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Abstract—The mechanism of the generation of the geomagnetic field disturbance accompanying tsunami
wave propagation is considered. Electric currents in the marine environment and the ionosphere are the
source of the disturbance. ¢he current in the marine environment arises as a result of its motion in the tsunami
wave, while the current in the ionosphere occurs due to the occurrence of an acoustic-gravity wave (AGW)
propagating from the atmosphere on the ionosphere. The source of the AGW is the vertical displacement of
the surface of the marine environment during tsunami-wave propagation in it. Although the ionospheric con-
ductance is significantly smaller than the conductivity of the marine environment, the current value in it may
considerably exceed the current value in the marine environment due to the exponential growth in the AGW
amplitude during AGW upward propagation. The spatial distribution of a disturbance in the induction of the
magnetic field of electric currents flowing in the marine environment and in the ionosphere is obtained with
allowance for their mutual inductance. It is shown that the generation of the ionospheric electric current con-
siderably changes the characteristics of the geomagnetic field disturbance induced by a tsunami wave. Calcu-
lations have demonstrated the possibility of space monitoring of tsunami waves with the use of satellites to

record disturbances of the geomagnetic field.

DOI: 10.1134/50016793219020130

1. INTRODUCTION

The motion of the conductive marine environment
in a tsunami wave in the geomagnetic field leads to the
occurrence of an electric current and, consequently, to
geomagnetic disturbances. Toh et al. (2011) give the
results of the recording of geomagnetic variations
associated with the passage of the tsunami wave from
two earthquakes in the region of the Kuril Islands on
November 15, 2006, and January 13, 2007. These made
it possible to determine the direction of tsunami-wave
propagation. The amplitude of the horizontal compo-
nent of geomagnetic disturbance reversed sign at the
stages of wave elevation and damping. The electro-
magnetic fields generated by motion of the marine
environment can be recorded on the land surface and
the ocean floor. Data on the recording of the geomag-
netic disturbances accompanying the tsunami, which
arose as a result of the strong earthquake in Chile on
February 27, 2010, are given by Manoj and Maus (2011).
Measurements conducted at a distance of 3500 km west
of the epicenter detected a periodic signal with an
amplitude of 1 nT, which is concurrent with the tsu-
nami-wave onset. Zhang et al. (2014) present a numer-
ical simulation of the magnetic field disturbances that
occur due to tidal flows and tsunami waves. The model
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is compared with observation results. Wang and Liu
(2013) studied magnetic anomalies induced by tsu-
nami waves in the ocean. The performed analysis
showed that a tsunami wave 1 m in height is accompanied
by a magnetic field disturbance with a 10-nT amplitude
on the ocean surface. Its amplitude depends on both the
wave parameters and geomagnetic field orientation.

Peltier and Hines (1976) were the first to discuss
the possibility of recording a tsunami using methods
for monitoring of ionospheric disturbances. The ion-
osphere is affected by an acoustic-gravity wave
(AGW) that propagates upwards in the atmosphere
from the ocean surface up to heights of the iono-
sphere. Artru et al. (2005) obtained an image of the
ionospheric disturbance using ionospheric sounding
with the GPS-receiver network. It was shown that the
ionospheric disturbance is related to the tsunami wave
that reached the Japanese coast 22 h after the earth-
quake in Peru on June 23, 2001. The characteristics of
the propagation of the tsunami-generated internal
gravity waves in the neutral atmosphere and their
interaction with the ionospheric plasma were consid-
ered by Occhipinti et al. (2008). The geomagnetic field
role in the interaction between the neutral and ionized
components of the ionosphere in its equatorial and
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midlatitude regions is analyzed. Hickey et al. (2009)
performed a numerical simulation of the AGW spec-
tral characteristics and their interaction with the iono-
spheric Fregion. The results were used to interpret the
tsunami-related disturbances of the electron density in
the ionospheric F region and the total electron con-
tent. The characteristic velocity of propagation of distur-
bances and their horizontal spatial scale are 200 m/s and
400 km, respectively. The results of the observation of
ionospheric disturbances after earthquakes on Kuril
Islands (2006), Samoa Island (2009), and in Chile
(2010) were discussed in (Rolland et al., 2010). Data
on variations in the total electron content, which were
received from the network of GPS receivers located on
Hawaiian Islands, were analyzed. The ionospheric
disturbances that hypothetically accompany the tsu-
nami-wave displacement of the marine environment
level were detected. The disturbances were caused by
gravity wave propagation in the ionosphere with the
velocity, direction, and time of its arrival, which cor-
related with the tsunami. Galvan et al. (2012) carried
out observations of the ionospheric disturbances aris-
ing during the earthquake and tsunami in Tohoku on
March 11, 2011. Disturbances of the total electron
content were recorded with the GPS-receiver network
in Japan. Ionospheric disturbances moving in the direc-
tion from the epicenter at velocities of 3400, 1000, and
200—300 m/s are detected. The internal acoustic-
gravity waves in the atmosphere, generated by tsunami
waves, have been studied by the model and numerical
methods (Maetal., 2015; Weiet al., 2015). The impact
of the electric dynamo-field in the ionosphere on the
electron density and total electron content in the
AGW presence was considered. Coisson et al. (2015)
obtained data on the observation of ionospheric dis-
turbance above the Pacific Ocean, which is probably
associated with tsunami near the Tohoku coast. The
tsunami arose after the March 11, 2011 earthquake.
The data were obtained with the satellite monitoring
system. Analysis of the data on the recording of the
ionospheric total electron content showed that the
characteristic vertical wavelength was 50 km, while the
disturbance region covered the height interval on the
order of 200 km.

