remote sensing

Technical Note

The Turkey Earthquake Induced Equatorial Ionospheric Current
Disturbances on 6 February 2023

Kedeng Zhang 1205, Hui Wang 1-*(®, Hao Xia 1, Wenbin Wang 3, Jing Liu 4, Shunrong Zhang 5 and Yagqi Jin ¢

check for
updates

Citation: Zhang, K.; Wang, H.; Xia, H.;
Wang, W.; Liu, J.; Zhang, S.; Jin, Y. The
Turkey Earthquake Induced
Equatorial Ionospheric Current
Disturbances on 6 February 2023.
Remote Sens. 2024, 16,272. https://
doi.org/10.3390/rs16020272

Academic Editor: Michael E.

Gorbunov

Received: 14 December 2023
Revised: 5 January 2024
Accepted: 9 January 2024
Published: 10 January 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Space Physics, School of Electronic Information, Hubei Luojia Laboratory, Wuhan University,
Wuhan 430072, China; ninghe_zkd@whu.edu.cn (K.Z.); 2021202120021@whu.edu.cn (H.X.)

State Key Laboratory of Space Weather, Chinese Academy of Sciences, Beijing 100190, China

3 High Altitude Observatory, National Center for Atmospheric Research, Boulder, CO 80301, USA;
wbwang@ucar.edu

School of Space Science and Physics, Shandong University, Weihai 264209, China; liujing2019@sdu.edu.cn
Haystack Observatory, Massachusetts Institute of Technology, Westford, MA 01886, USA; shunrong@mit.edu
Department of Physics, University of Oslo, P.O. Box 1048, Blindern, 0316 Oslo, Norway; yaqi.jin@fys.uio.no
Correspondence: h.wang@whu.edu.cn

S BTN

Abstract: An earthquake is a seismic event resulting from a sudden release of energy in the lithosphere,
which produces waves that can propagate through the atmosphere into the ionosphere, causing
ionospheric disturbances, and excites an additional electric field in the lower ionosphere. Two large-
scale traveling ionospheric disturbances (LSTIDs) at daytime Turkey longitudes were found, with
phase speeds of 534 and 305 m/s, respectively, after the second strong earthquake at 10:24 UT on
6 February 2023. During strong earthquakes, the equatorial ionospheric currents including the E-
region equatorial electrojet (EE]) and F-region ionospheric radial current (IRC) might be perturbed. At
the Tatuoca station in Brazil, we observed a stronger-than-usual horizontal magnetic field associated
with the EE], with a magnitude of ~100 nT. EEJ perturbations are mainly controlled by neutral
winds, especially zonal winds. In the equatorial F-region, a wave perturbation of the IRC was
caused by a balance of the electric field generated by the zonal winds at ~15° MLat, the F-region
local winds driven by atmospheric resonance, and the additional polarization electric field. Our
findings better the understanding of the complex interplay between seismic events and ionospheric
current disturbances.

Keywords: equatorial electrojet; ionospheric radial current; large-scale traveling ionospheric
disturbances; earthquake

1. Introduction

The Earth’s ionosphere is the ionized part of the upper atmosphere, about 80-1000 km
above the surface. Although the ratio between the charged particles and neutrals is less
than 1%, the ionospheric plasma plays an important role in human activities for spacecraft
communication, navigation, positioning, etc. Most of the low Earth orbit (LEO) satellites
fly in the ionospheric altitudes; thus, the ionosphere plays a crucial role in the near-
Earth geospace. Several works have reported that the ionosphere could be remarkably
disturbed by lower atmospheric forcing, such as the energy release related to earthquakes,
thunderstorms, and volcanic eruptions (e.g., [1-8]). The external driving of the upper
atmosphere mainly comes from the energy deposition due to solar wind and magnetosphere
coupling (e.g., [9-15]) and from changes in solar radiation (e.g., [16-23]). During the
interaction between solar winds and the geomagnetic field, the energized particles carried
by solar winds are deposited into the upper thermosphere along the open field lines, causing
changes in the electric field and neutral temperatures through ion—neutral collisions.

