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Abstract. The Gadanki radar observation of plasma irreg- hary et al.(2005 looked at various mechanisms that could
ularities bearing the signature of Kelvin-Helmholtz billows have generated the particular QP echoes that they observed.
above 100km altitude raises the question of the electrodyThese included atmospheric gravity wavégpdman et aJ.
namical mechanism that would allow the structures to drift 1991 (periods too small, requiring too large a Doppler shift),
with the neutral wind. We show that for locally varying neu- and the Cosgrove-Tsunoda mechanigtoggrove and Tsun-

tral wind fields with the right geometry at night, multiple Hall oda 2002 (latitude too small, with magnetic field not tilted
effects in the electron gas lead to a situation where ions, elecenough). Reasonable shears could furthermore be inferred
trons, and neutrals move together along the component of thom the observations, implying Richardson numbers that
wind that changes most rapidly in space. The species mustere large enough to make KH billows a plausible expla-
not move together along all directions, however. If this were nation while agreeing with the gist of thersen(2000 ob-

the case the plasma would be stable and a radar would be uservations. The tilted echo layers were argued to move hor-
able to observe the wind field. We discuss the stability of theizontally through the radar field of view while the geometry
plasma itself for Es layers affected by the Kelvin-Helmholtz of the observation and the beam pattern were such that there
wind field and show that a variety of factors have to be takenwas no range-height ambivalence, in contrast with QP obser-
into account beyond the study of the zeroth order mechanismvations made at higher latitudes than Gadanki. Finally, the
data with clean echo patterns had to be associated with KH
billows in their early stages of evolution, in qualitative agree-
ment with the patterns produced in numerical simulations by
Bernhardt{2002.

In the Choudhary et al(2005 presentation the emphasis
was placed on showing how the inferred wind field was a
good match to expectations from a KH billow in its early
stages of evolution. There was only a rough outline of the
electro-dynamical mechanism that would lead to the produc-
tion of 3 m irregularities inside Kelvin-Helmholtz billows.

Keywords. lonosphere (Equatorial ionosphere; lonospheric
irregularities; Plasma waves and instabilities) — Meteorology.
and atmospheric dynamics (Turbulence)

1 Introduction

Choudhary et al(2005 have recently reported on the ob-

Z(Iatirt\; a;fﬂzir?f i'g:%ggg;iﬁ;g;? J\:L?gﬁlizr;gi:tgg?rr\ Ilr?é)i;'thhis guestion nevertheless remains an important part of the
9 puzzle. While the observations are showing that the wind

13.5 Nor_th, 79.2 East (geographic), 6:orth of the ge- field is that of a KH billow, the question that remains to be
omagnetic equator. In the cleanest examples that they pre

. investigated in more detail is: how can the Doppler shift of
sented, flow reversals were found near the altitude center 01“ 9 pp

. : . : __“irregularities, supposed to respond only to an elecEonB
the echoing region, while the Doppler shift would otherwise drift, reproduce the vertical neutral wind pattern in the KH

?hraiuall?/dcha}n?le S'%Tt fr_?rr]n the krjottorrg—sm\il\? fChz r\(levalct)n ;[Jobillows when, at first sight, the electrons should not respond
€ topside along a tit. 1nese properties were sno 0 D%y the wind? The question of irregularity generation under

the signature of classic Kelvm-l—!elmh(_)ltz (KH) b!HOWS' we KH billow conditions also needs to be addressed.
should note that, before reaching this conclusiG@houd- . . . .
Our aim here is therefore to provide a more precise de-

Correspondence tal. P. St.-Maurice scription of the local electrodynamics that leads to the pro-
(jp.stmaurice@usask.ca) duction of m-size irregularities. For clarity, we limit our
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shears with a simple sinusoidal oscillation in the vertical

