
Magnetic Field and Electron Density Anomalies from Swarm Satellites Preceding the Major

Earthquakes of the 2016–2017 Amatrice-Norcia (Central Italy) Seismic Sequence

DEDALO MARCHETTI,1,2 ANGELO DE SANTIS,2,4 SERENA D’ARCANGELO,3 FEDERICA POGGIO,4 SHUANGGEN JIN,1

ALESSANDRO PISCINI,2 and SAIOA A. CAMPUZANO
2

Abstract—A systematic inspection of the magnetic field and

electron density, recorded by Swarm three-satellite constellation

over the seismic region hit by the 2016–2017 Amatrice-Norcia

(Central Italy) seismic sequence, has allowed us to identify some

possible precursory anomalies, when disturbed periods of the

geomagnetic conditions are properly taken into account and/or

avoided. This paper aims at studying and interpreting the electro-

magnetic phenomena occurred before and during the 2016–2017

Amatrice-Norcia (Central Italy) seismic sequence, in order to look

for any possible evidence of precursory anomalies. Results show

magnetic field and electron density anomalies of four tracks that

precede the major earthquakes of the seismic sequence. After an

inspection of the geomagnetic conditions, a Swarm Charlie track,

acquired on 20/08/2016 that precedes by 3.2 days the beginning of

the whole seismic sequence, remains unexplainable with the nor-

mal geomagnetic disturbance phenomena of the Earth’s magnetic

field. Furthermore, we carry out a blind study of possible rela-

tionship between abnormal magnetic field signals detected by

Swarm satellites during geomagnetic quiet conditions and major

seismic events from about 4 months before the start of the seismic

sequence until about the first 8 months from the seismic sequence

(i.e. a total of one year of analysed data). We find a very interesting

increase of such anomalies starting about 40 days before the

beginning of the seismic sequence. It coincides and follows surface

and atmospheric alterations, resulting in a temporal sequence of

anomalies from Earth’s surface up to ionosphere, supporting the

possibility of lithosphere–atmosphere–ionosphere coupling models.

Key words: Seismo-magnetic precursors, LAIC, Swarm

satellites, earthquakes.

1. Introduction

The main purpose of this paper is to look for

possible evidence, in terms of abnormal electromag-

netic measurements, of the influence in the

ionosphere by the earthquakes in a specific case

study. These phenomena are called Lithosphere

Atmosphere Ionosphere Coupling (LAIC) effects.

Different models have been proposed to explain

the possible LAIC effects in the atmosphere and in

the ionosphere. Freund (2011, 2013) proposed a

mechanism based on the theory of p-holes (positive

holes), considering the Earth crust as a battery. The

stress along the fault produces p-holes which alter the

surrounding rocks producing electric current and,

suddenly, electromagnetic radiations and pulses.

When p-holes reach the Earth surface they could

ionize the atmosphere and, rising upward, could then

lead to cloud condensation. The upward of these

charged particles could create instability in the

mesosphere and on the edge of the ionosphere. The

mechanisms were tested successfully in laboratory as

reported in Freund et al. (2007).

Pulinets and Ouzounov (2011) proposed a slightly

different model to explain the LAIC effects, based

mainly on gas and fluid that could rising up toward

the surface in the preparatory phase of the earth-

quake. Some evidence for underground fluids

migration were also provided by seismological anal-

ysis, for example for Central Italy L’Aquila 2009

earthquake by Di Luccio et al. (2010). The surface

release of gas could create a chain of processes,

among all: a change in surface temperature and

humidity, the ionization in atmosphere by alpha-

particles, formation of aerosol size particles, changes
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in atmospheric electric conductivity and electric

coupling with ionosphere creating electrical and

magnetic alterations.

A very interesting LAIC model together with

numerical simulation was provided by Kuo et al.

(2014). This model is focused on the electromagnetic

coupling between lithosphere, atmosphere and iono-

sphere. It also takes into consideration the role of the

Earth’s magnetic field, suggesting a possible mecha-

nism of alteration of the ionosphere that improves

their previous model published in Kuo et al. (2011).