Because of the interaction between the interplanetary magnetic field and the Earth ge-
omagnetic field, a large amount of energy and momentum from the solar wind is deposited
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into the Earth’s upper atmosphere, triggering geomagnetic storms and thereby causing
traveling ionospheric/atmospheric disturbances (TIDs/TADs) through Joule heating, ion
drag, and storm-time energetic particle precipitation [24]. TIDs /TADs can also be induced
by the upward propagation of lower-atmosphere gravity waves [24-27]. TIDs/TADs can
be categorized as large-scale (velocity of 400-1000 m/s, period of 0.5-3 h, and a wavelength
of thousands of kms) and medium-scale (velocity of 100-300 m/s, period of 0.25-1 h, and a
wavelength of hundreds of kms) [26,28]. During tropospheric thunderstorm events, the
electron density at 75-85 km decreases due to enhanced electron attachment to atmospheric
molecular O,. However, between 85 and 95 km, the electron density increases due to the
ionization of molecular N, and O, [29]. During intense volcanic eruptions, large-scale air
pollution could be produced in the troposphere, producing a low conducting layer, and the
generated waves propagate upward into the ionosphere, causing disturbances as a result
of the coupling processes between neutral particles and plasma [30]. Using ionospheric
total electron content (TEC) from the Global Navigation Satellite System (GNSS), volcanic-
eruption-associated TIDs with phase speeds of 300-350 and 600-700 m/s and amplitudes
of 0.5 and 3 TECu (1 TECu equals 1016 electrons/m?) were observed [8].

Earthquakes occur due to the movement of Earth’s lithospheric plates. During an
earthquake, a large amount of energy could be released into the atmosphere via the form
of acoustic gravity waves and Rayleigh waves, and the ionosphere could be modulated
by the generated additional electric field [3,4,31]. During intense earthquakes with a
moment magnitude (Mw, a measure of the earthquake’s strength based on the seismic
moment) larger than 5, acoustic gravity waves could be generated due to the vertical
ground displacement and can propagate upward to affect ionospheric electron density [3].
Low-frequency acoustic waves propagate upward and horizontally with the speed of
sound. The earthquake-associated acoustic waves take about a few minutes to tens of
minutes to reach the ionosphere because the acoustic waves in the Earth’s atmosphere at
altitudes less than 300 km have a speed ranging from 240 to 700 m/s [32]. An additional
vertical electric field directly penetrates into the ionosphere, causing the redistribution
of charged particles. For instance, a significant enhancement (~88.5 m/s) in the zonal
plasma drifts was observed during a major earthquake on 28 March 2005, inducing a
downward electric field of ~3 mV/m [3,33]. Because of the atmospheric resonance, the
upper ionosphere/atmosphere could be directly affected as well. For example, using
electron density observations at altitudes ranging from ~100 to 300-400 km, a previous
study found that the earthquake-related electron density perturbations had a nature of
15-30 min quasi-periodic oscillation [34].

The ionosphere at equatorial latitudes is different from that at middle and high lati-
tudes in that the equatorial geomagnetic field is nearly horizontal. Previous studies have
demonstrated that the equatorial ionosphere could be modulated by the forcings from lower
atmospheric forcing, such as the energy release related to earthquakes, thunderstorms, and
volcanic eruptions (e.g., [1-8]); the energy deposition due to solar wind and magnetosphere
coupling (e.g., [9-15]); and changes in solar radiation [16]. The ionospheric currents are key
in the energy transfer in the near-Earth geospace. By interacting with a zonal electric field,
the horizontal geomagnetic field could give rise to several interesting physical phenomena,
for instance, the equatorial electrojet (EE]), ionospheric radial current (IRC), and equatorial
ionization anomaly (two crests of large electron density at £15° geomagnetic latitude,
MLat). The IRC flows vertically at the ionospheric F-layer near the dip equator. It is key in
the coupling processes between the E-region and F-region. Previous studies have identified
earthquake-related ionospheric signatures at low latitudes [35-38]. However, comprehen-
sive investigations into the E-F coupling processes, combining ground- and space-based
measurements, remain scarce and require more attention. Few studies have explored the
potential physical link between earthquakes and equatorial ionospheric currents in the
E- and F-layers. In this work, we report the quasi-periodic responses of the E-region EE]
and F-region IRC to the earthquake on 6 February in Turkey (Mw = 7.8). To investigate
the perturbations in the equatorial ionospheric currents during earthquakes, two cases
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using the TIEGCM developed by the High Altitude Observatory of the National Center
for Atmospheric Research have been studied. One uses the default TIEGCM with the
true geomagnetic conditions input, termed TIEGCM-default. The other also inputs the
true geomagnetic conditions, but with an additional upward electric field in the lower
ionosphere [3,39] and disturbances in the lower thermosphere [40] at the epicenter, termed
TIEGCM-Earthquake. An abnormal upward electric field is generated at the bottom of
ionosphere during earthquakes [3,39], and this has been imposed into TIEGCM-Earthquake.
Moreover, the energy release during earthquakes might also trigger disturbances in the
lower thermosphere, and this has been specified in TIEGCM-Earthquake. The differences
between TIEGCM-default and TIEGCM-Earthquake reveal the disturbances in the coupled
ionosphere and thermosphere, excluding the effects of geomagnetic activity. A series of
works have confirmed the reliability and stability of TIEGCM in reproducing the iono-
sphere and thermosphere [12,14,41]. For instance, a large degree of similarity between the
large-scale structures of DMSP-observed and TIEGCM-modeled electron density at high
latitudes has been achieved, ensuring the reliability of the model [14]. The ionospheric
currents are key in the energy transfer in the coupled lithosphere-atmosphere—ionosphere
system. The associated current disturbances due to the forcings from below might cause
changes in the horizontal geomagnetic field, affecting the distributions of plasma. However,
there is still a lack of knowledge of the behaviors of the EE] and IRC during earthquakes.
A better knowledge of EE] and IRC behaviors is critical for a full understanding of the
electrodynamical coupling between Earth’s lithosphere-atmosphere—ionosphere (LAI).