— N
W wind, that is, a vertical wind of the forn¥, sin(kx) where
x refers, in this case, to the zonal direction. When this is the

case, we argue here that the combination of the zonal and

vertical wind fields, and of the Es layer, implies that short
/\/‘\ scale plasma waves will be moving with the vertical neutral
///\/\\\ /A wind in the magnetic northward direction (almost the vertical

at low latitudes).
Fig. 1. Contour plot of the stream function associated with Kelvin- In what follows we construct a Simp|e e|ectro_dynamica|
Helmholtz billows. The vertical and horizontal distances respec-madel of the plasma below 110km in the presence of
tively represent the exten.t of the vert.ica& 6 km) and horizontal “weakly-excited” KH billows. By “weakly-excited”, we
(~ 16km) displacements inside the billow. mean billows that are in their early stages of evolution so
that turbulence has not yet evolved to the point of either de-
stroying the original Es layers and/or of making the layer un-

discussion to the KH wind field mechanism at low latitudes able with radar D | 0 del
at night. However, it should become clear from the presen-,recognlza e with radar Doppler measurements. Our mode

tation that similar processes could operate under various dits anchored on the simulations donetbgrnhard(2002), as

vergent/convergent horizontal or vertical wind fields on morezhov_lv_?1 in h:f‘ Figs. ? (pi':meLs b ar?d ©) anq ! (panrﬁls fognd
complicated field line geometries, particularly at night. )- ese figures clearly show that, starting roughly S

The presentation that follows has two main parts l:irstafter the onset and lasting for several hundred seconds af-

we discuss the electrodynamipser seunder idealized geo- terwards, the Es layer is tilted — as expected from weakly

metrical conditions that nevertheless should provide a goo{?(dted situatio.ns— b)_/ the verticgl V\.'ind. field that trigggrs the
description of the KH billows at low latitudes. Having dis- illows. The orientation of the tilts is dictated by the sign of

cussed the electrodynamics we then address the question g}ﬁ'lzonilt\;‘vmd sheatr's. Tr}{ﬁ aréglel of thth"t grozvsvv\\;m tme
the ensuing generation of the irregularities and their eventua)’ e, at the same time, the Es fayer hins out. e the

detection by a radar. We then explore briefly the IOOSSibIethinning is taking place, the original Es layer evolves to the

effects of complications arising in more realistic situations point of splitting into two new layers placed at the top and

than the zeroth order one that we have focused on. bottom part_s of t_he unsta}ble.KH billow regmngrnhardt
(2002 obtains this evolution in the lower E region, below

110km. Near 120 km, the thinning out the Es layer and its

2  Basic model splitting into top and bottom layers do not take place. In-
stead, he obtains, after a while, stable tilted “islands” of ion-
2.1 Es layers and their distortions ization in the middle of the KH billows. Either way, tilts of

ionization are common for much of the simulation time. We
Away from the magnetic equator itself it is becoming clear should also note that if 3-D simulations were used, turbu-
that the observation of m-size irregularities with radars islence would likely ultimately destroy the original structures
associated with the presence of sporadic Es layers that prqGibson-Wilde et a.2000).
vide the necessary gradients and localized electric fields to
excited gradient-drift instabilitiesHaldoupis and Schlegel 2.2 Magnetic field orientation
1996 Hussey et a).1998. At low latitudes and well below
120km, as is the case for the Gadanki echoes under considrhe simplest model that we can construct to study the KH
eration here, the creation of an Es layer requires in the firsinstability problem in the present context starts with the fol-
place that there be a strong shear in the zonal wikiti{e- lowing: since we are interested in very low latitudes we will
head 1970. Since a westward wind lifts the ions and an neglect the tilt from the horizontal in the magnetic field lines.
eastward wind lowers them, the creation of the layer requiresThis is not to say that the tilt is not important in eliminating
the lower zonal wind to move west and the upper zonal windperpendicular northward-vertical electric fields that would
to move east. As long as tilines are not strictly horizon-  otherwise limit the growth of the Es layer. Our neglect of
tal over the sheared region, this mechanism does not creatge tilt is simply so as to clarify the mechanism at work: in-
an electric field; the negative charges left behind when theroducing weak tilts in the basic model does not add much to
ions are ascending become reconnected to positive chargelse calculated effects.
higher up, through & line that passes through both the top
and bottom of the Es layer. 2.3 Neutral wind model

