Progress In Electromagnetics Research B, Vol. 85, 49—63, 2019

Geomagnetic Field Perturbations Resulted from Tsunami Wave
Impact on the Ionosphere

Valery M. Sorokin, Alexey K. Yashchenko, and Vadim V. Surkov"

Abstract—The generation mechanism of the geomagnetic field perturbations associated with tsunami
wave propagation in ocean is examined. The geomagnetic perturbations are produced by electric
currents generated in both the seawater and conductive layers of the ionosphere. The electric current
in conductive seawater is caused by the seawater motion due to tsunami wave propagation whereas
the current in the ionospheric plasma is generated by acoustic gravity wave (AGW) incident on the
ionosphere from the atmosphere. The AGW is originated from vertical displacements of seawater
surface due to the tsunami wave propagation. Although the ionospheric plasma conductivity is much
lower than the seawater conductivity, the electric current in the ionosphere can be greater than that
in the seawater due to an exponential increase of amplitude of the upward-propagating AGW. Our
calculations are indicative of the possibility of space monitoring of tsunami wave based on onboard
measurements of the geomagnetic field perturbations.

1. INTRODUCTION

A possibility of the tsunami wave detection by using the monitoring of the ionospheric perturbations
was first discussed by Peltier and Hines [1]. The excitation of the ionospheric disturbances was assumed
to be due to tsunami-induced acoustic gravity wave (AGW) propagating upward in the atmosphere
from the ocean surface up to the ionospheric altitudes. The technique of the ionosphere probing and
network of GPS receivers have been used by Artru et al. [2] to detect the ionospheric perturbations
caused by AGW propagation. The peculiarities of internal gravity waves (IGW) produced by tsunami
waves in the neutral atmosphere and interaction of the IGW with the ionospheric plasma have been
studied by Occhipinti et al. [3]. A net of GPS receivers arranged at Hawaii islands has been used to
detect the changes in total electron content (TEC) possibly associated with earthquakes occurrence [4].
The TEC variations in the ionosphere were observed after earthquakes at the Kuril Islands on 2006
and Samoa Island on 2009 as well as at Chili on 2010. This effect is presumed to be related to the
displacement of seawater surface caused by tsunami wave propagation. The ionospheric perturbations
have been observed during Tohoku-Oki earthquake and tsunami of March 11, 2011 [5]. The TEC
variations in the ionosphere were recorded by using a net of GPS receivers in Japan. These ionospheric
perturbations were found to propagate from the earthquake epicenter at the velocities of 3.4, 1.0 and
0.2-0.3 km/s. The ionospheric perturbations possibly related to tsunami wave have been observed near
Tohoku coast over the Pacific Ocean [6]. The data analysis of the ionospheric TEC perturbations has
indicated that the typical wavelength/vertical scale of the tsunami-induced AGW is about 50 km while
the perturbation region covers the altitude interval of the order of 200 km.

The tsunami-driven motion of the conductive seawater immersed in the geomagnetic field gives
rise to the generation of electric current in the seawater, which in turn results in the geomagnetic
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perturbations (e.g., see [7]). The electromagnetic effect produced by tsunami can be detected on the
seacoast and ocean floor. Toh et al. [8] have reported evidence on the geomagnetic perturbations
associated with two tsunami waves originated from two earthquakes which occurred at the Kuril
Islands on November 15, 2006 and on January 13, 2007, respectively. The measurements at a seafloor
geomagnetic observatory have shown that the horizontal component of the geomagnetic perturbations
had opposite signs during growth and decay of wave. Manoj et al. [9] have reported the ground-based
observations of the geomagnetic perturbations of 1nT amplitude caused by tsunami wave after the
strong Chilean earthquake on February 27, 2010. Wang and Liu [10] have studied the geomagnetic field
variations induced by tsunami waves in open ocean. The theoretical analysis shows that the tsunami
wave of 1m height causes the magnetic perturbation of the order of 10nT on the sea surface. The
amplitude of the perturbation depends on both the wave parameters and orientation of the Earth’s
magnetic field.

The tsunami-produced geomagnetic perturbations are caused by the electric currents generated
in both the seawater and the ionosphere. As we have noted above, the tsunami-driven motion of
the conductive seawater gives rise to the electric current in the seawater whereas the current and
geomagnetic perturbations in the ionospheric plasma are generated by the AGW propagating from the
atmosphere into the ionosphere. The AGW in the atmosphere originates from the vertical displacements
of seawater surface due to tsunami wave propagation. Then AGW propagates upward and penetrates
into the ionosphere thereby exciting the ionospheric plasma motion. Sorokin and Fedorovich [11] have
shown that both the ionospheric plasma motion and the changes in plasma ionization in the area of
ionospheric current flow results in the generation of the geomagnetic field perturbations.