2. Results

On 6 February 2023, a series of large earthquakes shook Turkey and Northern Syria [42].
A strong earthquake (M., = 7.8) occurred at 01:17 UT (04:17 LT) in Turkey (37.15° GLat,
36.95° GLon). Three notable aftershocks (M, > 5.5) followed within the next 18 min. Nine
hours later, at 10:24 UT (13:24 LT), a following earthquake with the same M,, strength
occurred. A My, 6.0 earthquake occurred to the northeast of the first main earthquake. The
epicenter was located at 38.00° GLat and 37.15° GLon. The depth of both earthquakes was
about 20 km. A large amount of energy was released into the Earth’s atmosphere.

2.1. Large-Scale Travelling lonospheric Disturbances

To ensure the reliability of models (TIEGCM-default and TIEGCM-Earthquake), the
GNSS-observed total electron content (TEC), Swarm C-measured electron density (Ne),
and corresponding TIEGCM-default and TIEGCM-Earthquake simulations are depicted in
Figure 1a,b. There are several GNSS receivers near the epicenter in Turkey. Swarm B and C
satellites fly at an altitude of 540 and 450 km, with an inclination angle of 87.75° and 87.35°,
respectively. In Figure 1a, the average TEC from ground-based GNSS receivers is less than
20 TECU, a unit of 10'® el/m?, at nighttime (00-04 and 16-00 UT). In daytime, it peaks
at 11 UT, with a TECU of 60, yielding a reverse V-shape. The diurnal variation is greatly
related to solar illumination, which can produce ionospheric electrons via photochemical
processes. A comparison between magenta and blue lines shows that the large-scale diurnal
structures of TEC have been generally reproduced in both TIEGCM-default and TIEGCM-
Earthquake, but with differences in magnitude. This is accepted in the model work because
of the strong degree of similarity between the observed and modeled large-scale diurnal
variations in TEC. The modeled TEC peaks at ~12 UT with a value of 62 and 60 TECU
in TIEGCM-default and TIEGCM-Earthquake, respectively. Note here that the GNSS-
observed TEC has a value of 55 TECU at ~12 UT but peaks at ~11 UT with a magnitude
of 60 TECU. Thus, it can be assumed here that the variability of TEC is better captured in
TIEGCM-Earthquake. To further confirm the assumption, a comparison between the Swarm
C-observed and corresponding modeled Ne at the orbit of 07:48 UT is presented in Figure 1b.
The observed Ne slightly increases from higher to lower latitudes. Two outstanding peaks,
termed equatorial ionospheric anomaly (EIA) peaks, occur at —5° and 17° GLat, with a
density of 1.45 and 1.7 x 100 cm 3, respectively. A similar profile is captured in TIEGCM-