Under strong enough shear conditions, the zonal wind

shears that create the Es layer may also be KH unstable. Im accordance with the early stages of evolution of the KH
their simplest linear local manifestatioKyndy, 1990 the billows and consistent with the formation of an Es layer
billows involve a superposition of the original zonal wind below 110 km, we introduce the following possible neutral

Ann. Geophys., 24, 1367374 2006 www.ann-geophys.net/24/1367/2006/



J. P. St.-Maurice and R. K. Choudhary: Kelvin-Helmholtz billows at low latitudes near 100 km 1369

wind configuration: we use a simple zonal wind shear of thefrequency time. This is equivalent to saying that we drop the
kind required to produce an Es layer in the first place. In thetermdp/dt in the current continuity equation.
region of interest, this zonal wind field is assumed to change Assumption (4): We use the non-zero tilt in the magnetic
only with altitude, that is, not with latitude or longitude. field to let the Es layer remain neutral, just as the classical
To this basic wind field we add H, sin(kx) vertical wind, mechanism does. The zonal wind shears push the ions into
with x now explicitly referring to the west-east direction. A the layer but electrons are left behind. However, the positive
third element, namely, a background zonal wind, will also ion layer is connected to the negative electrons left behind
be required for the purpose of explaining how a northward-via the inclined magnetic field lines. The electron response
vertical looking radar can see the passage of various billowss very fast, leaving only a very small parallel electric field
as a function of time. behind. A small parallel electric field remnant is also left
The simple “cat’s eyes” flow pattern corresponding to our from the edges of the wind field, which we therefore have to
wind pattern is shown in Fig. 1, in the frame of reference of assume are far apart.
the mean wind. That is to say, the figure depicts the stream- Assumption (5): The 110km altitude region at Gadanki
lines associated with the presence of a linear shear in th& connected to the equatorial region at 180 km through the
zonal wind, superposed with the simple oscillating vertical magnetic field line. This altitude region is too low for ioniza-
wind field mentioned above. In this particular context, the tion to survive recombination at night (too much molecular
wind rolls have an “infinite” long north-south extent (through nitrogen). This means that the lower Gadanki E region is
the paper). This simply means here that the north-south exnot connected to an F region in which Pedersen conductiv-
tent is very long in comparison to the zonal wavelength assoities would be enhanced, which would allow perpendicular

ciated with oscillations in the vertical wind. currents to be discharged via the F region through the medi-
_ _ ation of parallel currents between the two. We can therefore
2.4 Electro-dynamical assumptions assume that the electrodynamics is entirely a local affair, in

that context. There remains one last possibility for nonlocal
In modeling the plasma response to the wind field we will (1) gffects, namely, the existence of a conjugate E region on the
neglect chemistry, (2) neglect pressure gradients and gravitysther side of the magnetic equator. However, the distance
(3) assume a quasi-steady state, (4) neglect parallel electrigetween the two E regions is small enough that we normally
fields, and (5) assume that the conductivities are dominateg e nighttime conditions in both places. This means that
by the local Es layer. We now discuss the validity of thesepoth E regions would have to be subject to Es layers simul-
assumptions. taneously. If this were the case, there is no question that
Assumption (1): We are dealing here with nighttime sit- oyr simple description would not apply. By the same token,

uations in which shears in the neutral wind causes the conpowever, the likelihood that simple wind patterns would be

centration to increase in a thin layer. Clearly, if the layer ghserved at all in the presence of conjugate Es layers (partic-
is still present in spite or recombination and in the absence,arly broken ones) is remote to none.

of photo-production, this implies that metals must dominate
the ion population. The recombination of metallic ions is
extremely slow above 90 kniR{ggin et al, 1986. 3 Physical mechanism

