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Abstract. In this paper we develop a new method for the and Fedoroy2007). In particular, the theory of “neutral-
analysis of excitation and propagation of planetary electro4oaded” MHD waves in the ionospheric plasma (including
magnetic waves (PEMW) in the ionosphere of the Earth.motion of neutrals (see e.§orokin and Fedorovicti982),
The nonlinear system of equations for PEMW, valid for any as well as the phenomena of “mass loading” in space plas-
height, from D to F regions, including intermediate altitudes mas Szeg6 et a).2000 has been developed. Vortex struc-
between D and E and between E and F regions, is derived. Itures in the Earth atmosphere, ionosphere and magneto-
particular, we have found the system of nonlinear one-fluidsphere have been studied®ypishchenko et a(2008 2013;
MHD equations in the3-plane approximation valid for the Onishchenko and Pokhotelq2012); Saliuk and Agapitov
ionospheric F regionAburjania et al,200332005. The se-  (2013; Saliuk et al.(2012; Verkhoglyadova et al(2007).
ries expansion in a “small” (relative to the local geomagneticEarlier studies have shown that MHD waves, propagat-
field) non-stationary magnetic field has been applied only ating along a magnetic field line through the magnetosphere
the last step of the derivation of the equations. The smallbetween the magneto-conjugated ionospheres could trans-
mechanical vertical displacement of the media is taken intoform into horizontally propagating hydromagnetic waves
account. We have shown that obtained equations can be r¢see e.gTolstoy, 1967). Herron(1966 has found that these
duced to the well-known system with Larichev—Reznik vor- waves can be captured into the ionospheric waveguide at
tex solution in the equatorial region (see édgurjania et al. the Alfvén speed minimum in the F region. Further devel-
2002. The excitation of planetary electromagnetic waves byopment of these ideas brought the concept of vortex plane-
different initial perturbations has been investigated numeri-tary electromagnetic wavek#éladze et a].2003 Khantadze
cally. Some means for the PEMW detection and data pro-1973 Aburjania et al. 2002 2003a 2005 Aburjania and
cessing are discussed. Chargazia2011, Rapoport et a.2011, 20129. The devel-
oped theory of PEMW is supported by a number of ob-
servational results of planetary-scale electromagnetic pertur-
bations (see e.dAburjania and Chargazj&011 Burmaka
et al, 2009. However, further theoretical and experimen-
1 Introduction and formulation of the problem tal investigations were necessary to reveal both “slow” and
“fast” PEMWSs in the ionosphere regiokiiantadze1973
In recent years a considerable effort has been made fopburjania et al. 20033 Kaladze et al. 2003 Aburjania
treating waves propagation problems in the inhomogeneougnd Chargazig2011). Southwood and Kivelso1993 have

Earth’s ionosphere (see e.Glark et al, 1971 Rapoport  found that travelling ionospheric vortices (TIVs) can be
etal, 2004 2009 Sorokin and Fedorovigi1982 Alperovich
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450 Yu. Rapoport et al.: Excitation of planetary electromagnetic waves in the inhomogeneous ionosphere

imposed by magnetospheric sources, for instance, by the flux
transfer events (FTE). Therefore, they are important for un-
derstanding the coupling mechanisms between the magneto-
sphere and ionosphere.

The purpose of the present study is to develop the gen-
eral theory of excitation of nonlinear PEMWs in the iono-
sphere of the Earth. Previous studies of PEMW (see e.g.
Khantadze 1973 Aburjania et al. 20033 Kaladze et al.
2003 Aburjania and Chargazi2011) were limited by as-
suming that the relationships between the components of
the conductivity tensor characterises only strongly pro-
nounced D, E or F regions with “purely” isotropic, gyrotropic
and non-gyrotropic but anisotropic, respectively (see e.g.
Guglielmi and Pokhotelgv1996. By taking into account
such assumptions, analytical solutions of the system of equa- |
tion for PEMW in the form of vortexes or solitons were de-
rived (see e.gAburjania et al. 2002. However, to under- Fig. 1. Coordinate system of the modéd.axis pierces the plane of
stand the effects of non-stationarity and inhomogeneities irfigure- R is the radius of the Eartifg is the angular velocity of the
the nonlinear dissipative ionosphere, more general method§2'th rotation = 0 andx = /2 correspond to equator and pole,
are necessary. Additionally, this approach is important forreSpeCt'VEIy'
systematic detection of PEMW by joint satellite and ground-

based observations campaigns. divH = 0: divU = 0: (3)
The paper has the following structure. The formulation of ) . ’ .
the problem and initial equations for PEMWs are outlined in J = 0JE|+opE | +oH [h X E] . (4)

Sect. 1. In Sect. 2 we build the nonlinear system of equations
for PEMW. The nonlinear equations for PEMW at arbitrary - ; -
heights from D to F regions in the “linear Ohm'’s law” ap- density of media at height of the choserg-plane, respec-

proximation outlined in Sect. 3. The applications to the “po- tVely; Lo is the rotation parametey; is the effective me-
lar and “equatorial” regions are outlined in Sect. 4. In Sect. 5 ¢hanical damping pararr;ete‘.f;, H are the electric and mag-
we implement an algorithm with accounting for the non- netic f'e!dS;E :_E f",“7 [U < H]_ is the electrlc' field in
linearity in the ionospheric current (nonlinear Ohm’s law) thei movmg _medla;] is the electric current densityfa =
for the F region of the ionosphere. In Sect. 6, based on thé [/ x H] is the Ampere force.

spectral-grid approximation (seArakawa 1997 the non- Here, we apply apprpxir_nations of an inc;ompressib_le fluid
linear PEMW, vortex and soliton structures have been analnd absence of stratification due to gravity, respectively to

ysed numerically. Different scenarios of PEMW excitation perturbatior?g. N.evert.heless, hydrostatic.equilibrium (in other
for various geophysical conditions at the near-pole region inwords stratification) is accounted for with steady-state pa-

the approximation of the “linear Ohm’s law” are presented. rameters such as density of the neutral and ion components.
Section 7 is the discussion and conclusion. We use, in general, the approximation used before in the

set of papers devoted to PEM&Hurjania et al. 2003a b;
Kaladze et a].2003. Practically, stratification is accounted
2 Formulation of the problem. for, but only respectively to stationary distribution of the den-
Equations for PEMWSs in the magnetosphere— sity, as a result of hydrostatic steady stagall( 1982. We
ionosphere—atmosphere-lithosphere (MIAL) system  &ccount for this, in the frames of the method of frozen coef-
ficients, by comparing the structures at 300 km and 600 km
Let us consider the ionosphere as a spherical layer aroun#ith different parameters (see Sect. 6). At the same time,
the Earth (see Fidl). Based orB-plane approximation, fluid because the mechanical motion of the perturbations is slow
incompressibility and by neglecting gravity, the system of comparatively to the sound velocity, approximation of in-
MHD equations, for the motions in thplane, can be writ-  compressibility is used respectively to perturbations. As are-
ten as Landau et a].2004 Sorokin and Fedorovigh.982 sult, gravity force is included only into the hydrostatic steady