De Santis et al. (2015) suggested a general review

of the processes that occur before and during an

intense earthquake, and described how they could be

likely coupled. Pulinets and Boyarchuk (2004) and

Hayakawa (2015) presented very good general

reviews about possible effects in ionospheric plasma

density alteration before an earthquake.

Other studies proposed passive ground-based

measurements of electromagnetic lithospheric emis-

sions ranging from DC to VHF before M6.9 1988

Spitak (Armenia), M7.1 1989 Loma Pietra (USA) and

other earthquakes (Fraser-Smith 1990; Molchanov

et al. 1992; Donner et al. 2015).

Hattori (2004) provided a review about different

reported pre-earthquake anomalies in ULF geomag-

netic field range as one of the most promising

phenomena for short-term prediction.

De Santis et al. (2017) applied a specific tech-

nique based on the critical system theory to the M7.8

2015 Nepal earthquake taking advantage of the

Swarm satellite mission composed of three twin

satellites with the main aim of monitoring and

studying the Earth’s geomagnetic field. These authors

found out a particular pattern in the sequence of

magnetic anomalies characterised by a great simi-

larity with the analogous foreshocks and aftershocks

sequence. A similar approach was applied to the

M7.8 2016 Ecuador and M8.2 2017 Mexico earth-

quakes by Akhoondzadeh et al. (2018) and Marchetti

and Akhoondzadeh (2018), finding an increase in the

number of Swarm anomalies around 9 days and

130 days, respectively, before the earthquake origin

time and other anomalies both in the magnetic field

and in the atmosphere and the ionosphere.

In this paper, we aim to analyse both the magnetic

field and electron density in situ measurements by

ESA Swarm satellite constellation preceding the

major earthquakes of the 2016–2017 Amatrice-Nor-

cia (Central Italy) seismic sequence. In the next

section, we describe the seismological context, while

in the Sect. 3 we introduce the Swarm satellites

together with the used algorithms. Section 4 shows

the obtained results, Sect. 5 is dedicated to a blind

research for magnetic anomalous signal, and in

Sect. 6 we discuss the results, together with some

conclusions.

2. Seismological Settings

On 24/08/2016 at 01:36 UTC, a Mw 6.0 earth-

quake occurred in Central Italy Apennines (42.7 N,

13.23 E, depth of 8 km), 1 km West from Accumoli

(Rieti) and 9 km from Amatrice (Rieti) (Tinti et al.

2016). Both towns (and many others in the sur-

rounding) were sadly destroyed, producing about 300

fatalities.

Following this event, a very long seismic

sequence started (geographical representation in

Fig. 1). In the first year, it produced:

• 2 M6? earthquakes,

• 7 earthquakes with 5.0 B M B 5.9,

• 62 earthquakes with 4.0 B M B 4.9,

• 1073 earthquakes with 3.0 B M B 3.9,

• more than 75,000 earthquakes with M B 2.9.

On 30/10/2016, at 6:40 UTC, the Mw 6.5 main

shock happened, 5 km Nord-East from Norcia

(Perugia) (black-orange star in Fig. 1). On 18/01/

2017, a further increase in seismicity occurred, with

four Mw 5.0? events with epicenters close to Mon-

tereale in the region of Campotosto, representing the

southernmost part of the sequence.

3. Satellite Swarm Data and Analysis

Swarm is the ESA’s magnetic field mission

launched successfully on 22/11/2013, which monitors

the Earth’s magnetic field with a precision never

reached before. Some of the principal results obtained

so far by Swarm mission are: the lithospheric mag-

netic field map with a resolution up to 250 km (Olsen
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et al. 2017), oceanic tidal effect on geomagnetic field

and electromagnetic induction generated by oceanic

circulation (e.g. Grayver et al. 2016; Irrgang et al.

2017; Lück et al. 2018).

Swarm is a constellation of three identical satel-

lites, which are still in orbit (Friis-Christensen et al.