Remote Sens. 2024, 16, 272

40f13

default and TIEGCM-Earthquake. The modeled EIA peaks have densities of 1.75 and
1.78 x 10® em™3 (1.52 and 1.73 x 10® cm™3) at —5° and 17° GLat in TIEGCM-default
(TIEGCM-Earthquake). In summary, the variability of the ionosphere has been better
captured in TIEGCM-Earthquake. This indicates that we can use this model to explore the
effects of earthquakes in the ionosphere and thermosphere.
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Figure 1. (a) GNSS-observed (blue line) and TIEGCM-default (magenta dotted line, “modeled”)- and
TIEGCM-Earthquake (magenta line, “modeled EQ”)-modeled total electron content (TEC) in Turkey
on 6 February 2023. (b) Swarm C-observed and corresponding TIEGCM-default- and TIEGCM-
Earthquake-modeled ionospheric electron density (Ne) at 07:48 UT on 6 February. (c) Swarm C-
observed dayside ANe with the removal of Ne on 5 February. (d) UT and distance from the epicenter
variations in the Swarm C-observed ANe. (e) UT and geographic latitude variations in ANe associated
with earthquakes at Turkey longitude. The black arrows indicate LSTIDs.

Figure 1c gives the Swarm C-observed residual Ne (ANe) at 12:20 LT. Several en-
hancements are found at each orbit, which might be related to the large-scale traveling
ionospheric disturbances (LSTIDs). LSTIDs are the longitudinal space—time variations in
TEC disturbances. They are usually excited at high latitudes during storm time and travel
from high to low latitudes [13]. During earthquakes, LSTIDs are triggered at the epicenter
and extend to wider longitudes and latitudes. Therefore, the ionospheric currents at the
dip equator might be perturbed during earthquakes and are our focus. Note here that
determining whether LSTIDs are well reproduced by TIEGCM or not could also confirm
the reliability and reasonability of the model. To clearly calculate the phase velocity of the
LSTIDs, ANe enhancements in the frame of distance and UT are depicted in Figure 1d.

After the second earthquake, two obvious LSTIDs are found, as indicated by two black
arrows. They have phase speeds of 508 and 309 m/s. Figure le represents the modeled
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ANe between TIEGCM-Earthquake and TIEGCM-default at the Turkey longitude of 36.95°
GLon, for comparison with the observations in Figure 1d. The first earthquake occurred at
nighttime (01:17 UT/04:17 LT), indicating a weak background ionospheric Ne and hence
weak Ne disturbance. During the following earthquake at 10:24 UT/13:24 LT (daytime),
background ionospheric Ne is greatly produced because of the solar illumination; therefore,
a strong perturbation is generated. Two LSTIDs (black arrows) propagate away from the
epicenter, with phase speeds of 534 and 305 m/s. The phase speeds of the observed LSTIDs
are verified by the model. The disturbances extend to wider latitudes, even to the opposite
hemisphere. Then, it might be assumed that the equatorial ionospheric currents could be
disturbed, which has a scientific value in the modeling and forecasting of space weather
and deserves to be explored.

The anomalous phenomenon of LSTIDs being only clearly observed on the dayside
might be related to the following mechanism: During earthquakes, the energy released
into the LAI system could trigger large-scale traveling atmospheric disturbances (LSTADs)
in the thermosphere [40]. LSTADs propagate from the epicenter to the global scale. On
the dayside, the ionospheric electron density is large, and it could be modulated by the
LSTADs. Richmond [43] suggested that LSTADs can push the ionosphere upward or
downward along magnetic field lines and transport energy from high latitudes to low-
latitude regions, producing LSTIDs. However, on the nightside, the ionospheric electron
density is significantly weakened due to the absence of solar illumination. This could lead
to the weak magnitude of LSTIDs at nighttime.