The shape of tsunami wave is determined by the time dependence of sea floor displacement due
to subsea earthquake. In this study we examine the geomagnetic perturbations generated by tsunami
waves, which in turn result from different type of the earthquakes. An idealized model of the medium
with vertical geomagnetic field is constructed in order to avoid complicated expressions and to estimate
the contribution to the total geomagnetic perturbation from the currents flowing in seawater and in
the ionosphere. Our main concern is to demonstrate that, first, the tsunami wave propagation away
from epicenter is accompanied by the generation of electric currents both in the sea medium and in
the ionosphere; second, the ionospheric current gives rise to the magnetic field comparable to the field
originated from the current in the sea medium. At such distance the tsunami wave can be approximated
as a locally one-dimensional wave in linear approximation while all the physical variables can be treated
as stationary fields propagating at the tsunami speed. For example, such approach has been used by
Wei et al. [12]. The model makes it possible to analyze the dependence of the geomagnetic perturbations
on medium parameters and to estimate the effectiveness of different mechanisms for the generation of
these perturbations.

2. ACOUSTIC GRAVITY WAVE CAUSED BY VERTICAL DISPLACEMENT OF
SEAWATER SURFACE

Tsunami waves are long surface gravity waves propagating in the sea medium without dispersion. The
velocity of gravity waves is a = (gh)l/ 2 where h denotes sea depth and g is free fall acceleration. A
Cartesian system is adopted with z-axis directed vertically upward. The origin of the coordinate system
is situated on the sea surface. The direction of tsunami wave propagation is positive parallel to horizontal
x-axis. The tsunami wave is assumed to be due to the seabed displacement caused by subsea earthquake.
The earthquakes can be split into two types depending on whether they have residual displacement of
the seabed or not. The first type is referred to as the class of “piston” earthquakes while the other type
is referred to as “membrane” earthquakes [13,14]. The main property of the “piston” seismic source is
the fast vertical displacement of sea floor followed by the generation of a surface single-polarity gravity
wave and by the formation of residual sea floor displacement. The source of “membrane” type does not
cause the residual displacement; that is, at the beginning of the seismic shock the seabed ascends and
then it descends to its original position. Such a source generates a surface bidirectional gravity wave.
In the long waves approximation the tsunami wave propagates without dispersion. Thus for the seismic
source of the first type we choose the following spatiotemporal dependence of the sea surface vertical
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displacement due to tsunami wave:
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whereas for the second type of sources the vertical displacement is assumed to be
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where &op, om, X, and x,, are given constants. The vertical displacement of the sea surface as a function
of horizontal coordinate is shown in Figure 1 for both types of tsunami sources.
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Figure 1. Vertical displacement of seawater surface caused by “piston” (solid line) and “membrane”
(dashed line) seismic underwater sources.

Applying Fourier transform to the above equations we get:
Epom (k,w) = 2780p,mGp,m (k) 6 (w — ka)

wk .. 1
Gp (k) = b (7Tk/2x); G (k) = —2isin (kzp,) G, (k) 1)
where w is the wave frequency, k the wave number, J(z) denotes Dirac delta function, and &y, the
amplitude of the sea surface vertical displacement. Here the inferior indices p and m correspond to the
waves originated from the sources of “piston” and “membrane” types.

At first, let us study the main properties of the atmospheric AGW generated by the sea surface
displacement due to tsunami wave propagation. Consider a model of the isothermal strato-heterogeneous
atmosphere in the absence of wind. In linear approximation, the equation describing a distribution of
gas velocity v(r,t) in the AGW can be written as [15, 16]:

v

W:V(gv-v—l—g-v)—I—(’y—l)g(V-v), (2)
where v = 1.4 is the adiabatic exponent; ¢ = (ypo/po)"/? = const is the sound velocity in the atmosphere;
po and pg are the undisturbed pressure and density of the atmospheric gas; g = —ge, where e, is the

upward-directed unit vector. If all the functions is assumed to vary with coordinate x and time as
exp(tkx — iwt), then Equation (2) reduces to the following system for vertical v, and horizontal v,
components of the gas velocity:

2 2 :
w o [ Wy ik dv, vy
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where the constant H = c? /g stands for the height of homogeneous atmosphere, and w, = g(y—1)"/2/c
is the Brunt-Vaisala frequency. Equation (3) should be supplemented by the proper boundary

d?v, 1 dv,

a2 Hd:
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conditions. First, we suppose that the vertical component of the AGW-induced air velocity is a given
function at the sea surface level z = 0. The other requirement on the gas velocity is that the vertical
component of energy flux density averaged on x and ¢ has to be positive in the infinity. The implication
here is that on the average, the wave energy has to be transferred upward from the sea surface into
the atmosphere. The solution of Equation (3) under the above conditions is found in Appendix A. The
components of the AGW-induced air velocity are given by

v, (k,z,w) = v, (k,0,w) exp (iKz—f— i) :