2006). Two satellites, Alpha and Charlie are on a

lower orbit [about 450 km above sea level (a.s.l.) in

August 2016] and the third satellite Bravo is on

higher orbit (about 512 km a.s.l. in August 2016).

This particular orbital configuration was chosen to

achieve many different scientific objectives, for

example the side-to-side flight of the two satellites

Alpha and Charlie could permit to measure the Field

Aligned Currents (FAC) that flow about in radial

direction (Ritter et al. 2013). The configuration is not

completely fixed as the Bravo satellite precedes

slowly in longitude along the years with respect to the

other two satellites: at the launch it was close to

Alpha and Charlie, now it is about at 90� separation.

Also the altitude is an important parameter as it was

chosen to extend the mission, maintaining by fuel the

altitude of Alpha and Charlie that are more subject to

drag. In this way, it will be possible to monitor the

geomagnetic field for an entire solar cycle (11 years)

and this is very important as the Solar physics plays

one of the most important impacts on geomagnetic

field, in fact also in this study, to search for seismic

source anomalies we try to be in conditions that are as

less perturbed as possible by external sources like the

Sun.

The satellites are equipped by sophisticated

magnetometers to acquire vector magnetic field and

its intensity, electric field instruments to characterise

the ionospheric plasma, accelerometers and other

tools, as laser retroreflectors to determine the orbit in

a very accurate way.

Figure 1
Location of the epicenters, localized by Istituto Nazionale di Geofisica e Vulcanologia (INGV) from 24/08/2016 to 31/12/2017. The size of the

points is proportional to the earthquake magnitude while the color indicates the origin time of the event (see the colorbar for a

correspondence). Looking at the color it is possible to distinguish in red the initial events close to M6.0 Amatrice, in yellow the events linked

to the M6.5 mainshock (black–orange star) close to Norcia and in green the events of the last southern part of seismic sequence, close to

Montereale (Campotosto)
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The geomagnetic field is measured by two

instruments: Absolute Scalar Magnetometer (ASM)

and Vector Field Magnetometer (VFM), which are

placed at the end and at the half of the 4 m boom,

respectively, both placed at the back of each satellite.

The electronic boards are placed inside the satellite

main body, as much as farther from the sensors. The

ASM works on the physics principle of measuring the

Larmor frequency of 4He in one of its

metastable levels, which obviously depends on the

magnetic field environment where the sensor is

placed. The ASM characteristic errors are signifi-

cantly lower than 1 nT (Léger et al. 2015).

Unfortunately, the ASM instrument on-board Swarm

Charlie was subject to failure and was off from 5

November 2014. The VFM is composed by a fluxgate

magnetometer based on a three-axis Compact Spheric

Coil with a three-axis Compact Detector Coil inside.

The continuous calibration of the instrument is pro-

vided by ASM instrument of the same spacecraft or

Alpha ASM for Charlie VFM. The Vector Field

Instrument is placed on an optical bank together with

three star trackers to determine with very high pre-

cision the absolute orientation of the instrument also

in case of deformation and/or vibration of the boom

with respect to the spacecraft main body. Joint

together the star tracker and the VFM have also

permitted to achieve a very high accuracy, compa-

rable with the 4 nT rms of Magsat satellite (see Olsen

et al. 2010). In front of each Swarm spacecraft, two

Langmuir Probe of different length are installed. A

bias electric signal is injected into the probe, but they

do not operate by the classic electric sweep cycle, but

with an harmonic modulation of the bias at three

relevant points to determine the plasma parameters,

i.e. the electron density, temperature and potential as

reported by Knudsen et al. (2017).

In this paper, the Level 1b magnetic and electric

field instrument (EFI) dataset are analysed. Detailed

corresponding official description can be found in

Olsen et al. (2013). For magnetic field we analyse the

Low Resolution 1 Hz version 408 data. Electron

density is extracted from EFIx_LP 2 Hz, version 403

data.