2.2. E-Region EE] and F-Region IRC Perturbations

The E-region EE] disappears at nighttime due to the weak ionospheric conductivity.
Therefore, only daytime EEJs are explored in the literature. The E-region EE] represents
a ribbon of intense daytime electric current flowing along the dip equator at ~110 km
height and confined to a narrow latitudinal band of £5°. This intense current would
generate a strong deflection in the horizontal magnetic field (AH), which could reach a
maximum magnitude of hundreds of nT during extreme geomagnetic conditions [44].
The primary reason for the EE] is the geometry of the geomagnetic field which is almost
horizontal at equatorial latitudes and therefore enables enhanced electrical conductivity. As
shown in Figure 2a, the AH observed at the Tatuoca station on 6 February is significantly
stronger, about 98.4% larger, than the AH observed in the previous year. Ignoring small-
scale perturbations, the daytime AH on 6 February decreases to —17.7 nT at 9:48 UT and
then increases to the peak value of 105 nT at 14:02 UT; after that, it slowly returns to zero
at dusk. The large-scale AH forms a structure similar to a reverse V-shape. The AH on
5 February has a peak of 58.75 nT at 13:41 UT. This is much weaker than that on 6 February,
further indicating the physical significance of EEJ behaviors during the earthquake and
geomagnetic activity. To isolate the effects of geomagnetic activity, TIEGCM-default- and
TIEGCM-Earthquake-modeled EE]Js are given. The modeled EE] on 5 February has a large
degree of similarity to the observations, ensuring the reliability of TIEGCM. A comparison
between EE]s on 6 February shows that the TIEGCM-Earthquake-modeled EE] is much
closer to the observation than the TIEGCM-default result. This confirms the reliability of
TIEGCM-Earthquake and the great influence of earthquakes on the behaviors of the EE]J.
The spherical distance from the epicenter to the Tatuoca station at 110 km above the surface
is 9706 km, indicating a cost of 5 h for LSTIDs from the epicenter. The polarization electric
field disturbances could be established simultaneously. Considering those two, the daytime
EE] at Tatuoca station could be well perturbed during earthquakes. The residual EEJ (AEE])
associated with the earthquake is determined by removing TIEGCM-default results from
TIEGCM-Earthquake-modeled EE]J. The wave structure of the daytime AEE] yields a peak
value of 20 nT at 16 UT and —10 nT at 12:30 UT.
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Figure 2. (a) The temporal variations in ground-observed horizontal magnetic field disturbances (AH)
and corresponding simulations at Tatuoca in Brazil. The gray, black, and blue full lines are AH for the
whole year of 2022, 5 February, and 6 February, respectively. The black dotted and magenta dotted
lines and magenta solid lines are the TIEGCM-default (“Modeled Feb05” and “Modeled Feb06")
simulations on 5 and 6 February and TIEGCM-Earthquake (“Modeled Feb06 EQ”) on 6 February,
respectively. The red line is the perturbations of EE], showing the difference between TIEGCM-
Earthquake and TIEGCM-default on 6 February. Positive for eastward EE]. (b,c) The longitudinal
distributions of noon F-region IRC from Swarm B and C satellites and the corresponding TIEGCM-
default and TIEGCM-Earthquake on 6 February 2023. The red line is the earthquake-linked AIRC.
IRC is given in nA/m?. Positive for upward IRC.

As outlined above, the E-region ionospheric current from the ground station Tatuoca,
EE], is greatly perturbed after the earthquakes. The question of whether the F-region IRC
will be disturbed or not is still not clear. Because the night IRC is complicated and does
not have a typical pattern [6], it is hence not explored in the literature and this work. The
low-orbit Swarm provides in situ ionospheric IRC observations, an opportunity to explore
the IRC responses. Figure 2b,c depict the Swarm B- and C-observed IRC on 6 February
(Swarm A data are unavailable). In Figure 2b, the IRC has a significant wave structure,
four peaks (troughs) at —106°, —36°, 59°, and 180° (—130°, —59°, —12°, and 130°) GLon,
with intensities of —6.01, 1.97, 1.46, and —1.28 (—15.79, —19.52, —5.77, and —8.58) nA/m?,
respectively. The TIEGCM-default simulations have four peaks as well, which are located
at —100°, —15°, 80°, and 180° GLon, with intensities of —7, —6, —6, and —6.5 nA/m?,
respectively. Different from the TIEGCM-default results, TIEGCM-Earthquake results show
a wave shape at 10-30° GLon. This wave pattern is not observed in Swarm observations,
because the longitude difference between two following orbits is approximately 23° GLon.
Moreover, this data-model discrepancy might be also related to the empirical high-latitude
forcing in the model. The high-latitude electric field in TIEGCM is specified by the empirical
Weimer model, which would not be able to perfectly capture temporal variations in the
ionospheric electric field [14]. The electric field is key in the modulation of ionospheric
currents. Thus, the discrepancy between the data and model might be also due to the
specified high-latitude electric field. The strong degree of similarity between modeled
and observed large-scale structures approves the reliability of TIEGCM. Based on two
simulations, the residual IRC (AIRC) due to the earthquake has a wave pattern similar to
the reverse sine function, with a peak intensity of 4 nA/m?. A similar result is found in the
Swarm C-observed and corresponding TIEGCM-simulated IRC (Figure 2c). However, the
earthquake-associated AIRC (2.5 nA/m?) is significantly weaker than that in Figure 2b.

