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Abstract. The formation of the mid-latitude sporadic E lay-
ers (Es layers) by an atmospheric vortical perturbation ex-
cited in a horizontal shear flow (horizontal wind with a hor-
izontal linear shear) is investigated. A three-dimensional at-
mospheric vortical perturbation (atmospheric shear waves),
whose velocity vector is in the horizontal plane and has a
vertical wavenumberkz 6=0, can provide a vertical shear of
the horizontal wind. The shear waves influence the verti-
cal transport of heavy metallic ions and their convergence
into thin and dense horizontal layers. The proposed mecha-
nism takes into account the dynamical influence of the shear
wave velocity in the horizontal wind on the vertical drift ve-
locity of the ions. It also can explain the multi-layer struc-
ture of Es layers. The pattern of the multi-layer structure
depends on the value of the shear-wave vertical wavelength,
the ion-neutral collision frequency and the direction of the
background horizontal wind. The modelling of formation of
sporadic E layers with a single and a double peak is pre-
sented. Also, the importance of shear wave coupling with
short-period atmospheric gravity waves (AGWs) on the vari-
ations of sporadic E layer ion density is examined and dis-
cussed.

Keywords. Ionosphere (Ionospheric irregularities; Mid-
latitude ionosphere) – Meteorology and atmospheric dynam-
ics (Waves and tides)

1 Introduction

The formation of the mid-latitude sporadic E layers (Es lay-
ers) and their temporal evolution results from the action of
various physico-chemical processes in the mesosphere-lower
thermosphere. A vertical shear in the horizontal neutral wind
is the major cause of mid-latitudeEs layer formation (e.g.
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see Whitehead, 1989, and references therein). Tidal motions
and atmospheric waves play the key role in this formation
process by providing the vertical wind shears needed for the
ions to converge into thin and dense horizontal layers (Math-
ews, 1998; Haldoupis et al., 2006). In addition to the di-
urnal and semidiurnal tides, which are present regularly in
the lower thermosphere, the action of planetary waves (PWs)
and atmospheric gravity waves (AGWs) may influence the
formation of sporadic E layers as well (Chimonas, 1971; Hal-
doupis and Pancheva, 2002; Shalimov and Haldoupis, 2002;
Pancheva et al., 2003). In a proposed interpretation, this in-
fluence was attributed to the accumulation of metallic ions
caused by the action of horizontal PW – and AGW – related
wind shear.

Several observations on the vertical variability of the spo-
radic E layers, such as the appearance of multi-layered struc-
tures, underline the importance of their relation to the at-
mospheric waves and the horizontally inhomogeneous wind
(e.g. see Larsen et al., 2005). These observed features of
Es layers were considered by many authors as a result of an
interaction of AGWs propagating through the region (Math-
ews et al., 1993; Yokoyama et al., 2003, 2004; Larsen et al.,
2005). This emphasized the necessity of investigation of the
Es formation process in relation with the variability in the
horizontal wind (e.g. see more details in Kelley et al., 1995;
Hussey et al., 1997; Yokoyama et al., 2003, 2005; Larsen et
al., 2005).

In the present study, the possible effects on the forma-
tion of mid-latitude sporadic E layers in relation with a hor-
izontal shear flow (horizontal wind with a horizontal linear
shear) will be investigated. In this case the major cause
of providing the vertical wind shear in the horizontal wind,
which is needed for vertical ion convergence, is a horizon-
tal shear flow exciting a three-dimensional vortical perturba-
tion, that is referred to as “atmospheric shear wave” (Dide-
bulidze, 1999; Didebulidze et al., 2004). The shear wave
influences the vertical transport of heavy metallic ions and
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their convergence into thin layers in a similar way as in the
formation mechanism of a vertical wind shear in the horizon-
tal wind (e.g. see Whitehead, 1989, and references therein).
In the framework of the mechanism, proposed in the present
work, the appearance ofEs layers with several peaks will be
simulated and explained. Also it will be shown that the shear
wave property, with regards to its transformation to short-
period atmospheric gravity waves, can influence the variabil-
ity of sporadic E layers.

