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Abstract

In this work the formation of mid-latitude sporadic E (Es) layer under the influence of
atmospheric gravity waves (AGWs) evolving in the horizontal shear flow is studied. AGWs can be
excited in the background horizontal wind with a linear horizontal shear (horizontal shear flow).
These in-situ excited atmospheric waves, which act on metallic ions through ion-neutral collisions
and Lorentz forcing, influence the ion vertical motion and can lead to their convergence into thin
horizontal layers. The formation of sporadic E is investigated using a numerical model in two-
dimensional case and temporal evolution of multi-layered sporadic E is demonstrated. The
ion/electron density of Es layers depends on the amplitude of AGWs and spatial location of the
layers is determined by the vertical wavelength of atmospheric gravity waves.

1. Introduction

The formation and behaviour of sporadic E (Es) in the lower thermosphere is one of the
manifestation of atmosphere-ionosphere coupling [1-3]. Behavior of the ions and electrons in the
lower thermosphere is influenced by the background neutral wind at this region, by the
atmospheric waves [4-9], and by the tidal motions as well [10-12].

It is well established that at mid-latitudes the formation of sporadic E is mainly determined by
the vertical shear in the horizontal neutral wind [13], while the existence of inhomogeneous
neutral winds (with vertical shear) are associated with atmospheric tides ([12] and references
therein).

Recently it was suggested that the vortical-type perturbations (shear waves) excited in the shear
flows could also lead to vertical convergence of metallic ions, and thus the formation of sporadic E
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[8, 9]. For such cases, the altitude of ion convergence is determined by the vertical wavelength of
the excited perturbation, and therefore sporadic E could have multilayer structure, which itself is
an observed phenomenon (see e.g. [16]).

In [8] and [9] it was found that behaviour of Es, formed by shear waves, could be influenced by
AGW. On the other hand it is known that vortical perturbations (shear waves) excited in a
horizontal shear flow can be transformed into AGW [17]. In this paper we show that AGWs,
which evolve in the shear flow of neutral wind, could lead to the formation of multilayer sporadic
E.

2. Methodology and Model description
2.1 Sporadic E Model

In order to investigate the variations of electron/ion density height profile in the nighttime
mid-latitude lower thermosphere by influence atmospheric gravity waves, the continuity equation
for the charged particles should be solved:

a—N+V(NVi) =0. (1)
ot

Here N is the concentration of ions (because of quasi-neutrality of ionospheric plasma, ion and
electron densities are about same) and v, is their velocity. In Eq. (1), which is used for heavy
metallic ions, the production and loss rates are neglected. This is a valid assumption because (1) we
consider nighttime conditions (no ion production) and (2) metallic ions have longer lifetime
compared to the time scales that characterize AGWs.

The ion velocity v, is influenced by their interaction with neutrals due to the collisions, by the
Earth magnetic field and by a plasma thermal pressure. After neglecting inertial terms and electric
field, the equation of motion of ions has the following form [16]:

L v v xB+v, (V, -V )=0. (2
NM M

In Eq. (2) Bis the Earth magnetic field, M is the ion mass, v_ is the ion-neutral collision

frequency, p is the thermal pressure, v, and v_ are ion and neutral velocities, respectively.

From Eq. (2) the expressions for horizontal ¢ ,-northward, v,-westward and vertical

w, components of ion velocity can be derived:
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U, (k> +cos’) V,-k-sinl W, -sinl-cosI 2-K,-T-(k’+cos’ )N

U =
’ 1+k 1+k* 1+k* N-M-v,-(1+k>) ox 3a)
2-K,T-k-sinl aN 2-K ,T-cosl -sinl ON
N-M-v, (1+k)ay N-M-v, -(1+k%) oz
U, -k-sinl V, -k* W,-k-cosI 2-K,-T-k-sinl oN
T Iek 14k 14k° N-Mov, (1+k%) ox 3b)
2-K,-T-k’ ON 2-K,-T-k-cosl oN
_N-M-Vm A+kH) dy N-M-v, -(1+k?) oz
W_:Un~sin1~cos1_vn~k.cos1_Wn~(k2+sin21)_2.1<3.T.cosl.sinla_zv
: 1+k 1+k° 1+k° N-M-v, -1+k*) ox
" (3c)