3. Potential Physical Mechanisms

So far, according to Conti et al. [45] and Picozza et al. [46], no good coupling mech-
anisms or models in the Earth’s lithosphere-atmosphere—-ionosphere (LAI) coupled sys-
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tem associated with earthquakes have been established. The “energy source” released
during earthquakes includes acoustic waves, electromagnetic waves, and long-wave ra-
diation [3,4,31,32]. The mentioned “energy source” could act as the “driving power” to
generate an additional upward electric field at the bottom of the ionosphere [39] and ther-
mospheric disturbances [40], potentially causing disturbances in the ionospheric currents
at the dip equator. Nonetheless, some studies have reported that these so-called forcings
have less power than that observed during seismic events [45,47]. However, the effects of
earthquakes on the ionospheric currents are still unclear and important for understanding
space weather.

As is known to all, the ionospheric electric current is a stream of charged particles.
It plays an important part in the energy transfer processes in the coupling of the helio-
magneto-ionospheric system. For instance, the field-aligned currents at polar latitudes
carried by electrons play a role in the energy deposition and momentum transfer from
the magnetosphere to the ionosphere [48]. At the dip equator, the ionospheric current
system has two important components: the E-region EEJ at 110 km and the F-region IRC
at higher altitudes. An earthquake is a huge geohazard event with far-reaching effects,
causing a range of geophysical disturbances [3]. The impact of changes in the ionospheric
currents on humans is mainly reflected in communication systems, for instance, in the
propagation of radio waves, including strength, frequency, polarization, and phase and
time delay, and the accuracy of the navigation and positioning. In earthquake events, the
perturbations in the ionospheric currents could affect the communications during post-
disaster reconstruction. Therefore, the behaviors of the E- and F-region currents and the
associated E-F coupling processes during an earthquake are key in the understanding of
the variability and electrodynamics of the geospace.

3.1. Drivers for E-Region EE]

The E-region EE] is dominated by the collisions between ions and neutrals,
EE] = 0-(E4+ U x B), where o, E, U, and B are the ionospheric cowling conductivity,
electric field, neutral winds, and ambient magnetic field, respectively [49]. Note here
that the so-called cowling conductivity o is the combined Hall and Pedersen conductivity.
Recently, the simultaneous responses of the TEC at different latitudes to the penetration
electric field events during a disturbance period when Kp equals 4 were explored by Zhang
et al. [50]. This confirms that the ionospheric EE]/CEJ could be simultaneously driven by
the penetration electric field. Therefore, the roles of ionospheric conductivity, the electric
field, and neutral winds during earthquakes are explored in this section.

3.1.1. Roles of the Ionospheric Conductivity

Figure 3a gives the geographic longitude and latitude variations in COSMIC footprints
at 15 UT on 5 and 6 February. This ensures the validity of the comparison between the
ionospheric electron density (Ne) values from COSMIC on 5 and 6 February at the same
location. To further confirm the above conclusion, the vertical profile of COSMIC-observed
Ne at 15 UT is given in Figure 3b. A comparison between Ne values on 5 and 6 February
shows that during the earthquake day, a larger electron density is observed. However, in
the E-region, there is a relative reduction in plasma density from 5 to 6 February by 3.49%,
as given in the bottom right-hand corner.

The ionospheric conductivity is controlled by the ambient magnetic field and Ne [51].
The ambient magnetic field will not change in response to the earthquake effects. Hence,
the ionospheric conductivity does not have remarkable perturbations. To further confirm
the results, the modeled earthquake-linked residual ionospheric cowling conductivity
(ACowling) is given in Figure 3c; it is the difference between TIEGCM-Earthquake and
TIEGCM-default. ACowling shows a wave pattern that is reduced at 9-15 UT and enhanced
at 15-18 UT. However, the average change in ACowling in percentage is —0.6%, consistent
with the observations. The observed and modeled results of the weak relative changes
in Ne (Figure 3b) and cowling conductivity (Figure 3c) could lead to the hypothesis that
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the electric field and neutral winds play key roles in the perturbations in the EEJ, which is
stronger by 98.4% than the previous one-year EE]J (Figure 2a).
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Figure 3. (a,b) The footprints of COSMIC and the vertical profiles of observed Ne on 5 February (black)
and 6 February (blue). The solid and dashed lines are the average value and samples, respectively.
The percentage value is the relative Ne changes in the E-region from 5 to 6 February. (c,d) UT
variations in ACowling and AEE] owing to different forcings. The cyan star, red star, circle, and
triangle are AEE] due to polarization electric field, total neutral winds, zonal winds, and meridional
winds, respectively. (e) An illustration of the drivers of the earthquake-linked EE]J perturbations at
110 km.