2 Ion vertical drift velocity in the horizontal shear flow

The physics of the sporadic E layer formation is based on the
“windshear” theory, according to which a vertical shear in the
horizontal neutral wind can cause, by the combined action
of the ion-neutral collisional coupling and the geomagnetic
Lorentz forcing, the long-lived metallic ions to move verti-
cally and accumulate into thin and dense plasma layers. The
process is governed by ion dynamics, with the magnetized
electrons only following the ions to maintain charge neu-
trality (Whitehead, 1989, and references therein). A similar
mechanism of accumulation of ions is possible in the case of
a three-dimensional vortical perturbation as shown by Dide-
bulidze (1999) and Didebulidze et al. (2004). The variation
in the shear wave horizontal velocity with height can accu-
mulate ions at some height which depends on the vertical
wavenumber. The equation describing this process is derived
from the steady-state ion momentum equation where the ef-
fects of diffusion and electric forces are neglected (MacLeod,
1966):

Mνin (vi − vn) − e · vi × B = 0, (1)

whereM is the ion mass,υin is the ion-neutral collision fre-
quency,B is the magnetic field vector;vi and vn are the
velocities of ions and neutral particles, respectively.

In the present consideration, the velocity of neutral parti-
clesvn is equal to the sum of background horizontal wind
(u0(u0, 0, 0)) and the wavelike perturbation (v) velocities

vn = u0 + v. (2)

We take a right-handed set of coordinates (x, y, z) with x

directed to background horizontal wind andz vertically up-
wards. In Eq. (2),v=v(u, v, w) is assumed to represent
the atmospheric wave velocity andu, v andw are its compo-
nents in the x-, y- and z-directions, respectively. Such waves,
in addition with the background neutral horizontal wind, can
force a vertical transport of charged particles and thus form a
sporadic E layer. From Eqs. (1) and (2) we can easily obtain
the expression for the ion vertical velocity in the following
form:

wi=

− cosI (sinI cosδ+κ sinδ)(u+u0)+ cosI (sinI sinδ−κ cosδ)v+(κ2
+ sin2 I )w

1+κ2
,

(3)

whereκ=
νin

ωi
, ωi=

eB
M

is the ion gyrofrequency,I is the mag-
netic dip angle,δ is the angle (positive counterclockwise
from north) between magnetic north and the horizontal wind
velocity uo. In the case ofδ=0, the x- and y-axes are ori-
ented in the magnetic north and west directions, respectively.
In the present consideration, the main process of sporadic E
layer formation is the vertical transport of ions. The vari-
ability of the ion velocity horizontal components is assumed
to be much smaller than that of the vertical component and
therefore is omitted.

Equation (3) shows that the ion vertical velocity (vertical
drift velocity) wi is determined by wavelike perturbations
in the background horizontal wind in the same (first term
in numerator), its perpendicular (second term) and the ver-
tical (third term) directions. For the considered regions of
the mid-latitude lower thermosphere the variations of these
parameters, the ion-neutral collision frequencyυin (or κ),
the geometry of the magnetic field, and the background hor-
izontal wind, all influence the ion vertical motion. Equa-
tion (3) shows that in the north-hemisphere mid-latitudes,
where cosI (sinI cosδ+κ sinδ)>0, and in the presence of
a horizontal wind with a vertical shear, the ion vertical drift
velocity wi∝−u0. In this case the ions convergence point
wi=0 occurrs at heights where the background neutral hori-
zontal wind velocityu0=0. A horizontal wind with a verti-
cal shear causes downward motion of ions (wi<0) for height
above the ion convergence node (whereu0>0), and upward
motion (wi>0) below this point (whereu0<0), thus ions
accumulate into thin horizontal layers close to their conver-
gence node height. If cosI (sinI cosδ+κ sinδ)<0, then the
ion vertical motion is similar to that for the opposite direction
of the horizontal wind considered above. These processes are
typical for the classical “vertical windshear” mechanism of
Es formation in the meridional (for height>125 km where
κ<1) and zonal winds (for height<125 km whereκ>1), as
described by many authors (Whitehead, 1989, and references
therein; Mathews, 1998).

In the presence of a height independent background hor-
izontal wind (u0(u0, 0, 0)), a vertical shear in the neutral
windvn in Eq. (2), which is necessary for ion vertical conver-
gence and thus sporadic E layer formation, can be provided
by atmospheric waves whose magnitude (velocityv) varies
with height. Such vertical shear can appear in the magnitude
of atmospheric waves excited in a horizontal shear flow

u0 = ay. (4)