Figure 2
Swarm magnetic and electron density signals corresponding to track no. 12 of the 17/08/2016. The small plot at the top right represents the

AE-index in the same day preceding the shown track. Red circle underlines an anomaly on all the vector components of magnetic field and the

plasma electron density
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Figure 3
Anomalous track of Swarm Charlie satellite in magnetic and electron density recorded 3.2 days before the M6.0 Amatrice earthquake (24/08/

2016). Green and blue circles highlight very interesting anomalies in magnetic field and electron density, respectively

Figure 4
Swarm Alpha satellite magnetic and electron density signals of track no. 26 acquired on 20/08/2016. The track is shown to be compared with

Fig. 3 as Alpha satellite crosses the same region after 3.2 s with respect to Charlie

Magnetic Field and Electron Density Anomalies from Swarm Satellites
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In Figs. 2, 3, 4, 5, 6 and 7 we show the results of

semi-automatic data analysis over the three magnetic

field components, the total intensity, the electron

density and the geographical map (from left to right).

For each component of the magnetic field, we extract

the measurements in the latitude between about 33� N

and 53� N (geographical latitude). The magnetic

latitude (by rotation taking into account North Pole

by IGRF-12, Thébault et al. 2015), the central track

UTC time and the corresponding local time for that

longitude k (LT = UT ? k/15) are computed and

shown in output graphs. The magnetic data are

elaborated to remove the main field with the same

approach described in De Santis et al. (2017).

Therefore, we calculate the differences sample by

sample divided by the time difference of two

consecutive samples (that, numerically, it approxi-

mates the temporal derivative) and then we remove a

cubic spline with knock points every 20 s from the

data in order to remove the long trend of the time

series. Next, residuals are plotted and investigated.

The scale is fixed in the range ± 1 nT/s, so that it can

be possible to compare the residual of a particular

track to another (sub-pictures d, e and f). The decimal

logarithm of electron density is also plotted in sub-

picture g and analysed. In order to identify the pos-

sible outliers, a 10� polynomial is fitted over the

electron density and is represented in the next fig-

ures as a red curve. The electron density’s samples,

which deviate more than 2.0 times from the standard

deviation of the residual of the polynomial fit, are

automatically highlighted by a green ‘‘X’’. On the

sub-picture h, a geographical map allows to see the

localization of the studied area, marked by a yellow

circle that defines the Dobrovolsky area of the

mainshock, with a radius of about 620 km (Dobro-

volsky et al. 1979). In some graphs, we represent also

the M6.0 Amatrice earthquake’s Dobrovolsky area of

Figure 6
Swarm Charlie magnetic and electron density tracks no. 20 of the 26/10/2016. The track precedes by 3 h the Mw 5.4 and by 5 h and 15 min

the Mw 5.9 earthquakes of the same day and by 3 days, 16 h and half the 30/10/2016 Mw 6.5 mainshock

bFigure 5

Alpha and Charlie Swarm magnetic and electron density satellite

tracks that precede and follow the tracks of 20/08/2016 of Figs. 3

and 4 (see main text for more details)
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about 380 km. Other elements in the geographical

map are: a red line, representing the studied satellite

track, and a green star as the mainshock epicenter. All

the plots referring to the same figure have been

aligned at the same latitude and time; the geomag-

netic latitude is also represented. Each of the three

components of the magnetic field is also given with

its Fast Fourier Transform (FFT) in subpictures a, b

and c for X, Y and Z geomagnetic residual, respec-

tively. The samples inside the minimum and

maximum latitude of the Dobrovolsky circle are

taken into account for FFT estimation. As the number

of the samples influences the FFT results and overall

the sensibility at different periods we decide to fix the

same limits for all the tracks at every longitude. In the

head of figure, we also report title, day and mean

hour, geomagnetic conditions (Dst, ap geomagnetic

indices values during the acquisition time and AE

index for previous 6 h), satellite quality flags and

satellite flight direction (Dir: U for Up-ascending or

D for Down-descending orbit).

