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Abstract. The paper presents the three-dimensional structure of the ionospheric electron density disturbances
triggered by the vertical electric currents flowing between the Earth and ionosphere over the faults before the
strong earthquakes. The results were obtained using the global numerical Earth's Upper Atmosphere Model
(UAM). The vertical electric currents flowing between the Earth and ionosphere over the faults were used as
lower boundary conditions for the UAM electric potential equation. The UAM calculated 3D structure of the
ionospheric electron density disturbances demonstrates an importance of all three ionospheric plasma drift
movements — vertical, meridional and zonal but not only vertical one.

AHHOTanusi. B cratee mpencraBieHa TpEXMEpHas CTPYKTypa BapHalidi HOHOC(HEPHOH 3IICKTPOHHOM
KOHIICHTPAINHX, BBI3BIBAEMBIX BO3ACHCTBHEM BEPTUKAIBHBIX IEKTPHUECKUX TOKOB, TEKYIINX MEXIYy 3eMiEl u
HOHOC(EpOH Haj pa3ioMaMH Tepei CHIIBHBIMH 3eMJICTpSICCHUsIMU. [cciienoBaHue MpOBOMMIOCH C TTOMOIIBIO
ro0anbHOW  TPEXMEPHOW UHCICHHOW HECTAallMOHApHOW Monmenu BepxHed atmocepsr 3emmm  UAM.
BeprukanbHble TOKH, NPEIIIOJIOKHUTEIBFHO CEHCMHUUYECKOTO MPOUCXOXKICHHMS, 3aJaBajMCh B KAueCTBE HIDKHHX
IPaHUYHBIX YCJIOBHUH Ul ypaBHEHHMs DJIEKTPHYECKOTO MOTeHNnuana mMojaeiu. [lokazaHo, 4yTo IpH paccCMOTPEHHU
(usnyeckoro MexaHnzMa (popMHUpPOBAHHUS UCCIEAYEMbIX aHOMAITHI CJIEyeT YUUTHIBATh HE TOJBKO BEPTUKAIbHBIH
MEepeHOC TUIa3Mbl MMO0J JEHCTBUEM 30HAJIILHON KOMIIOHEHTHI JJIEKTPHUUECKOTO IOJs, HO M TOPU3OHTAJIbHBIC
(30HaNBHBIC U MEPUIUOHANBHBIC) NBHKCHIUS TIa3MbI F2-001acTH HOHOC(EPHL.
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1. Introduction

In the recent investigations (Namgaladze, 2010; Namgaladze et al., 2012; Namgaladze, Zolotov, 2011,
2012; Karpov et al., 2012) we presented UAM (Upper Atmosphere Model) simulated ionosphere TEC response
on the vertical seismogenic electric currents flowing between the Earth and ionosphere. Electric current
parameters like magnitude, direction, latitudinal sources' position, spatial distribution were varied in these
investigations. We also took into account different "back" (“return™) currents, i.e. spread out over the whole globe
or situated round the borders of the "straight" current. UAM simulations reproduced (1) the sunlit ionosphere
income effects, i.e., TEC disturbances depression with sunrise terminator and subsolar point income and their
recovery with sunset terminator arrival; (2) the magnetic conjugation of the disturbed regions; (3) the asymmetry
of the seismo-related variations relative the geomagnetic equator due to different conditions (background electron
density, neutral composition, winds) in the Northern (winter) and Southern (summer) Hemispheres. It was also
shown that (4) changes of the vertical electric currents' sign lead to "mirror-reverse” of the positive and negative
TEC effects relative to the “epicenter" magnetic meridian; and (5) vertical electric currents' sources with the fixed
constant density's amplitude set at 30° and 45° magnetic latitudes produced stronger TEC disturbances than at 5°
and 15°; (6) spread over the whole Earth "back™ ("return") currents generated TEC disturbances similar to the case
with absent "back" ("return™) currents; "back" ("return™) currents placed round the border of the "straight" current
significantly reduced the magnitude and spatially occupied area of the corresponding TEC variations. In general,
the modeled TEC disturbances agreed with reported, e.g. in (Pulinets, 1998; Pulinets et al., 2003; Pulinets,
Boyarchuk, 2004; Pulinets, Ouzounov, 2010; Plotkin, 2003; Afraimovich et al., 2004; Liu et al., 2004, 2006,
2011; Namgaladze et al., 2011b; 2012; Namgaladze, Zolotov, 2012; Romanovskaya et al., 2012; Xu et al., 2011,
Zakharenkova et al., 2006; 2007), pre-earthquake TEC features' behavior. In all the named above studies we
modeled seismic impact on the ionosphere by setting at the given numerical grid's nodes (composing "point"- and
"line"-kind sources) constant (or fixed) additional vertical electric currents' magnitude.