Herea is the linear shear in the horizontal wind. As shown
by Didebulidze (1999), Didebulidze et al. (2004), the exci-
tation of acoustic-gravity waves and vortical perturbations is
possible, as described by the horizontal shear flow Eq. (4). A
three-dimensional atmospheric vortical perturbation (atmo-
spheric shear wave), whose velocity vector (v) is in the hor-
izontal plane (u, v 6=0 andw=0) and varying with height,
can provide a vertical shear in the horizontal wind. The
shear waves can influence the vertical transport of ions and
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their convergence into thin horizontal layers in a way simi-
lar to the well known windshear theory (e.g. see Whitehead,
1989). Equation (3) also shows that the different evolution
of u andv components of shear wave velocity and its trans-
formation into short-period AGWs (withw 6=0) can influence
the ion vertical drift velocity. This effect of shear waves on
this drift velocity wi also depends on the ion-neutral colli-
sion frequencyυin (or κ) and the angleδ between the direc-
tions of magnetic north and the background flow, which in
turn affects the sporadic E electron density. The properties
of vortical perturbation evolving in the horizontal shear flow,
necessary for the formation of sporadic E, are considered be-
low in more detail.

3 Atmospheric shear waves

The horizontal wind in the upper atmosphere is mainly inho-
mogeneous. The value and direction of the background hor-
izontal wind undergoes daily, seasonal, inter-seasonal, etc.,
variations. In the lower thermosphere the tidal motion, plane-
tary waves and AGWs are considered as one of the important
factors, which affect neutral wind and charged particle densi-
ties. In our studyv=v(u, v, w) represents the atmospheric
gravity, or shear, wave velocity evolving in a horizontal shear
flow of Eq. (4), having characteristic periods smaller than
those of tides and planetary waves. Internal waves in an in-
viscid isothermal atmosphere, when the gravity force and the
background horizontal wind (u0) are taken into account, are
described by the following, well known, set of the linearized
(continuity, motion and adiabatic) equations:

ρ0

[
∂v

∂t
+ (u0 · ∇) v + (v · ∇) u0

]
= −∇p + ρg, (5)

∂ρ

∂t
+ (u0 · ∇) ρ = −v · ∇ρ − ρ0 (∇ · v) , (6)

∂p

∂t
+ (u0 · ∇) p = −c2

s ρ0 (∇ · v) − v · ∇p0, (7)

wherep andρ are perturbed pressure and density,g is the

acceleration due to gravity,cs= (γp0/ρ0)
1/2 is the speed

of sound, γ is the ratio of the specific heats(γ=1.4);
p0=p00 exp(−z/H) andρ0=ρ00 exp(−z/H) are the unper-
turbed barometric height profiles for pressure and density,
respectively;z=h−h0 is the difference between an actual
and some initial heighth0 andH=c2

s /γg is the atmospheric
(neutral gas) scale height. Note that in Eq. (5) we assume
conditions of hydrostatic equilibrium, that isρ0g−∇po=0.

We transform the linear perturbations of atmospheric pa-
rameters by the following form (Hines, 1960; Didebulidze,
1999):

p, ρ(x, y, z, t) = p1, ρ1(x, y, z, t) exp
(
−

z

2H

)
, (8)

u, v,w(x, y, z, t) = u1, v1, w1(x, y, z, t) exp
( z

2H

)
, (9)

q1 =

+∞∫
−∞

qk (t) exp
[
i (kxx + kt (t) y + kzz)

]
dkxdkydkz, (10)

where q1≡ {p1, ρ1, u1, v1, w1} and
qk (t) ≡ {pk, ρk, uk, vk, wk} (t) are the vectors of per-
turbed values and amplitudes of their spatial Fourier
harmonics (SFH), respectively. kt (t) =ky−akx t ,
k (t) =k (kx, kt (t) , kz) is the time variant wavenumber.
By use of the transformation (8–10) in Eqs. (5–7) we get the
following set of the linearized equations:

ρ00u
′

k = −ikxpk − aρ00vk, (11)

ρ00v
′

k = −ikt (t) pk, (12)

ρ00w
′

k = −

(
ikz −

1

2H

)
pk − gρk, (13)

ρ′

k

ρ00
= −i (kxuk + kt (t) vk) −

(
ikz −

1

2H

)
wk, (14)

p′

k

ρ00c2
s

= −i (kxuk + kt (t) vk) − (ikz − ε) wk, (15)

where prime denotes a time derivative andε=(2−γ )
/

2γH

is the isothermal Eckart coefficient (Gossard and Hooke,
1975).

In the governing Eqs. (5–7), the spatial inhomogeneity is
caused by horizontal windsu0[u0(y), 0, 0], unperturbed den-
sity ρ0(z) and pressurep0(z). Transformation of Eqs. (8–10)
allows us to reduce these equations to Eqs. (11–15), where
the inhomogeneity (kt ) occurs in time. Thus we have reduced
Eqs. (5–7) to an initial-value problem.