+2K ‘T-k-cosl ON 2-K, -T-(k? +cosI)8N
N-M-v, (1+k’)dy N-M-v, -(1+k>) 0z

Here the xaxis is directed from South to the North, y axis is directed form East to the West and z
points upward. Here g , is the Boltzmann constant, 7' is ion and electron mean temperature, / is

inclination angle of the geomagnetic field,sin7 = -

,cosI:B)‘, k=— and a)ize BlS ion
B V. M

m

gyro-frequency.

After the substitution of Egs. (3a-3c) into Eq.(1) we see that the term proportional to z:’ in Eq.(3a),

term proportional to % in Eq.(3b) and the term proportional to Ei’ in Eq. (3c) behave as diffusive
)

2 2
terms _ 2K, Tk +cos” 1) __ 2K, T-k> ando{z.KB.T.(k +cos” )
NMv, 1+ k%) N-M-v, -(1+k?) N-M-v, -(1+k*)

could solve reduced equation (1) in 3D case. In the present study, however, we consider two

, respectively , and one

dimensional case, neglect terms with 9 and in the continuity equation substitute the following
X

expressions for V. and W

_ U, -k-sin/ V,-k* W,-k-cosI  2-K,-T-k> ON 2-K,-T-k-cosl oN
: 1+k 1+ k> 1+ &> NMv, (1+k)dy N-M-v, -(1+k*) oz

(3d)
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W:Un-sinI-cosI_Vn-k-cosI_Wn-(k2+sin21)
’ 1+k 1+k* 1+k* (3e)
+2-KB-T-k-cosI ON 2K, -T-(k*+cos’I) ON
N-M-v, -(1+k>)dy N-M-v,-(I+k>) oz

2.2 Atmospheric Gravity Wave Model
In order to determine the ion velocity components, we need have values of neutral velocity

components. For this purpose we solve the set of the hydrodynamic continuity, momentum and
energy equations for neutrals gas in the inviscid isothermal case [18]:

i 5(p,V,)=0

ot
(4a)
P\
p{ " +(V, -V)Vn} =-Vp+p,8 (4b)
dipp, ") _,
—dt = (4c)

Here p_is neutral mass density, and } is the ratio of the specific heats (y =1.4).

To determine the evolution of atmospheric perturbations, the linearized set of Egs. (4a-4c) (see [8])
are solved numerically.

Atmospheric waves spectrum in the horizontal shear flow with velocity U,, =(a-y,0,0), has the
following form [17]:

k(t)|2 + 4;2 j— \/ic“[

Here w, =[(}/— Dg /(}H )]% is the isothermal Brunt-Viisdld (B-V) frequency and(l),f /a* >>10 is

k) + 42,zj N S (r)]} . ©)

assumed. g is the acceleration due to gravity, ¢, = (gH )% is the speed of sound.

The components of velocity perturbation v(u, v, w) for AGWs are described in the following form:
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u(x, y, z,t)= e%H ~Re{uk(t)exp[i¢(x, v, Z, t)]}, (6a)

v(x,y, z,t) = e%H ~Re{vk (t)exp[i¢(x, Y, 2, t)]}, (6b)
w(x, y, z,t) = e%H -Re{wk (t)exp[i¢(x, v, Z, t)]}, (6¢)

where U, (), v,(f) and W,(f) are spatial Fourier harmonic (SFH) amplitudes of shear wave’s
horizontal u, v and vertical w velocities (see  [8], [9]), respectively.
olx, y.zit)=kx+k,y+k.z, kt(t):ky —akxtandk(t) =k(kx,kt(f),kz) is the time variant

wavenumber, Z = N — h is the difference between an actual height 4 and some initial

height hy , His the atmospheric scale height.