2H
. k(T —iK) , .
e 20) = =i (b, 0.0) f5 g exp (1M + 577 )
(4)
2— w2 w2 1 1/2
onH 1T |2 + <w2 > 4H2] :

K = —sgn (w) q(k,w);

where v, (k,0,w) is the vertical component of the air velocity at sea level. The latter value must coincide
with the vertical component V,(k,0,w) of the fluid velocity generated by the tsunami wave at the sea
surface; that is:

vy (k,0,w) =V, (k,0,w). (5)

Now we express the fluid velocity components V,.(k,0,w) and V,(k,0,w) through the tsunami-
induced vertical displacement &, (k,w) of the seawater surface. Taking into account that
Vepm(2,0,t) = 0&p m(z,t)/0t, we obtain V,p (k,0,w) = —iw&, m(k,w). The horizontal component
of the sea medium velocity can be derived under the requirement that the fluid is incompressible; that
is, V-V = 0. The latter equation reduces to ikV,(k, z,w) = —dV,(k, z,w)/dz. Theoretical analysis of the
tsunami wave propagation made by Pelinovsky [17] has shown that in the shallow water approximation,
kh < 1, and under requirement of small displacement of the sea surface, {/h < 1, the horizontal
component of the fluid velocity is independent of depth. Hence, the vertical component of the fluid
velocity is linear with the depth V. (k, z,w) = V,(k,0,w)(1 + z/h). As a result, we obtain the sought
relation between the fluid velocity components at z = 0 and the sea surface displacement in the tsunami
wave:

Vipm(k,0,w) = w&p m(k,w)/kh;  Vipm(k,0,w) = —iwp m(k,w). (6)

Combining Equations (4), (5), and (6), we can find the gas velocity distribution in the ionosphere
resulted from the AGW propagation. In particular, the horizontal component of the gas velocity at the
altitude z = 2; is given by

wk(I' —iK) 21
Vap,m (K, 21,w) = —&pm (k,w) m exp (ﬁ + szl) . (7)

Substituting Equation (1) for &, ., (k,w) into Equations (4)-(6) and then applying inverse Fourier
transform one can derive a spatiotemporal distribution of the gas velocity in the tsunami-induced AGW.
Taking into account the sign of K, integration over w and k gives

1 o0
P (1,2, t) = —Re/v:(vpém) (k, z) exp [ik (z — at)]dk

b 7-{- b

0 (5)
_ I'+iq z o\ 8

(pym) - _ o
’Ux (k7 Z) a&)}hmGp,m(k) 1 _ h/ (")/H) eXp <2H /qu)
. z .

@gpvm) (k,z) = —ialop,mkGpm(k) exp (ﬁ — zqz)

As before, the indices p and m correspond to the “piston” and “membrane” seismic sources.
In what follows Equations (1) and (8) are used as the base for study of AGW propagation in the

atmosphere. The numerical calculations of the functions W), ,,,(z, 2) = o™ (x,2) exp(—z/2H) taken in
vertical plane (z, z) at the time ¢t = z/a are shown in Figure 2. These functions describe the distribution
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Figure 2. Numerical modelling of spatial distributions of functions (a) W (z, z) and (b) W, (z, 2) in
vertical plane in the atmosphere. The numerical values ¢y = 100 km and h = 3km are used.

of the vertical gas velocity without considering the exponential factor exp(—z/2H). It obvious from
Figure 2 that AGW propagates upward in the atmosphere over the area of tsunami wave propagation.
The amplitude of the vertical velocity can reach a value about 10 m/s.

3. EQUATIONS OF ELECTROMAGNETIC FIELD

In this section, we study the geomagnetic perturbations generated by tsunami wave. A model of
the tsunami-driven electric currents is sketched in Figure 3. The electric currents generated in the
sea medium and the ionosphere are shown with lines 6 and 9 on the left side of this figure. The
ionospheric current 9 are closed through the field-aligned current 8 and then through the current in
conjugate ionosphere shown with line 9 on the right side of Figure 3. In this model the undisturbed

N

Figure 3. A schematic plot of the generation of current system. (1) A conducting layer in lower
ionosphere; (2) a conducting layer in conjugate ionosphere; (3) sea medium; (4) tsunami wave;
(5) acoustic gravity wave; (6) electric current in the sea medium; (7) area of perturbation in the
ionosphere; (8) field-aligned current in the upper ionosphere and magnetosphere; (9) electric current in
the ionosphere and conjugate ionosphere.
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geomagnetic field By is pointed upward. The sea medium with constant conductivity o, occupies the
layer —h < z < 0. Let & be the conductivity tensor of the thin conductive gyrotropic layer of the
ionosphere. Maximum of this ionospheric layer is located at the altitude z = z;. The magnetosphere is
situated above the ionospheric layer. In the magnetosphere the conductivity component perpendicular
to the geomagnetic field lines is assumed to be zero. The nonconducting atmosphere is sandwiched
between the sea medium and the ionosphere. The solid rock occupies half space z < —h below the sea
floor. The rock conductivity is presumed to be negligible compared with the seawater conductivity.