Assumption (2): The best that perpendicular pressure gra-
dients and gravity can do is indudeéx B drifts, whereF is 3.1 Basic description
either the pressure or the gravitational force. In the case of
gravity, the resulting drifts even for magnetized ions, would We are now ready to consider the electrodynamical effects
be of the order of cm/s. For electrons, the drift is orders ofintroduced by the vertical wind for the geometry at hands.
magnitude less. Similarly, the diamagnetic drifts should beBefore considering the attendant equations, let us first de-
of the order of 50¥ In ng m/s for both ions and electrons, as- scribe the basics of the mechanism at hands: to leading or-
suming a temperature of the order of 300K. Even for 100 mder, since the ions are highly collisional, they are pushed up
gradient scales this implies drifts of the order of 5 m/s, whichand down by the oscillations in the vertical wind over long
is less than the drifts under consideration here. Finally, sincalistances along the north-south direction. By contrast, the
we assume the region to be elongated along the magnetielectrons remain strongly magnetized and do not directly re-
field, ordinary pressure gradients will not have an effect inspond to the wind. The vertical wind therefore introduces a
that direction either. current. However, if there is any divergence in the wind, that

Assumption (3): We assume a steady state. We do nois, specifically, if the vertical wind extends over a finite alti-
mean by this that the KH billows do not evolve with time. tude range, the vertical currents have to diverge at first, until
We mean rather that the KH evolution is much slower thana charge separation between ions and electrons is introduced.
the electrodynamical response of the plasma. When electriéfter a short time the ensuing electric field has become large
fields are formed by the neutral winds, the electron responsenough to eliminate the current divergence along the verti-
time to the new field is at most equal to the electron collisioncal direction. One way for this to happen would be to have

www.ann-geophys.net/24/1367/2006/ Ann. Geophys., 24, 135774-2006
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whereV; is the mean ion velocity, an@; andv; are the ion
cyclotron and ion-neutral collision frequencies respectively,
while B is the magnetic field strength aibds a unit vector
in the magnetic field direction. Using=%; /v;, and assum-
ing the electric field to be perpendicular to the geomagnetic
field because of the high parallel conductivities even in the

X 77
(x ! E region, we can write the vector solution to the momentum
x ! balance as
100 - 120 km! v
T J_ o;
Y Vi=Vn||+—1 . 2+—1 IZV,uxb
Viv E, +o; +a

o E «> Exb
12_7L l 2 )
l+af B 14af B

Fig. 2. Schematic diagram showing the effect of vertical wind on +
sporadic-E ion layer. Here,\ represents the vertical wind B&nd

E, are zonal and vertical fields respectively .
whereV,; andV, | are the neutral wind components parallel

and perpendicular to the geomagnetic field, respectively.

an electric field such that the resulting ion Pedersen current A Similar solution is obtained for the electrons except for
would produce an ion motion equal and opposite to the mo-the fact that the gharge chang(_as sign. As aresult, if we define
tion produced by the neutral wind. €, ande, as positive, we obtain

However, the introduction of a new spatially oscillating
vertical electric field in the system means that Hall currentsVe = Va) +
are introduced by thé& x B motion of the electrons in the
east-west or west-east directions. The situation is depicted
in the schematic diagram shown in Fig. 2. Owing to the — =
elongation in the north-south direction, a spatially oscillating 1+aZB
electric field is now introduced in the east-west direction by ) . .
the accumulations of electrons at every second vertical wind With Eqs_. (2) and (3) we can qbt_am thg currents, which
node. The horizontal electric field increases until the net hor-2"¢ proportional tqV;—V.), which is itself given by
izontal force on the electrons becomes zero, a classical Hall ,
effect. V; —V,) = E [Lz + Lz]

In turn, the new oscillating horizontal electric field intro- B 140 1+oag
duces a vertical electron Hall drift. This second Hall effect
now moves electrons in the same direction as the oscillating E’ x b [ 1 1 :|

\ 1 _ e
ZI.+oze2 1+ote2

anxb

o, E a> Exb
. 3
+1+an B ®

+

vertical wind. Therefore the electrons are now flowing ver- B 1+a2 1+ a2 (4)
tically in the same direction as the ions. This brings up the ¢ !