The authors of the works above believe that tsu-
nami-wave propagation is accompanied by AGW gen-
eration and by significant ionospheric disturbance.
Sorokin and Fedorovich (1982) have shown that the
disturbance of the ionosphere state due to ionospheric
plasma motion in the geomagnetic field or as a result
of a change in its ionization in the zone of flowing of
ionospheric currents is accompanied by geomagnetic
field variations. Consequently, a tsunami wave gener-
ates a geomagnetic field disturbance that is formed not
only by the electric current in the marine environment
but also by the current in the ionosphere. The electric
current arises in the marine environment due to its
motion in the tsunami wave in the geomagnetic field.
The electric current in the ionosphere arises as a result
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of its motion in the AGW in the geomagnetic field.
This wave is generated by vertical displacement of the
surface of marine environment due to the tsunami
wave propagation. The AGW then propagates through
the atmosphere upwards, to the ionosphere. The elec-
tric current amplitude, both in the marine environ-
ment and in the ionosphere, is proportional to the
product of the conductivity and the velocity of motion
of each of these media. Although the marine environ-
ment conductivity exceeds the ionosphere conduc-
tance by three to four orders of magnitude, the velocity
of the motion of the conductive ionosphere is three to
four orders of magnitude higher than the velocity of
the motion of the marine environment in the tsunami
wave. It is caused by the exponential growth of the gas
velocity in the AGW during its upward propagation. As
shown below, the value of the current density in the
ionosphere is comparable to or higher than the current
density in the marine environment. In addition, the
interaction of currents due to the mutual inductance
of the conductive ionosphere and marine environment
is possible. In the work, the aforementioned mecha-
nisms of the formation of the geomagnetic field distur-
bance are analyzed. A model of a medium with a ver-
tical magnetic field is used to estimate the contribution
of each mechanism to the disturbance amplitude. In
the context of this model, less cumbersome expres-
sions can be derived; they make it possible to analyze
visually each mechanism of generation and to com-
pare its efficiency and also to understand the influence
of the medium parameters on signal formation.

2. EQUATIONS
OF AN ELECTROMAGNETIC FIELD

We consider a model of the generation of geomag-
netic disturbances by a tsunami wave; the scheme of
the currents forming in it is given in Fig. 1. The left-
hand side of the figure gives the currents in the marine
environment and ionosphere, which are connected by
means of the longitudinal current to the current in the
conjugate ionosphere in the right-hand side of the fig-
ure. We introduce the right-handed Cartesian coordi-
nate system with the z axis directed upward vertically.
The x axis coincides with the direction of tsunami-
wave propagation. We locate the origin of coordinates
on the marine environment surface. The geomagnetic
field B, is directed upward vertically. The marine envi-
ronment is located in the layer -4 < z < 0. Its conduc-
tivity 6, is independent of depth. The maximum of'the
thin conductive ionospheric layer is located at a height
of z = z;; the ionospheric conductance is character-
ized by the conductivity tensor 6. The magnetosphere,
in which conductivities across the magnetic field are
zero, is located above the ionosphere. The noncon-
ductive atmosphere is between the marine environ-
ment and the ionosphere. The bottom rocks are
located in the semispace beneath the marine environ-
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ment bed, z < —h; the rocks’ conductivity is disre-
garded in comparison to the conductivity of marine
environment. The motion of a conductive medium in
the geomagnetic field leads to the generation of an
electric current with the density j and to the magnetic
field disturbance b = B — B,,. The electric field E and
magnetic field disturbance b are determined from the
Maxwell equation system, in which the bias current is
ignored in comparison to the conduction current j;

V xb = j; VxE:—%—b;

t
where |, is the permeability, while the conduction-
current density j is determined from the Ohm’s law for
moving media. Since the magnetic field disturbance is
small, b <€ B, then the current in the marine environ-
ment is defined by Ohm’s law

i=o0,(E+VxB,), 2)

V.b=0, (1)

where V (r,?) is the fluid velocity field in the tsunami
wave. Let us consider an electromagnetic disturbance
generated by a tsunami wave propagating in the plane
(x,z). Believing that 8/ dy = 0, we derive equations for
component £, of the electric field disturbance in the
marine environment:

oF d

O’E, J’E, , v
— = B, —=. 3
axz azz l'"OGW at l'"OGW 0 at ( )

The skin-layer value in the marine environment is

equal to ,/1:/ 21,0, = 10 km, which considerably
exceeds the marine environment depth. The value
T = 10 min of the period of the electric field change,
which coincided with the tsunami-wave period, was
used for estimation, and the value of the marine environ-
ment conductivity G, =3 S/ m was chosen. Conse-
quently, the electric field in the marine environment var-
ies only slightly with respect to its depth. Additionally, the
horizontal component of the velocity in the tsunami
wave is almost constant over the marine environment
depth. This makes it possible to integrate Eq. (3) with
respect to height under the condition /4 = const;
h — 0 and to derive the boundary condition for com-
ponent E, with transition through the thin conductive
layer of the marine environment. As a result we obtain

aEy oE p)
— U, —2 = U, X, B, =V.(x,0,1);
{az }z—o W2y Y Moy Oat +(x,0,7)

£}, =0,

where X, = 0,4 is the integral conductivity of the
marine environment and braces { . } denote the differ-
ence in the value of quantities at the upper and lower
boundaries of the conductive layer.