Here ¢ is the speed of lightl, po are the velocity and

Guglielmi and Pokhotelqv1996 Kaladze et a|.2003 state and not into the dynamics of perturbations. This is why
the term proportional to (free-fall acceleration) is absent in

U L UVIU = Fa +2[U x 2] - ve VU (1)  the RHS of Eq. 15) for velocity perturbationU,. We in-
ot 00 00 cluded into the consideration the vertical velocity perturba-

tion U/, but vertical displacement depends onlyXony and

oH
_ . g1
curlt = —c (?) ; curlH = 4mc™j; (2) s still small enough, providing that change of the ionospheric
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parameters due to vertical displacement is negligibly small, Heq= Hoy (A =0,z =0);

not to violate the condition of incompressibility for the per- o, (0, Q0y, Q0;) = R0(0, cosA, sinA). @)
turbations. Respectively, the relation of “zero divergence” is

valid and the corresponding presentation of the velogity Note that the chosen coordinate dependence of the sta-
Y components through ONE functign(see Eq12) are ap-  tionary velocity in Egs. §) also satisfy the second equation
plicable for the horizontal components of velocity, even if a in Egs. @). Therefore, as it follows from the relations for
small vertical component corresponding to relatively smallthe stationary geomagnetic field Eqg),(with accuracy to
vertical displacement is also included in our model. There-z/R < 1, we obtain Kaladze et al.2003

fore, our model is internally consistent. The errors made by dHo, 9 Hoy

assuming that the magnetic and rotation axes coincide is of —— + - =0

the same order as the errors inherent ingh@ane approxi- 92 9y

mation (see e.gAburjania et al.2005 Kaladze et a].2003. % - aH_OY-

For the above scales of disturbances, the consequences of the 9 9z

misalignment of both axes, which is about 0.2 rad, are be- 9 _ 1 3 ®)

yond the accuracy of thg-plane approximation and, there- 9y R A’

fore, cannot change the resulis qualitaively. Note that theThe elements of conductivity tensor are defined by the well-

variation of ion mass, reflecting the changing in composmon,known formulas (see e.guglielmi and Pokhotelgv1996

is ]ncluded mto the model through the elements of conduc-SOrokin and Fedorovich 982 Kaladze et a].2003:
tivity tensor in the Eq.4).

Before introducing the terms of conductivity tensor in the o= & @Hi " WHe \
Eq. @), let us specify the magnetic field. We define the ve- °!' = 7 \ 7 ve )’
locity U and total magnetic fielt by the relations:
en WHeVe WHiVi
— /. — /. — . op = — )

U=Uy+U'; H=Hy+H'; h=H/H, P H(w%,e—i-vg w%i-i-viz)

ho=Ho/Ho; h' = H'/Hy. (5) oh W2 W2
HereUg andH are the stationary velocity and geomagnetic oH = N7 <a)12q:kev§ - w%“ ilr' V|2> 9)

field; U andH’ are the small perturbations of the velocity
and magnetic fieldk, hg are the unit vectors that determine Here o], op, oy are the parallel, Pedersen, and Hall con-
the directions of the total and stationary geomagnetic field;ductivities, respectivelyp Hei are the electron and ion gyro-
Ho and H = \/(Ho + H')? are the values of stationary ge- frequencies (defined by the value of the total magnetic field
omagnetic and total magnetic fieltt: determines the direc- 11); Ve iS the sum of collision frequencies of electrons with
tion of the non-stationary part of the magnetic field. We alsoneum’IIS and ionsy; is the collision frequency of ions with

assume that/h?2 < 1. By taking into account the geometry ngutrals. Considering 'Eq4.)( as algebraic equation for eleg-
! . o tric field E and by taking into account the second equation
of the model (see Figl), dipole approximation of the ge-

o : : ; in Egs. @), the electric field in the moving medill can be
omagnetic f!elq, and Eq3), the stationary (v.vmd) velocity expressed in terms of the magnetic figldas
and magnetic field can be written as follows:

c

Uo = (Uox(y), Uoy(x),0); E= p— {curlH — g1[h x curlH] + g2 (h - curlH)h}  (10)
Ho= (0, Hoy(y,2), Ho:(y.2)): ©
5 5 and, therefore, we can exclude the electric field from the sys-
Ho =/ Hy, + Hp; (6)  tem of MHD equations for PEMW. Here
HOy z
ho = (0, hoy, hoy); hoy; = =, 24 g2
0= (0. hoy, hor); hoy.: Ho Geﬁ=GP+OH; 91=6—H; 612=ﬂ—1.

Herex, y andz are directed along the parallel, meridian and op op “ll

vertical, respectivelyz =0 and = /2 are the latitudes  The coefficientsg; and g2 correspond to the “transverse”
which correspond to the equator and pole, respectively (seelectric field (defined by the Hall current) and to the “lon-
Fig. 1). In approximationz/R <« 1 the components of the gitudinal” electric field, respectively.

stationary geomagnetic fielllo, and Ho,, and the rotation The dependence of the elements of conductivity tensor
paramete®q can be represented as (see &gladze etal. o, coefficientsgy > on height are shown in the Fi@.
2003 The limiting case of isotropic D region of the ionosphere
corresponds to the low altitudes, where=0, g2 =0. In
Hoy ~ Heq <1— E) COosh; the E region (whergy; > ¢2), we arrive at the gyrotropic
Z N\ . medium Guglielmi and Pokhotelqv1996. In case of the
Ho, ~ —2Heq (1— ﬁ) SINA; F region, wheré¢g1| < |g2|, the ionospheric plasma becomes
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Fig. 2. The dependence of ionosphere conductivili@sH, op andoefs as a function of height,, are shown irfa). The values of coefficients
q1,2 vs. heightgz, are plotted afb). g1 andgy are coefficients in the expressions, corresponding to the “transverse” electric field, determined
by Hall current and “longitudinal” electric field (see ELp).