question of closure: the electrons have to move at the exacl here
same speed as the ions. If they don't, the vertical Hall cur-

rents will lead to a different vertical charge arrangementande’ — g 1 v, x B. (5)

a different vertical field, which in the end will modify the

vertical currents once more. Also, since the ions are movingNext, we assume nightime conditions under which the only
at close to the neutral wind velocity, so will the electrons. conducting region is the Es layer under observation: as dis-

The plasma, in other words, will move up and down with the cussed at the beginning of the section, if their is no conju-

neutral wind in KH billows of the sort described here. gate Es layer, our nighttime Es layer is connected through
the magnetic field to regions that are everywhere else poorly
3.2 Quantitative description conducting because of their small electron densities. Under

these conditions the currents induced by a vertical neutral
Since our focus is on motions perpendicular to the magnetiavind have nowhere to close so that we should haye=V,,.
field direction, we neglect the small pressure gradient effectHere the subscript refers to the “vertical” (strictly speaking,
and gravity for the reasons given at the beginning of this secthis should be the magnetically northward line-of-sight direc-
tion. In that case, the steady state ion equation of motion irtion, which is near the vertical at low latitudes). As a result
the collisional ionosphere can be written as we find

v; /2

S T LA S 6
1+ o, @ 1+ vevi/ Qe ( )

E
U,(VZ—VH)ZQZE-FQ,VZXb (1) E;:E;Xb
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For the situation depicted in Fig. 2 the neutral wind oscil- than the electrons, are responsible for polarization electric
lations are along the vertical. To a first approximation, we fields, since ions are dragged by the neutral wind.

therefore end up with What is particularly interesting when an Es layer is pro-
v/ duced by zonal neutral wind shears is that both sides of the
y=—+"" _(E.xb—-V,B). (7)  Es layer are GD unstable since the zonal wind field reverses
1+ vevi/ Q.02

direction in just the right manner. Thus, near the nodes of
This result is consistent with the cartoon drawn in Fig. 2 in the vertical neutral wind, we should expect both sides of the

that the vertical field points in a direction opposite to the ver-layer to be unstable for wavevectors pointing in the zonal di-
tical neutral wind. However, the vertical field also clearly rection. However, when the center of an Es layer has moved

depends on the presence of a zonal electric field. out of its equilibrium position, there would of course come a
Repeating the calculation for zonal currents we end uppoint when only one side is unstable, at least in the local con-
with text. Thus, if the layer moves upward, the top part remains
, unstable while the bottom part may become stable. The out-
Vi — Ve, = E |: G, e ] come obviously depends on the height shift and on the thick-
' B |1+ al-z 1+a? ness of the layer. It remains nevertheless possible that both

sides could remain unstable in such a case through ‘nonlocal’
E, xb |: 1 1 ] effects. With one side being more unstable than the other and

B 1+ a2 1+ a2 (8 with only weak parallel electric fields through the layer, the
¢ ! tendency for growth on one side might be enough to stimu-

With result Eq. (7), this means that the zonal currents are prolate growth on both sideSgyler et al.2004.

portional toE,. However, if zonal currents have nowhere to  Whether or not both sides of the Es layer are unstable to

close (requires exactly the same conditions as for the “verti-GD waves in any given situation, the key point is that the
cal” currents case), we end up requiring tEatitself has to most unstable wavevector direction for the GD instability is

vanish. in the same direction as the zonal neutral wind that desta-
The implication is that the solution to this system, to lead- bilizes the Es layer. This direction is perpendicular to the
ing order, is simply given b¥,~0 and ambient electron density gradient, at least for the simplest

cases. If the gradients were steep enough and the winds

E;~ -V xB. (9)  large enough, m-scale structures could be generated directly

Thus, under the reasonable assumption of vanishing conductzy the GD process; large amplitude m-scale structures ob-