The motion of conductive medium in the geomagnetic field results in the generation of electric
current and geomagnetic perturbation b = B — By. In the frequency range of interest the displacement
current can be disregarded since its value is negligible compared with the conduction current. Thus,
Maxwell’s equations for the ionosphere and seawater read

db
V X b = upj; VXE:_E; V-b=0, (9)
where E is the electric field, and pg is the magnetic permeability of free space/magnetic constant. The
conduction current density j can be found from Ohm’s law for moving conductive media. Taking into
account that the magnetic perturbation is small; that is, b < By, then Ohm’s law for the seawater
reduces to

J=0w(E+V xBy), (10)

where V(r,t) is the vector field of mass velocities generated by tsunami wave in the seawater. We
shall consider the case of tsunami wave propagating in (z, z) plane whence it follows that 9/0y = 0.
Rearranging Maxwell’s equations (9) and Ohm’s law (10), we obtain the following equation for the
electric field component £, in the seawater:
O*E, O’E, OE, oV,
_ =Y _ _ B 11
axQ + 822 HOO-UJ 8t IU’OO-UJ 0 8t ( )

The depth of skin layer in the seawater can be estimated as 8 = (7/27pp0y,)"/? where 7 is the typical
period of tsunami wave. Substituting 7 ~ 10 min and the seawater conductivity o,, = 3S/m into the
above relationship we get the value 05 =~ 10 km, which is greater than the sea depth. Consequently, the
electric field in the seawater weakly depends on the depth z. Furthermore, the horizontal component
of the fluid velocity in tsunami wave is practically constant in depth z. In this notation, in order to
derive the boundary condition for the component E, that relates the horizontal electric field just below
and above thin conductive layer of the sea medium, one can formally integrate Equation (11) over the
coordinate z from —h to zero under requirements that A — 0 and o,h = const. As a result we obtain:

oF, oF 0
{a—;}zo - uozwa—ty = —,uoEwBOEVx(x,O,t); {Ey}._,=0, (12)
where ¥, = o,h is the depth integrated conductivity of the seawater, and the braces {...} denotes the
function discontinuity/jump; that is, difference between values of the function taken on the upper and
lower surfaces of the conductive layer.

Consider now the ionospheric perturbations caused by the upward propagating AGW, which in
turn results from the tsunami-driven motion of the sea surface. The Ohm’s law in the ionosphere is
given by

cp og O
j=06(E+vxBgy); 6=| —omw op O , (13)
0 0 o

where o is the field-aligned plasma conductivity; op and oy are the Pedersen and Hall conductivities,
respectively; v(r,t) is the gas velocity in the AGW propagating through the ionosphere. At the
ionospheric altitudes the field-aligned conductivity is much greater than op and op. Assuming that
o — oo, the parallel electric field thus becomes infinitesimal, i.e., £, = 0. Substituting Ohm’s law
in Eq. (13) into Maxwell equations (9), we come to an equation for the horizontal electric field in the
ionosphere:

»’E, OPE, p OE, OE, vy
0 ot

912 922 TOH 5 + OPW> = —poopBo— - (14)
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The Pedersen and Hall conductivities are assumed to be not zeroth in the layer of ~ 30 km thickness
around the altitude ~ 120 km where they reach a peak value. The skin depth for this ionospheric layer
can be estimated as 0, ~ (T/27T,U,(]UP,H)1/2. Substituting typical values op g ~ 3 x 10~*S/m for the
daytime ionospheric conductivities into the above relationship, we obtain d, ~ 103 km, which is much
greater than the thickness of the ionospheric conductive layer. This means that the horizontal component
of the electric field in this layer practically does not change in vertical direction. It makes possible to
replace Equation (14) with the boundary conditions for the transition through the thin conductive
ionospheric layer. To do this one should formally replace the altitude dependence of the ionospheric
conductivities by delta function; that is op gy = Xp pd(z — z1) where the point z = z; corresponds to
the point of the conductivities maximum. Integrating Equation (14) over z and using these formulae
for the ionospheric conductivities, we obtain the boundary condition for the ionosphere in the thin-layer
approximation

OFE 0 5,
{8—;’}”1 — Hog; (-XpE; +XpE,) = —uoB()EpEUx (z,21,t); {E,},_. =0. (15)

Here the use is made of the height-integrated Pedersen and Hall conductivities:

ZpyH = /UP,H (Z) dz.