anisotropic and non-gyrotropic (Figa). The present model ¢ = (curlH’), = —A | A, (12)

is also applicable for intermediate heights (i.e. for the heights o

between D and E, and between E and F regions), where thethereA | = 25 + %z Note that in contrast to the previous
relationships mentioned above betwegmndg, are notsat- PEMW models (sefburjania et al.2002 2003a Aburjania
isfied (see also Figb). The elements of conductivity tensor and Chargazia2011;, Aburjania et al. 2005 Kaladze et al.
(see EQ.9) depend on total magnetic fielf (see EQ.8) 2003 in this case the perturbed velocity, is not equal
which is the function of the non-stationary magnetic field to zero. By taking the component of the first equation in
H' (see Eq5). Therefore, the electric current Egt)(and Egs. @) and then taking the component after applying op-
electric field Eq. {0) become nonlinear. Due to such non- eration curl to the same equation, and taking into account the
linearity, hereafter we will call Eq.4) as “nonlinear Ohm’s  second relation in Eqs1®) yields equations of the form:
law”. In the linear limit (i.e. in Eq. 4)) h is replaced by aH

ho and the elements of the conductivity tengon are re- tz = —c-curl.E +curl,[U x H]; (13)
placed by corresponding linear values, the Ef).decome ~
linear. In this case, hereafter, we will call Ed) @s “lin- v —c-curl; (curlE) + curl, (curl[U x HY). (14)

ear Ohm'’s law”. Practically, it corresponds to replacement _
of H by Hyp in Egs. Q) in all dependent on magnetic field The electric field in the moving med#in Egs. (L3) and (L4)
terms. Thes-plane approximation require implementation of is defined by the Eq.10). Similarly to Egs. 13) and (L4),
“the method of frozen coefficients” (see eAburjaniaetal, ~ One can obtain the corresponding equations from Bqbfy
20033 Kaladze et a].2003 and satisfying of the following taking into account Eq1{), the first relation in Eq.X2) and

assumptions the approximation of “frozen coefficients”:
’ ’ aU! Fa
M _o 2V o vp=o (11) C=—UVU,+—=+2[U xR, —yU;;  (15)
9z 0z or 00
Second and third relations in EQ.1) correspond to the case 082, = —curl. [(UV)U] + M
of neglecting gravity stratification. However, by taking into at
account equations for the stationary geomagnetic field, that +2- curl; [U x 0] — y 2. (16)

is, Egs. {) and @), we should requiré Ho, ;/dz # 0 and,

therefore dho/dz # 0, 8k'/dz 7 0 (see also EqH and7).  tion in Eq.11) the pressure vanishes from EqiS(and (L6).
By using the conditions of incompressibility, that is, E8) ( also, we assume that non-stationary parts are revealed from

and first two relations in Eq1q), the horizontal components  ihe | HS of Egs.13) and (L4). The system of Eqs10)—(16),
of the non-stationary velocity and magnetic field can be Pré-along with the first and second equations 12)( complete

Note that with such approximations (see also the last equa-

sented as the close nonlinear system for PEMW. This system is valid
U = 9E U= 08 H A H — _9A; for any heights from the D to F regions of the ionosphere.
YTy YT axT YT Ayt YT ax Due to ionospheric motions, additional terms associated with
and an electric field and Ampere force, which is physically asso-
ciated with the Lorentz force, come up in the nonlinear equa-

Q. =(curll’), = -A.¢; tions for the magnetic field and velocity (see Etdand15).

Ann. Geophys., 32, 449463 2014 www.ann-geophys.net/32/449/2014/
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Another nonlinear term is associated with convective non-evolutional equations fot, H;, U;, 22, and two Poisson
linearity. In thep-plane and frozen coefficients approxima- equations ford, and¢ and has the following form:

tions, the vertical curl operations are applied to E48) &nd )
(14) yielding Eqs. 15) and (16), respectively. Therefore, the ~ 2rHz = F2on + Farn + Fyvn

inhomogeneity contributes, along the meridional and verti- Di& = Figc + For + FyLg;

cal directions, in the linear and nonlinear parts of Eqd) ( DU, = F3y + FnLU;

anq 113 S|mult§1neougly. HereW|.th, in th_e approxmanon of DiQ. = Fo+ Fyra:

an incompressible fluid, the entire nonlinearity has the vec- ALA.=—: ALE=—Q (17)
tor form and described by the Jacobian of the correspond- 1% — & AL =~
ing variables (see also the last part of Sect. 3). It can beHere

explained as follows. An incompressible medium is free of 92H,
shear perturbation, and therefore, some possible distortion F1g; = a 3y —
is described by the effective “torsion”. Qualitatively such a

“mechanical” interpretation remains valid, despite the pres- 3 2 A H.+C, 29
ence of electromagnetic forces, since the Ampere force in 8y8 dy : ox

Egs. (L5 and (@6) is similar to the Coriolis force, while the 9
magnetic field is similar to the vector rotation. +tCiALH: + Cup By’ (18)
In the next sections we will analyse the consequences fol- dE 25
lowing from the system of Eqs18)—(16). Firstly, we will For = C@Ala— +Coxp— 52
use an approximation of the “linear Ohm’s law”. The nonlin- Y
earities in the second terms in the RHSs of E4j8) &nd (14) +C2eQ, + CZd%
and in the first and second terms in the RHSs of Elfs).gnd dx
(16) are taken into account. Next the procedure of deriva- Lt = C3aALJ (Az,8); (19)
tion of the total nonlinearity, including one in the “Ohm’s 2 = Cag AL H. + Capt + CaclU. + C i
law” and terms with the electric field in EqsL3) and (L4) 20H = HAa DL ARG T A T Al g
will be outlined in general. Finally, the developed numerical H 92H 9
f . Z z §
method and computational results for the near-polar region o - T C4g£, (20)
in the “linear Ohm’s law” approximation will be presented. aU 9k
Fou = C5aa—yZ + CSba + Cs:Uy;
3 Nonlinear equations for PEMW at arbitrary altitudes Fniw =aoJ (U, Ap) +aol (8, Hy); (21)
from D to F regions in the “linear Ohm’s law”
approximation Fay — IH, 43
Ay dy @
Let us use the approximation of “linear Ohm’s law”. By in- Vao
troducing the scaleg, o, Up for the length, time and ve- Fyru :ao( 7 ) J(H;,A;)+aod (§,U;); (22)
locity, respectively, and the scalés, {sc, Azse Qzscr Esc 0 DI 5 5
QOScfor_the normalisatio_n oflx,y,z, ¢, A, U, Q2 Q_oy,z, Fo=Crt+Crp—+ Cn—g + C7d—§
respectively, the normalisation could be presented in the fol- dx dy dx
i : iU
lowing form: +Cy, ayz Q. (23)
- X 7t
(x,y,z,0) = (%7, z,t)=<—,z,—,—); 7
L L Lo FNLQ—J@QHaoU J (¢ A)
(Hey,2, 8 A2, Uz, Q2. 8, Qoy 2) — , 0
( x,y,ZﬂgvAZv ZvQZ"i:’QO}’,Z) = D, = a — + Uy (y) +U0v ()C) y (24)
(HX»N,L, Az Uz @ & QON>; da db 8a ob
Hge  8sc Azse Uo Qsc &sc Q0sc J(a,b) = 55_55