We consider the field in the ionosphere generated
by an AGW due to its propagation upward from the
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Fig. 1. Scheme of the formation of a system of currents:
(1) conductive layer in the lower ionosphere; (2) conduc-
tive layer in the conjugate ionosphere; (3) marine environ-
ment; (4) tsunami wave; (5) acoustic-gravity wave;
(6) electric current in the marine environment; (7) iono-
spheric disturbance; (&) longitudinal current in the upper
ionosphere and magnetosphere; (9) electric current in the
ionosphere and in the conjugate ionosphere; and (/0) sat-
ellite trajectory.

marine environment surface, which is disturbed by the
tsunami wave. Ohm’s law in the ionosphere is written as

cp Oy O
j=6(E+vxB;); 6=|-04 Op 0 |, 5)
0 0 o

where Gp, 0y, and G,, are the conductivities of Peder-
sen, Hall, and the longitudinal conductivity of the
ionospheric plasma and v (r,7) is the gas velocity in the
AGW propagating from the atmosphere. Since
O, > Opy, in the ionosphere, then, admitting (5)
0, — oo, we derive £, = 0. Substituting Ohm’s law (5)
in the Maxwell equations (1), we obtain the equation
of'the horizontal component of the electric field in the

ionosphere
82E2y + azf;'y S Th (_GH aﬂ +0p aﬂ]
ox 0z ; ot ot (6)
= —1Op B, %

We believe the conductivities 6p and 6y differ from
zero in the lower ionosphere layer with a thickness of
~30 km, reaching a maximum at a height of ~120 km.
Taking the values of the ionosphere conductance to be

equal to opyy = 3 X 107 S/m, we obtain the skin-layer
value ’C/ 2T Op y = 10° km, which considerably
exceeds the conductive layer thickness. Consequently,
the horizontal field component remains unchanged in

the vertical direction inside the conductive layer. This
allows Eq. (6) to be replaced by boundary conditions
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during the transition through the conductive iono-
spheric layer by means of its integration over the verti-
cal coordinate. The height dependence of the conduc-
tivity can formally be substituted by the 6 function at
the point of its maximum. We introduce the integral
conductivities of Pedersen and Hall by the formulas

Opn = Zpud(2—2); Zpy = J-GP,H (z)dz.
Substituting this equality to Eq. (6) and integrating

with respect to z, we derive the boundary condition on
the thin conductive layer of the ionosphere

oE )
{gﬁﬂ—MgG%&+2ﬂn

d
= —UoBZp 5‘/)6 (x, Zl»’); {Ey}z=z] =0.

(7

In Eq. (7), we exclude the component F, taking
advantage of the equation of continuity of the iono-
spheric current: V - j = 0. Let us integrate this equality
over the depth of the conductive ionospheric layer:

%[ZPEX +ZyE, — ZyByv, (X, 2,1)] (8)
= ~[Jj.(z +0) = j.(z = 0)] = =iy,

where ji, = j.(z; + 0) is the longitudinal current flow-
ing from the ionosphere upward to the magnetosphere
and the current on the lower ionosphere boundary is
zero: j.(z; —0) = 0. Due to the high conductivity of
the magnetosphere along the magnetic lines of force,
the longitudinal current in the magnetosphere flows
along magnetic lines of force and is closed on the con-
ductive layer of the conjugate ionosphere, as shown in
Fig. 1. In the quasi-static approximation, the electric
field in the upper ionosphere and magnetosphere is
determined from the second equation of system (1):
Vx(VxE) =0, the components of which have the
form

IE, _, OE, . IE, _

07’ x> 97
From these equations it follows that component £, is
transported along the lines of force of the geomagnetic
field to the conjugate ionosphere, remaining unchanged,
while the component E|, decreases upwards at distances
from the ionosphere on the order of the horizontal
scale of the tsunami. Since this scale amounts to hun-
dreds of kilometers, component E, does not reach the
conjugate ionosphere. The properties of component
E_ in the magnetosphere are determined by the quasi-
stationary limit of the directed Alfvén wave, while the
E, component properties are determined by the quasi-
stationary limit of the magnetosonic wave. Let us write

Eq. (8) in the conjugate ionosphere, to which the lon-
gitudinal current is transported without a change:

0; 0.
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iZPEX = Ju- 9
ox
Summing and subtracting Egs. (8) and (9), we
derive

b
E . =-—8E -v (x2z2,0)B];
22})[ y ( 1 ) 0]
. 2y 0
=———|F, —v,.(x,2,1) By|.
Ji1 28x[ y ( 1 ) o]

Substituting the first formula from (10) to the
boundary condition on the ionosphere (7) and assum-
ing a dependence of field components on x and 7in the
form exp (ikx —imt), we transform boundary condi-
tions (4) and (7) for the field component Ein the
marine environment and in the ionosphere:

(10)

dz
= iU Z By, (k, z,0); {E,}_ =0,

dE
{_y} +iows, E, (0)
dZ 7=0
iQ)MOZWBOVx(k: 01 ('0)3 {Ey}z:O =0.
T =%, +34/25,

dE
{_y} + im“ozcEy (Zl)
=3

(1)