L . . ; - Served by radars along the unstable direction are simply
tivities outside the Es layer itself, all signs of the original called “Tvoe I”. These structures mav or may not be ex-
vertical electric field would in fact be gone. To leading order, ype I y Y

we therefore end up with a one-dimensional system wher cited in our case. It seems more likely, however, that only
P y Efarger structures would be directly excited by the GD pro-

there is only a zonal electric field component. That compo- . .
. . .~ cess. Unlike m-size structures, the larger scale structures are
nent is such as to allow the electrons to move with the ions T e
i N . not affected by the stabilizing influence of diffusion.
and the neutrals along the vertical direction. We remind the . . : .
Whether or not m-size waves are excited directly in the

reader, however, that we have used a superposition prlnCIpI(zaonal direction, there will be no growth from the linear insta-

here and that currents need not vanish in response, for e)Bility mechanism along the direction of the density gradient.

ample, to ambient large scale electric fields or to large scalti“vIeter scale lar litud thel b d
zonal winds. Small shorting currents outside the Es layer. -Scale farge ampiitude waves are nevertheless observe
region might also play a second order role. in the_se d|.rect|ons. The structures are attributed to m_ode—
coupling triggered by turbulence. Their spectra, described
as “Type 11", are typically broader and less powerful than
4 Irregularities and their properties the Type | counterpart. That is to say, the energy not only
cascades from 100-m size or km-size GD structures down to
Kagan and Kelley1998 have discussed an instability mech- m-size irregularities, but it also introduces large amplitude
anism for gradient-drift waves in the E region that works par- modes in the linearly stable direction through mode-coupling
ticularly well in the case presented here, that is, in a case fofFejer, 1996.
which zonal wind shears generate Es layers when the mag- According to observations and weak turbulence theory, the
netic field is almost horizontal. As is well-known, gradient- Doppler shift of Type Il waves matches the value expected
drift (GD) waves are unstable in the E region when an electricfrom linear theory (though the linear modes are themselves
field is perpendicular to thB field and the ambient electron damped) Kelley, 1989. In the situation of interest in the
density gradient has a component parallel to the electric fieldpresent work, for an observer looking up (ie perpendicular to
HoweverKagan and Kelley1998 also correctly pointed out  the direction of maximum growth), the Doppler shift should
that aV, xB field plays the same role as an electric field astherefore normally be zero (zero frequency modes). How-
the destabilizing agent. In this particular case the ions, ratheever, in the special case for which our argument that both

www.ann-geophys.net/24/1367/2006/ Ann. Geophys., 24, 135774-2006



1372 J. P. St.-Maurice and R. K. Choudhary: Kelvin-Helmholtz billows at low latitudes near 100 km

ions and electrons are moving together with the vertical neu-dynamo. We should also expect in the northern latitudes to
tral wind, the implication is that the Doppler shift of Type Il get some north-south (nearly downward) electric field from
structures will match the vertical neutral wind velocity. This the formation of the Es layer itself: the zonal wind shears
result satisfies the usual expressions for the Doppler shiftshould leave some remnant negative charges near the bottom
Specifically, for Type 1l waves, the Doppler shift is normally of the layer at its lowest latitudes and some remnant positive
taken to be charges at its highest latitudes. Such an electric field would
match the sign of the vertical Hall field generated in the equa-

(10)  torial electrojet at night.
1+y No matter what its origin might be, a downward/southward
component of the electric field creates no Doppler shift in a
radar looking up and northward. The only flow triggered by
the large scale electric field is associated with an electron
E x B drift. This flow may very well have an impact on the
generation of the observed m-size irregularities, but it does
not produce an appreciable Doppler shift in either component
Pf the plasma along the electric field direction.

By contrast, an ambient east-west field would certainly be

wherek is a unit vector in the direction of observation,
i.e. the wavevector direction, an@d=v.v; /(22.£;), where
v; and Q; are the collision and cyclotron frequencies of
specieg respectively. In the situation contemplated here we
haveV,.=V;=V, so that the structures always move with the
plasma along the line-of-sight.