10) .
Teft — (Tefifo) Equation (7) along with Egs. 18)-(24) form a com-

Here ¢sc= Hsc/L, A;sc= HscL, Qsc= Up/L, Esc= UL, plete set of nonlinear equations describing PEMW at any
QOScztgl. Next, let us introduce dimensionless parame-height betweenD and F'. In particular, we can apply this
ter ag = Uptp/L and the Alfvén spee@ag = Hsc/ /47 00. theory to the heights below 150 km, where, as it follows
Note, thaixg = 1, whenL = Upto. By omitting “dash” above  from Fig. 2b, the difference ofg; from 0 andg, from
normalised variables we obtain the system of normalised-1 is significant. Coefficients”;; are presented in Ap-
equations ing-plane coordinates. This system includes four pendix A. F1p: 20, describe the electromagnetic losses. The

www.ann-geophys.net/32/449/2014/ Ann. Geophys., 32, 4483 2014
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terms Fnre nviH,NLU,NLQ CONtain vector nonlinearities in  with a good accuracy. Therefore, we can expand the second-
the form of Jacobians. Note that in Eq4d.8/—(23), some  order nonlinearity in terms of the small paramet&t/ Hy.
coefficients (see Eq#1-A5) contain derivatives of vector The unit vector of the whole magnetic field E§) &nd Ped-
componentszg, Ho and Qg with respect toy andz. These  ersen conductivity Eq9j are modified as follows:

coefficients describe the contribution of the curvature of the

!
Earth in the electromagnetic and mechanical forces. h= ﬂ ~ ho+ [h/ —ho (hoh’)] +0 (h/2> :
V(Ho+ H’)?
. . . . -1, -1 2
4 Nonlinear equations for PEMW in the “linear Ohm’s Op ~Opg [1+MP (2”0}’/ +0 (h/ ))] J
law” approximation. Application to the “polar” and
“equatorial” regions whereap‘ol is the corresponding value of Pedersen conduc-

tivity for the linear casey p is a multiplier of order of unity.
The application to the near-pole region (i.e. for the limit In the framework ofs-plane approximation and “method of
A — m/2) is shown in Appendix B (see EqB1-B5). The  frozen coefficients” we are forced to put hereaferpg=0
numerical results for this region are presented in Sect. 6. lIrandV up = 0. To simplify, let us consider the F region, where
the limiting case. — O (i.e. for the “equatorial” region) from  ceff — op, g1 — 0,g2 — —1 (see also FigR). The nonlinear
the system of Eqgs.1{), accounting for relationsl8)—(24) additional term to the electric fieldEy;, can be revealed
we obtain the system of normalised Eg€1)—(C5) which from the RHS of the Eq.10):
is shown in Appendix C. Note, that in the approximation

U/=0,0=0,q1=0, g2=—1, oef > oo (i.e. losses are SEy; = L(G1+G2+G3+G4), (28)
absent), the EqsC(1)—(C5) reduces to the system fa., 4 opo
H] andg: where
2 /
D,Q; =ag (@) O, I | p0%00: 98 G1=2(1— up) (hoh') (curlH’ - ho) ho;
Uo 3y2 dx dy ox G2 = 2up (hoh') curlH';
v = /s
+7 (£,20) + a0 (%) (@A) (25)  Ga=(curH’-ho) i
0 Gs=—(curlH' - b') ho. (29)
Dy, = 208 |y (e, ) 26 ituti i i
He == 0 +aol (&, H)); (26) By substituting the relation2g) and @9) into Egs. (3) and
Q. =—ALE (27) (14), we obtain the additional nonlinear terms in the RHS of
.= :

the first two equations in the systedi}, for example,

This system is identical to the system obtainedNtyrjania 5
et al. (2002. Therefore, Eqs.25)—(27) yield vortices, de- / ¢

; . . ; ; ; =———-curl ; 30
scribed by the Larichev—Reznik solution, including the Nt ™ 47opg url; (G1+ G2+ G3+Ga) (30)
Bessel function in the core and the McDonald function at §¢y; = —c-curl, (curl(G1 + G2+ G3+ Gy)).
the periphery of the nonlinear structurAbyrjania et al. ) ) . .
2002. The numerical simulation of the excitation of PEMW Note the corresponding nonlinearities are derived, but due to
at the middle longitudes is out of scope of this paper. Nev-Pulkiness of expressions they are not presented here.
ertheless, due to the presence of large stationary horizon-
t_al magnetic field, the corresponding estlma_ltes of the SPag  Numerical model and the results of modelling
tio/temporal scales can be found by applying EqS1){
(C5) for the near-equatorial region for both. For example, To analyse generation and propagation of PEMW in the near-

atZ =300 km, the characteristic temporal scale i8 4@he  pole region numerically, we used the normalised set of equa-
spatial scale is a few thousand km, and the velocity scalgjgns:

is a few kms. These values are in qualitative agreement
with observational results of nearly longitudinal propagation D:¢ = C1a A1 + F1;

of slow MHD/PEMW disturbancesBurmaka et al.2006 D:H, = Ca,A | H, + F>;
Aburjania and Chargazi2011).

DU, = F3;
D;2, = Fuy;
5 An inclusion of nonlinearity of the ionospheric ALA, =—C; ALE=—Q,;
current: the case of F region 9H 92K
, o F1=Cic—— + Clu— + ALJ (AL, §)
Let us outline the procedure of inclusion of the current non- dy dxdy
linearity into Egs. 8)—(5). Estimations show that the condi- 9%
tion of the weak nonlinearity (i.eH’/Hp <« 1) is satisfied +C2bm + Cacf2z;
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Fig. 3. Excitation of PEMW by means of vertical component of magnetic field. Spatial distributions of normalised components of magnetic
field (Hy, Hy, H;) and¢ at different times are shown at highit= 300 km (night-time).X andY are normalised byR = 6.4 x 103 km.

Components of magnetic fiel# are normalised byy = 3 x 10% nT. Dimensionless size of the source axe = 0.25 andAy = 0.17;
AXog = AYpy =0 andd = 0. PEMW was excited by initial perturbation &f, (H;(t = O)max= 0.01).