The linearized form of the set of Egs. (4a-4c) are solved numerically and the obtained values for
neutrals velocities are substituted into equations (3e-3d). Next, the equations (3d-3e) are
substituted into the continuity equation (1) and the obtained parabolic type equation is again
solved numerically.

3. Formation of multilayered sporadic E

Fig.1 shows the evolutions of Fourier amplitudes of perturbed velocity components of AGW.

We consider the case when initially AGWs are absent and only background neutral winds (Uon),
characterized by horizontal shear, influences electron density. Figure 1 also shows that horizontal
and vertical velocity amplitudes evolve in a different manner. In addition, Fig.1 illustrates the
tendency of formation of short-period oscillations at later times with a dominant horizontal
perturbation. The AGWs described in Fig. 1 is expected to influence the behavior electron/ions
density, and corresponding process is the subject of our investigation.
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Figure 1. Time evolution of spatial Fourier harmonics (SFH), of the velocity perturbation
amplitudes for AGWs in the horizontal shear flow. y, - x component, (dashed line),

v, — y component (dotted line) and w, - ; component (solid line). for shear a =5-10"*s7",

k

vertical wavelength 1_ =12 km and horizontal wavelengths A, = A, =120km.

As it was mentioned, we solve numerically the equation (1) for distribution of plasma density in

two-dimensional case, when horizontal (V,-y) and vertical drift velocities (V,-Z) of ions are

determined by Egs. (3b) and (3c), and take into account all three components (U,, V, W,) of
AGW5s’ velocity given in Fig. 1.

In our simulation for the ion-neutral collision frequency we wuse the expression
va =262 [N,]+2.61[0,]+1.43[0])-10 °s~' [19] where neutral densities [n,] [0,] [0] are taken
from MSISE-90 [20] atmospheric model. Simulations are performed for the mid-latitude lower
thermosphere and for7 =60°, w, = 80 s~' and shear parameter a =5-10 *s7".

In Figure 2a the initial (Gaussian type) distribution of ions in the mid-latitude lower thermosphere
is shown. Figure 2b shows how density changes in time in the presence of ambipolar diffusion
only. Here the half-width of the ions/electrons initial distribution is taken 30 km, the height of the
maximum does not change with horizontal coordinate and is located at 100 km altitude. We see
that in this case when only diffusion acts on the plasma, the maximum density of plasma
distribution decreases about by 20% in comparison with its initial value in 1 hour .
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In Fig. 2c the temporal evolution of electrons/ions density under the influence of AGWs is
demonstrated. The results show that around the initial maximum of the electron/ions height
distribution, AGWs lead to the vertical convergence of ions at about 95 and 110 km altitudes. The
areas with enhanced electron density evolve during 30 minutes and the layers become thinner
where density increases. Let us note that presence of AGW increases density of the ion/electron
density by about 15% in comparison to the case when only diffusion influences ion/electron
density at same altitude. It is important to note that, the vertical distance between these layers is
close to the vertical wavelength of waves (12 km). Also note that the formation of other layers
above and below the initially formed layers also occurs, but the electron densities in the secondary
layers are relatively small.
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£ 150 q
] 5]
E 100 4
E‘-‘ 2
-10 A a ]
Horizontal coordinate y, km
b Displacement of electron density caused by diffusion, N o « 107
£ 140 5
= B
£ 100 4
E 2
0z 0.4 0B 0.g 1 12
Tirme, hours
c) Formation of sporadic E due to the AGYW, N cri™ it
£ 150 i
o 5
£ 100
%
0z 0.4 06 0.8 1 1.2
Tirme, hours

Figure 2. (a) The initial (Gaussian type) distribution of ions/electron in the mid-latitude lower
thermosphere, (b) its (redistribution) by the ambipolar diffusion only and (c) formation and
evolution of multi-layered sporadic E under influence of AGWs. The horizontal shear and wave
parameters are the same as for Fig. 1.