If we reduce the set of Eqs. (11–15) to the equation for
pk and search for the spectrum of atmospheric waves with
time varying frequenciesω(t) (for a2

�ω2
b), we obtain the

following acoustic-gravity and shear wave characteristic fre-
quencies (Didebulidze et al., 2004):

ω2
a,g (t) =

1

2
c2
s

(
|k (t)|2 +

1

4H 2

)

±

√
1

4
c4
s

(
|k (t)|2 +

1

4H 2

)2

−ω2
bc

2
s

[(
1+

10

Rh

)
k2
x+k2

t (t)

]
, (16)

ωsh = 0, (17)

where ωb= [(γ−1)g) / (γH)]
1/2 is the isothermal Brunt-

Väis̈alä frequency,Rh=ω2
b/a

2 is the measure of the relative
strength of stratification and the shear of the background flow
(an analogy of the Richardson number for a horizontal shear
flow). In Eq. (16) the highωa(t) (upper sign “+” ) and low
ωg(t) (lower sign “−”) represent the frequencies of atmo-
spheric acoustic and gravity waves evolving in a horizontal
shear flow of Eq. (3), respectively. In the case of no shear
(a=0), Eq. (16) leads to the spectrum of acoustic-gravity
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waves obtained by Hines (1960). Equations (11–17), with
regards to acoustic-gravity waves, also leads to the evolution
of a shear wave (ωsh=0), whose excitation is due to the pres-
ence of a horizontal shear flow. ForRh�10, i.e. when the
shear is very small, the solution for the shear wave time vari-
ant spatial amplitude, according to Didebulidze (1999) and
Didebulidze et al. (2004), has the following form:

uk (t) = −

Ash

(
kz −

i
2H

) (
k2
x + k2

y

)2

k2
x

(
k2
z +

1
4H2

) kt

k2
x + k2

t

, (18)

vk (t) =

Ash

(
kz −

i
2H

) (
k2
x + k2

y

)2

kx

(
k2
z +

1
4H2

) 1

k2
x + k2

t

, (19)

wk (t) = 0. (20)

whereAsh takes a value, which we can chose independently
from the wavenumbers for characteristic shear waves SFH
amplitudes. Note, that the value 2aρ00Ash/g is the SFH am-
plitude of density perturbation for the shear wave (Didebu-
lidze et al., 2004).

The shear wave corresponds to the standing type
of an incompressible (∇·v=0) vortical perturbation(
(∇×vk)z =const wherevk= (uk, vk, wk)

)
excited in the

horizontal shear flow. According to Eqs. (18) and (19), the
changes in the shear wave velocity amplitude are essential

at t≤ta (ta=2
∣∣∣ ky

akx

∣∣∣), whereas fort>ta the acoustic wave

frequency ωa (t) continuously increases and the gravity
wave frequencyωg (t) tends to the isothermal Brunt-Väis̈alä
frequencyωb.

Equations (18–20) show that the shear wave energy (spec-
tral energy), which is mainly determined by its kinetic en-

ergy ∝ρ00
U2

k +V 2
k

2 (Didebulidze, 1999), increase up to its
maximum value att=ta

/
2. Here Uk(t)=Re[uk (t)] and

Vk(t)=Re[vk (t)]. The shear wave acquires energy from the
shear flow fort<ta

/
2. Fort>ta

/
2 the shear wave gives en-

ergy back to the background flow or transforms into AGWs.
Such three-dimensional vortical-type perturbation (shear

wave) excited in a horizontal shear flow of Eq. (4) has mainly
a horizontal velocity, which according to Eqs. (8–10) and
Eqs. (18–20) varies with height. In the case ofλx , λy�λz

(or |kx | ,
∣∣ky

∣∣ , |kt | � |kz| for t<ta) and a2
�ω2

b (or
Rh�10), the change of the shear wave velocity is smaller
in the horizontal direction than in the vertical direction. Here
λx=

2π
|kx |

, λy=
2π

|ky |
andλz=

2π
|kz|

are wavelengths in x-, y- and

z-directions, respectively.
For some heights of the lower thermosphere with width of

about half of vertical wavelengthλz/2, where the shear wave
velocity (v) changes in direction, this wave can cause the ions
move downwards (wi<0) and upward (wi>0) thus they can
converge into a thin layer at heights wherewi=0, similarly

as in the formation of sporadic E layers by a vertical winds-
hear in the horizontal wind (Whitehead, 1989, and references
therein). There can be a few such regions of lower thermo-
spheric heights where heavy metalic ions can be forced to
form multiple layers (e.g. see Turunen et al., 1993; Hocke et
al., 2001; Damtie et al., 2002; Wakabayashi and Ono, 2005,
and references therein; Haldoupis et al., 2006).