Now consider the continuity equation V - j = 0 for electric current density in the ionosphere.
Integrating this equation with respect to z across the conductive layer of the ionosphere yields

0
e [EPEQc +XpE, — Y Bov, (ac, Zl,t)] = — [jz(zl +0) — ]2(2’1 — 0)] = —j||, (16)
where j| = j.(z1 + 0) is the field-aligned current flowing from the ionosphere into the magnetosphere.
Here we take into account that the current j.(z; — 0) at lower boundary of the ionosphere is equal
to zero. Owing to the high value of the longitudinal conductivity o, the field-aligned current in the
magnetosphere has to be closed to the conductive layer of the conjugate ionosphere as shown in Figure 3.
In quasistatic approximation the electric field in the magnetosphere can be found from the second
equation of the equation set (9). Applying curl operator to this equation, we obtain V x (V x E) = 0.
The components of this vector equation can be written as
2 2 2

8Ex:0; 8Ey+8Ey:0
022 Ox? 022
It follows from these equations that the component F, does not change when transferring along the
geomagnetic field lines into the conjugate ionosphere whereas the component E, decreases with distance
from the ionosphere with the typical damping scale of the order of tsunami wave size; that is, of
the order of hundreds kilometers. This means that the component E, vanishes before it reaches the
conjugate ionosphere. Taking into account that the field aligned current is transferred into the conjugate
ionosphere without changes, Equation (16) for this region is reduced to

0
—XpE, =7. 17
5y 2P L = J) (17)
Adding and subtracting Equations (16) and (17), we obtain
Xu . Xy 0
E, = oy, [Ey — vy (x,21,t) Bol;  j = 5 5 [Ey — v (%, 21,t) By (18)

In order to rearrange boundary conditions (12) and (15) for the electric field components in the
sea medium and the ionosphere, we substitute Equation (18) for E, into Equation (15). Taking into
account that all perturbed quantities vary as exp(ikx — iwt) and rearranging we come to the following
boundary conditions for the component £,

dE ‘ .

{d—zy} + iwpoX Ey (21) = iwpoXeBovg (k, 21, w); {Ey}Z221 -0
z=2z1

dE

{d—zy} + inOEwa (0) = iw,u,OEwBOVx(k’ 0’ w)’ {Ey}zz() =0 ’ (19)
z=0

S =Yp+X}/25p
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The electric field in the atmosphere and seabed rocks is determined by Equation (9) in which j = 0.
The electric field in the upper ionosphere and magnetosphere is determined by Equations (9) and (13)
in which v =0 and op = oy = 0. Equation describing the component E, in all the media is given by
d?E,
dz?
If the solution of this equation under boundary requirement (19) is known, then other components of
the geomagnetic perturbation can be found from the second equation of the equation set (9):

LAEy oy kg
w

— kB, =0.

by =

w dz’

As a result, we obtain the geomagnetic field perturbation in the atmospheric layer 0 < z < z;
b:t (ka W, Z) = BO [Ux(ka W, Zl)Fé(ka W, Z) - Vx(k7 w)F:;U(k‘7 W, Z)] (20)
by (k,w,z) = —iBy [vg(k,w, 21) Fi (k,w, 2) + Vi (k,w) F¥ (k,w, 2)]’

where v, (k,w, z1) is the horizontal component of the gas velocity in the AGW at the altitude of the
ionosphere, and V. (k,w) is the horizontal component the seawater velocity in the tsunami wave. Here
we make use of the following abbreviations:

e Fi(w/k)e ueF 12 Fj(w/k)e F1—2)
UityeF + (w/k)2e k=17 Uityeh? + (w/k)2e ka1 (21)

u; = ¢ —iw/k; wy =cw —w/k; ¢ =2/upXe;  Cw = 2/poXyw

Fp L (kw,2) = FY, (kyw, 2) =

where the signs (—) and (4) correspond to x and z components, respectively.

Setting ¥, = 0 and ¢; — 0o we can examine the case where the influence of the ionosphere is
insignificant. Substituting these values into Equations (20) and (21), we obtain the magnetic field
perturbation generated by the tsunami wave for this extreme case:

By k exp(—(cz)
ke — tw

by(k,w,z) = — Vo (k,w).
This equation coincides with the formula derived by Wang and Liu [10] for the model in which the
geomagnetic perturbation originates from the tsunami driven motion of the seawater.

