
Citation: Akhoondzadeh, M.;

Marchetti, D. Study of the

Preparation Phase of Turkey’s

Powerful Earthquake (6 February

2023) by a Geophysical Multi-

Parametric Fuzzy Inference System.

Remote Sens. 2023, 15, 2224.

https://doi.org/10.3390/rs15092224

Academic Editor: Salvatore

Stramondo

Received: 18 March 2023

Revised: 13 April 2023

Accepted: 21 April 2023

Published: 22 April 2023

Copyright: © 2023 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/).

remote sensing  

Article

Study of the Preparation Phase of Turkey’s Powerful
Earthquake (6 February 2023) by a Geophysical
Multi-Parametric Fuzzy Inference System
Mehdi Akhoondzadeh 1,* and Dedalo Marchetti 2

1 Photogrammetry and Remote Sensing Department, School of Surveying and Geospatial Engineering,
College of Engineering, University of Tehran, North Amirabad Ave., Tehran 1417614411, Iran

2 College of Instrumentation and Electrical Engineering, Jilin University, Changchun 130061, China;
dedalomarchetti@jlu.edu.cn

* Correspondence: makhonz@ut.ac.ir

Abstract: On 6 February 2023, a powerful earthquake at the border between Turkey and Syria caused
catastrophic consequences and was, unfortunately, one of the deadliest earthquakes of the recent
decades. The moment magnitude of the earthquake was estimated to be 7.8, and it was localized
in the Kahramanmaraş region of Turkey. This article aims to investigate the behavior of more than
50 different lithosphere–atmosphere–ionosphere (LAI) anomalies obtained from satellite data and
different data services in a time period of about six months before the earthquake to discuss the
possibility of predicting the mentioned earthquake by an early warning system based on various
geophysical parameters. In this study, 52 time series covering six months of data were acquired with:
(i) three identical satellites of the Swarm constellation (Alpha (A), Bravo (B) and Charlie (C); and
the analyzed parameters: electron density (Ne) and temperature (Te), magnetic field scalar (F) and
vector (X, Y and Z) components); (ii) the Google Earth Engine (GEE) platform service data (including
ozone, water vapor and surface temperature), (iii) the Giovanni data service (including the aerosol
optical depth (AOD), methane, carbon monoxide and ozone); and (iv) the USGS earthquake catalogue
(including the daily seismic rate and maximum magnitude for each day), around the location of
the seismic event from 1 September 2022 to 17 February 2023, and these were analyzed. The results
show that the number of seismic anomalies increased since about 33 days before the earthquake and
reached a peak, i.e., the highest number, one day before. The findings of implementing the proposed
predictor based on the Mamdani fuzzy inference system (FIS) emphasize that the occurrence of a
powerful earthquake could be predicted from about nine days to one day before the earthquake due
to the clear increase in the number of seismo-LAI anomalies. However, this study has still conducted
a posteriori, knowing the earthquake’s epicenter and magnitude. Therefore, based on the results
of this article and similar research, we emphasize the urgency of the creation of early earthquake
warning systems in seismic-prone areas by investigating the data of different services, such as GEE,
Giovanni and various other global satellite platforms services, such as Swarm. Finally, the path
toward earthquake prediction is still long, and the goal is far, but the present results support the idea
that this challenging goal could be achieved in the future.

Keywords: earthquake precursor; swarm satellite data; google earth engine; fuzzy inference system

1. Introduction

Strong earthquakes could be one of the heaviest and most catastrophic events among
natural hazards, causing many victims and material-economic losses [1]. In spite of all
the research done in the field of earthquakes, so far, no reliable scientific articles have
been reported about the success in predicting the epicenter, origin time and (minimum)
magnitude of multiple earthquakes with low uncertainty [2].
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Satellite data are a very promising and suitable tool for studying various types of
possible pre-earthquake anomalies due to the wide coverage, timeliness and lower costs
compared to field data. Some of these anomalies could be good candidates as earthquake
precursors. A precursor is an alteration of some chemical or physical properties of the
lithosphere, atmosphere and ionosphere induced by the preparation phase of an earthquake.
Consequently, any variations in geophysical layers could be potentially discussed as a
precursor candidate. Despite this, it is important to note that not all variations before an
earthquake are precursors, and specific studies have attempted to address this problem, for
example, by statistical analysis [3–8].

These studies statistically demonstrated that ultra-low frequency (ULF) electromag-
netic ground emissions, thermal infrared anomalies from satellites and ionospheric distur-
bances in the magnetic field and electron density are statistically recorded before medium–
large earthquakes (M4+, M5.5+ or larger magnitude depending on the specific study). With
the launch of a large number of remote sensing earth observation satellites, the wide variety
and availability of data, the size and data processing time increased exponentially. The
new cloud satellite data storage and data processing services, such as Google Earth Engine
(GEE), provide a suitable platform for elaborating and obtaining results faster that, before,
were not even possible in some cases [9].

On the other hand, with the advances made in human-controlled approaches and su-
pervised or unsupervised machine-learning ones (i.e., artificial intelligence), the algorithms
to detect possible pre-earthquake phenomena reduced the uncertainty in the field [10–13].
As a result, the number of false alarms in early warning systems can be reduced by using
the multi-parameters analysis [14]. The reliability of this approach is supported by sev-
eral case studies of multiple magnitudes analyses using a multiparametric and multilayer
approach (e.g., M6.7 Lushan (China) 2013 [15], M7.8 Gorkha (Nepal) 2015 [16–18], M7.8
Muisne (Ecuador) 2016 [19], M6.5 Norcia (Italy) 2016 [20], M7.5 Palu (Indonesia) 2018 [21],
M7.6 Papua New Guinea 2019 [22] and M7.2 Kermandec Islands (New Zealand) 2019 [23]).
This study attempts to provide a basis for creating earthquake warning systems in highly
seismic active areas by using the capabilities of the mentioned processing platforms.