Finally we should recall that as the ions and electrons ge

lifted by an upward neutral wind, they move above the Es : . " .
layer equilibrium height. This means that uplifted pieces of capable of introducing an additional Doppler shift for an ob-

Es layers find themselves at a height where the zonal wing e ver looking north aqd up- Th|_s can be seen from Eq. (10)
which shows that the irregularities should move at a speed

moves west on both sides of the layer. As noted above, thl%hat approaches the electron drift along the line of sight.

tends to make .the top s.|de of.t.he uplifted layer more unSta_Equations (2) and (3) in turn show that to leading order the
ble to the gradient-drift instability than the bottom, through . N " :
; ions move very little in theE x B direction while the oppo-
theVxBfield. The bottom part could even be stable. Note, site is true of electrons. This being stated, the east-west field
however, that since the wind increases with increasing alti- ' 9 '

tude, the destabilizing influence on top of the uplifted Iayerzhzgl,gr?; rrgui((:)?]ssn:\lae”\?errmglr; stztit\ézrotllcaelleﬁ;lrccj)r:n dﬁ?tg ;ﬁi;
is larger than the stabilizing influence at the bottom of an up- q g ' y

lifted piece. Thus, even in the presence of nonlocal effectsorder of 10 m/s could be present on top of the modulation in-

associated with the fact that in tilted field lines the unsta-tmducecj by th_e KH billows. Th!s would give the appearance
. . .0f a mean motion across all altitudes under observation.
ble and stable regions may be connected via parallel electric . .
We have already discussed the effect of zonal wind shears.

fields, a net growth should still be expected. In fact this con—On ton of the shears. there most likelv exists a mean zonal
nection of the unstable region with the stable one may well ~. b o ' . y o .
wind. A first consequence of this mean zonal wind is to dis-

allow unstable structures to be seen on both sides of the bro—Iace the equilibrium heiaht at which the Es laver will form
ken Es layer, not to mention inside the uplifted piece of EsP q g Y '

layer A second consequence is to provide a “movie” of the KH bil-
' lows embedded in the mean flow. A radar looking up to the
north and up, perpendicular to tBedirection, can only see
time variations in the height and Doppler shift of the billows
if these are passing through its field of view. This is clearly

Thus far, we have focused on the local agents that make ththe case for the Gadanki observations reporteGhyudhary
ions electrons and neutrals move together along the verticatt al- (2009. A second effect of the mean zonal wind is to
and on the zonal wind origin of the irregularities that allows introduce a very weak ion drift along the vertical. The drift
a radar to see the common vertical motion in the first place IS weak and considered unimportant because the fagtior
We now briefly consider the possible impact of mean wind EQ. (2) is large.
fields and ambient electric fields on the observed Doppler Finally, there can also be a mean meridional wind. The
shifts and on their impact on the stability of the medium. The component of the wind that is parallel B (the field is al-
discussion is entirely qualitative at this point and only meantmost horizontal) produces the same effect on ions and elec-
as a guide for future research on the question_ trons and induces a mean DOppler shift. The weaker per-
pendicular component would induce a small, nearly vertical,
5.1 Impact on observed Doppler shifts and time evolution mean ion motion. Depending on the east-west extent of the
wind field, a measurable mean east-west electric field might
An ambient perpendicular electric field with a strong down- or might not be triggered as a result of the ensuing electron
ward component should be expected during nighttime conE xB drift from the vertical field. An electron Hall drift in
ditions at low latitudes for two reasons. First, the Gadankithe vertical might therefore be present, though a relative drift
observations are made near the equator, where the electrlwetween ions and electrons may well persist. There may like-
field is primarily downward at night, owing to the SQ current wise be a shear in the mean meridional wind. This shear

5 Effects of mean wind fields and ambient electric fields
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would introduce a small modulation in the ion drift which been tilted by KH billows. North-south (i.e. almost vertical)

would typically not be enough, above 100 km, to cause a re-€lectric fields and mean zonal winds might also help destabi-

versal in the phase velocity of the structures observed by thdize the Es layers. However, in the latter case, the structures

radar in view of the prediction from Eq. (10) whan<1. would be unstable on only one side of the layer, and non-
We can conclude that the most important factors are docal effects are likely to dampen the net growth through a

mean zonal wind, which allows the observer to see the alti-short-circuiting effect alon® lines.

tude profile of the KH billows with time and a zonal electric

field, which would introduce a relatively weak but neverthe-

less systematic Doppler shift at all altitudes. At night, this 6 Summary and conclusion

should introduce a positive Doppler shift everywhere. In ad- o )
dition, a meridional wind would be seen directly owing to Local changes in wind fields should be able to introduce elec-

the fact that meridional winds at low latitudes have a strongtric fields that are such as to make ions and electrons drift

component along the magnetic field. together with the neutrals along certain directions. We have
explored this possibility with the fields created by KH bil-
5.2 Impact on the generation of irregularities lows, based on the observations reportecChpudhary et al.