The set of Eqs. (11–15) describes the evolution of a three-
dimensional vortical type perturbation in a horizontal shear
flow (4) taking into account its coupling with acoustic and
gravity waves of Eq. (16) (Didebulidze et al., 2004). The ex-
pressions (18–20) of SFH amplitudes do not include changes
caused by shear wave coupling with acoustic and gravity
waves of Eq. (16) in a horizontal shear flow of Eq. (4). Im-
portant changes of shear wave amplitudes, caused by AGWs,
occur for horizontal wavelengths comparable to atmospheric
scale height,λx , λy=O(H), or/and for the greater values of
sheara (i.e.Rh=O(10)).

Next we use wavelengthsλx , λy�λz and smaller value
of sheara (i.e. Rh�10) when for t<ta the SFH ampli-
tudes of shear wave velocity components,uk (t) , vk (t) and
wk (t), are close to their independent evolution described by
Eqs. (18–20). In the following we investigate the formation
of sporadic E layers under the influence of shear waves nu-
merically, by considering the evolving shear wave properties
for different velocity amplitudes in the horizontal x- and y-
directions, as well as coupling with AGWs. The latter will
appear as AGW-like oscillations inuk (t) , vk (t) andwk (t)

with frequency of Eq. (16).

4 Formation of sporadic E layers in the horizontal shear
flow

Now we consider the ion velocitywi(z, t), Eq. (3), and com-
pute its height variations under the influence of an atmo-
spheric vortical type perturbation evolving in the horizontal
shear flow of Eq. (4). We use analytical, Eqs. (18–20), and
numerical solutions of Eqs. (11–15) for amplitudes of shear
waves velocity SFH. The presence of a shear wave is con-
sidered at a given wavenumber. In this case according to
Eqs. (9) and (10) the shear wave velocity components take
the following form:

u(x, y, z, t)=e
z/2H ·Re {uk (t) exp[iφ (x, y, z, t)]} , (21)

v(x, y, z, t)=e
z/2H ·Re {vk (t) exp[iφ (x, y, z, t)]} , (22)

w(x, y, z, t)=e
z/2H ·Re {wk (t) exp[iφ (x, y, z, t)]} , (23)

whereφ (x, y, z; t) =kxx+kty+kzz.
By using Eqs. (21–23), we investigate the height profile

variations of the ion vertical velocitywi(z, t), Eq. (3), for a
given point (x=x0, y=y0) in the horizontal plane, for the
horizontal shear flow of Eq. (4) and the shear waves ex-
cited in this flow. Here we will use the analytic approach
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of Eqs. (18–20) and the numerical solutions of Eqs. (11–15)
for shear wave SFH amplitudes, in order to estimate the ve-
locitiesu(z, t), v(z, t) andw(z, t) given in Eqs. (21–23).

We investigate the formation of sporadic E in the mid-
latitude thermosphere region of 90–120 km. Here we
use a magnetic dip angleI=60◦ and the IGRF geomag-
netic field model. The dominant ions are assumed to be
Fe+ (56 amu), the ion gyrofrequencyωi≈80 s−1, whereas
the ion-neutral collision frequency is computed from
νin= (2.62 [N2] +2.61 [O2] +1.43 [O]) ·10−10 s−1 (e.g. see
Banks and Kockarts, 1973), where the neutral particle densi-
ties[N2], [O2] and[O] (cm−3) are taken from the MSISE-90
atmospheric model (Hedin, 1991). The suggested mecha-
nism of sporadic E formation is possible to be used for dif-
ferent seasons of year and solar phases. For the clearness of
further calculations we consider nighttime conditions at solar
minimum during a magnetically quiet summer-time period.
Note that the present consideration may be developed for var-
ious compositions of ions including Fe+ and NO+ where the
latter is the major ionic component at altitudes under consid-
eration.

To demonstrate the formation of sporadic E layers under
the influence of shear waves at a height of 90–120 km, we use
below the numerical solution of the continuity equation for
ions, taking into account the ion vertical velocity described
by Eq. (3). In this case whenλx , λy�λz, the horizontal ion
transport is comparatively small and is omitted. Next, we as-
sume quasineutrality in this region of the thermosphere and
the Gaussian distribution of ions and electrons at an initial
moment. Here the ion production and loss are considered
comparatively small during the formation of sporadic E lay-
ers, and the temporal development of sporadic E is simulated
only by its electron density as a function of height and time.