3.1.2. Roles of the Neutral Winds

The roles of the polarization electric field and neutral winds were distinguished by
using the following techniques: At first, we ran the model including all forcings (Case 1).
Note that an output file for every 10 min of model time is created. Subsequently, at every
10 min, we ran the model with neutral winds off for one model time step (with a higher
resolution of ~2 min model time) to obtain much more detailed outputs, termed Case 2.
When the neutral winds are excluded from the dynamo calculation module, the EEJ due to
the polarization electric field could be output. Thus, we can isolate the polarization electric
field effects, and the differences between Cases 1 and 2 are the EEJ induced by total neutral
winds. Likewise, when the zonal (meridional) wind was switched off, the associated AEE]
would be obtained.

The dayside earthquake-linked AEE] at Tatuoca station driven by different forcings is
illustrated in Figure 3d. The AEE] owing to the polarization electric field is approximately
zero, indicating its negligible role. A large degree of similarity between the AEE] due to
total winds and the AEE] in Figure 2a, including the magnitude and the temporal structure,
is found. Evidently, neutral wind changes during earthquakes play a major role in the wave
shape of AEE]. During the earthquake, the disturbed winds travel to latitudes of ~2° MLat,
which could generate an electric field that penetrates into the E-region dip equator. Hence,
the EEJ at 110 km is modulated. When we further compare the AEE]Js owing to different
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winds, it is found that zonal winds are the major driver for AEE] during earthquakes, with
contributions from meridional winds, as illustrated in Figure 3e. The former account for
almost 100% of the AEE] at pre-14 UT, and their contribution smoothly decreases to 40% at
post-14 UT. The meridional winds contribute 60% of the AEE] at post-14 UT.

3.2. Drivers for F-Region IRC

Previous studies demonstrated that the equatorial F-region IRC can be expressed
as IRC = op (EZ — UyBx), where op, E;, Uy, and By are F-region Pedersen conductivity,
vertical polarization electric field (positive for downward), magnetic zonal winds (positive
for eastward), and northward geomagnetic field, respectively [52]. As shown in Figure 2b,c
and Figure 4a, the noon residual IRC (AIRC) due to the earthquake has a wave shape.
To investigate the potential drivers of the polarization electric field and neutral winds, a
similar technique to that presented above was used.

(a) Noon AIRC due to Earthquake

Il
o
T

AIRC [nA/m?]
o

N
S
T

N I
-?80 -120 -60 0 60 120 180

(b) lllustration

R

o
S
2

@

a
z
O

Inward IRC
Electric field F-region
) :
equato Geomagnetic Filed Line
atmospheric * E;, (equatol 4 160km
resonance ‘a\ idlatitud
E, (Midlatitude) 1S ¢ %
LA E-region
+ eak
Turkey Acoustic Waves Trough

Figure 4. (a) Longitudinal variations in earthquake-associated AIRC due to total forcing (red, “total”),
polarization electric field (blue, “Polar E”), winds (blue dotted, “Winds”), and electric fields due to
wind dynamo (black, “Winds E”) and zonal wind dynamo (cyan, “UN E”). (b) Illustration of the
Turkey earthquake-related disturbances in IRC and the associated potential drivers. E; and E; are
generated electric fields from wind dynamo.

3.2.1. Local Drivers

During an earthquake, an additional vertical electric field will be generated in the
lower boundary of the ionosphere [3,39]. This might drive the perturbations of the electric
field at the F-layer, hence driving AIRC. Gurram et al. [3] studied the pre-seismic and
post-seismic effects on Equatorial Spread F irregularities during two earthquakes in the
Indonesian region located around the dip equator. The vertical electric field is generated a
few days prior to an earthquake. In the present work, we study the post-seismic effects that
are associated with vertical electric fields, acoustic gravity waves, or Rayleigh waves. At
the longitudes of Athe IRC wave shape (—30~30° GLon), a similar reverse wave structure
is found in the polarization-electric-field-driven IRC (blue line in Figure 4a). Thus, the
polarization electric field due to earthquake might prevent the formation of the wave
pattern of the F-region AIRC.