In the present paper we describe the new model calculations' results obtained using the new ones —
gaussoid-like — analytical expressions for the latitude-longitude density distributions of the wvertical electric
currents flowing between the Earth and ionosphere over the faults zones before the strong earthquakes (EQ).
The obtained 3D structure of the ionospheric electron density disturbances is analyzed for the better understanding
of the physical mechanism of the ionospheric electron density and total electron content disturbances observed
before the strong earthquakes.

595



Karpov M.1. etal. Three-dimensional structure of the seismo-electromagnetic...

2. Simulation method

We have calculated the 3D spatial distribution of the ionospheric electron density disturbances created by
the vertical electric currents flowing between the Earth and ionosphere over the faults using the Upper
Atmosphere Model (UAM) — global numerical model of the Earth's upper atmosphere (thermosphere, ionosphere,
plasmasphere and inner magnetosphere). UAM calculates main physical parameters of the upper atmosphere such
as densities, temperatures and velocities of the neutral (O, O, N,, H) and charged (O,+, NO+, O+, H+ and
electrons) species of the near-Earth plasma by numerical integration of the continuity, momentum and heat
balance equations as well as the equation of the electric field potential (Namgaladze et al., 1988; 1991; 1998a;
1998b).

An external electric current of seismic origin flowing between the Earth and ionosphere was used
as a model input for the calculations of the ionospheric electric fields and the corresponding TEC variations.
These additional sources of the electric current were switched on at the lower boundary (80 km over the Earth's
surface) in the UAM electric potential equation, which was solved numerically jointly with all other UAM
equations for neutral and ionized gases. Quiet background conditions were obtained by performing regular
calculations without any additional electric currents’ sources.

Karpov et al. (2012) showed that "back"” (“return™) currents spread out all over the globe (so that total
current in global circuit did not change) had no much impact on numerical results so "back™ currents
were not taken into consideration in the present study.

In previous calculations (Namgaladze et al., 2012; Namgaladze, Zolotov, 2011; 2012; Karpov et al.,
2012) additional electric currents with magnitude of 4-10® A/m? were switched on at single or multiple grid
nodes. The main difference of present calculations is that the vertical current magnitudes' spatial distributions
were defined by the gaussoid-like function:

J(D, A) = jrnax EXP[-(DP — Prax) /H(ADY® — (A — Ama)*/(AA)],

where @ and A are the geomagnetic latitude and longitude of the vertical electric current source position,
jmax 1S the maximum amplitude of the electric current source switched on at the @, geomagnetic latitude and
Amax geomagnetic longitude. A@ and A4 define how fast the current magnitude reduces relatively to the maximum
magnitude along the magnetic meridian and magnetic parallel respectively.

The main electric current source with amplitude of jma = 4-10° A/m* was switched on at the grid point
that corresponds to the Haiti earthquake epicenter area (@max = 30° mag. lat., A« = 0° mag. long.) that happened
12th January, 2010. The grid steps over the magnetic longitude and latitude were chosen as 5° by 5°.

In order to check the dependence of seismo-electromagnetic parameters upon the spatial density
distribution and total value of the electric current, the following values of A® and A4 were used for simulations:

1) A®=2.5°mag. lat.,, AA=2.5° mag. long.;
2) A®=2.5°mag. lat., A4=5.0° mag. long.;
3) A®=5.0°mag. lat.,, AA=2.5° mag. long.;
4) A® =5.0° mag. lat., A4=5.0° mag. long.

Corresponding for the items (1-4) patterns of the electric currents' density distribution are shown

in Fig. 1.
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Fig. 1. The magnetic maps of the magnitudes of the electric currents j (&, 4 ) relatively maximum magnitute
Jmax (%0) in cases 1-4 (from left to right). The stars denotes numerical grid nodes
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3. Modeled electric potential differences and TEC disturbances prior strong earthquakes

Numerical simulation results with presented in Fig. 1 vertical electric current's density distribution are
shown in Fig. 2 (longitude-latitude electric potential disturbances for 02-24UT) and Figs 3-4 (longitude-latitude
TEC disturbances relative to the quiet conditions).

As one can see in Fig. 2, additional electric potential generated by external electric current increases as
A® and A4 grow up. It reaches value of 15 kV in case (1) and 30kV in case (4) due to the total electric current
increase. Electric potential disturbances reduce down to zero in all cases with approaching of the sunrise terminator.