Figure 1 is as follows: panel (a) shows the numerical re-
sults of the temporal development of the spatial amplitudes
of shear wave velocity (ath=h0=82 km) Uk(t)=Re[uk (t)]

(dark dashed line – analytical approach, dark solid line –
numerical simulation),Vk(t)=Re[vk (t)] (dashed line – an-
alytical approach, solid line – numerical simulation) and
Wk(t)=Re[wk (t)] (dash-dotted line). Panel (b) shows the
height variations of horizontalu (h, t)(dashed line),v (h, t)

(solid line) and verticalw(h, t) (dotted line) components
of shear wave velocity. Panel (c) shows the height vari-
ations of the ion vertical drift velocitywi (h, t), whereas
panel (d) shows the formation of a sporadic E layer (the
electron density is normalized on its maximum value at the
initial time) for time intervals:t=0, 5, 10, 15, 20, 25 and
30 min, in the horizontal shear flow. Here, the linear shear
a=10−4 s−1 and the shear wave horizontal and vertical wave-
lengthsλx=λy=754 km andλz=25 km, are used respec-
tively. The initial conditions for the shear wave SFH am-
plitudes were chosen in accordance with Eqs. (18–20), for
Ash=579 m/s. The horizontal wind was taken to be oriented
to the magnetic north (δ=0), while the electron density peak
height at the initial Gaussian distribution is 105 km and its

half-width is 15 km. For simplicityx0=0 andy0=0 are as-
sumed.

Using the numerical solution for shear waves in Eq. (3) it
leads to the ion vertical velocity (see Fig. 1c) for which ion
convergence occurs ath≈109 km, att=5 min, and then de-
scends with time down toh≈106 km att=30 min, staying
close to convergence node (wi=0). In this case the increase
in the layer electron/ion density att=30 min is about 10
times that of the initial peak value. The consideration of the
temporal evolution of a sporadic E for timest−t0>30 min
needs the inclusion of ambipolar diffusion in the continu-
ity equation of ions/electrons, which may stop the sporadic
E density growth. In Fig. 1a the numerical solution for the
shear wave velocity SFH amplitudes (fort<ta) is close to the
analytical description of its independent evolution. This evo-
lution (Fig. 1a) is given for a time greater than that necessary
for the formation of sporadic E layers (Fig. 1d). In this case it
is noticeable that the shear wave evolution is close to the in-
dependent one (t<ta), described by Eqs. (18) and (20), and
then transforms into AGWs (t>ta), with frequencies given
by Eq. (16).

As noted in the previous subsection, the formation of
multi-layered structures in sporadic E under the influence
of a shear wave, is expected to take place for shorter verti-
cal wavelengthsλz. Figure 2 is as follows: panel (a) shows
the temporal development (ath=h0=94 km) of spatial am-
plitudesUk (t) of the shear wave velocity (dark dashed line –
analytical approach, dark solid line – numerical simulation),
Vk (t) (dashed line – analytical approach, solid line – nu-
merical simulation) andWk (t) (dash-dotted line). Panel (b)
shows the height variations of horizontalu (h, t) (dashed
line), v (h, t) (solid line) and verticalw(h, t) (dotted line)
components of the shear wave velocity. Panel (c) shows the
height variations of the ion vertical drift velocitywi (h, t),
whereas panel (d) the formation of a sporadicE layer (for
electron density) for the time intervals:t=0, 5, 10, 15, 20,
25 and 30 min in the horizontal shear flow. Here the Gaus-
sian peak height and its half-width at the initial moment are
equal to 110 km and 10 km, respectively, the shear wave ver-
tical wavelength isλz=8 km andAsh=1658 m/s. The values
of the horizontal wind shear and the horizontal wavelengths
are the same as in Fig. 1.

To obtain the formation of sporadic E layers with two main
peaks (Fig. 2d) the background horizontal wind (uo) is taken
to have a north-westward direction,δ=17◦. In this case, dur-
ing the first 30 min the shear wave has two ion accumulation
nodes, close to 118 km and 111 km (Fig. 2c). Within this
time interval a sporadic E layer forms with two maxima of
electron density at these ion convergence heights (Fig. 2d).
As shown by Shalimov and Haldoupis (2002), the north-
westward direction for the horizontal wind turns out to be
more efficient in forming a sporadic E layer.