Turkey–Syria Earthquake 2023

Based on the earthquake catalogue of the United States Geological Survey (USGS)
website, on 6 February 2023, at 1:17:34 UT (about 4:15 a.m. local time), a striking earthquake
of moment magnitude Mw = 7.8 occurred close to the border between Turkey (Türkiye) and
Syria with the following hypocentral localization from USGS (https://earthquake.usgs.
gov/earthquakes/eventpage/us6000jllz/executive, last access, 13 March 2023) (37.22◦ N,
37.02◦ E, 10.00 km depth). Due to the large magnitude of the event, a huge seismic sequence
of aftershocks started and could continue for months or even years. In particular, but later,
this was followed by a magnitude Mw = 6.7 aftershock that occurred 11 min after and was
located at almost the same hypocenter.

At present (2nd March 2023), a moment magnitude Mw = 7.5 earthquake is the largest
recorded aftershock localized 95 km to the north on a perpendicular fault. The relationship
between M7.8 and M7.5 is debated in the seismological community. Considering that
the two earthquakes are located on different faults, some researchers considered them as
two mainshocks, but determine such a detail is out of the scope of this paper, as we regard
all the events as a one geophysical event. Table 1 indicates the principal characteristics of
the main seismic events from 1 September 2022 to 17 February 2023 around the epicenter.

https://earthquake.usgs.gov/earthquakes/eventpage/us6000jllz/executive
https://earthquake.usgs.gov/earthquakes/eventpage/us6000jllz/executive
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Table 1. The principal parameters (hypocenter localization, magnitude and focal mechanism) of
the principal seismic events (MW ≥ 4.1) around the epicenter (data retrieved from USGS, http:
//earthquake.usgs.gov/ (accessed on 26 February 2023)). Among the different available magnitudes,
we selected the one more reliable and closer to a correct estimation of the released energy.

Time (UTC) Latitude [◦N] Longitude [◦E] Depth [km] Magnitude Magnitude
Type

Focal
Mechanism

11 October 2022;
15:48:46 37.261 36.234 10.0 5.0 Mww Normal

18 December
2022; 18:13:09 36.392 36.491 10.0 4.6 Mwr Strike-slip 1

6 February 2023;
01:17:34 37.225 37.021 10.0 7.8 Mww Strike-slip

6 February 2023;
01:28:15 37.178 36.947 10.7 6.7 Mww

Not Available
(too close to the

mainshock)

6 February 2023;
10:24:49 38.0234 37.203 10.0 7.5 Mww Strike-slip

6 February 2023;
10:26:48 38.030 37.964 20.1 6.0 Mb Not Available

6 February 2023;
12:02:11 38.055 36.510 8.1 6.0 Mb Not Available

1 Data source for this information: Geofon seismic network (http://geofon.gfz-potsdam.de/eqinfo, accessed on
1 March 2023).

Figure 1 shows the locations of the M4.1+ earthquakes recorded starting from the
6 February 2023 Mw = 7.8 mainshock. We selected two smaller magnitude events recorded
before the mainshock (called foreshock in the map) and very close or on the interested
fault of these larger events. Despite these two events, no other significant foreshock has
been recorded.
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Figure 1. Map of the location of the recorded earthquakes by USGS with magnitude M ≥ 4.1 from
6 until 17 February 2023. The plate boundaries are shown as red dashed lines and the two foreshocks
reported in Table 1 as black diamonds. Faults were retrieved from the European Fault-Source Model
2020 (EFSM20) [24].

Both the largest earthquakes are a result of strike-slip transcurrance of two (or better
three: Anatolian, Arabian and African) plates among an almost vertical fault plane.
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2. Observations

Table 2 presents the 52 analyzed time series considered for the Turkey–Syria earth-
quake in order to search for possible pre-earthquake anomalies. These time series data were
obtained via different data services, which are explained in more detail in the following.

Table 2. List of the analyzed time series before the Turkey 2023 earthquake (D: day, N: night,
Ne: electron density, Te: electron temperature, AOD: aerosol optical depth and CO: carbon monoxide).

Parameters
Anomalous Days

Layer Satellite Parameter

Ionosphere
(plasma parameters)

Swarm A Ne (D&N) −8 to −1 (D), −2, −4 (N)
Te (D&N) —

Swarm B Ne (D&N) −9 to −1 (D), −5 to −1 (N)
Te (D&N) −1, −3 (D)

Swarm C Ne (D&N) −8 to −1 (D), −1, −4 (N)
Te (D&N) −1, −3 (D)

Swarm A–C Ne (D&N) −4, −9 (D), −7,−1 (N)
Swarm A–C Te (D&N) −4 (D), −34 (N)

Ionosphere (magnetic
field data)

Swarm A MS (D&N) —
MVx (D&N) −3, −6 (D)
Mvy (D&N) −5, −8 (N)
MVz (D&N) −1, −8 (D), −8 (N)

Swarm B MS (D&N) −5 (N)
MVx (D&N) −1, −3 (D)
Mvy (D&N) −3, −5 (D), −5, −33 (N)
MVz (D&N) −5 (N)

Swarm C MS (D&N) —
MVx (D&N) −3, −6 (D)
Mvy (D&N) −5, −7, −8, −33 (N)
MVz (D&N) −4 (D),−1, −8 (N)

Atmosphere

GEE Water vapor −10
Ozone −7 to +1

Giovanni Methane (D&N) +4 (D), −3 (N)
Ozone (D&N) −8 to +1 (D), −7 (N)

CO (D&N) −8 to +2 (D), −8, −9 (N)
AOD −9

GEE Surface temperature −19 to −12

Lithosphere USGS EQ catalogue Daily number of EQ −8
Max EQ Magnitude −75

Number of time series (D&N) 52

2.1. Atmospheric Data

In this section, the atmospheric data are analyzed by means of time series investigation
in Section 2.1.1 and by employing maps of each anomalous day depicted from the first
analysis in Section 2.1.2.