Fo=Cypl +Ca U, +J (U, A+ J (8, Hy); Jacobians are not conservative and may lead to essential er-
Va0 rors at long times. Therefore, the Arakawa approximation for
Fs=ao (U_o> J(Hy A7) +aoJ (§U) =y Uz the Jacobians has been used only at the first fractional step.
The second fractional step is related to the convection terms
F4=C1.0 4+ CryU. + J (£, 9 : : : .
4 7”€:_ 71U+ T 6.5 in all evolution equations. For example, for the functioit
Vio is 9¢ /0t = — (Uoxd¢ /0x + Ugyd¢ /dy). Since the wind ve-
AT, A —yQ.. 31 " x y ' ]
oo ( Ug ) . 42) —vE, (31) locities Uy, are at least one order smaller than the Alfven
. . . . velocity, the simplest corner-like upwind scheme can be ap-
This system consists of four evolution equations orH,,

. . plied there (see e.qroache1998.
,{%’tiﬂdgz’ and twg' P0|ssc3[n equfatlonst.farz andhg.thot(—:l‘ d This method demonstrated a good stability and flexibil-
tha eﬁgqrretscp9n ltr;]g T.ys'te)[n 0 e‘;“"?‘ lons, w tlcd 'm(t:hu e?ty. This is further development of our techniques proposed

€ coetlicientt.;; in the imit 2 — /2, s presented in M€ hefore for modelling of solitons and bullets in nonlinear gy-
Appendix B. All functions are set to zero at the boundaries ofrotropic structures (see e.Bapoport et al.2002 Slavin et
ng?erlcgzdtimzaér;é I;r heh_fu:: nurr]nen;a_l ?]XIZ‘ :chOR dI§m al., 2003 Zaspel et a].2001), and solitons and strongly non-
wide andzy = m hig (w eren Is the tarth ra lus). . linear waves in metamaterial structures (see Baardman
We have chosen a sufficiently big numerical domain to av0|det al, 201q 2011ab; Rapoport et al2012a for details). The
an nonphysica_l numerical influen(_:e (ie. poss_ible reflection) on(;uctivities depéndence on height and time of the day has
of the bogndarles. To solve the Poisson equations, we applleaeen calculated based on data fréfperovich and Fedorov
fas_I'EhFourlelr 'Eransformt_(FFTrF(rests) et a,l.lSIBQDd. by splitti . th(2007) (see Fig2a). Based on that, we found coefficiepts

€ evolution equations have been solved by Spitting wi g2 which are included in the RHS of the first four parts of

respect to the physical factofglarchuk 1994. This method Egs. (7) (see also relations 8—(24) and Appendix A). The
can be called a spectral — grid Arakawa type method. Specif-height dependence of the, g2 is shown in Fig2b
ic_aIIy,_ the_first fractional step in splitting i_s relat_ed to the During each simulation’PEMW was excited by initial per-
d|ﬁu3|3nl—zllk§ 1pr<%cef§ Sd(tfhrmfﬂt?ndALHZ 'F tr:faﬁrs; aEd turbation of the vertical components of magnetic vortex
second Eq31). To find the unctiore we solvea: ¢ /o1 = and magnetic field,. The spatial distributions of these func-
CaA ¢ + Fy. Before applying FFT, the functiody has o the form of Gaussian are as follows:
been calculated with finite differences. We kept the same
numerical grid(x, y) for the finite differences and for spec-

2 2
tral FFT. Roache(1998 and Arakawa (1997 have shown C(t=0)=¢(t = 0)aeXp| — (L) _ (L) .
that simplest approximations of the spatial derivatives in the max Axg Aye) |
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Table 1. The ionosphere night-time parameters.

Z,km op,st  on, st o, st Hp Gauss pp, genmmS  Vag, kmst

300 11x10° 5x102 2x10! 03 38x10714 44
600 1x 103 1x1072 3x1011 03 33x 10716 46

x10-3

10.00 1.60
W LB
7.38 1.15
6.06 0.93
Yo 475 0.70
y 3.44 0.48
213 0.25
2 0.81 0.03
-0.50 -0.20
3240 1 2 3
X
(@ ¢(t=0) (b) ((t=10.3) (c) H.(t=0.3)
3 X104 3 x104
2.50 2.50
2 LB 2 e
1 1.25 1 1.25
0.63 0.63
Y 0 0 Yo 0
063 -0.63
-1 125 C 1.25
2 I -1.88 2 l -1.88
2.50 -2.50
-3 -3
3 2410 1 2 3 3 -2 10 1 2 3

X © X
(d) Ho(t = 0.4) () Hy(t = 0.4)

Fig. 4. Excitation of PEMW by means of vertical component of magnetic vortex. The spatial distributions of norngadisddcomponents
of magnetic field H,, Hy, H;) are taken at hight = 300 km (night-time). Amplitudes of initial excitations are equas {o= 0)max=0.01

and H; (t = 0)max= 0. Dimensionless size of the source #e, = Ay, =0.17. The scaling oX, ¥ and normalised values d@f are the
same as in Figs.

H.(t=0)=H.(t=0) exp|:— (AXOH +xcos(9)>2 The results of numerical simulations for parameters of
¢ ¢ max Ax; ionosphere at different heights (see Tahjeare shown in
] 2 Figs.3-6. The initial perturbations with bell-like spatial dis-
_ (M) . tribution have been taken f@r, H,, or both variables simul-
Aye taneously. The spatial scale is the Earth’s radius, that is,

6.4 x 10°km and the temporal scaleig= R/ Vao ~ 1.5 x
Heret (t = Oymax, H: (1 = O)max@NdAxg, Ay arethemax- g 07— 300 km. At the night-time and = 600 km the
imum values and widths of spatial distributionsXn Y di- s N .
rections for¢ and H,, respectively.A Ayop are the Lemporal scale iso=R/Vao ~ 1.5x 1°s. The wind ve-
shift valuesgof the rzn’aximpum oHy.di)fsc';ﬁl’)utig%Hfrom the locity Uox,, = 0.01Vao, and their influence is negligible at
. o R . the considered time intervals. The propagation of the excited
coord|_nate system origin (Wh'Ch coincides W'.th the _pole) PEMWs depend significantly on daytime, height and exci-
andg is the rotation angle in .respe.ct 0 -tIXgams. It o IS tation sources. The calculation for the night-time is shown
equal to zero, the corresponding axis coincides #ithxis. on Figs.3-6 (the daytime case is not shown); dependences
In this section, we consider the excitations of PEMW by on heig.ht for Z — 300 km andZ — 600 km aré shown on
Bnegnsto_f\(/)ertlceﬂ%orgepeor;eiznstzfgnaggret;[::(;\l/%r(';?nxz (o:ngzwfof Figs.3-5 and Fig.6, respectively. The excitations of PEMW
» H ( - .)max_ gs4, 6), pon separately by vertical magnetic field, and magnetic vor-
magnetic field #, (t = 0)nax % 0, ¢ (t = 0) = 0, see Fig3), S . -
and both vertical components of magnetic field and vortextex ¢ are presented in Figs-4. Figuress and 6 illus
(H.(t =0 0 tp_ 0) £0. see I%i 5). Only in the trate the results of calculations for the combined source. In
Iaszt(ca_se )'Elaex Zéhifieij(sp_atiéliis,tributiongéf t.he m)z:\gneticfieldthese cases, initial perturbations of both vertical magnetic
is used (xon £ 0, Ayoy %0, 6 # 0). Corresponding val- field and magnetic vortex component remain bell shapes,

ues of amplitudes, shifts and angle are shown in the captiongm the corresponding spatial distributions are shifted and