The electric field in the atmosphere and beneath
the marine environment, in the earth, is determined
by the equations of system (1), in which j = 0. In the
upper ionosphere and magnetosphere, the electric
field is defined by Egs. (1) and (5), in which v = 0 and
components of the conductivity tensor 6, = 6, = 0.
For component E, in three media, we have the equation

2
d°E,
a’z2

The solution to this equation is

—K’E, =0.

y

7>z e, =cexp(—kz)
0<z<g e, =0 exp(kz) +¢ CXP(—kZ)
7<0 e, =c,exp(kz),

where ¢, , are the arbitrary constants, which are found
by the substitution of solutions into the boundary con-
ditions (11). The components of the magnetic field
disturbance are determined from the second equation
of system (11):

k

i dE
i
——; b, ==F,

b, = ;
o dz 0

Defining the constants, we derive the expressions
for the components of the magnetic field disturbance

in the atmospheric layer 0 < z < z; as
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b, (k,w,z)
= By [ vk, 0, 2)Fi(k, 0,2) =V, (k O F (K, 0,2) ,
b, (k,®,z)
= ~iBy [ v.(k. 0 2)F. (k. 0.2) + V. (k. 0)F" (k. 0.2) ]

12)

where v (k,®,z) is the horizontal gas velocity in the

AGW at the ionospheric height and V_ (k, ®) is the hor-
izontal component of the marine environment veloc-
ity in the tsunami wave. In the equalities in (12), the
following designations are introduced:

u,e Fil/k)e™
uu, e + (o k)'e ™’
ue @ 3 i(0/ kye =

e + (w/ k) e
u = ¢, —iofk; u, =c, —io/k;

¢ = 2/Hozc§ Cy = 2/“'Ozw )

where the sign (—) corresponds to the x component,
while the sign (+) corresponds to the z component.
Assuming in (12) that X, = 0;¢; — oo, we find the
expression for the component of the magnetic field
disturbance generated by the tsunami wave without
the ionospheric influence:

Fl (k,0,7) =

F(k,o7) =

bk, ,2) = —B, WW, o).

¢, —im

This expression coincides with the equality derived
by Wang and Liu (2013), in which the mechanism of
the generation of magnetic field disturbances by a tsu-
nami wave is discussed.

We consider the geomagnetic field disturbance in
the upper ionosphere and magnetosphere, which
arises due to tsunami-wave propagation in the marine
environment. The occurrence of this disturbance is
associated with the generation of lateral currents and
the longitudinal current in the ionosphere by means of
motion of the neutral component. The mechanism of
longitudinal current formation during the motion of a
neutral component of the ionosphere was considered
by Pokhotelov et al. (1999). The AGW acoustic branch
is generated in the model of hydrodynamic distur-
bance given above. This branch produces a longitudi-
nal current that is proportional to the integral Hall’s
conductivity of the ionosphere X,. In the height

region of z > z,, from the first equation of system (1),

we have

0b,(x, t)'
ox

As shown below, the inequality is valid in the iono-
sphere: E, < E,. Consequently, in the formulas in (10),
we can disregard the component £,

Wojii(x,7) = (13)
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E,(x.20) = 2550y (x,5,0);
22p - ) (14)
. 1 v (x, 2,1
Jin(x,2,1) = ~Zy By —=22
2 ox

It should be noted that the formulas in (14) are
derived for the specific model considered in this work.
In the more general case, the additional contribution
to the longitudinal current is made by the AGW gravity
branch, which is related to the Pedersen conductivity
(Pokhotelov et al., 1999). From Egs. (13) and (14), we
obtain the spatiotemporal distribution of the ampli-
tude of disturbance of the geomagnetic and electric
fields in the upper ionosphere and magnetosphere:

1
by(xs t) = EHOZHBOVx(xa zlst);

12 b (x.1).

0<~P

(15)

E (x,t) =

From (15) it follows that the geomagnetic field dis-
turbance and the electric field in the height region of
z > z; are generated mainly by gas motion in the con-
ductive layer of the lower ionosphere.

3. GENERATION
OF AN ACOUSTIC-GRAVITY WAVE

We consider AGW generation and propagation in
the atmosphere, which is generated by the rise of the
water-surface in a tsunami wave propagating in the
ocean. The equation determining the gas velocity
v(r,7) in the AGW propagating in the strato-nonuni-
form isothermal atmosphere in the linear approxima-
tion and in the absence of the wind has the form
(Nappo, 2002; Gershman, 1974)

2
%=V(c2V~v+g~v)+(y—1)g(V~v), (16)
where <y=14 is the adiabatic exponent;

c= yp/p = const is the speed of sound; p, p are the

atmosphere pressure and density; and g = —ge_ is the
free-fall acceleration. The equations that determine
the vertical and horizontal velocity components for
the spatiotemporal dependence of the form

exp (—iot + ikx) follow from (16):

2 5 o
-t o

dz z c ) (17)
v :L(&_L)

* kz—mz/c2 dz vH)

where H = cz/yg is the height of the homogeneous

atmosphere and ®, = /(Y- 1)g / ¢ is the Brunt—Vaisala
frequency. The general solution to Eq. (17) has the form
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v, (k,z,®) = exp (i) [Aexp(igz) + Bexp(—igz)]

2 2
(O] 2 ('Og 1
g= L+ K| =-1]-—
\/c2 (0)2 } 4H?