4. PERTURBATION OF GEOMAGNETIC FIELD IN THE ATMOSPHERE

In order to study the geomagnetic field in the atmosphere we first substitute Equations (1), (6), and (7)
for &y my Vapm, Vepm and vgyp, 1, into Equation (20). Then applying the inverse Fourier transform, taking
into account the sign of K and performing integration over w and k, we obtain the spatiotemporal
distribution of the geomagnetic field perturbation in the atmosphere:

o0

1 _
bPm) (1, 2, t) = —Re/b(xp’zm) (k, z) exp [ik (z — at)]dk
: . :

h(T +ig) ( 7 (22)

— —iqz ) F} FY
T /o H 5T zqzl) v (k ka,z) + F) (k, ka, z)]

. h(I'+14 z ) -
™) (k,z) = —ZBong’maGp,m(k) [—% e (ﬁ - zqzl) F; (k,ka,z) 4+ FY (k, ka, z)}
It should be noted that the inequality 1 — h/yH > 0 takes place in both the atmosphere and sea
medium. The implication here is that the velocity of tsunami wave is smaller than the sound speed in
the atmosphere.

The height-integrated ionospheric conductivities can vary within broad range Xp g ~ 0.1+ > 10S
(e.g., Kelley [18]). In order to estimate the parameters appearing in Equation (21) we use the numerical
values of 3. = 10 S which is typical for weakly disturbed daytime ionosphere. The seawater conductivity

0
) (1.2) =~ Bo Gy (1) |



Progress In Electromagnetics Research B, Vol. 85, 2019 57

changes from 1 to 5S/m depending on water area, salinity, water temperature and etc. Following Wang
and Liu [10] we choose the value o,, = 4S/m. Substituting the above values as well as the following
numerical values h = 103 m and %, = 4 x 103 S into Equation (21) to yield ¢; ~ 2x 10° m/s, a ~ 10> m/s
and ¢, ~ 4 x 10m/s. It follows from these estimates that ¢; > a ~ c,. Hence, the integrand in
Equation (22) can be simplified to:

exp (—kz)

(cw —ia)
Substituting Equation (23) into Equation (22), we arrive at the following equations for the components
of the geomagnetic field perturbation:

. 1
F, (ki ka,z) = Q,uOEC exp [—k (z1 — 2)]; F, = (23)

B (k,2) =~ B [60™ 1 2) 1 0, 2)]

b (k, z) = —iBong’m [~ ™ (k,2) + 2P (1, ) |
ahpoX.exp (z1/2H) . (24)

P (k,2) = —5 0 hjym)  CrmW) T Higexp =k (1 - 2) —iga]

)

aexp (—kz)
L™ (k, 2) = G (k) ————=
v (K, 2) pm (k) o — iG
As seen from Equation (24), the tsunami-induced geomagnetic perturbation in the atmosphere results

from two different sources. The first one is determined by the function <I>§p ’m)(k, z). This source is
due to the ionospheric currents caused by the AGW propagating in the ionosphere. The second source

contains the factor <1>£5 ’m)(k, z) which describes the current due to seawater motion in tsunami wave.
Now we shall estimate the ratio between the sources of currents flowing in the ionosphere and in

the seawater as it follows from Equation (24). For this purpose let us compare the function o ’m)(k, 2)

i
taken at the point z = 2z; with the function <I>q(f ’m)(k, z) at the point z = 0. Assuming for the moment

that k¥ < 1/vhH, then this ratio can be reduced to:

|D;] h Y.
~A == 2H).
o, ~VE S, oP /)
Setting ¥p = Xy = 10S, 0, =4S/m, h = 1km, ¥, =4 x 10®S, z; = 120km, H = 8km and ¥, = 158

yields
[h %
EE_:) exp (Zl/QH) ~ 3.

Consequently, the analysis of the geomagnetic field perturbations generated by the tsunami-driven
motion of seawater and by the ionospheric plasma motion due to AGW propagation shows that the
two effects are comparable in amplitude. It should be noted that the above estimates are based on
the values of the height-integrated conductivities which are typical for the dayside ionosphere. The
nighttime ionospheric conductivities are one order of magnitude smaller than the daytime ones. This
means that the contribution of the ionospheric current to the geomagnetic perturbation decreases under
nighttime conditions.

The results of numerical modelling of the geomagnetic perturbations in the atmosphere are shown
in Figure 4 as function of the horizontal coordinate x measured on the seawater surface. In making the
plot of b, and b, we have used Equation (22) and the above-mentioned values of the media parameters.
Additionally we have assumed that the undisturbed magnetic field By = 5 x 107° T, the sound speed
in the atmosphere ¢ = 330 m/s and the amplitude of tsunami wave is equal to 0.5m. In this figure the
upper (a) and lower (b) panels correspond to the sea depth A = 1 and 3 km, respectively.

It is obvious from Figure 4 that the amplitude of the geomagnetic perturbation on the sea surface
increases with the sea depth h. It also appears that the seismic source type may greatly affect the
x-dependence of the geomagnetic perturbation.