A total automatic and blind data analysis is pre-

sented in Fig. 9 and Sect. 5 of this paper. The analysis

is conducted with the best results of the previous

investigation and introducing also a continuous

wavelet analysis over 1 year of Swarm data. In par-

ticular, we write an algorithm that investigates each

satellite track that crosses the Dobrovolsky area and

compares the root mean square inside a small (1�)

movingwindowwith the rootmean square of thewhole

track. On the same time, the algorithm performs the

wavelet analysis and it estimates the energy content

inside the signal period of 40–60 s. If it detects in the

same moment a high root mean square and high fre-

quency content it tags that track as anomalous. The

details are provided in Sect. 5. The advantage of this

technique is that the anomaly is defined by objective

criteria, without human interaction.

4. Results and Analysis

Firstly, starting from 1 month before the begin-

ning of the seismic sequence to the end of January

2017, the graphs of all the satellite tracks of Alpha,

Bravo and Charlie that cross the Dobrovolsky area

Figure 7
Swarm Charlie magnetic and electron density signals along the track no. 26 of the 06/01/2017

D. Marchetti et al. Pure Appl. Geophys.



are produced. The adjacent tracks, falling outside the

Dobrovolsky area, are also analysed, so that a better

understanding of any other phenomena is possible. If

the same peculiarities of a track, inside of the

Dobrovolsky area, are found outside, that track is

rejected as a potential earthquake-related anomaly. In

total, over 1500 tracks are one-by-one investigated.

In the following lines, we will discuss the tracks

evidencing some peculiar features that precede the

major shocks of the seismic sequence.

Figure 2 shows a track by Charlie Swarm Satellite

acquired on 17/08/2016. The geomagnetic conditions

during the hour of the track acquisition time are very

quiet (Dst = -3 nT, ap = 4 nT, AE = 76 nT). The

track precedes by 6.7 days the first major earthquake

of the sequence. The anomaly highlighted in red

could have been good candidate as earthquake pre-

cursor, but it is probably due to the decreasing phase

in the strong auroral activity, that took place about

4 h earlier (see sub-plot ‘‘i’’ in the same figure),

reaching the maximum measured value of AE equal

to 576 nT at 4:00 UTC. So, despite the geomagnetic

indices correspond to a quiet condition, probably the

ionosphere remained still perturbed by the previous

activity. It is well known that auroral activity can also

be transmitted to medium latitudes (those in this

study), generally with delays up to 6 h (Kikuchi et al.

2000).

Figure 3 shows the magnetic field and electron

density tracks of Swarm Charlie satellite that passes

close to the epicenter 3.2 days before the start of the

seismic sequence. The track is acquired at 20:07 UTC

on the 20/08/2016 in very quiet geomagnetic condi-

tions (Dst = 8 nT, ap = 0 nT, AE = 50 nT) and it

allows to see a clear anomaly, marked with a green

circle, in the Y magnetic component within the

Dobrovolsky area, a little northern from the impend-

ing earthquake epicenter. In addition, the electron

density measured by EFI instrument (Langmuir

Probe) onboard the same satellite shows a more

extended anomaly, which covers from the southern

part to the northern one with respect to the future

epicenter; the anomaly is marked with a blue circle.

Despite the previous and following tracks (see Fig. 5)

present some oscillations of the signal that seem

typical of some little external disturbance, they do not

present this kind of behaviour, hence, it appears as a

unique feature above the epicentral region. The cor-

responding track of Alpha satellite (see Fig. 4)

presents a disturbance over ? 50� geomagnetic lati-

tude probably due to the fact that the auroral activity is

not totally absent (AE is equal to 50 nT). At 46�

geomagnetic latitude, Alpha satellite measures a little

disturbance in Y component. The time separation

between Alpha and Charlie at that latitude is 3.15 s

(with Charlie in front) so the disturbance highlighted

with a green circle, in Fig. 3, is a quick transient

hiding for the most part after 3 s. Referring to the

electron density, the wide blue disturbance is also

present in Alpha measurements and in the other tracks

of the day in neighbouring regions (but with different

peculiarities). They can be identified with about three

electron density stronger peaks in all the tracks but the

extension along the track and intensity are not the

same. The perturbation detected by Charlie satellite in

green circle (panel e) in magnetic Y component,

probably, is present also in electron density but it is

very difficult or impossible to distinguish from the

biggest general perturbation of electron density that is

likely due to external perturbation. The magnetic

signal detected by Charlie satellite in the Y compo-

nent of the magnetic field could be strongly connected

with the impending earthquake and, more important,

can be a very good candidate to represent a magnetic

precursor, remembering that the 24/08/2016 Mw 6.0

Amatrice earthquake was not preceded by foreshocks.