Corresponding TEC disturbances are presented in Fig. 3 and manifest themselves as: (1) TEC effects
happen at both the EQs’ near-epicenter and magnetically conjugated to it areas, but never just above the EQ’s
epicenter and magnetically conjugated point positions where seismogenic electric field E = —grad(p) = 0, i.e. the
maximum electric field and electron density disturbances’ manifestations should be not above but round the
electric current maximum. (2) TEC depressions happen with well-conducting sunlit ionosphere income and
restoration of the anomalies with sunset terminator coming. (3) TEC anomalously disturbed areas are asymmetric
relatively to the magnetic equator due to differences in ionospheric conditions in the Northern (winter) and
Southern (summer) Hemispheres. (4) Disturbances exist for all night-time period of vertical electric currents'
action and (5) are linked to the epicenter area (correspond to the position of that currents). It should be noted that
disturbances disappear later than electric potential difference with atime-delay of about 4-6 h due to the
ionosphere inertness. (6) Electric currents of opposite direction produces stronger positive TEC disturbances and
weaker negative TEC disturbances (see Fig. 4). There is a mirror reverse of negative and positive disturbances
relative to the magnetic meridian crossing the epicenter and magnetic conjugated point.

The increase of additional total seismic vertical electric current (see corresponding vertical electric
current distribution in Fig. 1 and electric potentials in Fig. 2) by increase of A@ and A4 results in corresponding
increase of the TEC disturbances. If we keep the total vertical electric current, but change the spatial configuration
of the vertical electric current distribution, we obtain that TEC disturbances are stronger in case of meridian-

elongated source over the magnetic parallel-aligned source (cf. Fig. 3 row 2 vs row 3; also Fig. 4 row 2 vs row 3).
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Fig. 2. The magnetic maps of calculated electric potential differences (kV) relatively background values
for cases (from top to bottom): (1) A® = 2.5° mag. lat., AA=2.5° mag. long.; (2) A® = 2.5° mag. lat., AA=5.0°
mag. long.; (3) A® = 5.0° mag. lat., AA=2.5° mag. long.; (4) A® = 5.0° mag. lat., A4 =5.0° mag. long.
Stars denotes the epicenter area; diamond denotes magnetic conjugated point. Sub-solar point and terminators
positions are denoted by orange circle and black line respectively
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Fig. 3. The magnetic maps of calculated TEC deviations (%) relatively non-disturbed conditions for cases
(from top to bottom): (1) A® = A4=2.5° mag. long.; (2) A® = 2.5° mag. lat., AA=5.0° mag. long.;

(3) A® = 5.0° mag. lat., AA=2.5° mag. long.; (4) A® = AA=5.0° mag. long
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Fig. 4. Calculated TEC deviations (%) as in Fig. 2, but electric currents have the opposite
(from the Earth to the ionosphere) direction
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4. Three-dimensional structure of the ionospheric electron density disturbances

Let us now consider three-dimensional structure of seismo-electromagnetic electron density variations along
magnetic longitudes that correspond to the maximal magnitudes of TEC disturbances: +20°, 0° and -20° mag. long.
The vertical electric current configuration with A@ = A4 = 5.0° (bottom row in Figs 1-3) are presented only.

Modeled latitude-altitude maps of the electron number density for quite conditions (without external vertical
electric currents) are presented in Fig. 5. They show the Appleton equatorial anomaly evolution during the night-time
at three longitudes around the EQ epicenter. We note that NmF2 and HmF2 are higher in the Southern (summer)
Hemisphere than in the Northern (winter) one. This difference is a main cause of the different electron density and
TEC reactions to the vertical electric current action in the Southern and Northern Hemispheres.

Numerical simulation results of the disturbed electron density are presented in Fig. 6 for the same cross-
sections as in Fig. 5 but with the vertical electric current (direcred from the ionosphere to the Earth) sources (as in
Fig. 1d) switched on. Their action leads to lower HmF2 values and areas of increased electron humber density
occupy smaller latitude-altitude region. Both crests of the Appleton anomaly shift from the geomagnetic equator.
In the non-disturbed case the equatorial "trough" is deeper and stronger manifested.

Results of the similar modeling but with opposite direction of the vertical electric currents are presented in
Fig. 7. We see filling of the "trough™ at -20° and 0° mag. long. and deepening of the "trough" at +20° mag. long.
Electron density reduces in both hemispheres till O5LT.

Calculated latitude-altitude patterns of the electron number density disturbances are presented in Fig. 8
for the vertical electric currents flowing from the ionosphere to the Earth. Electron density disturbances along
340° mag. long. (top row) reduce at altitudes of 200-300 km at the epicenter latitude (30° mag. lat.) and magnetic
conjugated area and increase at the magnetic equator. Positive electron number disturbances along the epicenter
longitude (0° mag. long.) shown in the middle row take place at altitudes of 200-400 km followed by negative
disturbances after 23LT. Effects are stronger pronounced in the Southern Hemisphere. Disturbances along 20°
mag. long. (bottom row) are much weaker than at other meridians.