Figure 5 shows the z-dependence of the components of the geomagnetic perturbation in the
ionosphere at the altitude 120km. In making this plot we have used the same parameters. It is
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Figure 4. Model calculations of the amplitudes of the geomagnetic perturbation in the atmosphere
versus horizontal coordinate x measured on the seawater surface. The perturbations caused by the
“piston” and “membrane” earthquakes are shown with solid and dashed lines, respectively. The (a)
upper and (b) lower panels correspond to h = 1 and 3 km, respectively.

evident from Figure 5 that the features of these plots essentially depend on the depth A of the sea
medium. The horizontal component of the geomagnetic perturbation changes the sign with the increase
in h whereas the vertical component varies from the single-polarity impulse to the bipolar one (solid
lines) or from the bipolar impulse to three-polarity one.

5. PERTURBATION OF GEOMAGNETIC FIELD IN THE UPPER IONOSPHERE
AND MAGNETOSPHERE

The geomagnetic perturbation in the upper ionosphere and magnetosphere builds up as a result
of neutral gas motion in the tsunami-induced AGW followed by the generation of transverse and
longitudinal currents in the ionosphere. In the altitude region z > z the first equation of set (9)
is reduced to

Oby(z,t)

ox
As we shall see, the inequality F, < F, is valid for the ionosphere. Thus, one can neglect the component
E, in Equation (18) whence it follows that:

YuBo . 1 Ovg(x, 21, 1)
™5 vy (T,21,1) 5 Il (z,2,t) ~ EEHBOT

Rearranging Equations (25) and (26), we find the spatiotemporal distribution of the electromagnetic
perturbations in the upper ionosphere and magnetosphere:

pody(z,t) = (25)

E,(z,z,t) ~ (26)

1
by(x,t) = §MOZHBovx(:c,zl,t); E,(x,t) = by(x,1). (27)

Hozp
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Figure 5. The same as in Figure 4 but for the geomagnetic perturbation in the ionosphere at the
altitude 120 km.

It follows from Equation (27) that the amplitude of the electromagnetic perturbations in the region
z > z; is proportional to the neutral gas velocity in the AGW. Substituting Equation (8) for v, into
Equation (27) yields

oo

" 1 (o .
P (z,t) = —Re / blP™ (k) exp ik (z — at)]dk;
0
) 1 0by(z,t) (28)
E.(x,t) = by, (x,t); r,t) = ——+L2 2.
_ 1 I'+1iq z1 )
(p,m) - _- =
by (k) QBOHOZHafp,mGp,m(k) Ry exp (2H 26]2?1) -

The results of numerical calculations of the geomagnetic perturbations and the field-aligned current
in the upper ionosphere and magnetosphere are shown in Figure 6 as function of the horizontal coordinate
z. In making the plot of b, and j; we have used Equation (28) and the above-mentioned values of the
media parameters. As is seen from Figure 6 the sea depth may greatly affect the shape of signals. The
amplitude of the geomagnetic field variation reaches a peak value about 10 nT while the amplitude of
the field-aligned current amounts to a value about 8 x 1078 A /m?.

Now we focus our attention on the estimate of the electric field in the region z > z;. It follows
from equation V x E = —0b/0t under condition 0/0t = —ad/0x that E, = ab,. It obvious from
Figure 5 that b, ~ (1 + 10)nT at the altitudes of the ionosphere. Taking this value of b, and assuming
that a = 100m/s, yields E, ~ (0.1 + 1.0) uV/m. As is seen from Figure 6, the component b, ~ 10nT.
Substituting this value byand Xp ~ (1 = 10)S into Equation (28) we get E, ~ (1 + 10)mV/m. It
follows from these estimates that F, < E,. The interpretation we make is that the component £, of
the geomagnetic perturbation in the ionosphere is present even in electrostatic approximation whereas
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Figure 6. Model calculations of amplitude of the geomagnetic field component b, (a) (upper panels)
and the field-aligned current jj (b) (lower panels) in the upper ionosphere and magnetosphere as a
function of the horizontal coordinate x. The perturbations caused by the “piston” and “membrane”
earthquakes are shown with solid and dashed lines, respectively. The left and right panels correspond
to h =1 and 3 km, respectively.

the component E), is generated due to only inductive effect; that is, F tends to zero in the electrostatic
approximation.

The above estimates have shown that the tsunami-induced effect in the upper ionosphere and
magnetosphere is more pronounced with the component E of the electric field and the component b, of
the geomagnetic perturbation caused by the field-aligned current. It follows from the above estimates
that these components can be detectable at the satellite orbits.