2.1.1. Time Series Investigation of Atmospheric Data

This study used two modern platforms based on archiving and processing cloud data to
analyze atmospheric data. The first is the Google Earth Engine (GEE) tool (https://earthengine.
google.com/, accessed on 20 February 2023), and the second one is the Giovanni data service
(http://giovanni.sci.gsfc.nasa.gov/giovanni/, accessed on 20 February 2023) from NASA.
The details of the atmospheric data used in this study are given in Table 3. The area used for
the atmospheric investigation is shown in Figure 2, together with the epicenter. It should
be noted that this study area (the red polygon) was selected along the main fault, and the
reported aftershocks are mapped in Figure 1.

https://earthengine.google.com/
https://earthengine.google.com/
http://giovanni.sci.gsfc.nasa.gov/giovanni/
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Table 3. The details of the atmospheric data used in this study.

Variable Source Spatial Resolution

Water vapor

GEE

NCEP_RE 1 degree

Ozone TOMS/MERGED 1 degree

Surface temperature NOAA/VIIRS 1 km

Methane, mole fraction in
air, ascending

Giovanni

Aqua/AIRS 1 degree

Ozone, total column,
ascending Aqua/AIRS 1 degree

Carbon monoxide, mole
fraction in air, ascending Aqua/AIRS 1 degree

Aerosol absorption
optical depth 500 nm

(dark target)
MODIS-Aqua 1 degree
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Figure 2. The geographic location of the 2023 Turkey earthquake. The black star represents
the epicenters and red polygon shows the analyzed region of interest (map produced by https:
//earthengine.google.com/, accessed on 7 April 2023).

The time series of water vapor, ozone and surface temperature variations in the
occasion of the Turkey–Syria earthquake (6 February 2023) from 1 September 2022 to
17 February 2023, retrieved from GEE platform, are illustrated in Figure 3. The daily
average of these observations in the red polygon shown in Figure 2 from 1 September
2022 to 17 February 2023 was calculated using the GEE computing platform to obtain
such a time series. The horizontal axis, i.e., the time, was calculated with respect to the
days of the earthquake occurrence, indicated by a black dashed vertical line. The median,
upper and lower boundaries (i.e., the anomaly detection thresholds) are reported as blue
and green lines, respectively. These thresholds were pre-defined as, where “M” is the
median and “Iqr” is the interquartile range value of the distribution of the observations.
The choice of a median and interquartile method was selected to address the non-gaussian
distribution of original data. This technique has also been proposed by Pulinets et al. [25]
and Liu et al. [26].

A striking water vapor anomaly 10 days prior to the mainshock is indicated by a black
arrow in Figure 3a. It exceeds the upper boundary by a percentage of 24.13% of the typical value.

https://earthengine.google.com/
https://earthengine.google.com/
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Figure 3. Time series of (a) water vapor, (b) ozone and (c) surface temperature variations for the
Turkey earthquake (6 February 2023) from 1 September 2022 to 17 February 2023, retrieved from the
GEE platform.

Clear ozone anomalies are evident in Figure 3b from 7 days before to 1 day after the
earthquake. This parameter reached the maximum anomaly with a percentage value of
53.88% above the upper threshold 1 day prior to the event (the black arrow in panel b).
Furthermore, it is outstanding to observe that, in the first 100 days, the time series seems to
have standard oscillations with a flat trend, after, i.e., from about 55 days prior to the main-
shock, it started to increase and then decreased after the event. The ozone anomalies before
the earthquakes are phenomena documented in the literature both from the theoretical
point of view of the lithosphere atmosphere and ionosphere coupling models and empirical
observations [27–30]. It can be explained considering that the stress gradually increases in
the inter-seismic (preparation) phase of an earthquake as long as the fault is recharging after
the previous important event. This phenomenon is the source of several possible effects,
such as the fluid–gas migration, gases or even the release of radon and positive holes
from the ground [31–35]. This leads to the possible observation of anomalous atmospheric
concentrations (such as the one identified in Figure 3) and electrical precursory phenomena.
In particular, the underground accumulation of stress and fluid migration could result in
the release of gases at the Earth’s surface, among them methane, water vapor, hydrogen,
nitrogen and CO, consequently affecting the ozone concentration in the atmosphere [28,36].

Figure 3c shows that the surface temperature parameter exceeds the upper bounds
19 to 12 days in advance with respect to the earthquake, as marked by the black arrow in
panel c. Wide literature from different researchers has provided empirical pieces of evidence
and theoretical support for thermal anomalies, which may be induced by the preparation
phase of earthquakes [37–39]. Russia, China and Japan even attempted to operatively apply
of thermal anomalies for prediction purposes. In particular, thermal anomalies have been
reported before earthquakes in central Asia, Turkey, Iran and other areas [37,40,41].

It should be noted that the thermal anomalies could be caused by other phenomena,
especially severe atmospheric perturbations or extreme weather events due, for example,
on overheating of Sea or land in consequence of lack of standard precipitation induced by
climate change. In the case of an earthquake, the thermal anomaly could be due to the un-
derground increase of the stress at the seismic source depth and possible alterations of the
underground properties. Qiang [42], Di Luccio et al. [33], Saradjian and Akhoondzadeh [41]
and Chiodini et al. [43] proposed and measured that, in the preparation phase of earth-
quakes, greenhouse gases, such as CO2 and methane, could be emitted due to deep fluid
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migration and emitted at the Earth’s surface. The emanation of such gases could even alter
the atmosphere’s and ionosphere’s electromagnetic properties [44].

Figures 4 and 5 show the time series of methane, ozone, carbon monoxide and the
aerosol optical depth (AOD) variations for the Turkey earthquake, from 01 November 2022
to 17 February 2023, retrieved from the Giovanni data service. It should be noted that
some gaps are present during these time series due to a lack of satellite coverage or cloud
coverage that did not permit extrapolating the atmospheric composition.
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Figure 5. Time series variations of (a,b) carbon monoxide at day and night, respectively, and
(c) aerosol optical depth for the Turkey earthquake (6 February 2023) from 1 November 2022 to
17 February 2023, deduced from the Giovanni data service.

Figure 4a indicates a clear daytime methane anomaly with the values of 26.49%,
4 days after the earthquake (the black arrow in panel a). It could be due to some oil pipe
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leakage and other damages caused by these earthquakes as reported by some newspa-
pers (e.g., https://www.offshore-technology.com/news/turkey-earthquake-damages-gas-
pipeline/, last access 8 April 2023). However, the nighttime variation trend of the methane
time series shows a striking anomaly 3 days before the event exceeding the upper bound
with a percentage value of 17.46% (the black arrow in panel b).