Looking at the residual magnetic satellite signals

over Central Italy Apennines, we notice an abnormal

track at around the 26 October, as shown in Fig. 6,

which is clearly different from the other ones.

This track precedes by about 3.7 days the Mw 6.5

mainshock happened at 6:40 UTC on 30/10/2016

close to the town of Norcia. The anomaly is marked

with a red circle and it appears even before two

foreshocks, i.e. 3 h before the Mw 5.4 and 5 h and 15

min before the Mw 5.9 earthquakes, occurred on the

same day of the satellite track. A very deep earthquake

(depth 481 km) of magnitude ML 5.8 also occured

after 54 h (i.e. 28/10/2016 20:02:43 UTC) in Southern

Tyrrhenian Sea (39.27 N, 13.55 E), but we do not

expect it produced this anomaly as being a very deep

earthquake. Geomagnetic conditions during which we

acquire this track show a moderate activity

(Dst = -26 nT, ap = 27 nT). The corresponding

Magnetic Field and Electron Density Anomalies from Swarm Satellites



Y-component track has a particular period of oscil-

lation, also highlighted by the peak in the Fourier

transform at about 13 s that exceeds by 3 sigmas the

average of the spectrum. Measuring the peak-to-peak

amplitude manually on the graph for the abnormal

signals, we estimate a characteristic time in the range

7–11 s. The signal then shows an increase of the

central frequency.

If we suppose that the phenomenon can be

ascribed to a ‘‘Doppler effect’’, this should be

induced from a front of particles moving at speed

equal to about 57% of the light speed.

In the days preceding the 18/01/2017 (when

occurred four M5? seismic events located near

Montereale, in the Campotosto area), unfortunately

both magnetometers onboard Alpha and Charlie

satellites were not in nominal conditions. The only

track with a clear anomaly and nominal working con-

dition of satellite instruments was acquired by Swarm

Charlie on 6/01/2017 at 18:56 UTC (Fig. 7). The

auroral activity throughout the whole day was high:

during the acquisition of this track we find AE (19:00

UT) = 104 nT; please note that 6 h before this track,

theAE-index reached even the highest value of the day,

i.e. 521 nT. Therefore, the anomalies found in this track

are more probably due to the penetration of auroral

electric currents at medium latitudes than precursors.

5. Validation of the Visual Inspection of the Satellite

Tracks

After the visual inspection of the tracks together

with an investigation of the geomagnetic conditions

before and during the 2016–2017 Central Italy seis-

mic sequence, the Charlie track no. 26 acquired on 20

August at 20:07 UTC can be considered as a good

seismic precursor candidate.

Specific frequency analysis on this track by con-

tinuous wavelet Morlet family is performed. The

Figure 8
Swarm Charlie Y component magnetic signals along the track no. 26 acquired at 20:07 UTC of the 20/08/2016. In the figure is represented

(from left to right) the original signal, the residual of removing cubic spline from the first derivative and the continuous wavelet analysis in the

period between 2 and 100 s

D. Marchetti et al. Pure Appl. Geophys.



most of energy of the green circle anomaly shown by

Fig. 3 is concentrated between about 40 and 60 s (see

red rectangle in Fig. 8).

