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Abstract. The effect of the wind shear on the roll structures  The properties of IGWSs strongly depend on the vertical
of nonlinear internal gravity waves (IGWSs) in the Earth’s at- temperature gradient. IGWs and atmosphere are convectively
mosphere with the finite vertical temperature gradients is in-unstable when the square of the Brunt—Vaisala (buoyancy)
vestigated. A closed system of equations is derived for thdrequency

nonlinear dynamics of the IGWSs in the presence of temper-

ature gradients and sheared wind. The solution in the form, 2 _ (V_—l n i%) o)

of rolls has been obtained. The new condition for the exis- * yH  To dz

tence of such structures was found by taking into account the

roll spatial scale, the horizontal speed and wind shear param'—S negative. Herg is the gravitational acceleratioy, the

eters. We have shown that the roll structures can exist in éat'o of specific heatsf{ the reduced he|g_ht of the atmo-
dynamically unstable atmosphere. sphere, andp the temperature. From EdL)( it follows that

atmosphere layers with negative super-adiabatic temperature

Keywords. Electromagnetics (wave propagation) gradient, i.e.,
1 d7p y—1
— — > _’
Ty dz yH

1 Introduction

. are convectively unstable. In the presence of sheared winds,
The energy transfer from the Earth’s lithosphere to the alyhe development of the dynamic (Kelvin—Helmholtz) insta-
mosphere and ionosphere is a fundamental problem of geq;

X ) . bility generally occurs when the Richardson number
physics and applied research. Internal gravity waves (IGWs)
play an important role in such a process. For example, IGWSs, w2
propagating upward from the Earth’s surface to the upper atRi = U—;gz (2)
mosphere and ionosphere, are able to carry a large amount
of energy and momentum. These waves are crucial in atmois smaller than some critical value, which depends on the
sphere convection, generation of atmospheric turbulence andelocity profile of the wind. HerdJ is the wind velocity
may affect global circulation. IGWs and related nonlinear andU’ = dU/dz is the wind shear. The necessary condition
structures are widely observed in the upper and lower layfor the dynamic instability of steady, plane-parallel flow is
ers of the atmosphere as well as in the lower ionosphere, (seRi < 0.25 (Dutton 1986. The atmosphere parameters, and
Fritts and Alexander2003 Swenson and Esp§995 Picard  instability excitation, depend on season and altitude. Obser-
et al, 1998 Lu et al, 2009 Mitchell and Howells 1998 vations of the mesopause region (i.e., 80—105 km) show that
Sindel&ova et al, 2009 for details). the probability of convective and dynamic instability ranges
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from 1 to 2 and from 3 to 10 percent, respectivebhérman (¢, x,z) is the stream function. The pressupe density
and Che2006 Zhag 2003. The amplitude of IGWSs propa- p and potential temperatur® are represented in the fol-
gating upward throughout the various regions of the Earth’slowing form: p = po(z) + p(t, x,z), p = po(z) + (¢, x, 2),
atmosphere and ionosphere grow with height and become = ©g(z) + O(z, x, z), where po(z), po(z) and Og(z) are
unstable due to parametric instability as a result of resonanthe equilibrium pressure, density and potential temperature,
wave—-wave interaction. Such parametric generation of largewhile p(z, x,z), 5(r, x,z) andO(t, x, z) are corresponding
scale zonal structures by high-frequency finite-amplitudeperturbations.

IGWs has been investigated recentlytgrton et al.(2008 From the momentum conservation in E8),(we arrive at
and Onishchenko and Pokhoteld2012. The existence of the following equation:

the nonlinear IGWs in the form of two-dimensional small- dinpo 9y din oy

scale vortices (i.e., roll-type structures) has been reported by — (vzlp + —’OO_> — <U” + £0 U’) -
Kaladze and Tsamalashvill997 and Stenflo and Shukla de dz 9z dz dx

) 0 (.

(2009.. Recently,Omshchenko eta(2013 havg shown that F T, V) = _9X +5JG. P, (5)
the finite temperature gradient can substantially modify the ax  pg

condition for the existence of vortex-type structures obtained 5 a2 iaD 2D
in previous works. where ddt =09/0t+U-9/0x, V<=0%/0x“+03%/0z%,

Of particular interest in the studies of IGWs is to inves- U' = dU/dz, U"=d?U/d:?, J(a.b)= (da/dx)db/0z —
tigate the influence of the wind shear on the nonlinear dy-(9a/92)9b/dx is the Jacobian ang = gp/po. From the
namics of high-frequency IGWs, which have the intrinsic fre- transport equation for potential temperature in E), éne
quencyw in the rangdw,| > |o| > | f|. Here, f = 2Qsing ~ ©a@n obtain
is the Coriolis parametef? the Earth rotation rate, anglthe dy LY
latitude. In the present paper, we investigate the nonlinearg, ~ ®¢ 5, +7/W.x) =0. (6)
structures associated with these waves. _ o o