To confirm the results of ozone variations deduced from GEE platform, here, the
same parameter is analyzed via a different platform and data service. The main difference
is that, here, the methane is directly retrieved from satellite observations, while, before,
an atmospheric chemical model was applied in data pre-processing. Panels c and d in
Figure 4 show the ozone total column parameter measured by AIRS satellite during day
and night, respectively.

Clear anomalies were seen from 8 days before to 1 day after the Turkey–Syria earth-
quake at daytime ozone time series variations. This parameter reached the maximum
value of 128.10%, 1 day before the event. The nighttime ozone variations indicate a striking
anomaly, 7 days before the Turkey–Syria earthquake, reaching a percentage of 43.11% above
the threshold.

The variations of carbon monoxide as another important possible pre-earthquake
atmospheric gas [45] show clear anomalies from 8 days before to 2 days after the event
during daytime with a maximum value of 128.10% 1 day before the earthquake (Figure 5a).
Figure 5b illustrates that carbon monoxide during the nighttime exceeds the upper bound-
ary 8 and 9 days before the event with values of 12.22% and 27.21%, respectively. Carbon
monoxide could also be related to carbon dioxide, which is known to be possibly related
to seismic activity. However, some works of literature found it more in a tectonically
extensional context [32,46].

Figure 5c clearly shows striking aerosol anomalies 9 days prior to the Turkey–Syria
earthquake. In particular, the AOD parameter overpassed the upper boundary of the
extreme value of 281.41%. Such an extreme value is unlikely to be caused by the incoming
earthquake as confirmed by a specific back-tracing of the source of this anomaly provided
in Appendix B. After the earthquake, the aerosol value came back slightly below the median
trend. This could be unexpected as the dust was transferred into the atmosphere due to the
collapse of buildings. The data source used to calculate such time series has too low of a
spatial resolution to catch such small local variations that vanish when mediated on a large
pixel. In fact, the study of remote sensing assessment of damaged buildings is made with
much higher spatial resolution data (e.g., Romaniello et al. [47] investigated the damages
of Mw = 7.0 2010 Haiti earthquake with 30 m resolution remote sensing data).

The increase of aerosol in the atmosphere was discussed by Pulinets and Ouzounov [48]
as a result of physical and chemical processes induced by the release of radon. We noted
that the theory of Freund [34,49], which propose the release of positive charges (or p-holes)
instead of radon, could induce the same atmospheric (and ionospheric) chain predicted by
Pulinets and Ouzounov [48]. In detail, the last one theorizes a “domino” effect based on
the hydration of suspended particles that could also increase the aerosol concentration in
the atmosphere until the formation of pre-earthquake clouds.

An increase of aerosol before several earthquakes has also been reported with an
almost perfect chain of lithosphere-atmosphere and ionosphere anomalies from 2.5 until
one weeks before Mw = 6.7 Lushan (China) earthquake [15], and in the case of the Mw = 7.5
Indonesia 2018 earthquake with synchronous electromagnetic ionospheric disturbances [21].
The possibility that the formation of aerosol and air ionization could be the source of seismo-
ionospheric anomalies is supported by the theories of Pulinet and Ouzounov [25,48,50],
and the results of this paper are compatible with such a theoretical framework.

2.1.2. Map Investigation of the Anomalous Atmospheric Days

In this section, we present the maps of the anomalous days extracted from the previous
section, i.e., by time series analysis. For each parameter, we extract one map of a day above
the threshold, i.e., anomalous. The map of the parameter can help to discriminate whether

https://www.offshore-technology.com/news/turkey-earthquake-damages-gas-pipeline/
https://www.offshore-technology.com/news/turkey-earthquake-damages-gas-pipeline/
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the anomaly is spatially related to the fault system (i.e., the plate boundary) or can be only
superposed in the area. Figure 6 shows the map of aerosol on 18 January 2023, Temperature
on 25 January 2023, specific humidity on 27 January 2023, carbon monoxide (CO) on
29 January 2023, total column ozone on 30 January 2023 and, finally, methane mixing ratio
on 3 February 2023.
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Figure 6. Maps of the anomalies identified by the time series. The epicenters of the two main
earthquakes that occurred on 6 February 2023, of magnitude 7.8 and 7.5, are shown with a red dot
whose size is proportional to their magnitude. The grey dashed line is the plate boundary.

For methane data, as the AIRS instrument provides the mixing ratio over 24 vertical
pressure levels, we selected the closer to the ground in order to select the value more
representative of lithosphere status as done in the past for Ridgecrest 2019 and Papua New



Remote Sens. 2023, 15, 2224 10 of 25

Guinea 2019 earthquakes [22,51]. We decided to order the map in chronological order
in order to depict also possible sequences of atmospheric anomalies in the atmosphere
that can help to discriminate a specific eventual lithosphere atmosphere and ionosphere
coupling model according to what has been done, for example, for La Palma 2021 volcano
eruption [52] or for Lushan 2013 earthquake [15].

Looking in detail at the map, it is possible to note that the anomaly of the aerosol of 18
January 2023 is very close to the incoming earthquakes and so spatially highly compatible
with the emission of gases from the active faults in preparation for the earthquake [53].
Similar considerations can be made for methane emission that were shown to be well
spatial superposed with the plate boundary and, in particular, with the triple point of
interaction of the three faults (Anatolia, Arabia and Africa plates).

The plate boundary and, in general, the fault is a natural channel where underground
fluid and gases can be released on Earth’s surface [54]. The ozone map still looks interesting
because it shows an extended anomaly parallel to the fault of the incoming earthquake but
shifted. Compared with the normal trend of ozone, which is normally depending on the
latitude, it is outstanding that it shows a local trend instead, so it seems the source of this
distribution of ozone may be regional.