On the marine environment surface, z = 0, we have
A+ B =v,(k,0,0), where v, (k,0,m) is the vertical
component of the AGW velocity on the marine envi-
ronment surface. The constants 4, B in Eq. (18) are
determined from the condition of the positive value of
the averaged vertical AGW-energy flux. This condi-
tion is considered in the Appendix. According to the
results derived in the Appendix, solution (18) of the
equations in (17) for the vertical and horizontal com-
ponents of the AGW velocity is defined by Eq. (A8) of
the Appendix:

(18)

v. (k,z,0) = v, (k,0,)exp (iKz + é)’

k(T —iK
v, (k, z,0) = —iv.(k,0, m)k(—’)

2 —0)2/c2
X exp(iKz +L),
2H
K =-sgn(m)qk,0); T =(2 —y)/2yH.

The vertical velocity component in the AGW on
the marine environment surface coincides with the
vertical velocity component of the fluid on this surface
in the tsunami wave:

v, (k,0,0) = V, (k,0,0). (20)

Let us express the vertical and horizontal components
of the velocity in the tsunami wave on the marine envi-
ronment surface, V,(k,0,w), V_(k,0,®), by its displace-
ment &(k,w). Since V,(x,z = 0,) = 0&(x,7)/0¢, then
we derive the equality V, (k,0,w) = —iwg(k,w). To
determine the horizontal component of the marine
environment velocity in the tsunami wave, we take
advantage of the incompressibility condition
V -V =0, which, for the components, has the form
ikV (k,z,00) = —dV (k,z, 0))/ dz. Pelinovsky (2006)
showed that, in the approximation of shallow water,
kh <1, and small surface displacements, &/ h <1, the
horizontal component of the velocity in the tsunami
wave remains unchanged over the depth. Consequently,
the vertical velocity component depends linearly on
depth: V, (k,z,0) =V, (k,0,0) (1 + z/h). Asaresult, we
obtain the sought relation between velocity compo-
nents in the tsunami wave and the displacement of the
marine environment surface:

V. (k,0,0) = o&(k,w)/kh;
V.(k,0,0) = —i0E(k, ®).

Substituting Egs. (20) and (21) in (19), we derive
the expression for the horizontal component of the gas

(19)

(21
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velocity in the AGW in the ionosphere at the height
=3
Vx (k 515 (D)

= —&(k,m)cl:f(_r—o;;?exp(% + iKz,). (22)

4. GEOMAGNETIC DISTURBANCES
GENERATED BY A TSUNAMI WAVE

Tsunami waves are long surface gravity waves,
kh <1, which propagate without dispersion at the

velocity a = +/gh. Let a tsunami wave propagate in the
positive direction of the x axis. We choose the spatio-
temporal dependence of the vertical displacement of
the marine environment surface in the wave
€ = &(x — at) in the form
g .
E(x,t) =——==2——; a=4gh
cosh” y (x — at)
Applying the Fourier transform to this formula, we
derive

E(k,w) =2nEG (k) S (o — ka);
G (k) = T @)
X sinh (mk/2y)
where &, is the maximum vertical displacement of the
marine environment surface in the wave.

To obtain the spatiotemporal distribution of the gas
velocity in the AGW generated by the tsunami wave,
we substitute expression (23) into Egs. (19)—(21) and
apply the inverse Fourier transform. Integrating with
respect to m, k with allowance for a choice of the ¢
sign, we derive

Vee(x%,2,1) = iReJ‘VX,Z (k,z)explik (x — at)dk,
0

Vy (k,z) = _agoG(k)l ~ h/YH 2H

V. (k,z) = —ia&yk G(k)exp (ﬁ - iqz).

Expressions (24) allow the regularities of AGW prop-
agation in the atmosphere to be analyzed. Figure 2 pres-
ents the distribution of the vertical component of the gas
velocity in the vertical plane (x,z) at the time moment
t = x/a. The function W (x,z) = v (x,z)exp(—z/2H)
is calculated with Eq. (24). From the plots it follows
that the AGW propagates upward in the atmosphere
above the tsunami-wave region. Its amplitude in the
ionosphere reaches a value on the order of 10 m/s.

Let us consider the magnetic field disturbance in
the atmosphere. We substitute Egs. (21)—(23) to (12)
and apply the inverse Fourier transform. Then, inte-
grating with respect to m,k with allowance for the
choice of g sign, we derive the spatiotemporal distribu-
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tion of components of the magnetic field disturbance
in the atmospheric layer from the marine environment
surface up to the ionosphere:

b, (x,2,1) = %CRGIEC’Z (k,z)explik (x — at)Jdk,
0

b, (k,z) =-B, gaG(k) [MCXP (i - iqzl)

h 1-h/yH ~\2H
X F!(k,ka,z) + F)' (k,ka,z)], (25)
= 1 Eo h(T +iq) (zl , j
b, (k,z) =—iBy,=aG(k)| ————=exp| —— — iqz,
. (k.2) = —iBy 2 aG(k) = P\ 1

X F! (k,ka,z)+ F" (k,ka,z)].