The paper is organized as follows. In Sect. 2, we derive [N the hydrostatic approximation, the equilibrium pres-
the reduced set of nonlinear hydrodynamic equations that desuré decreases exponentially with heights(z — zo0) =
scribe the behavior of IGWs and illustrate the effect of shear?0(z0) Xpl—(z — z0)/H], wherepo(zo) is the pressure at a
wind in such an atmosphere. In Sect. 3, we investigate thdeference leveto, H =cZ/yg is the reduced height of the
solution of these equations in the form of convective cells.&tmosphere ancs = (ypo/po)'/? is the sound speed. Let us
Our conclusions are found in Sect. 4. assume that the equilibrium temperatieand densitypg

depend on altitude @& (z —zo) = To(zo) exXpl—(z—z0)/L7]
and po(z — z0) = po(z0) €Xp[—(z — z0)/L, |, whereLy and
2 Reduced hydrodynamic equations L, are the temperature and density scales. The relation be-
] ) ) ) tweenLr and L, (i.e., /L, =1/H —1/Lt) can be eas-
The nonlinear dynamics of high-frequency IGWs will be iy ohtained from the equation of state for an ideal gas,

studied in the local Cartesian coordinate systemy, z), p(pT)~1 = const. Next, let us find the solutions of EgS) (
where thez axis coincides with the vertical direction. The 5pq 6) in the following form:

equation of momentum conservation and the transport equa-

tion for potential temperature read as follows: A 77—z
P P ¥ = Iﬂ(t,x,z)exp( 57 °>, @)
du P
— =-V , 3
Py p+pg ) and
de
— =0, 4 . — 3
dr ) X = X(t,x,z)exp<22LZO>. (8)
where g
Y After substituting the Egs7} and @) into Egs. 6) and 6),
®=p7"/p the equations fot/ (¢, x, z) and % (¢, x, z) become

is the potential temperaturg,the densityp the atmosphere d 1 U\ oy
. . 27 7 /"
pressurey the fluid velocity, ddr = 9/0r 4+ u - V the advec- — <V v — —2w> — (U — —) —
tive (Euler) time derivativeg = —gz the gravitational accel- de 4Lg L,/ 9x
eration vector, and the unit vector along the axis. The PP X
system of Eqs.3) and @) describes inviscid fluid motions. +IW.VY) = T ox ] ©)
The dynamics of IGWSs in the presence of witidz) will

be studied in the&x, z) plane (i.e., in two-dimensional ge-
ometry). The flow velocity can be represented in the form dyx 231/} .

u=(u+U(z),0 w), whereu = —3y/dz, w = dy/dx and E—wgngJ(t/f,x):O. (10)

and
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Equations 9) and (L0) constitute the full set of reduced Note that this condition has been obtained by presum-
equations that describe the nonlinear dynamics of IGWs withing thatLy <« L, (i.e., the characteristic spatial scale of the
spatial scales smaller thai 2 in the atmosphere with finite  wind shear is much smaller than density scales). The inequal-
wind shear. In the limit of negligible wind effects and temper- ity in Eq. (15) is the condition of stability of IGW in the
ature gradients, Eq9Yand (L0) coincide with those derived Earth’s atmosphere with the shear wind. From &) {t fol-
previously byKaladze and Tsamalashv{li997) andStenflo  lows that in such an atmosphere the threshold of instability
and Shukla2009. This set of equations also conserves the of IGW wave increases, due to the presence of the second

wave energy integrab £ /9t = 0 where term on the right-hand side.
wz 2

E = /,00 (Vy)? + — + X | dvdz. (11) 3 cConvective cells
4L a)g

In this section we derive the stationary solutions of the non-
linear Egs. 9) and (L0) in the reference frame moving, with
the velocityv along thex direction. Let us introduce the new
variablen = x — vz. By substituting; into Egs. @) and (0),

2 27
4 <V2$— 4%2@) - (U” —) d v 22 Eq. ©) becomes
o

The system of Eqs9f and (L0) can be reduced to the fol-
lowing equation:

dr? dt ox 8 ox2
d 0 9 (o2 U a9
hl -2 7) =0. U—-v)—|\VY -V < — )=
o J(Y, VoY) 8XJ(l/f,)() 0 (12) 3,,( 4L2 ) L) o
For perturbations in the formr = W (z) exp(—iwt + ik, x) +J (O, V) + ax =0. (16)
and for [U"| > U'/L, Eq. (12) becomes the Taylor— an
Goldstein (TG) equation (e.gounkerton 1997): Making use of the respective particular solution of
o 2 2 Eq. (10),
v —kS)w=0 13
+<U‘C+(U‘C)2 ) ’ “wre @ (17)
x= U—-v
whereWw” = d2W/dz2 andc = w/ k, is the horizontal phase
wave velocity. The role of the vertical wind shear on IGw Tom Eg. (L€) we obtain
absorption, reflection, refraction and entrapment at model U\ 99
boundary conditions in the atmosphere layer, described (U —v)°— [V ( — _2 ) + U - U) _> i
by the TG equation, has been investigated previously by n Ly Ly/ 9
Dunkerton(1997 and Yuan and Fritt5(1989. In the neu-
trally stratified atmosphere when the square of the Brunt— +(U — v)J (, V¥)) + o 8 =0. (18)
Vaisala frequencyog 0, the TG equation reduces to the
Orr—Sommerfeld (or Rayleigh) equation (e.@nishchenko By introducing the differential operator/i[a,b] =
et al, 2009 describing Kelvin-Helmholtz instability. By  (da/dn)db/dz — (da/dz)db/dn, the Eq. {8) can be written
assuming the atmospheric perturbations in the fayme=  in the following form:
Y exp(—iwt+ikyx+ik,z), the Fourier transform of Eql®) 9n .
gives the dispersion relation NIV =AY, ¥ + (U —v)z] =0, (19)
1 U’ where
k2 _ ~2 kx U// o k2 2’ 14
< +4L2)(1) + ( Lp) X g ( ) 1 1 U/ 0)§
SN SR N S
4LQ U—-v L, U —v)

whereo = w — k, U is the wave frequency in the reference

frame moving with the wind ank? = k2 + k2, andk(,,) are  Here we consider thaf — v = const andA = const.

the (x, z) components of the wave vector In case, when wind velocity and wind shear are assumed
In the shortwave limit approximatidf?L% > landbyas- tobezero(i.el/,U’,U" — 0), Egs. (9) and QO) reduce to

suming thall” = U/L?,, whereL, is the characteristic spa- those obtained bitaladze and Tsamalashv{{i1997), Sten-

tial scale of the wind shear from EdL4), one can obtain the flo and Shukla(2009, and Onishchenko et al(2013. An

condition for instability of IGWs: equation similar to Eq.1(9) has been studied analytically and
numerically previously (e.g@nishchenko et §12008. The
H _v- 1 n ZU_ZH_“ 1 (15) authors of this paper have shown that this equation yields

Lt y 4 2 L} k2H? a solution in the form of quasi-periodical, in the horizontal
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Fig. 1. The roll normalized velocityv — U) /cg as a function of the dimensionless parametéfd., H/Lt, normalized wind velocity//cs

and the characteristic spatial scale of the wind stgaL ;.

plain, vortex streets (the so-called “cat’s eyes”) and dipolesheared wind, the vortex structures exist if

vortices.
We are interested in the solution of EQ.9[ in the form

1L?
of the vortex structures (convective cells) such as dipole vor-** = 272
Ly

tices or vortex streets with incompressible flow; v =0,
and finite vorticity,(V xv), = —V2y4U’. Vortex structures,

elongated along the axjs have the form of rolls. In the outer

region of the rolls, we have
V2 — A = 0. (21)

The solution of Eq.Z1) is localized in space i\ > 0. For

172\ "
1—--2_ 23
4L§> (23)
is satisfied, and therefore the roll structures can originate
only in a dynamically unstable atmosphere. The inequality
(Eq.23) can be represented as

H y U2 H* L?

Ly~ y 414 HY

y—1 (24)

Comparison of Egs.16) and @4) shows that these in-

numerical estimates we approximate the second derivative irqualities coincide with the substitutidarj =—1/L% One

the formU” = U'/Ly,whereLy <« L,. Next, from Eq. 21)
one obtains the equation for the roll velocityi.e.,

1/ L)\? , LU

(U-v)+L%% =0. (22)

can see from the condition in EqR4) that, by neglecting
the shear wind (i.e., iU =0 andLy — o0) in the convec-
tively unstable atmosphere, the roll structure may exist if
wg < 0 for super-adiabatic temperature profile, ifé/ L >
(y —1)/y (seeOnishchenko et 312013.

The estimations of characteristic vertical temperature and
wind profiles in the nocturnal mesopause region (80—105 km)

Note that Eq. 22) includes the characteristic spatial scale have been obtained during long-term lidar observations (e.g.,

of the roll L = A~%2 and atmosphere parameteis L7,
the Brunt—Vaisala frequenay,, wind velocity U and wind
shearU’. From Eq. 22) it follows that, in the stably stratified

Sherman and Che2006 Zhaqg 2003. The authors have
found that temperature profile possesses near-adiabatic lapse
rate, H/Lt > (y — 1)/y, in this region. The mesosphere at

atmosphere without sheared wind, the characteristic scale ddltitudes 80-82km was convectively unstabkg, < 0. In
the rolls should b& < 2L ,. In the shallow atmosphere with the layer at altitudes 90-93 km, maximum winds and wind

Ann. Geophys., 32, 181186 2014
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