However, further evidence of connection with the earthquake is required in future
studies and combined with local geochemical monitoring instrumentation on the ground
where available. Concerning the surface air temperature map on 25 January 2023 and
specific humidity on 27 January 2023, they do not seem to be spatial related to the in-
coming earthquake suggesting maybe other phenomena, such as over warming of the
Mediterranean Sea, that brought heat waves and humidity changes on the closer lands.

2.2. Ionospheric Parameters

To distinguish external disturbances with eventual seismo-ionospheric anomalies, we
reported in Figure 7a,b the values of Kp, ap and Dst geomagnetic indices from 1 September
2022 to 17 February 2023. Each index is more representative of some characteristics of the
status of the geomagnetic field. In particular, ap and Kp are global indices measured from
several geomagnetic observatories at different latitudes in linear and logarithm scales. The
Dst index is measured by four geomagnetic observatories around the dip equator. In the
impact of a geomagnetic storm, its values become negative and could reach some hundreds
of nT of intensity in function of the strength of the same perturbation.

Consequently, high ap or Kp and/or low values of Dst could indicate an external
geomagnetic activity. We would exclude this perturbed time in the anomalies exploitation
because their source is more likely to be external. The selected quiet time for each index was
depicted by two colors (binary representation) in order to visualize the quiet geomagnetic
time in green directly.

The horizontal axis represents the days relative to 6 February 2023, i.e., the Turkey–
Syria earthquake day. In addition to geomagnetic conditions, we monitored also the solar
activity looking for the trend of the F10.7 index plotted in Figure 7c. It is important to take in
mind that the conditions during the investigated months are within a rising of solar activity
of the 25th cycle, which is recording an activity stronger than the predicted one (https:
//www.swpc.noaa.gov/products/solar-cycle-progression, accessed on 2 March 2023) both
for Sunspot number and F10.7.

The choice of the conditions to define calm or perturbed geomagnetic periods was based
on our previous experience in analyzing other strong earthquakes in the world [14,19,22,55–57].

https://www.swpc.noaa.gov/products/solar-cycle-progression
https://www.swpc.noaa.gov/products/solar-cycle-progression
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Figure 7. (a–d) variations of Kp, ap, Dst, and F10.7 geomagnetic indices, respectively, during the
period from 1 September 2022 to 17 February 2023. An asterisk “*” indicates the earthquake origin
time of Turkey–Syria (6 February 2023). The abscissa represents the days relative to the earthquake
day. The values of the geomagnetic indices are provided as binary, i.e., red for not-quiet magnetic
times and green for quiet magnetic times according to each index.

In particular, Kp < 3 nT, ap < 20 nT, |Dst| ≤ 20 nT, and F10.7 <180 SFU (Solar Flux
Unit) are our constraints to select geomagnetic and solar quiet conditions. Notably, the
earthquake occurred about 10 days after a very strong peak of solar activity, as the F10.7
reached about 300 SFU. The possible trigger of high solar-geomagnetic activity on powerful
earthquakes, by inserting a large number of energetic particles in Earth’s environment, was
supported by Marchitelli et al. [58]. Nevertheless, Akhoondzadeh and De Santis [59] found
that the increase in seismicity after a large solar activity is not statistically significant. The
scientific debate is still open, and in any case, this aspect is out of the scope of this paper.

In studies about pre-earthquake processes, normally, a research area possibly affected by
the earthquake is considered. Here we use the circular area defined by Dobrovolsky et al. [60]’s
and equal to R = 100.43M, (km), which increases exponentially with the magnitude M of
the incoming earthquake. Only the sections of the satellite track inside this research area
are taken into account to search for possible seismo-ionospheric pre-earthquake anomalies.
Then, all track sections are divided into two groups: (1) day and (2) nighttime.

This is to take into account that the ionosphere is strongly influenced by solar irra-
diation. Consequently, its behavior is quite different at night and day. In the next data
processing step, the median of the specific parameter was calculated, and the time series
with upper and lower thresholds were estimated. Finally, a polynomial of degree 3 was fit-
ted and subtracted in order to remove any residual trend possible due to seasonal variations
of the plasma parameters.

The three Swarm satellite daytime electron density time series before and after the
Turkey–Syria earthquake (black dashed vertical line) are reported in Figure 8. The median
and thresholds (i.e., the upper and lower boundaries) are represented with blue and green
horizontal lines, respectively. The ‘P’ letter (that stands for “perturbed”) indicates days
with high geomagnetic or solar activity. We underline that the thresholds to extract the
anomalies were estimated only by using the quiet geomagnetic and solar days.



Remote Sens. 2023, 15, 2224 12 of 25Remote Sens. 2023, 15, 2224 13 of 27 
 

 

 
Figure 8. Results of Swarm (a–c) electron density data analysis for the Turkey–Syria earthquake (6 
February 2023) from 1 September 2022 to 17 February 2023 at nighttime. Blue and green lines rep-
resent the median value and the selected thresholds to detect the anomalies. If a day experiences 
some geomagnetic perturbations, it is depicted with the letter “P” on the graph. 

 
Figure 9. Results of Swarm A and C electron density differences for the Turkey–Syria earthquake (6 
February 2023) from 1 September 2022 to 17 February 2023 in the daytime. Panels (a,b) represent 
day and night times, respectively. The geomagnetically “perturbed” days are highlighted by a “P”. 

In order to deeply investigate the ionosphere behavior prior to the seismic event, a 
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Figure 8. Results of Swarm (a–c) electron density data analysis for the Turkey–Syria earthquake
(6 February 2023) from 1 September 2022 to 17 February 2023 at nighttime. Blue and green lines
represent the median value and the selected thresholds to detect the anomalies. If a day experiences
some geomagnetic perturbations, it is depicted with the letter “P” on the graph.

The panels (a, c) of Figure 8 clearly show striking Ne anomalies 3 days before the
Turkey–Syria earthquake in the Swarm A and C measurements. The intensity of these
anomalies was considerable: the parameter was lower 3 days before the event than the
threshold with percentage values of 107% and 106% for Swarm A and C, respectively (the
black arrows in panels a and c). Furthermore, it is worth mentioning that the time series
of Ne variations measured by Swarm satellite B 1 day before the Turkey–Syria earthquake
was lower than the boundary of a percentage value equal to 172%.