0 Figs.3-6. rotated relatively to each other. Note thatzat 300 km at
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Fig. 5. The spatial distributions of normalised magnetic voggxomponents of magnetic fieldd,, H,) and velocity(U,, U;) are taken
at hightZ = 300 km (night-time). PEMW was excited by initial perturbationff and¢ (H;(t = 0)max= 0.05 andz (+ = O)max = 0.05).
For the caség) H; (1 = O)max= 0.03 and¢ (t = O)max= 0.03. For(a-f) Ax; = Ay; =0.17,Axy = Ayy = 0.17; Axop = Aygy =0 and

6 =0; for (g) Ax; = Ay; =0.35, Axy = Ayy = 0.25; Axgy = Ayon = 0.2 andd = 45°. The scaling ofX, ¥ and normalised values of
H are the same as in Fi8. The velocity componerty; is normalised bya = 4.4km s1,

day conditions, the values of magnetic field perturbations arevertical current is, by order of magnitudg, ~ 10-7 Am=2,
about half of order less than at night, because the Pedersdh should be noted that the considered vertical currents are
conductivity in F region at night is larger and the effective smaller than currents accompanying some typical events
diffusion, respectively, smaller, than at daytinddgerovich of the magnetosphere—ionosphere coupling. An example of
and Fedoroy2007). The PEMW excited by the pulse-like such a current is one accompanying magnetic ULF distur-
initial perturbation can exist for about 500 s (see Figs3— bances in the night-time auroral region, caused by magnetic
5) and even up to 10, for the heights withirF region of  impulse eventsRilipenko et al. 1999. Further, as it is seen
the ionosphere. At higher height (i.e. 2t=600km) the from the comparison of Fig& and6, the values o, and
characteristic time for retain PEMW is smaller (2107 s). ¢ at Z = 300 km, after passing corresponding characteristic
This is due to the smaller value of the Pedersen conductiviime — depending on a type of excitation — are comparable to
ity (op ~10° s*l) and higher Alfvén speed. Excitations of or few times larger than aZ = 600 km (compare Figs3,
PEMW at daytime atZ = 600 km are negligibly small and 4, 5a—c and6a—d). The same also concerns the values of
not shown here. horizontal velocities (compare Figf with Fig. 6d). Note
The results are presented for the initial normalised value othat the Alfvén velocity, used for normalisation of the ve-

the magnetic field?, = 0.01, what corresponds to a dimen- locity components, is about one order of value larger at alti-
sional valueH, ~ 100 nT, that is possible for PEMW vor- tudeZ = 600 km than aZ = 300 km (see Tabl&). Respec-
tices @Aburjania et al,2005. The chosen value of normalised tively, the timescaleg is much less at altitud& = 600 km
vortex ¢ = (curlH), ~0.01 means that the corresponding (7o ~ 150 9 than atZ = 300 km(zg ~ 1400 3. The shapes of
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negligibly small (not shown here). Note that in case of com-
bined source (i.e. botlif, and ¢), the nonlinear “effective
source” of excitation ofU; in the near-pole region is pro-
vided, which is evident from EqBQ). It is further recalled
that, at the middle latitudes, both linear and nonlinear exci-
tations of the vertical velocity component are possible (see
the third Eq.17 and relation22). A rough estimation shows
that the vertical displacement at height= 300 km reaches

a value of the order of 1km. We have found that, within

(@ ¢(t=0) (b) ¢(t = 0.06)

3 3 the ionosphere F region (i.e. &= 300 km) the pulse-like
2 2 PEMW can retain their structure up to®1€ At the higher al-
1 ‘ 1 titudes ¢ = 600 km) PEMW could only be observed during
Yo 0o Yo the night-time and they preserve their shapes up fsHue
A o 4 to the much smaller Pedersen conductivity in the magneto-
2 I%g 2 sphere than in the ionosphere. The magnetic field of PEMW
SN A has the characteristic valueg; of the order of one to a few
X X nT, H, , of the order of a few to 10nT. These values are
(© Ha(t = 0.06) (d) Ux(t = 0.06) well above the sensitivity of the modern magnetometers, and
Fig. 6. The spatial distributions of normalised H, andU, compo- ?:éff;))re, they can be detectdrrdttes et a/201], see also

nents of magnetic field and velocity are taken at hight 600 km
(night-time). PEMW was excited by vertical component of mag-
netic vortexs; (¢(t = O)max= 0.01). The scaling ofX, ¥ and nor-
malised value of, is the same as in Fi@. The velocity compo- 7 Discussion and conclusions
nentUy is normalised bWa = 46 km st
The new nonlinear model of vortex PEMWSs for arbitrary
height, which does not necessarily belong to only one of

the excited PEMW also depend on the type of initial pertur-the “typical” D, E or F regions, has been developed. In con-
bations. In particular, an initial perturbation in the form of a trast to previous models, the present model is suitable for ei-
bell-like vertical component of the magnetic vortex (Fg) ther of these regions, or to “intermediate” regions between
leads to the formation of the same shape of vertical magneti® and E and E and F layers within the ionosphere. Sec-
field (Fig.4c). An excitation by means of the initial bell-like ondly, we obtained the general set of equations for PEMW
vertical component of the magnetic field (F8) resultsina  in a weakly nonlinear ionosphere, using “linear” and then
quadrupole magnetic vortex (Figc). The combined excita- “nonlinear” Ohm’s law. Also, an extra variable (vertical com-
tion by means of initial vertical components of both magnetic ponent of velocity) is included in the corresponding non-
field and vortex (Figba—c) cases, besides a simple deforma-linear system. Within this approach, a new spectral — grid
tion of the horizontal components of the magnetic field andArakawa type method has been developed for the numerical
velocities (Fig.5c, e, f) causes, also a qualitative change inrealisation of the PEMW model. This method utilises split-
the shape ot. Precisely, the spatial distribution ¢gfpos-  ting of the calculations into two steps by physical factors.
sesses two “dips”, around the central maximum (b). The pure transfer is realised by a finite-difference scheme at