During huge geohazard events with far-reaching effects (e.g., earthquakes, volcanic
eruptions), the generated acoustic waves penetrate on a global scale, directly producing
disturbances in E-region thermospheric winds and electric fields [18]. The perturbations
penetrate upward through the atmospheric resonance. The earthquake-linked acoustic
waves that penetrate the troposphere at the speed of sound could carry energy into the
upper atmosphere through atmospheric resonance. Therefore, the F-region local neutral
winds might be perturbed. In Figure 4a, the neutral-wind-driven AIRC has a similar wave
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structure to that driven by polarization electric field, but with a weak intensity. Thus, the
neutral winds also play a negative role. Then, which drivers might be responsible for the
AIRC during an earthquake?

3.2.2. Roles of the Low-Latitude Winds

Apart from the effects at the dip equator, the thermosphere disturbances at 15° MLat
could also play a key role in the regulation of the F-region IRC through the ionospheric
wind dynamo effects. The daytime F-region electric field is dominated by the E-region
dynamo electric field at mid-latitudes, which maps along the geomagnetic field lines from
lower to higher altitudes [53]. During a huge geohazard event, the generated acoustic
waves may lead to wave perturbations of the E-region thermosphere [7,54]. The generated
meridional electric field would penetrate into the F-region along the geomagnetic field
lines to dominate the equatorial F-region vertical electric field, hence dominating the IRC.

When the total winds are switched off in the model, we can obtain the AIRC due to
total winds, as in the discussion of AEE]. In Figure 4a, the AIRC due to the electric field
from the total wind dynamo also forms a wave shape, which has a strong similarity to that
due to total forcing, but with a stronger intensity. This is reasonable because the currents
directly driven by neutral winds and the polarization electric field reduce the wave shape
of AIRC. Thus, it can be concluded that the electric field due to the wind dynamo dominates
the regulation of the IRC during earthquakes.

To further answer the question of which component of winds controls the wind
dynamo during an earthquake, we also turned off the zonal winds in the model, as in the
AEE] analysis. The longitudinal wave pattern of AIRC due to the electric field from the zonal
wind dynamo is almost the same as that from the total wind dynamo. This demonstrates
the dominant roles of zonal winds in the regulation of the IRC during earthquakes via
wind dynamo effects.

To clearly show the drivers of AIRC, an illustration is also given in Figure 4b. AIRC
is dominated by electric field from wind dynamo, especially from zonal winds. During
earthquakes, the excited acoustic waves travel from the epicenter to a global scale. The
generated electric field from wind dynamo maps from the E-region at low latitudes to
the F-region at the dip equator along the geomagnetic field lines. This can form an up-
ward/downward electric field at the dip equator, hence forming outward/inward IRC.
Through the atmospheric resonance, the E-region wind disturbances could be introduced
into the F-region. Both the local winds from atmospheric resonance and the polarization
electric field oppose the formation of AIRC.

4. Conclusions

On 6 February 2023, strong earthquakes occurred in Turkey and caused large damage
to human lives. The effects of an earthquake not only exist at the surface of the Earth but
also occur in the near-Earth space, affecting the ionospheric currents. The ionospheric
currents play an important role in communication systems, and their behaviors during
earthquakes are still unclear. Therefore, we investigated the ionospheric current system at
the dip equator during earthquakes. Several interesting results were found:

1.  Two remarkable LSTIDs are found in the dayside ionospheric electron density, with
phase speeds of 508 and 309 m/s, respectively, probably associated with the sec-
ond earthquakes.

2. The equatorial E-region EE] is disturbed by neutral winds (major effects from zonal
winds and minor effects from meridional winds), with ignorable roles from iono-
spheric conductivity.

3. The equatorial F-region IRC perturbations are attributed to three processes. One is that
the acoustic waves traveling to the low latitudes might modulate the local E-region
winds and then generate a meridional electric field that maps to the dip equator. The
second is that the local winds from atmospheric resonance prevent the formation
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of AIRC. The last is that the ionospheric polarization electric field reduces the wave
shape of AIRC during an earthquake.
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