On Fig.2c we see that initially the structures with enhanced electron density are formed (with

characteristic timescale of r, =—)). Later, the electron density starts to oscillate, the oscillation

ak
period of electron density is related to the behavior of AGWs (Fig.1). In Fig. 2c we also see that Es
has multilayer structure and distance between the layers is about the vertical wavelength 4_of

excited AGWs. In the demonstrated case after times greater than ¢, , the converging power of
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AGWs around Es layers (at 95 km and 110 km) decreases and the diffusion of charge particles starts
to dominate.

The Results clearly demonstrate that AGWs play an important role in formation and evolution of
Es. In addition, they could lead to the convergence ions at multiple nodes, and therefore the
formation of Es with a multilayer structure varying in time.

4. Conclusion

We have shown that AGWs, evolving in the horizontal shear flow, can form mid-latitude
nighttime sporadic E. The AGWs cause the vertical convergence of heavy metallic ions at the
convergence nodes. Such spatial scales of the convergence areas depend on the vertical wavelength
of the AGWs. After certain time, the dominant oscillation in AGW velocity occurs in the vertical
direction with periods close to its shorter Brunt-Viisild (B-V) period. In such case the convergence
of metallic ions is comparatively faster than their diffusion, which could lead the formation of the
sporadic E .

The evolution of AGWs in the horizontal shear flow also depends on the shear parameter, which
could also affect the horizontal convergence of ions. This topic is, however, subject of the future
studies.
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®opmanusa copaguyeckux E cioeB oz Bo3zeiicTBueM aTMOCchepHEIX

I'paBUTATUOHHUX BOJIH

logepasu I'. Nune6ynmuaze!, I'mopruit Jamakumsmiu!, JleBan Jlomuzze!? I'mopruit

MaTuamsuau!
Pessome

I Abacrymanckas Acrpopusuueckas Ob6cepsaropus um. E. Xapaznse, ['ocymapcTBenHbIi
VYuusepcurer Unby; K. Yomokamswuru Ave 3/5; Tomnucu 0162; I'PY3UA

2 Tocypmapcrsennsrii Yusepcuret llltar IOrta, Jloran, CIITA

B oroit pabore paccmarpuBaercs ¢opmupoBanue cropazudeckoroE(Es)B HmkHHX ciosx
TepMoc(epsl IOZ, BO3JEHCTBYyeM B TOPU30HTAJIHOM B CABUTOBBIX TeYeHUAX BO30OYKIaeMbIX
aTMochepHbIX TrpaBUTaLUMOHHBIX BOMH (AI'B). B ¢oHOBOM rOpHM30HTaIBPHOM BeTpe WMEIOIMit
JVHEeWHBIH TOPU30HTAIBHBIA CABUT (TOPU3OHTAJIBHOE CIBUTOBOE TeUeHMe) MOXKeT BO30YXKAaTcs
AT'B.Otu armocdepHble BOJIHBI 4Yepe3 CTOJIKHOBEHBIM HMOHOB C HEUTpPaJBbHBIMHU YacTUIAMU B
KoMOMHauuii cpuroit JlopeHIIa BBI3MBAaeT TOPU3OHTAJIbHOE [BIDKEHUE TSDKEIBIX MeTaTHIeCKUX
MOHOB U WX COOpaHWe B Y3KbIX TOPHU3OHTAJIBHBIX CIOAX. UMCIIEHHBIH pe3yJbTaT PasBUTHA ITHUX
IIPOLIECCOB U CO3/laHMe MHOTOCJIOMHBIX CIIOpasudeckoro E zeMoHCTpupyeTca B IByMEpHOM CIydae.
[InoTHOCTE cCHOpafUYeCKUX CJIOeB 3aBUCUT OT aMmuryasl AI'B m ux pacmosnoxeHue Ha

BEPTHUKAJTIPHOM JJINHE BOJHBI A..
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