Figure 5g demonstrates a new and interesting behaviouithe second half-step, while all other effects are presented by
of velocity U, at Z = 300 km, during night-time conditions, means of two-dimensional purely real sine FFT at the first
with a remarkable nonlinearity and due to a presence ohalf-step. This method provides high stability and accuracy,
combined source; that is, if botH, and ¢ are present at in spite of the simultaneous presence of vector nonlinear-
t = 0. We use the initial perturbations of normalisdd and ity and a number of derivatives in different combinations.
¢ with maximum values equal to 0.05, which correspondsThe analytical and numerical simulation yield the spatial and
to a magnetic field of order of 1000 nT. However this rather temporal characteristic scales of PEMW excitations, which,
extreme value is still in a range of possible amplitudes forby the orders of values, agree with observatiddsrfnaka
PEMW vortex structures and in agreement with evaluationset al, 2006 Aburjania and Chargazi&011), and the con-
by Aburjania et al.(2005. The corresponding value of the nection between the spatial shapes of excited structures and
vertical current is of order af ~3x 10~/ Am~2. Based on the initial perturbations of PEMW. The developed model can
results which are shown on Fi§g, we can conclude, that be useful in the preparation of an experimental methodol-
under such conditions, a vertical displacement of a mediunogy for registration and identification of PEMWs and their
during a characteristic time of order of 39 reaches the sources by ground- and space-based instruments. In the latter
value of order of 100 m. However, the vertical displacementcase, there are well-established methods. With regard to mea-
corresponding to the combined sourceszat 600km is  surements of mechanical movements, they require additional
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effort, since speed is low, that is combined with the relatively The observations were made at various distances from the
small magnitudes of these displacements. Here it is approlaunching sites (Baikonur, Plesetsk, et al.): from 700km to
priate to provide selected data on the possibilities of relevanabout 16 km. It was found that (a) perturbations with a
methods for ionospheric disturbances measurements. Thepeed of 10-20 knTs are quite often observed at distances
DOPE (Doppler Pulsation Experiment) HF Doppler sounderof up to 2300 km from the rocket; (b) there were 3 groups
located near Tromsg, Norway has a spatial resolution of thef speeds of disturbances: 0.5-0.7 kmh,s2-3kmst, and
order of 4km, for F region reflection height of 250 km and a 10-25kms?; (c) there were 3 groups of periods of domi-
sounder frequency of 4.45 MHz (see aNfight et al, 1997). nant geomagnetic micropulsations: about 6, 10, and 20 min,
The method of GPS differential TEC (see eBgurries et al. their amplitudes on the ground attained a value of 3-5nT; (d)
2007 has a spatial resolution of about 50—100 m. At last, thethe launch-resulted waves were most pronounced at altitudes
CHInese MAGnetometer (CHIMAG) fluxgate magnetome- 150-350 km; (e) relative amplitudes of disturbances of the
ter chain has an accuracy of 8 pT at a temporal resolutiorelectron concentration reached 5-7 %. The analysis of such
of 1 Hz (see e.gPrattes et al2011). The spatial dimensions observations shows that the difficulty in identifying waves is
of the objects under consideration and vertical displacementthat the frequencies of typical PEMW packets belong to the
are of the order of 1000 km and 1 km, respectively, and theULF band and may be buried in the noise that exists there.
magnetic fields are of the order of 10nT at a frequency ofTo be able to detect PEMW packets in this background, it
about 0.01 Hz. In view of this it can be concluded that basedseems possible to use sophisticated data analysis techniques
on the multipoint synchronised measurements using differthat have worked well in the study of seismic and oceanic
ential GPS TEC and chains of magnetometers and advancedave processes: directional spectra estimation (se&ary.
data processing methods, it is possible to identify PEMWSs inet al, 2009; study of a packet modification due to the co-
the ionosphere. action of nonlinearity, dispersion, and dissipation; using the

It should be noted that large-scale experiments to studyconcept of so called “coda waves” (see &gbe et a]20095.
the phenomenon of PEMW have not been carried out yetThese techniques become more efficient when we take into
And this, despite the fact that, accordingAburjania et al.  account the internal multi-scale nature of the processes under
(2005, PEMWs are natural ionospheric oscillations, and study. For example, wavelet packet transform where appro-
therefore, they are a primary link in the chain of the iono- priate statistical decision rule is applied to subset of wavelet
sphere’s response to disturbances both from below and froneoefficients Lyubushin 2007) gives a tool to detect complex
above (earthquakes, hurricanes, high-frequency ionospherehanges, say, in magnetometer recordings.
heating, magnetosphere’s and solar wind impacts). Finally, it should be emphasised that the present state

The theoretical background of relevant experiments, thereof theoretical and modelling studies in the area of PEMW
fore, includes (@) classification of various modes of hydro-puts on the agenda the question of systematic experiments
magnetic waves in the ionospher&b(rjania et al. 2002 on the identification of PEMWs under various geomag-
2003k Aburjania and Chargazi@2011); (b) estimations of  netic conditions, on revealing their sources, correlations with
wave parameters in linear theorplurjania et al. 2002 space weather events and catastrophic events throughout the
2003h Rapoport et a). 2007 Aburjania and Chargazia atmosphere—ionosphere system. This requires the organisa-
20117); and (c) systematisation of estimates to prepare a meation of measurements accounting for the large-scalé~10
surement schemeé\burjania et al, 2002 2003h Aburjania  10*km) character of the PEMWSs on the base of a planetary
and Chargazia201)). In particular, it has been found that size network of ionospheric/magnetospheric observatories.
the phase speed is of the order of 1 kth & 1®km st and The proposed theory can be extended by includ-
even higher, depending on height, while the wavelength is ofing the connection between particular coupling processes
order 16 to 10* km. The most promising estimate relates to in the “magnetosphere—ionosphere—atmosphere-lithosphere
the magnitude of magnetic disturbances caused by PEMW(MIAL)"” system and corresponding sources of full-spectrum
it is of the order of up to 1OnT and in certain cases — up MHD waves/PEMW in the form of the effective “external
to 10°nT in situ for vortex structures propagating along the currents/fields”.
F layer @burjania et al.2005. Here we sum up the results of the present work.

There are a number of experiments devoted to mea-
surements of the excitation of ULF hydromagnetic waves

by different sources in the ionosphere (see &grmaka 1. A new nonlinear analytical model of PEMW, valid in
et al, 2006. Wave disturbances of the geomagnetic field the localB-plane approximation for arbitrary altitudes
associated with distant rocket launches were measured us- in D, E, and F ionospheric regions, as well as for in-
ing the modified ionosonde “Basis”, the fluxgate magne- termediate altitudes is developed. We propose for the
tometer, and the radar of incoherent scattering at the lono- first time for the PEMW the method of consistently
sphere observatory, near Kharkov, Ukraine. In total, mea- utilising the “nonlinear Ohm’s law” and the series ex-
surements of ionospheric wave disturbances from about 140 pansion in the relatively small non-stationary part of
distant missile launches were carried out for about 10yr. the magnetic field.
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2. A new numerical method for the simulations of the Aburjania, G. D., Khantadze, A. G., and Gvelesiani, A. |.: Physics
evolution of PEMW is developed. This is a highly  of generation of the new branches of planetary electromagnetic
stable and efficient hybrid finite difference-spectral Wwaves in the ionosphere, Geomagn. Aeron., 42, 193-203, 2003b.

method, based on splitting by physical factors. Aburjania, G. D., Chargazia, Kh. D., Jandieri, G. V., Khantadze, A.
G., Kharshiladze, O. A., and Lominadze, J. D.: Generation and