Considering the peculiarity of the Swarm constellation with the two satellites A and
C flying in close the same-altitude orbits (separated by 1.4◦ longitude at the equator or
less), it is possible to compare the electron density measured by the two platforms directly.
Calculating such differences will allow detecting possible rapid ionospheric variations that
we can evaluate and test as potential candidates as earthquake precursors. The time series
of the electron density comparison between satellites A and C in day and night time are
shown in Figure 9.

On 4 and 9 days before the Turkey–Syria earthquake, special values of the Ne difference
between Swarm A and C were detected, exceeding the allowed boundaries with percentage
values of 713% and 43.0%, respectively, during daytime. Figure 9b indicates that the time
series of dNe exceeded the allowed boundaries 1 and 7 days prior to the Turkey–Syria
earthquake with values of 69.5% and 85.9% during nighttime.

Such ionospheric anomalies are really interesting, but there could be two equally
plausible geophysical explanations: (1) they were induced by the peak of solar activity
that is depicted as only a few days before in Figure 7d even though this event seems to
not have disturbed the geomagnetic environment (as the index remained low), but some
solar wind particles could have impacted the ionosphere; (2) the increase in the ionospheric
anomalies from 9 days to 1 day before the seismic event was caused by its preparation, also
considering that the same time was found for the same magnitude earthquake occurred in
Ecuador in 2016 [19,61].
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Figure 9. Results of Swarm A and C electron density differences for the Turkey–Syria earthquake
(6 February 2023) from 1 September 2022 to 17 February 2023 in the daytime. Panels (a,b) represent
day and night times, respectively. The geomagnetically “perturbed” days are highlighted by a “P”.

In order to deeply investigate the ionosphere behavior prior to the seismic event, a
track-by-track analysis was done. In particular, the daytime tracks of satellites A on an
anomalous day (3 February 2023, i.e., 3 days before the Turkey–Syria earthquake) are shown
in Figure 10a, depicting a couple of anomalies at geomagnetic latitudes of 25◦ N and 32◦

N inside the Dobrovolsky’s research area. In the figure, the geographical elements, such
as the epicenter, the projection of the satellite track and Dobrovolsky’s circle, are plotted
in the map in panel a. The residual difference on the specific track between the observed
electron density/temperature and a 12-degree fitted polynomial are plotted in panels (b,c).
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To further investigate the ionosphere, searching for eventual magnetic field anoma-
lies, the scalar and vector magnetometer observations were investigated. The algorithm 
first subtracts the IGRF (International Geomagnetic Reference Field [62]) model from the 
Swarm satellite data acquired with good-quality flags. Secondly, all the residual values 
for nighttime and daytime were considered, and their median was computed. Finally, the 
time series from 1 September 2022 to 17 February 2023 was plotted after subtracting a 
3-degree polynomial to remove further seasonal variations of the geomagnetic field. The 
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threshold selected a priori. The specific observed parameter is considered anomalous 

Figure 10. Results of Swarm A track analysis for the Turkey earthquake (6 February 2023) on
3 February 2023, 3 days before the earthquake. (a) The earthquake epicenter, the track and Dobrovol-
sky’s area are shown as a red asterisk, a red line and a green circle, respectively. The track passed
Dobrovolsky’s area between 11:28:56 and 11:34:35 UTC. The horizontal and vertical axes represent
the geographic longitude and latitude. (b,c) show the differences between the measured electron
density and temperature time series and a fitted polynomial of degree 12 along this track. The vertical
axis represents the geomagnetic latitude.



Remote Sens. 2023, 15, 2224 14 of 25

Considering that the ionospheric structures are typical of a specific geomagnetic
latitude, we reported this one on the vertical axis instead of the geographical latitude. The
tracks present two anomalies: one at the same latitude as the incoming earthquake (the
red arrows in Figure 10), which we propose as a possible seismo-induced candidate, and
another anomaly that is placed in the transition between land and Persian Gulf Sea and this
land/sea variation could be the source. We cannot exclude that some underground fluids
could even migrate and release close to the local place where the anomaly was detected
due to the special geological features of the lithosphere, but this last hypothesis is weak.

To further investigate the ionosphere, searching for eventual magnetic field anoma-
lies, the scalar and vector magnetometer observations were investigated. The algorithm
first subtracts the IGRF (International Geomagnetic Reference Field [62]) model from the
Swarm satellite data acquired with good-quality flags. Secondly, all the residual values
for nighttime and daytime were considered, and their median was computed. Finally,
the time series from 1 September 2022 to 17 February 2023 was plotted after subtracting
a 3-degree polynomial to remove further seasonal variations of the geomagnetic field.
The anomalies were defined by checking any eventual residual value that overpasses the
threshold selected a priori. The specific observed parameter is considered anomalous
only if measured in geomagnetically and solar quiet conditions (Kp < 3 nT, ap < 20 nT,
|Dst| ≤ 20 nT and F10.7 < 180 SFU) following the approach already applied in our previ-
ous works [19,22,55–57].

Results of vector Y magnetic field component during night time from Swarm B and C
data analysis from 01 September 2022 to 17 February 2023 are shown in Figures 11 and 12,
respectively. As in the previous ionospheric time series, the perturbed days for geomagnetic
or solar activity are marked with a “P”. We noted that a couple of days of Swarm B are
anomalous for the magnetic field Y component, i.e., their value exceeded the boundaries of
the time series 5 and 33 days before the earthquake (Figure 11). This parameter also shows
unusual variations between 3 and 7 days before and 33 days preceding the seismic event in
the time series extrapolated from Swarm C (Figure 12).
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potentially pre-seismic anomalies.
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Figure 12. Results of Swarm C vector Y magnetic field data analysis for the Turkey–Syria earthquake
(6 February 2023) from 1 September 2022 to 17 February 2023. The black arrows 1 and 2 indicate the
potentially pre-seismic anomalies.