It should be noted that the inequality 1 — h/ YH >0
always takes place in the terrestrial atmosphere and
marine environments. This condition implies that the
tsunami-wave velocity is smaller than the speed of sound
in the atmosphere. The functions F, (k,ka,z) and the

vertical wavenumber ¢ (k, ka), when entering (25), have

the form

N "
(¢, —ia)e™ Fiae ™
kz

Fy (k.ka,2) = ;
* (¢, —ia)(c; —ia) e +a’e™
Y (c- _ ia) ek(zl—Z) —k(z~2)

X,z

Fiae
(c, —ia)(c, —ia)e"™ +a’e™

q:\/(y_l)_%—(l—ijkz.
YhH 4H YH

Let us perform estimations of quantities in (26).
Believing that %, =10S, hA=10"m, we derive

(26)

¢ =2x10° m/s and a = 10 m/s. Consequently, the
formulas in (26) can be simplified to take advantage of
the inequality ¢; > a:

Fl(k ka,2) = TpeS.expl-k (g - 2):

_ (27)
v _exp(—kz)

we (c, —ia)’
Substituting (27) into (25), we derive formulas to

calculate components of the geomagnetic field distur-
bance in the form

. (k.2) = -B, %[cb,-(k, D+ 0,k 2);

B (k.z) = —iB, %[—dz-(k,z) + (K, 2)]:

ahp,%, exp(z,/2H)
2(1—h/yH)

X G(k) (T +iq)exp[—k (z, — z) —iqz];

aexp (—kz)

¢, —ia

D, (k,z2) =

(28)

@, (k,2) = G(k)

GEOMAGNETISM AND AERONOMY  Vol. 59 No.2

227

Z, km

80

40

-

—200 0

0
—600 —400 200 400 600

X, km
W, m/s
0.002

—0.002 —0.001 0 0.001

Fig. 2. Calculated spatial distribution of the function
W (x,z) in the vertical plane of atmosphere. The parame-
ter values xy = 100km and 4 =3km are chosen for the
calculation.

From (28) it follows that a disturbance of the geo-
magnetic field generated by a tsunami wave in the
atmosphere is composed of two sources. The first
source, which is determined by the function®,(k, z), is
the ionospheric current, which arises when the AGW
propagates in the ionosphere, while the second
source, which is determined by the function ® (k, z),
is the current that arises when the marine environment
moves in the tsunami wave. Let us compare the cur-
rent values. To estimate the ratio of current values in
the ionosphere and the marine environment, we
choose the function ®,(k, z) at the point 7 = z;, while
the function ® ,(k,z) is chosen at the point z = 0.

Believing that £ < 1/ VhH , we obtain from (28)

@, s,
||q>_| ~ \/%Z—exp(zl/ZH).

Assuming Xp =Xy =10 S,6, =4 S/m, A =1km,
¥, =4x10°S,z =120km, H =8 km,and %, =15 S,

we derive
>
"%Z—CCXP(ZI/ZH) ~ 3.

w

Consequently, the amplitudes of the geomagnetic
field disturbances, which are generated by the motion
of the marine environment in the tsunami wave and
the motion of the ionosphere in the AGW, are compa-
rable in magnitude. It should be noted that the value of
the integral conductivity under daylight conditions is
chosen for estimation. In the nighttime ionosphere,
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Fig. 3. Calculated horizontal distribution of components of the geomagnetic field disturbance on the marine environment sur-
face. The magnetic field disturbances generated by the electric field in the marine environment are denoted by the dashed line.
The solid line designates the magnetic field disturbances generated by electric currents in the ionosphere and in the marine envi-

ronment. The following parameter values are chosen for calculations: (a) xq = 100km, 2 = 1km; (b) x5 = 300km, 4 = 3km.

the integral conductivity is an order of magnitude
smaller and, consequently, the contribution from the
current flowing in the ionosphere to the observed
magnetic field disturbance decreases. Assuming
X. = 0 in (28), we derive the spatiotemporal distribution
of the magnetic field disturbance over the marine envi-
ronment surface without the ionospheric influence:
b, (x,2,1) = —BOQRe —a_
Tth ¢, —ia
x [ G (k) explik (x — ar) - ke {
‘ _ (29)
b, (x,z,t) = —B, iRe {L
Tth ¢, —ia

X TG (k)explik (x — at) — kzldk .

The amplitudes of disturbances of the geomagnetic
field generated by currents in the ionosphere and the

GEOMAGNETISM AND AERONOMY  Vol. 59

marine environment are calculated with the formulas
from (25). For comparison, the amplitude of a distur-
bance of the geomagnetic field generated by a current in
the marine environment without the ionospheric influ-
ence are calculated with Eq. (29). The following param-

eter values are chosen: B, = 5x107° T, 6, = 4 S/m, the
maximum amplitude of the tsunami wave &, = 0.5 m,
the speed of sound in the atmosphere ¢ = 330 m/ S,
the integral conductivities of the ionosphere
Yp =X, =10 S, the maximum height of the conduc-
tive layer of the ionosphere z; =120km, and the
height of the homogeneous atmosphere H = 8km.
Figure 3 shows the spatial distribution of components
of the geomagnetic field disturbance on the marine
environment surface for its different depths and vari-
ous horizontal scales of the tsunami wave. From plots
it follows that the occurrence of the current in the ion-
osphere keeps the nature of the temporal dependence
of the amplitudes of components of the geomagnetic
field disturbance over the marine environment sur-

No.2 2019



GENERATION OF GEOMAGNETIC DISTURBANCES

Il Il
—1000 0 1000

2000

229

(@)

-2

(b)
10

Il
0 1000 2000

8

Il Il
—1000 0 1000

X, km

2000

Il Il
—1000 0 1000

X, km

2000

Fig. 4. Calculated horizontal distribution of components of the geomagnetic field disturbance in the ionosphere at a height of 120 km.