To check the relationship between this anomaly

with the seismic activity in Central Italy we perform a

blind research extracting all the anomalies with

similar characteristics defined by a threshold kt over

the root mean square (rms) of the residual inside a 1

degree latitude window compared with the root mean

square of the whole track (|geomagnetic lati-

tude| B 50�). The mean energy in the periods

between 40 and 60 s is investigated in Fig. 8 (the

candidate track) and it reaches 0.048 (nT/s)2. So, we

define a second threshold over this energy equal to

0.040 (nT/s)2. All tracks are analysed, both during

daytime and nightime, as the algorithm compares the

investigated windows with the whole track so the

local time dependence of background does not

influence our technique.

Figure 9 shows the cumulative number of Swarm

three satellites anomalous tracks in Y component of

magnetic field. The period from 01/05/2016 to 30/04/

2017 is investigated by a threshold kt equal to 1.75 in

rms and a threshold of 0.040 (nT/s)2 in energy

Figure 9
Cumulative number of Swarm three satellites anomalous tracks in Y component of magnetic field. The period from 01/05/2016 to 30/04/2017

has been investigated by thresholds in rms and frequency content (see text for details). During the disturbed hours, the cumulative graph is

incremented by the same slope of the sorrounding period. The red vertical bars represent the geomagnetic disturbed time (|Dst|[ 20 nT and/

or ap[ 10 nT). The color of the dots indicates the satellite that detects the anomaly: black for Alpha, red for Bravo and green for Charlie. The

blue vertical lines depict the main earthquakes in the seismic sequence. Bottom graph represents the Dst value for the same period; the upper

and lower green lines are the thresholds within we define the quiet geomagnetic time (together with the ap B 10 nT)
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content in the periods between 40 and 60 s. The

tracks are tagged as anomalous only during geo-

magnetically quiet time defined by thresholds over

Dst and ap (|Dst| B 20 nT and ap B 10 nT), to avoid

solar disturbance of ionosphere. In Fig. 9 the geo-

magnetic disturbed time (|Dst|[ 20 nT or ap[ 10

nT) is underlined by vertical red bars. Each point of

the cumulate of this figure corresponds to an

anomalous track of one of the three Swarm satellites

(black Alpha, red Bravo and green Charlie). The

origin times of the main earthquakes (i.e. M5.5?) of

the seismic sequence are presented as vertical blue

lines with close explanation label. The cumulative

graph is made creating a curve that starts from 0 and,

when we detect an anomaly, we add (i.e. cumulate)

one unit to the previous value. As it is a sum of

positive quantities, it is always a monotone

increasing.

As during disturbance time we do not select

anomalous tracks, this selection could influence the

pattern of the cumulative number of the anomalous

track over the time. To avoid this, the cumulative

number is increased during the disturbed hours by the

same slope that has outside in the same period. This

allows us to interpret better the shape of the cumu-

lative graph without introducing artificial variations

of slope due to not analysed periods (for geomagnetic

disturbance and/or storms).

Without special phenomena, we expect that the

cumulative number of anomalies increases linearly

with the time, so we search for periods when there is

some deviation from the linearity of this curve and

we investigate them.

The general shape of the cumulative number of

anomalous tracks so constructed (Fig. 9) shows an

increase starting about 40 days before the M6.0

24/08/2016 Amatrice earthquake. The trace comes

back to the previous slope about 23 days after the

same earthquake, so we suppose that this is the typ-

ical slope of this graph (i.e. the slope without seismic

events).

What is very interesting is that the starting time of

slope-variation of the cumulative number of the

anomalous tracks coincides and follows the anoma-

lies in skin temperature (skt), total column water

vapour (tcwv) and total column ozone (tco3) found

by Piscini et al. (2017) between 11 and 15 July 2016.

The synchronism between these parameters and the

time sequence (first, the surface or close surface

variations of skt and tcwv, then tco3 and finally the

ionospheric disturbance) could confirm a possible

perturbation coming from lithosphere up to

ionosphere.

Finally, we check the number of anomalies at

different times of the analysed period. The total

number of the anomalous Swarm (Alpha, Bravo and

Charlie) tracks in the geomagnetically quiet analysed

time is 260 (Alpha 84, Bravo 94 and Charlie 82).