Figure 13 reported an anomalous track in quiet geomagnetic conditions of Swarm
B preceded by 3 days Turkey–Syria earthquake (6 February 2023). Panel a depicts the
same geographical elements of panela a in Figure 10. During the shown track, the satellite
crossed Dobrovolsky’s area from 22:59:17 to 23:04:46 UTC. The panels b, c, d and e show the
residual values computed as derivatives of the observations. The red arrows in Figure 13
indicate a clear anomaly that appears in all vectorial components of the geomagnetic
field but not in the scalar intensity. This means that this alteration is a rotation of the
magnetic field direction but not of its intensity, possibly caused by the preparation phase
of the Turkey–Syria earthquake as suggested but the same latitude with respect to the
epicenter one.
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Figure 13. Results of Swarm B track analysis for the Turkey–Syria earthquake (6 February 2023)
3 days before the earthquake. The earthquake epicenter, the track and Dobrovolsky’s area are shown
as a red star, a red line and a green circle, respectively, in panel (a). The track passed Dobrovolsky’s
area between 22:59:17 and 23:04:46 UTC. The horizontal and vertical axes represent the geographic
longitude and latitude. The subfigures (b–e) show the residuals of the derivatives of the measured
values of scalar intensity and magnetic vectors (X, Y, Z) fields, respectively. The vertical axis represents
the geomagnetic latitude. This analysis is performed inside the region’s minimum and maximum
Dobrovolsky latitudes.
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3. Prediction of Earthquake Magnitude Using FIS

In this section, we try to apply the system based on fuzzy logic, which we previously
developed for five different earthquakes to predict the incoming magnitude based on the
lithosphere, atmosphere and ionosphere time series anomalies [14]. A Fuzzy Inference
System (FIS) is a system that attempts to use a continuous logic, instead of a binary Boolean
one, to predict an output quantity by another input parameter. The decision process
of FIS attempts to imitate the human decision way by using this fuzzy logic approach
(i.e., constructing a series of IF-THEN conditions) [63]. We already proposed a new system
based on Mamdani [64] FIS to estimate the earthquake magnitude, whose details can be
found in [14].

Applying FIS to the Turkey–Syria earthquake of 6 February 2023, we obtained the
result reported in Figure 14. In particular, panel a summarise the daily number of anomalies
(green bar) that is the input of FIS; panel (b) reports the output of FIS, which is the daily
predicted earthquake magnitude (red bar), and panel c shows the observed maximum
daily magnitude from 1 September 2022 to 17 February 2023. It is outstanding to note that
as the earthquake was approaching, a larger concentration of anomalies was visible (see
panel a in Figure 14a). FIS predicts a magnitude M = 7.0 earthquake 9 days before the
earthquake (Figure 14b) and a magnitude M = 7.2 earthquake 1 day before the event. The
real recorded earthquake magnitude was Mw = 7.8. These results further confirm the one
obtained in the previous paper and support the idea to use the 3 geo-layers (lithosphere
atmosphere and ionosphere) to monitor the earthquakes in quasi-real time as proposed by
Marchetti et al. [65].
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Figure 14. (a) Variation in the number of anomalies (green bars), (b) variation in the predicted
earthquake magnitude (red bars) and (c) the observed earthquake magnitudes (blue bars) around the
Turkey–Syria earthquake (6 February 2023) from 1 September 2022 to 17 February 2023. In all panels,
the x-axis represents the day relative to the earthquake day indicated as a vertical dotted line.

4. Discussion

In this paper, several anomalies from the lithosphere atmosphere and ionosphere were
extracted. Especially the atmospheric anomalies are the most reliable in this work. Still, it
is not possible to exclude a weather alteration induced by the strong solar activity recorded
a few days before (see Figure 7d), and climate, magnetic field and solar activity are all
probably related as part of the same geodynamical system (e.g., [66]).
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In the following, we would like to discuss the anomalies in the several geo-layers
in a similar way done for the Italian seismic sequence 2017-2017 by Marchetti et al. [20],
which identified a chain of processes that preceded the start of the seismic sequence or for
Nepal M7.8 and M7.2 2015 earthquakes by Ouzounov et al. [16], which identified possible
couplings between the different geo-layers with few days of delay or more recent work
for Lushan 2013 earthquake by Zhang et al. [15], which identified different couplings
explainable by specific LAIC models.

Figure 15 summarizes all the identified anomalies in this paper in a multi-geo-layer
(lithosphere, atmosphere and ionosphere) view. For the lithosphere, two foreshocks were
extracted in the investigated period, which occurred on the same fault or very close to
the mainshock(s) of 6 February 2023 (Mw = 7.8 and Mw = 7.5). These events can even be
considered as seismic precursors of the incoming earthquake, and we included the one
that occurred on 18 December 2022 in Figure 15 and not the one on 11 October 2022 to not
stretch too much on the time scale as we prefer to focus in the last months and weeks before
the earthquake.
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Figure 15. Global view of the identified anomalies in lithosphere atmosphere and ionosphere prior to
the Turkey–Syria 2023 earthquake. Each box represents the duration of the identified anomaly (for
details, see Table 2). The short names of the atmospheric parameters are T = Surface Temperature,
H2O = Water Vapor and AOD = aerosol optical depth, and the other ones are the analyzed chemical
components (carbon monoxide, methane and ozone).

This foreshock would be 117 days before the Turkey–Syria earthquake, and no other
anomalies in several layers were found at that time. For atmospheric anomalies, a dark
green V-sign (X) marks the ones that show more spatial correlations with the incoming
earthquakes or fault system, as discussed in Section 2.1.2, as well as a light green V-sign
that identifies the anomalies that show only partial spatial compatibility.

Given a global look at Figure 15, it is outstanding to note that the seismic precursors
are the first ones identified in this chain of anomalies, which agrees with some of the
previous results (e.g., [15,20]). Some ionospheric anomalies were identified a little more
than one month before the earthquake, similar to the conclusion of Akhoondzadeh and
Marchetti [14].