3. The shapes of the excited PEMW depend on the types propagation of the ULF planetary-scale electromagnetic wave
of initial conditions or sources. In particular, the exci-  structures in the ionosphere, Planet. Space Sci., 53, 881-901,
tation of PEMW by an initial bell-like vertical compo- ~ d0i:10.1016/j.pss.2005.02.002005.
nent of the magnetic vortex leads to the formation of Alperovich, L. S. and Fedorov, E. N.: Hydromagne_tic Waves in the _
a bell-like vertical magnetic field. The excitations by ~ Magnetosphere and the lonosphere, Astrophysics and Space Sci-
means of an initial bell-like vertical component of the ence Library, Springer, Vol, 353, 425 pp., 2007.

tic field Its i d | fi t Arakawa, A.: Self-organization of planetary electromagnetic waves
magnetic Tield resulls In a quadrupole magnetic vortex. -, e E-region of the ionosphere, Computational Design for

4. We have found that diffusion processes are rather im- L__ong-TTerrBl\lume_ricalIl?tegration o_fbtlheFI?quagontslogFIgid MO;
ortant in the spreading of PEMW excitation in the ~ !O"- TWo-Dimensional Incompressibie =ow. Fart 1, J. L.omput.
portar P 9 WV . Phys., 135, 103-114, daD.1006/cph.1997.5697997.
F region of the ionosphere, while in most previous :

h asburiani t al.(2005. this fact Boardman, A. D., Hess, O., Mitchell-Thomas, R., Rapoport, Y.
papers, suc . urjania e a_.( 9. this factor G., and Velasco, L.: Temporal solitons in magnetooptic and
was underestimated. The vertical component of the  netamaterial waveguides, Photonic. Nanostruct., 8, 228-243,

velocity of PEMW is not essential for an altitude  oj:10.1016/.photonics.2010.05.0010.

of Z =600km. At altitudeZ = 300 km this compo-  Boardman, A. D., Grimalsky, V. V., and Rapoport, Yu. G.: The

nent provides a vertical displacement-ofLl00 m on a hybrid method of nonlinear transformational and complex geo-
timescale~ 103 s at the high latitudes, while the esti- metrical optics for energy concentration in metamaterials, Meta-
mate of vertical displacement is 1 km at the middle materials 2011: The Fifth International Congress on Advanced
latitudes, where both linear and nonlinear wave excita- Electromagnetic Materials in Microwaves and Optics, Barcelona,
tion of PEMW is possible. 763-765, 2011a.

Boardman, A. D., Grimalsky, V. V., and Rapoport, Yu. G.: Nonlinear
5. The components of the magnetic field of PEMW are transformational optics and electromagnetic and acoustic fields
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component; therefore, it can be measured by modern 122, 2011b.
instruments Burmaka, V. P., Lysenko, V. N., Chernogor, L. F., and Chernyak, Yu.

V.: Wave-Like Processes in the lonospheric F Region that Ac-
Future practical applications of the model described here companied Rocket Launches from the Baikonur Site, Geomagn.
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Appendix A Appendix B

The coefficient included in general set of equations for  Equations for the near-pole region
PEMW (17)—(24)
For the near-pole region, we obtain from Edis))(24) with

The coefficients included in general set of equations forthe coefficients determined by formuladl)—(A5) in the

PEMW (17)—(24) are limit 2 — /2, the set of equations:
2 2
_ 2(c/P0) < 2 >) dhoy 0°h;
dhoy 3 (hochoy) 82h
C1c = 25091 ——; g, T0N0) TRz ALJ(A
dy q2 By dxdy ++apA L J (AL E)
d d
C1a = —s0q1 | 2— (hoyho;) — —h3, |; 3 Hoy 02 9 H
- ‘m[ oy (1orho) Oy} B PR AL (B1)
dhoy dy dy 9z
C1e = soqrhoy: Cif = soq1——: (A1) Uo)? ah dH
e y y 9z Dtszag(C/ 0) {AJ_HZ—CM 0y§}+ao OyUz
dho, d 3 5 A7 oeft dy dy
C1g = soq1—5 = Cun = —s042| 5 (hozhoy) “2500 5 el (U A +aod ¢ Hy): (B2)
2
Cy, = —agHpy: Vao
2= 00 0;10 - DU, = ao (70) J (H, A7) + a0 (5, Uz) — yUs; (B3)
Cop = —2000——; Coc =00——; 2
0z Vao\“ dHoy 0Q0y
9 Ho 9 Ho D2, = ap o) C+2 5 U, +J (&, U
Coq = —0ap ; Coe = —200——; Y Y
0z y Vao 2
,(c/Ug)? +ao (-) J (&, A) =y (B4)
C3, = ap; so=0f : (A2) Uo
ATt Oeff ALA,=—C; AE=—-Q,. (B5)
c c dhoy c 0 Hp,
4a =50; Cap=—soq1——; Cac=a0——;
3y 3y Here
dho; 2 0Hp, Heq 0Hpy, 0%y 0
4d soqihoy; Cae 5091 3y af soq2hg, oz R 3y 2y R
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Cs, = apHoy; Cgp = a0 =2 Cs. = g2, (A3) 9y 2R 9ydz R 9y 2R
dy dy 3 (hozhoy) 1
Vao'\ ho: = L. dy 2R
Ces =0 To Hoy; Cep = (Q0sd0) 290y (A4)
2 2 .
V, dHp,y Vi d H
Cou =t Vao Oy . o= g VAo 0z : Appendix C
Uo dy Uo dy
Vao )2 3(290.) Equations for the near-equator region
C7c=ap <—> Hoy; C7q = = _ _ .
Uo dy In the near-equator region, we obtain the following set of nor-
200 0 (ZQoy) AS malised equations from the system of Ed?)(accounting
Cre = 280y; Crp = ay (A5 for the relations 18)—(24) in the limiting case. — 0:
2(c/Uo)?
Here Qosc and Ug are scvales of angular frequency and ve- D, = of i O+agALJ(ALE)
locity, respectivelyag = “22, whereVy, 7o and Lo are char- T Oeff
acteristic scales of velocity, time and length. Note that the o0& 3H§ 3% 9Ho, dU.
, . —ag | HoyAL —= + —2— 1 (C1)
value< h(z)Z > is a phenomenologically averaged value of the 0f HoyaL ay | ay2 ay2 ' 9z ax |
square of the directional vector componﬁé} in the region 9
; ; i i 2(C/UO) a¢ dho; 0H,
of existence of PEMW perturbation located in a region near p, p, = ol ALH, —q1|hoy—
a pole (but not exactly on a pole). Duetoh3 > <1, the ATt oeff dy ~ dy ox
termC1, > 0, thus providing damping af (see first equation 2 92H, oU, 0Hp; 0&
in Eqs.17). +q2h0y 9x2 +oo| Hoy dy + dy 9x
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+aoJ (U, Ay) +aold (§, Hy);
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