(2005 and based on the simulations Bgrnhardt(2002),

Let Ey be a perpendicular electric field with an upward com- which produced Es layer tilts during the initial stages of KH
ponent (which maps to a northward component at higher latbillow evolution. However, we have also shown that in order
itudes). Aside from the shear in the zonal wirkgly is the  for irregularities to be present at all, relative drifts between
most important factor in the generation of irregularities sinceions and electrons must exist along certain directions. In the
this is the component that is in the same direction as the avelKH billow case this would be the east-west direction, with
age ambient density gradient. Unlike the sheared zonal windthe primary destabilizing agent most likely to be the shear in
however, this ambient electric field only destabilizes one sidethe zonal neutral wind. We favor this mechanism because it
of the Es layer, namely, the side over which the direction ofdestabilizes large scale GD waves on both sides of the layers
the electric field has a component parallel to the density grawhile using the very winds that create an Es layer in the first
dients. Itis not clear, however, if nonlocal effects transmittedplace. This contrasts with all other possible agents that we
along theB field lines would cancel one another in this case. have investigated. We have pointed out that in addition to the
This would depend largely on the north-south extent of thesheared wind, an ambient east-west field could help destabi-
Es layer pieces. More extended pieces would be more sudize the layers once the KH billows have introduced tilts in
ceptible to nonlocal effects. Still, at very low latitudes, the the Es layer in the plane perpendicular to the magnetic field
tilt may be so weak that structures could be triggered on onglirection. We have also noted that mean zonal winds are im-
side of the Es layer by allowing for growth at aspect anglesportant as they are the candidate of choice in order for a radar
that are within 1 deg of perpendicularity. observing in the northward vertical direction to see tilted lay-

An east-west field could actually play a role because ofers passing through the field of view with time.
the tilts introduced by the KH billows in the plane perpen- Our communication is not necessarily limited to KH bil-
dicular to the magnetic field (zonal and up). The east-wesiows in that it does suggest that radar observations of plasma
field could help destabilize the side of the tilted Es layer thatirregularities can at times be surprisingly close to the neutral
would have density gradient component parallel to the eastdynamics. However, a careful study of the electrodynam-
west field. Nonlocal effects would not be a problem in this ics and of the irregularity generation mechanism is needed
case because the sign of the electric field would not changen a case-by-case basis even when a gradient-drift instability
along aB line in such a case. is excited. Even for the KH billows discussed here, a more

The important destabilizing effects of the zonal wind detailed study of these questions is warranted, as exempli-
shears has already been discussed. The additional preserited by the numerous complications that were raised, but not
of a mean zonal wind would play a role identical to that of solved, in Sect. 5.
a vertical electric field as far as destabilization is concerned.

The stability would therefore depend on whether nonlocalAcknowledgementsThis work has been supported by the Canadian
effects are important or not. National Science and Engineering Research Council.

Topical Editor M. Pinnock thanks P. A. Bernhardt and an anony-

The perpendicular component of mean meridional winds : X . .
mous referee for his help in evaluating this paper.

would in turn play a role similar to a mean zonal electric
field. The effect would be very small, however, becaBss
almost horizontal at low latitudes, meaning that the compo-
nent of the meridional wind in the direction perpendicular to
B would be almost negligible. Bernhardt, P. A.: The modulation of sporadic E layers by Kelvin-

We conclude that ambient east-west electric fields would Helmholtz billows in the neutral atmosphere, J. Atmos. Solar
be most likely to further destabilize the Es layer once it has Terr. Phys., 64, 1487-1504, 2002.
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