley-

Buneman generalization provided by Eq. (1) using a WKB- 94 ”% _
like description of the density perturbation, namely, a pertur- dt 19z
bation of the form A A [ﬂ% v 3V 2ug akl-vd] 17)
1) 21k 0 1+¥ 9 k- 0
n—n(z, 1) = Az 1) expliSGz. 1] (14) |0z LA ¥or v oz
0

wherey is the usual local growth rate for the instability. No-
whereA and S were considered reaDrexler et al.(2002  tice once again that we are now using a generalization of the
used a multi-timing multi-scaling expansion of Eq. (1) to de- parallel wave vector, which is defined tiy=—35/3z and
scribe the evolution of the system. From the fastest time andhat, as a resulk; can also be a function of time and space,
spacial scales they uncovered that the following expressioqynlike what is found in a plane wave decomposition.

for the generalized wave frequenéys/dr=w, had to replace Equation (7) clearly shows how local and nonlocal pro-

the root of the ordinary (local) dispersion relation cesses compete. For instance, when local processes dominate
kivi(2) only the first terms on each side of the equation are involved

w(z, 1) = 1+\If—(zt) +k1vi(2) (15) and we have standard linear instability theory. The converse

is that nonlocal effects become important when the growth

‘rate is unable to compete with terms that involve the parallel

0group velocityv, . The latter is given by the usual definition
as

The similarity with the local frequency expression (see e.g
Fejer et al.1984) is obvious, but notice that unlike the eigen-
value problem, the generalized frequency is now allowed t
be a function of time and space.

From the next order equation in time and sp&uexler v = B
et al. (2002 were able to obtain an equation to describe the sl
change in the amplitude of the structure. They also showed R
that this second equation could be obtained by invoking conwhere B=B/B. Together with Egs.3) and (15), we then
servation of wave-action. Essentially, wave action is definedfind that
as wave energy/ divided by the so-called “intrinsic” fre- , 2

, . o Yo  k QF
quencyw’. Once local growth or decay are taken into ac- Vg = 2—————— (19)
count, wave action should be conserved for motion through k (1+W) kv

a slowly changing background (e.Bretherton and Garret .,y easily be of the order of 10 to 20km/s at small but
1969 Andrews and Mcintyre1978. At E region altitudes, nonzero aspect angles.

wave energy is e_ssentially given by the perturbed kinetic en- A central point in the description of the evolution of the
ergy of the ions, i.e., structures is that the aspect angle must evolve constantly in

w

v, =B -Viw = —
vg k@ ak”

(18)

w? 5 time and space. This evolution has to simply be described by
U= énomiﬁw (16)  the so-called Whitham relation, namely,
Since energy is carried by the group velocity, conservation ofak” dw

wave action (or, more precisely, balance of wave actionin the’y,” = e (20)
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Above 105km,dW/dz is small, and therefore so &w/dz 125
(see Eql5). As aresult, there is relatively little evolution in
k) above 105 km. At lower altitudes howevdr,is no longer
negligible with the result thab has a large gradient in the 115
direction (withw itself being larger at higher altitudes). This —110
means thak; has to become increasingly negative as time £
goes on, as can readily be seen from BE§).( —'105

One consequence of the evolutiorkgfis the correspond-
ing evolution of the parallel (nearly vertical) group velocity
vg|- Sincek) stays small above 105km, so does the group 95
velocity there, and therefore the upper parts of the wave have ¢,
practically no vertical motion. At lower altitudes however,
k| decreases monotonically, and the group velocity grows 850 0.2 0.4 0.6
larger. This means that the lower parts of the wave will move t [s]
upwards, eventually colliding with its upper parts. As this
happens, the solution ultimately develops a shock, as the ag;jg, 3. wave amplitude corresponding to the parameters of Eig.
pect angle and associated group velocity evolve an increasrhe color scale represents the amount of growth in dB relative to
ingly strong gradient, and, in the end, a discontinuity. the initial value at=0s.

The evolutions of the aspect angle and group velocity are
illustrated in Fig.2 for ionospheric parameters of interest. In
this particular example, becauseis a strong function of
below 115km, the aspect angtg/k reaches more tharf 1
: . : 0.6 0 0
in 1s. The corresponding group velocity reaches more than 25 e
40 timesE /B. However, most important for the problem at 0
hand is the fact that after approximately 0.3 s, a discontinuity 0.5¢ g
forms in the aspect angle. It can be identified as the sharp
transition from almost-zero aspect angles and group veloci-& 0.4{
ties above to larger values below.

While the production of a large jump in the derivative of
the aspect angle guarantees that the structure will be feed-g
ing damped ion-acoustic modes above 115km, and purelng’- 0.2 P
damped modes below that height, we still need to know if <
the new modes are fed enough energy for the process to mat- 0.1+ QJS
ter. To this goal we have to look at the amplitude reached
by the structures just prior to the shock, using the solution to . = =
Eq. 7). Such a solution is shown in Fi@, calculated for 200 102 104 106 108 110 112
the conditions associated with the aspect angle and parallel z [km]
group velocity plots presented in the previous figures. We
can clearly see from this calculation (and many more casesig. 4. Aspect angle profiles from=0's (left-most curve) to=0.4 s
studied byDrexler et al, 2002 that the structures can in- (right-most curve) at 0.02 s intervals. Afte0.3 s a strong gradient
deed gain a substantial amplitude before feeding their energind later a jump in the aspect angle develops.
to the large aspect angle modes. In the example presented
here, the largest amplitudes being fed to the shocked modes
are seen around 0.5s after the initial perfectly field-aligned
perturbation. At that point we should note that the aspect an-
gle is larger than at earlier times, but it is not really out of the neutral atmosphere causes an evolution of the aspect angle of
ordinary. However, this does not stop the derivative of the as-a structure (throughw/dz7); 2) this in turn causes the lower
pect angle (second derivative of the phase with respegt to altitude parts of the structure to move upwards and collide
from taking a large value. This point is illustrated more pre- with the largely stationary upper parts; 3) this collision leads
cisely with Fig.4, where the aspect angle evolution is shown to a shock, i.e., a discontinuity, which affects the aspect an-
as a function of altitude for different times. As a word of cau- gle, the group velocity, the amplitude and all other derived
tion, we note, however, that whether or not the same aspeajuantities; 4) as far as where the energy goes once the shock
angle should be found in the damped modes that receive this triggered, all we can state at this point is that it has to be
energy is another question that cannot be addressed with thfed to the damped modes that we have identified in the previ-
limited tools that we have used here. ous section but the question of what aspect angle these modes

We can summarize the physical principles at work in the should have cannot be addressed with the tools that we have
nonlocal evolution as follows: 1) the inhomogeneity in the used here.

100

[gp] ¢ (0u/ug)

0.8

0.3

angle [d
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