The dashed line denotes the magnetic field disturbances generat

ed by an electric current in the marine environment. The mag-

netic field disturbances generated by electric currents in the ionosphere and the marine environment are designated by the solid
line. The following values of parameters are chosen for calculations: (a) xy = 100 km, 2 = 1km; (b) x; =300km, 4 = 3kM™m.

face. However, with growth in the horizontal scale of
tsunami wave and the marine environment depth, the
ionospheric current increases the disturbance ampli-
tude by five times. Figure 4 demonstrates the spatial
distribution of components of the geomagnetic field
disturbance in the ionosphere at a conductivity-maxi-
mum height of 120 km for different depths of the
marine environment and various horizontal scales of
the tsunami wave. From the plots it follows that allow-
ance for the ionospheric current leads to an increase in
the signal amplitude by a factor of 4—5. With an
increase in the horizontal scale and the depth of
marine environment, the nature of the temporal
dependence of the disturbance amplitude is main-
tained. However, with a decrease in these parameters,
a qualitative change in temporal characteristics of sig-
nals occurs. Namely, allowance for the ionospheric
current results in a sign reversal of the horizontal com-
ponent of the geomagnetic field disturbance in com-
parison to the unipolar temporal dependence, whereas
the vertical component of the disturbance becomes
unipolar. Figure 5 presents the spatial distribution of
the component of the geomagnetic field disturbance

GEOMAGNETISM AND AERONOMY  Vol. 59 No.2

generated by the tsunami wave in the vertical plane of the
atmosphere. From the figure it follows that allowance for
the ionospheric current leads to a fundamental change in
the height dependence of the amplitude of a disturbance
in the Earth—ionosphere layer. Its value reaches 1—10 nT
and does not decrease with height.

In the upper ionosphere and magnetosphere, the

geomagnetic field component b,, which is generated
by the AGW according to Eq. (15), differs from zero.
Substituting (24) to (15), we derive

(x,1) = 1R J (k)exp[ik (x — at)ldk;
L 0
ob,(x,t
Ex(-xat) = by(.x,t); jll(-xat) = LL
I'LOEP Wo ox (30)
Ey (k) = —%BouoiyaéoG(k)
I'+iq ( L )
l_h/'YHexp 2H 4121
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Fig. 5. Calculated spatial distribution of the component b, of the geomagnetic disturbance in the vertical plane of the Earth-ion-
osphere layer: (a) geomagnetic disturbance generated by an electric current in the marine environment; (b) geomagnetic distur-
bance generated by electric currents in the ionosphere and in the marine environment. The following parameter values are cho-

sen: xy = 300km, 4 = 3km.

The formulas in (30) make it possible to calculate
the spatiotemporal distribution of the geomagnetic
field disturbance, the electric field, and the longitudi-
nal current in the upper ionosphere and magneto-
sphere. Figure 6 presents results of calculation of the
geomagnetic field disturbance and the longitudinal
current. From the plots it follows that an increase in
the marine environment depth leads to an increase in
the horizontal scale of the longitudinal current and its
magnetic field. The magnetic field amplitude can
reach values on the order of 10 nT, while the longitu-
dinal current amplitude reaches a value of

jll = 8)(10_8 A/mz.

Let us estimate the value of the electric field com-
ponents in the region of z > z. From the equation
V X E = —db/dr and the condition 9/dr = —ad/0x, we
derive E, =ab,. From the plots it follows that
b, ~1-10 nT at heights of the ionosphere. Assuming
a =100 m/s, we obtain £, =0.1-1.0 uV/m. From
the plots in Fig. 6, it follows that b, = 10 nT. Assuming

GEOMAGNETISM AND AERONOMY  Vol. 59

Xp = 1-10 S, from (30) we derive £, = 1—10 mV/m.
Consequently, in (10), we can disregard the quantity
E, < E,. From (14) it follows that E, =1 uV/m,

E, ~10 mV/m, j;, =10™ A/m”. It should be noted
that the value of component E, is derived from the
electrostatic approximation, while E, is generated by
the induction effects and vanishes in the electrostatic
approximation (E, = —0¢/dy = 0). The given estima-
tions show that component b, of the magnetic field of
the longitudinal current and component E, of the
electric field in the upper ionosphere and magneto-

sphere, which are generated by tsunami-wave motion,
are totally measurable by satellite methods.