Change of direction of the vertical electric currents (Fig. 9) leads to the positive electron number density
disturbances along 340° mag. long. (top row) and 0° mag. long. (middle row) at the magnetic equator. Negative
electron number density disturbances take place in the Northern and Southern Hemispheres along 0° and 20° mag.
lat. and at the equator along 20° mag. lat. at 04-08UT.

From comparison of quite background variations with disturbed electron number density variations (Fig.
6-7), lg(Ne) differences (Fig. 8-9) and TEC disturbances (Fig. 3, bottom row) we conclude that plasma
movements in all three directions (vertical, meridional and zonal) happen and are important for proper description
of the electron number density 3D structure modifications under the influence of seismogenic vertical electric
currents flowing between the Earth and ionosphere.
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Fig. 5. Latitude-altitude maps of the electron density for quite conditions (Ig(Ne)Q) at 21-05LT
along the 340° (top), 0° (middle) and 20° (bottom) mag. long.
LT labels correspond to the EQ epicenter's position
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Fig. 6. Latitude-altitude maps of the disturbed electron density (Ig(Ne)D) at 21-05LT
along the 340° (top), 0° (middle) and 20° (bottom) mag. long.
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Fig. 7. The same as in Fig. 6 but with vertical electric current flowing from the Earth to the ionosphere
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Fig. 8. Modeled latitude-altitude disturbances of the electron density relative to quiet conditions
Ig(Ne)D — Ig(N)Q at 02-10UT along the 340° (top), 0° (middle) and 20° (bottom) mag. long. for the vertical
electric currents flowing from the ionosphere to the Earth
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Fig. 9. The same as in Fig. 8, but the vertical electric currents have opposite direction:
from the Earth to the ionosphere
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5. Discussion

The results of the electric potential difference and corresponding TEC disturbances simulations presented
in Figs 2-4 demonstrate that the presentation of the seismic vertical electric currents flowing between the Earth
and ionosphere by the gaussoid-like function does not change drastically the main features revealed from the
previous simulations. But its using permits more independence of the model calculation results on the mumerical
grid used.

Namgaladze et al. (2007; 2009a; 2009b) consider that the most probable reason of the NmF2 and TEC
disturbances observed before the earthquakes is the vertical drift of the F2-region ionospheric plasma under
the influence of the zonal electric field of seismogenic origin. In the middle latitudes the upward electromagnetic
drift, created by the eastward electric field, leads to the increase of the NmF2 and TEC due to the plasma transport
to the regions with lower concentration of the neutral molecules and, consequently, with lower loss rate of
dominating ions O+ in the ion-molecular reactions. The electric field of the opposite direction (westward) creates
the opposite — negative — effect in NmF2 and TEC. In the low latitude regions (near the geomagnetic equator) the
increase of the eastward electric field leads to the deepening of the Appleton anomaly minimum (“trough™ over
the magnetic equator in the latitudinal distribution of electron concentration) due to the intensification of the
fountain-effect.

The ionospheric electric field created by the vertical electric currents flowing between the Earth and
ionosphere is perpendicular to the geomagnetic field and has all three components (zonal, meridional and vertical)
in the spherical geomagnetic coordinate system as well as the corresponding electromagnetic drift velocity which
is perpendicular to both electric and geomagnetic fields. We should keep in mind that the ionospheric plasma
beside of the drift motion participates simultaneously in the diffusion along the geomagnetic field restoring the
balance between the plasma pressure gradient and gravitational forces distorted by the drift. All these motions
(drift and diffusion as well as neutral wind action) influence on the ionospheric plasma density redistribution
when the vertical electric currents are switched on. All these processes are taken into account in the UAM and
form the electron density and TEC disturbances presented above.

3D structures of the electron number density presented in Figs 5-6 demonstrate that although vertical F2-
layer ionospheric plasma drift under the influence of the zonal component of the disturbed electric field plays
major role in the TEC disturbance formation, horizontal movements (meridional and zonal components of plasma
drift) should not be neglected.

6. Conclusions

Three-dimensional structure of the ionospheric electron density disturbances created by the vertical
electric currents flowing between the Earth and ionosphere over the faults before the strong earthquakes have been
calculated using the global numerical Upper Atmosphere Model. The vertical electric currents flowing between
the Earth and ionosphere over the faults were used as input lower boundary conditions for the UAM electric
potential equation. The vertical current magnitudes' spatial distributions were defined by the gaussoid-like
function.

Main phenomenological features of TEC disturbances revealed in previous simulations were reproduced
and their dependences on the vertical electric current parameters were established.

The UAM calculated 3D structure of the ionospheric electron density disturbances demonstrates
importance of all three F2-region ionospheric plasma drift components in producing NmF2 and TEC disturbances
prior strong earthquakes. Not only vertical but also meridional and zonal plasma drift movements should be taken
into account.
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