From about 10 days before the Turkey–Syria earthquake, it is possible to see anomalies
in all layers and, in particular, 8 days before for lithosphere for the highest number of
daily earthquakes that could have released some gases [44] and eventual p-holes [34,49]
or radon [48] in the atmosphere, which could have also induced perturbations in the iono-
sphere, for example, with the formation of plasma bubbles as simulated by Kuo et al. [67].
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It is interesting to note that plasma parameters show earlier (2 days) anomalies that
could reflect that the altitude of higher ionization (F2) is lower than the magnetic field
monitored by Swarm at a higher altitude, so maybe a perturbation that comes from the
bottom could alter before the plasma and after the magnetic field at higher altitudes.
Globally it is outstanding to note that, in the last days (from about 1.5 weeks until the
earthquake), all the layers and parameters showed some anomalies as never seen in the
previous month. This supports the idea that the geophysical system was activated in
preparation for the incoming catastrophic earthquake.

Despite this, future studies on more earthquakes are necessary to better understand
the temporal (and spatial) order of the anomalies that are still not fully clear, and the
possible roles of location, focal mechanisms, magnitude, depth, and geology in influencing
the ways the lithosphere atmosphere and ionosphere couple together.

5. Conclusions

Currently, the increase and variety of in situ and satellite data possibly related to
the preparation phase of earthquakes, different big data processing platforms and the
significant growth of anomaly detection algorithms prepared the foundations for creating
an earthquake real-time monitoring system, which is a necessary step toward an early
warning system (EEW) based on geophysical multiple parametrical observations. In this
study, 52 time series, which could contain eventual pre-earthquake anomalies from different
data sources, were analyzed over an about period of 6 months.

Clear pre-seismic anomalies were observed from about 10 days before the earthquake
until the mainshock. By using the Mamdani FIS-based earthquake system, which was ex-
plained in the previous study, the possibility of earthquake prediction from about nine days
to one day before the earthquake was tested. Even though the results are promising, we
underline that it cannot be considered a prediction because it is a posteriori analysis, made
using the epicenter, the magnitude and the interested fault segment by these earthquakes
that unfortunately hit Turkey and Syria on February 2023.

It required some non-trivial improvement to transform the system prospectively, and
hopefully, one day, it could be used to predict earthquakes mitigating their catastrophic
impact, such the one of the events discussed in this paper. In order to better understand
the present limitations of this system and to study a way to overpass them, a real-time
monitoring geophysical platform, such as the one proposed by Marchetti et al. [65], could
be the next step. FIS could be part of such a platform.

In addition, in this paper, it was outstanding to identify a progressive increase in
anomaly number starting from about 10 days before and with a particular enhancement
the day prior to the mainshock. Such a trend is compatible with a critical system ap-
proaching a turning point [68]. In this case, the earthquake behaviour was as found for
other significant earthquakes in the World, such as the Amatrice-Norcia (Italy) 2016–2017
seismic activity [20], Ridgecrest (California, USA) 2019 [51] sequences or Kermandec (New
Zealand) 2019 earthquake [23]. In fact, in all of these cases, an increase of anomalies toward
the earthquake was claimed, as also found clearly in this paper.

Finally, a better understanding of such complex systems can be achieved by a large
number of possible pre-earthquake anomalies (i.e., parameters from different layers) used
from multiple data sources to reduce uncertainty. In parallel to this empirical work,
mathematical and statistical analyses (e.g., [3–5]) are necessary to provide robust shreds of
evidence and proof of possible mechanisms for the occurrence of earthquake precursors
and their relationship in different layers of the Earth as supported by different theoretical
models (e.g., [48,69–71]). It should be noted that solar activity was relatively intense in
the studied time period, with a peak about two weeks before the mainshock. The possible
trigger of solar and geomagnetic activities of powerful earthquakes has been discussed in
different papers, but the results are, in some cases, controversial.

The results of this article, as a preliminary assessment of the behavior of different
possible pre-earthquake phenomena before the Turkey 2023 earthquake, could provide
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useful suggestions to further researchers studying this and other great earthquakes in
the World.
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Appendix A. Confutation Analysis in a Comparison Area

In this appendix we present the main analyses made in the Dobrovolsky area of
Turkey–Syria 2023 earthquake repeated in a comparison region of the same extension and
shifted in longitude, so with center in latitude = 37.166◦ N (the same of epicenter) and
longitude = 30.000◦ E. This area is in a similar geographical context with the Caspian Sea
instead of the Mediterranean but also shows some regional similar characteristics and,
overall, is placed in the same hemisphere. The atmospheric analyses in this section were
performed with the Giovanni online tool [72] and are reported in Figure A1. The Swarm
ionospheric analyses of Ne are reported in Figure A2.

Both atmospheric and ionospheric trends in comparison area do not show any abnor-
mal peak confirming that the anomalies identified in last 1.5 days before the Turkey–Syria
2023 earthquake could be related to its geophysical preparation process.
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Appendix B. Source Identification of Aerosol High Value 9 Days before
the Earthquake

In this appendix, we search for the source of the very high peak of aerosol depicted from
the time series of Figure 5c 9 days before the Turkey–Syria earthquake (i.e., 28 January 2023).
For this purpose, we extracted previous pictures starting from the day before to identify
possible other concentrations of aerosol in the surrounding areas as we show in Figure A3.
It is possible to note the above Mediterranean Sea there was a very strong cloud of aerosol
that moves in north–east direction, overpassing the earthquake region on 28 April 2023.

Considering these conditions, the source of such a strong anomaly seems to not be
related to the incoming earthquake. In addition to the previous picture in Figure A4, it is
possible to see a wider view of the area only one hour before the first map of Figure A3,
i.e., at 10 UT on 27 January 2023. From this picture, the source seems located in Sahara
Desert between Egypt and Libya, and the most probable nature of such cloud of aerosol
is a sandstorm from the desert, transported by winds above the earthquake area in about
one day.

Eventual other sources could be fires, volcanic emissions or other natural or artificial
events, but it is excluded that this peak of Figure 5c in the manuscript was caused by the
incoming earthquake. Despite this, some smaller aerosol emissions could still be related to
the preparation of this earthquake, eventually including the orange pixels in the maps on
28 January at 11UT (see Figure A3) aligned with the plate boundary.
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