For the chosen parameters of a shear wave and the direc-
tion of the background wind at about 104 km (Fig. 2c), there
exists an ion convergence point, but in this case there was
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Fig. 1. (a) Temporal development of the shear wave velocity spatial amplitudes (ath=h0=82 km) Uk (t) dark dashed line – analytical
approach, dark solid line – numerical simulation),Vk (t) (dashed line – analytical approach, solid line – numerical simulation) andWk (t)

(dash-dotted line),(b) height variations of horizontalu (h, t) (dashed line),v (h, t) (solid line) and verticalw(h, t) (dotted line) components
of shear wave velocity,(c) height variations of the ion vertical drift velocitywi (h, t) and(d) the formation of a sporadicE layer (for electron
density) for time intervals:t=0, 5, 10, 15, 20, 25 and 30 min in the horizontal shear flow. The linear sheara=10−4 s−1 and the shear wave
horizontal and vertical wavelengthsλx=λy=754 km andλz=25 km, respectively.

no important increase in electron density near this height
(Fig. 2d). This is caused by the smaller value of the shear
wave velocity (Fig. 2b) and the increase in the value of the
ion-neutral collision frequency at lower heights, which led to
smaller values in ion vertical drift velocity (Fig. 2c)wi and a
delay in ion convergence (Fig. 2d).

In Figs. 1 and 2 the descending motion of ion accumula-
tion heights and the corresponding downward motion of spo-
radic E layers are also marked. The velocity is about 5 km/h
for a single-peakedEs layer (Fig. 1d), and about 1.1 km/h
for the upper peak and 0.4 km/h for the lower peak layers in
Fig. 2d. Similar vertical motions and descending speeds of
Es layers are known to have been observed elsewhere (e.g.
see Mathews, 1998; Haldoupis et al., 2006; Haldoupis and
Pancheva, 2006). In the case shown in Fig. 2, the smaller

descending velocity for the lower peak, is due to the increase
of the ion-neutral collision frequency at the lower height, for
which the effect of the shear wave velocity on the ion verti-
cal drift velocitywi , Eq. (3), gives a comparatively smaller
value in the downward velocity for the lower peak.

Figure 2a shows that the numerical solution of the shear
wave (for a smaller vertical wavelengthλz=8 km) gives
AGW-like oscillations (with a period given by Eq. 16) in
its velocity SFH amplitudes, which are more remarkable
than those in Fig. 1a shown for a larger vertical wavelength
of 25 km (λz=25 km) (e.g. see Didebulidze et al., 2004).
The appearance of AGW-like oscillations in the amplitudes
of shear wave velocity SFH is more noticeable for times
greater than those necessary for the formation ofEs layers
(t>30 min) (see Figs. 1a and 2a). The AGWs can cause
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Fig. 2. (a) Temporal development (ath=h0=94 km) of the shear wave velocity spatial amplitudesUk (t) (dark dashed line – analytical
approach, dark solid line – numerical simulation),Vk (t) (dashed line – analytical approach, solid line – numerical simulation) andWk (t)

(dash-dotted line),(b) height variations of horizontalu (h, t) (dashed line),v (h, t) (solid line) and verticalw(h, t) (dotted line) components,
(c) height variations of the ion vertical drift velocitywi (h, t) and (d) the formation of a sporadicE layer (for electron density) for time
intervals: t=0, 5, 10, 15, 20, 25 and 30 min in the horizontal shear flow. The shear wave vertical wavelengthλz=8 km and the other
parameters are the same as in Fig. 1.

either compression or rarefaction near the convergence point
and theEs layer density decreases with increasing neutral
density and vice versa. If the lifetime of sporadic E lay-
ers is greater than the characteristic timeta of existence of
shear waves, then its density modulation by a AGWs should
be important fort>ta and for smallerta , which occurs for
greater shear valuesaof the horizontal wind of Eq. (4), for
the same shear wave wavelengths. The presence of oscilla-
tion frequencies characteristic of AGWs in sporadic E layers
was noticed by several authors (Turunen et al., 1993; Bour-
dillon et al., 1997; Mathews, 1998; Yokoyama et al., 2004).
In our consideration the short-period AGWs have an influ-
ence only on ion density variations in the considered regions
of the lower thermosphere and do not produce sporadic E
layers, including multi-layered structures.