6. DISCUSSION AND CONCLUSION

It is generally believed that the geomagnetic perturbation associated with tsunami wave propagation is
mainly due to the generation of the electric currents caused by the tsunami-driven motion of conductive
seawater. Our theoretical analysis has demonstrated that other physical mechanism associated with
the formation of an electric current in the ionosphere can play a significant role in the generation of
the geomagnetic perturbations. The ionospheric currents are caused by AGW propagating from the
atmosphere into the ionosphere. The AGW originates from the vertical large scale displacement of the
sea surface caused by the propagation of the tsunami wave, which in turn builds up as a result of seabed
displacement due to subsea earthquake. Two different types of such earthquakes; that is, “piston” and
“membrane” earthquakes were examined. The “piston” subsea earthquake is accompanied by the fast
vertical displacement of sea floor followed by the formation of the residual sea floor displacement that
results in the generation of a surface single-polarity gravity wave. The “membrane” subsea earthquake
does not cause the residual sea floor displacement. This type of earthquakes is accompanied by the
generation of the bipolar gravity wave.

Despite the ionospheric conductivity is much smaller than the seawater conductivity, the electric
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current density produced by the AGW in the ionosphere can be greater than that generated by the
tsunami wave in the seawater. The reason is that the amplitude of air velocity in AGW exponentially
increases with altitude. The amplitude of the geomagnetic field perturbation has been shown to reach
the value about 1-10 nT for the dayside parameters of the ionosphere. The contribution to the observed
signal from the ionospheric currents decreases at nighttime conditions because the height-integrated
conductivities of the nighttime ionosphere are one order of magnitude lower than that of the daytime
ionosphere.

The electric current generated by AGW in the ionosphere is closed to the conjugate ionosphere
through the field-aligned currents thereby exciting the transverse components of the geomagnetic and
electric perturbations in the upper ionosphere and magnetosphere. The amplitude of the tsunami-
produced geomagnetic perturbation and field-aligned current can amount to the values of 10nT and
1078 A/m?, respectively, while the electric field reaches a peak value about 10mV/m. It appears that
such values of the electromagnetic perturbations can be detectable onboard the satellites. Thus, the
satellite observation suggests broad potentials for application to monitor the tsunami wave from the
space.

APPENDIX A.

In this section we focus our attention on the atmospheric AGW resulted from sea surface displacement.
Let v = (vg,0,v,) be the air velocity caused by the AGW propagation in the atmosphere. The
projections of the air velocity onto coordinate axes and the perturbation of air pressure p is assumed to
depend on variables z and t according to the harmonic law, that is

vg(z,2,t) = U (2) exp (tkx — iwt) ,
vy (x, 2,t) = W (2) exp (ikz — iwt), (A1)

p(z,z,t) = P(2)exp (ikx — iwt) ,
where U, W, and P are unknown functions of z. Since only real parts of these complex functions (A1)
have a physical meaning, the flux density of the wave energy is given by S = Re(p)Re(v) [19]. Vertical

component of S averaged on x and t has to be positive because the wave energy extends from the source;
that is, upward from the sea surface:

(8.) = (Re (p) Re (v2)), , = %Re (PW*) >0, (A2)

where the symbol * denotes a complex conjugate value.
Equation of motion for the pressure perturbation and the projection v, is given by:
Ovg _ dp
Mot = ow
Substituting Equation (A1) for v, and p into the above equation, yields
P =220, (A3)
where po(z) = pexp(—z/H) and p is the air density at the sea level. Substituting Equation (A3) for P
into Equation (A2), we obtain the dependence of the wave energy flux density S, on the gas velocity
components: B
S, = g—gRe (UW*)exp (—z/H) (A4)
Substituting Equation (Al) for v, and v, into Equation (A3) we come to set of equations for the
functions W (z) and U(z). The general solution of this set is given by

W = ez/QH (Aeiqz + Be—iqz) . U= ez/QH (aAeiqz N a*Be—iqz) :
a=—ik (T —iq)/ (k* — w?/c?),

where I" and ¢ are the constants given by Equation (4) while A and B are undetermined coefficients.
Substituting Equation (A5) for W and U into Equation (A4), we get:

_pw 2 wp2]___ Pwqg 2 1 p2
sz_%Re[a\Ay a\B[] 2(k2_w2/02)(yA\ \B\). (A6)

(A5)
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The AGW produced by tsunami propagates along z-axis at phase velocity a = w/k. Substituting this
relationship into Equation (A6), we obtain

pwq 2 2

S TET ey (14 = 1) (A7)

Let v,(k,0,w) be the amplitude of the air vertical velocity taken at the level z = 0. Thus, the

boundary condition of the problem is W (0) = v,(k,0,w). The other requirement is that the vertical

component of the energy flux density has to be positive; that is, S, > 0. These conditions makes it

possible to find the constants A and B. Considering Equation (A7) for S, and taking into account that
1—w?/(c?k?) =1 —a?/c? > 0, the radiation condition S, > 0 reduces to the following form

A=wv,(k0,w), B=0 ifsgn(w)<O0;

A=0, B=uwv,(k,0,w) ifsgn(w)>0. (A8)

Thus, the radiation condition depends on the sign of w. Finally, substituting Equation (A8) for A and
B into Equation (A5) and rearranging we come to the solution of the problem given by Equation (4).
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