5. CONCLUSIONS

When data on the recording of disturbances of the
geomagnetic field generated by the tsunami wave are
analyzed, it is believed, as a rule, that an electric cur-
rent flowing in the marine environment due to its
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Fig. 6. Calculated amplitudes of the component b, of geomagnetic field disturbance and the longitudinal current in the upper
ionosphere and magnetosphere as functions of the coordinate x with a marine environment depth of: (left panel) 1 km; (right
panel) 3 km. The following parameters are chosen for calculations: x, = 100 km (solid lines); x; = 300 km (dashed lines).

motion in a tsunami wave serves a source of these dis-
turbances. In this work, it is shown that, in addition to
this current, the ionospheric electric current is also a
source of the geomagnetic field disturbance. The ion-
ospheric current arises due to the occurrence of the
AGW propagating from the atmosphere on the iono-
sphere. The source of the wave is a vertical displace-
ment of the surface of marine environment during tsu-
nami-wave propagation in it. Although the iono-
spheric conductance is considerably smaller than the
conductivity of the marine environment, the value of
the ionospheric current may exceed the current in the
marine environment due to exponential growth in the
AGW amplitude during its upward propagation. The
maximum amplitude of the geomagnetic field distur-
bance reaches values of 1—10 nT. This estimate is
obtained for the daylight ionosphere. In the nighttime
ionosphere, the integral conductivity decreases by an
order of magnitude, which leads to a reduction of the
contribution to the observed signal of the magnetic
field of the current generated in the ionosphere as a
result of the occurrence of the AGW on the iono-
sphere.

The presence of an electric current in the iono-
sphere considerably changes the disturbance charac-
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teristics of the geomagnetic field generated by the tsu-
nami wave. The appearance of a current in the iono-
sphere keeps the nature of the temporal dependence of
amplitudes of components of the geomagnetic field
disturbance over the marine environment surface.
With an increase in the horizontal scale of the tsunami
wave and in the marine environment depth, there is a
five-fold increase in the disturbance amplitude by the
ionospheric current. Allowance for the ionospheric
current leads to an increase in the signal amplitude by
a factor of 4—5 at ionospheric heights. With an
increase in the horizontal scale and the depth of
marine environment, the nature of the temporal
dependence of the disturbance amplitude remains
unchanged. However, with a decrease in these param-
eters, there is a qualitative variation in the time
response of the signals. Namely, allowance for the ion-
ospheric current leads to sign reversal in the horizontal
component of the geomagnetic field disturbance in
comparison with the unipolar temporal dependence,
whereas the vertical disturbance component becomes
unipolar. In addition, the height dependence of the
disturbance amplitude in the Earth—ionosphere layer
is changed. Its magnitude reaches a value of 1—10 nT
and does not decrease with height.
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In this work, it was shown that the tsunami-gener-
ated ionospheric electric current is closed on the con-
jugate ionosphere by means of longitudinal currents.
In this case, lateral components of the magnetic and
electric fields arise in the upper ionosphere and mag-
netosphere. The amplitude of the magnetic field and
longitudinal current may reach values on the order of

10 nT and 107 A/m2 , while the electric field ampli-
tude reaches a value of 10 mV/m. An increase in the
marine environment depth leads to an increase in the
horizontal scale of the longitudinal current and its
magnetic field. The values of amplitudes of the distur-
bance of the magnetic and electric fields in the upper
ionosphere and magnetosphere, which are generated
by the tsunami-wave motion, are easily measurable by
satellite methods. This allows a conclusion to be
drawn on the possible monitoring a tsunami wave by
space methods.

APPENDIX

We consider an atmospheric AGW generated by the
uplift of the surface of the marine environment. Let
the horizontal and vertical components of the velocity

v = (v,,0,v.) in the AGW and also the pressure distur-
bance p depend on x,¢ according to the harmonic law:

vi(x,2,1) = U (z) exp (—iot + ikx),
v.(x,2,1) = W (z)exp(—iot + ikx),
p = P(z)exp(—iot + ikx).

(AD)

The physically meaningful quantities are deter-
mined by the real parts of complex expressions (Al).
The wave-energy flux is defined by the formula
S =Re(p)Re(v) (Yeh and Liu, 1974). Since the
energy of the wave propagates from its source, then the
S vertical component, averaged over x,7, should be
positive:

1

S. =(Re(p)Re(v,)),, = ERe(PW*) >0. (A2

The pressure disturbance in the wave is found from
the equation of motion

v, __dp
ot ox

From this equation, we derive the equality

Po

n —
P= %U; po(z) = pexp(-2z/H), (A3)
where p is the sea-level atmospheric density. Substi-
tuting (A3) into (A2), we obtain the dependence of the
vertical component of the wave-energy flux density on

velocity components:

s, = 2P Re (UW*)exp(

© 2k ~z/H).

(A4)
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According to Egs. (17) and (18), the height depen-
dence of velocity components in the wave is written as

W = (Aei"z + Bef""z);

U = el (0de™ — orBe™) (A5)
o = —ik (T —ig)/(k* - 0’/ ).
Substituting (AS) to (A4), we derive
_ pow 2 2
S, = —kRe[oc|A| o Bf']
(A6)

(147 - 18).

2k o / )
The AGW source is the tsunami-induced displace-
ment of the marine environment surface, which moves

at the phase velocity u)/ k = a along the x axis. Substitut-
ing ® = ka into the denominator of expression (A6), we
derive 1-— 0)2/ (Czkz) =1- az/ > >0. Consequently,
expression (A6) can be simplified:

RRETE (1 / )(| o) A7

Equality (A7) allows us to obtain the condition
under which the vertical component of the energy flux

density is positive, S, > 0:
=v,(k,0,0); B =0 with sgn(®) <0
A=0; B=v,(k,0,m) with sgn(®) > 0.

From here it follows that the radiation condition is
determined only by the sign of ® and that the solution (18)
to Eq. (17) takes the form

v. (k,z,0) =
K =—sgn(m)q(k,m).

v, (k,0,0)exp (le + —)

2H (A8)
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