Before the 24 August 2016 the number of anomalous

tracks is 117 (over 812 analysed tracks in geomag-

netically quiet conditions). Between M6.0 Amatrice

24 August 2016 earthquake and Norcia M6.5 30

October 2016 earthquake, the number of anomalous

tracks is 43 (over 351 quiet tracks) and after the M6.5

main shock the number of anomalous tracks is 100

(over 1238), so the percentage of anomalous tracks is

14.4% before M6.0 EQ, 12.3% between M6.0 EQ and

M6.5 EQ and 8.1% after the mainshock. The greater

percentage of anomalous tracks before the two prin-

cipal seismic events of the sequence confirms the

reliability of this method to search for possible seis-

mic source geomagnetic anomalies in Swarm satellite

data.

6. Discussion and Conclusions

Among all the shown tracks, the most interesting

one is represented in Fig. 3: the geomagnetic condi-

tions are very quiet and there is a clear anomaly in the

Y component not presenting anomalies on the other

components (as Fig. 2), strengthening the hypothesis

of a possible lithospheric origin for this anomaly. The

anomalies shown in Figs. 2 and 7 are, instead, likely

related to the auroral geomagnetic activity. Note that

these latter anomalies, probably due to external

geomagnetic activity, affect the three components of

magnetic field, instead the anomaly in green circle of

Fig. 3 is present only in Y component of geomagnetic

field suggesting a different nature of this anomaly.

Furthermore, the possibility to detect Earth—internal

source of anomalies in Y-component is higher than in

other two components as it is less affected by external

perturbations (Pinheiro et al. 2011).

D. Marchetti et al. Pure Appl. Geophys.



The possibility of perturbation in ionosphere

electromagnetic environment was statistically

demonstrated in DEMETER satellite data by Li and

Parrot (2013) and some most recent works (Yan et al.

2017; Ho et al. 2018). The detected anomaly in

Swarm magnetic data is compatible with anticipation

time with respect to M6.0 24 August 2016 Amatrice

earthquake found in these works and also the earth-

quake magnitude is inside the different range that the

authors used for their statistical analysis.

In Fig. 6, it appears a very peculiar pattern that

can be candidate for an earthquake precursor, but,

unfortunately, the geomagnetic conditions are not

sufficiently calm to claim any conclusions about this

effect and its possible association with the litho-

spheric activity, even if suggested by the later

phenomena. Therefore, a LAIC for this phenomenon

is very difficult to prove. The pattern could be due to

a passage of particles, but these could have been

introduced from the outside (e.g. solar wind) rather

than from the lithosphere.

Due to the peculiarity and the exclusion of other

phenomena, the signal acquired by Swarm Charlie

3.2 days before the start of the whole seismic

sequence is an excellent candidate as a magnetic

seismic precursor. This is further confirmed by the

blind research of anomalous signals in the satellite

magnetic field, combining an automatic analysis in

intensity and frequency of the signal to identify the

anomalies. The combined use of these methods was

successfully demonstrated to be promising for

searching possible electromagnetic seismic precur-

sors (e.g. Wen et al. 2012). In our analysis, we find an

increase of the cumulative number of anomalous

tracks that immediately follows the surface–atmo-

sphere perturbation found by Piscini et al. (2017).

The temporal sequence of the different anomalies

seems to confirm the Lithosphere–Atmosphere–

Ionosphere coupling mechanism, perturbing firstly

the surface and near surface layers (through the

quantities of skt, tcwv), then an intermediate upper

atmospheric layer as evidenced by ozone and finally

some days after, the upside ionosphere as found in the

automatic analysis applied on Swarm magnetic data

by the increase of the cumulative number of

anomalies.

In summary, the anomalous track of Charlie of 20

August 2016 (i.e. 3.2 days before the start of the

seismic sequence) seems to be a phenomenon of

different nature (e.g. precipitation of particles), that

could be linked to the imminent earthquake and, if it

is confirmed in other case studies, could be useful as a

‘‘last alarm’’ in a future platform to predict earth-

quakes together with other ionosphere, ground and

atmospheric observations.
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