In the cases considered in Figs. 1 and 2 the formation of
sporadic E layers occurred for times (about 30 min) smaller
than the characteristic lifetimeta , of a shear wave in the hor-
izontal shear flow. This means that the formation of sporadic
E layers is possible fora>0.0001 s−1 and for different hori-
zontal wavelengths, for whichta is smaller. We also note that
at some initial timet=t0 when the atmospheric condition is
convenient for shear wave excitation, the formation of E lay-
ers in a horizontal shear flow of Eq. (4) fort−t0<ta−t0 is
indeed possible.
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5 Discussion

Several features of sporadicE layers indicate the possibil-
ity of their formation under the action of a horizontal wind
shear flow that excites a vortical perturbation. This three-
dimensional incompressible vortical perturbation provides a
vertical shear in the neutral horizontal wind which causes,
by the combined action of the ion-neutral collisional cou-
pling and the geomagnetic Lorentz forcing, heavy metallic
ions (Fe+) to move vertically and accumulate into thin and
dense layers. In the cases investigated in this work, which
occur in a horizontal shear flow described by Eq. (4), the
formation of sporadic E layers as well as their multi-layer
structure and coupling with AGWs are shown to be possible.
Such in situ excitation of atmospheric shear waves depends
on the initial atmospheric conditions, which are expected to
be sporadic for the lower thermosphere and at the different
regions of the Earth. The background horizontal wind and
the horizontal shear flows, entering Eq. (4), are likely to have
different sizes, including that of a regional scale (much lesser
than the Earth’s radius), which in turn can explain the pres-
ence of sporadic E layers on different horizontal scales.

The vertical shears in the tidal wind, which are routinely
present in the lower thermosphere are considered as the most
important phenomena prerequisite for formation of sporadic
E layers (Mathews, 1998; Haldoupis et al., 2006). The tidal
winds have horizontal scales much greater than horizontal
wavelengths considered for shear excited atmospheric waves.
In our model it is assumed that a vertical shear of the back-
ground horizontal wind is negligible and the neutral wind
height variations are caused by the presence of atmospheric
shear waves. The case where the vertical shear in the back-
ground horizontal wind is of the same order of scale size (or
smaller) as the vertical wavelength of atmospheric waves ex-
cited in a horizontal shear flow is not considered here and
needs further investigation.

The atmospheric scale heightH is assumed constant for
the lower thermosphere heights considered in the present
study. Height variations of temperature andH can not affect
severely the shear parameters of the vortical perturbations.

The horizontal shear flow (4) itself can affect the horizon-
tal motions of the charged particles, as in the mechanism
suggested by Shalimov and Haldoupis (2002) for planetary
waves. Similar to this mechanism, the horizontal shear flow
in Eq. (4), where the horizontal wind velocity (u0) changes
its direction, and the action of the horizontal Lorentz force
component can force the ions inwards in regions of a hor-
izontal shear flow witha<0 (cyclonic shear) and outwards
it a>0 (anticyclonic shear), resulting to ion convergence or
divergence, respectively. Such horizontal transport of ions
and their accumulation inside a horizontal shear flow should
give us favourable conditions for the formation of sporadic E
layers in the presence of a vertical windshear with the proper
polarity (e.g. see Whitehead, 1989, and references therein).
Such horizontal transport of ions during times of sporadic E

formation, as in Figs. 1 and 2, is less effective for the consid-
ered shear value in horizontal wind (a2

�ω2
b) and for wave-

lengthsλx , λy�λz. The horizontal transport of ions can be-
come important with increase of the shear, for which shear
waves quickly transform into AGWs, which in turn drive
the horizontal transport of ions (Chimonas, 1971) thus may
affect the Es layer formation process. However, these pro-
cesses, which are minor compared to those in relation with
the atmospheric wave parameters in a horizontal shear flow,
were not given a detailed consideration in the present study.

6 Conclusion

The formation of mid-latitude sporadic E layers (Es lay-
ers) in a horizontal shear flow was studied. In a horizontal
shear flow, an evolving three-dimensional vortical perturba-
tion (shear wave), whose velocity vector is mainly in the hor-
izontal plane and whose vertical wavenumberkz 6=0, can pro-
vide a vertical shear of the horizontal wind. In this case, the
effect of shear waves on the vertical transport of heavy metal-
lic ions and their convergence into thin horizontal layers is
similar to the “vertical windshear” mechanism of sporadic E
layer formation.

The proposed mechanism gives the possibility to explain
observed phenomena of a multi-layered structure in the spo-
radic E and their different descent speed, which is controlled
by the vertical wavelength of the shear wave, the ion-neutral
collision frequency and the direction of the background hor-
izontal wind. The formation of single-peaked and multi-
layeredEs , which have different descent speeds, was demon-
strated numerically for heights in the lower thermosphere.

The property of a shear wave to transform into short-
period AGWs, the existence of which is also observed in the
lower thermosphere, underlines its importance on the vari-
ability of sporadic E electron densities. Detailed study of
this phenomenon will be the subject of future investigation.
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