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A B S T R A C T   

This work deals with a comprehensive multiparametric and multilayer approach to study earthquake-related 
processes that occur during the preparation phase of a large earthquake. As a case study, the paper in-
vestigates the M7.2 Kermadec Islands (New Zealand) large earthquake that occurred on June 15, 2019 as the 
result of shallow reverse faulting within the Tonga-Kermadec subduction zone. The analyses focused on seismic 
(earthquake catalogs), atmospheric (climatological archives) and ionospheric data from ground to space (mainly 
satellite) in order to disclose the possible Lithosphere-Atmosphere-Ionosphere Coupling (LAIC). The ionospheric 
investigations analysed and compared the Global Navigation Satellite System (GNSS) receiver network with in- 
situ observations from space thanks to both the European Space Agency (ESA) Swarm constellation and the China 
National Space Administration (CNSA in partnership with Italian Space Agency, ASI) satellite dedicated to search 
for possible ionospheric disturbances before medium-large earthquakes, i.e. the China Seismo-Electromagnetic 
Satellite (CSES-01). An interesting comparison is made with another subsequent earthquake with comparable 
magnitude (M7.1) that occurred in Ridgecrest, California (USA) on 6 July of the same year but in a different 
tectonic context. Both earthquakes showed anomalies in several parameters (e.g. aerosol, skin temperature and 
some ionospheric quantities) that appeared at almost the same times before each earthquake occurrence, 
evidencing a chain of processes that collectively point to the moment of the corresponding mainshock. In both 
cases, it is demonstrated that a comprehensive multiparametric and multilayer analysis is fundamental to better 
understand the LAIC in the occasion of complex phenomena such as earthquakes.   

1. Introduction 

Earthquakes (EQs) release energies roughly proportional to 10M, 
where M is their magnitude (e.g. Okal, 2019). The knowledge of the 
earthquake preparation process is a challenging task in the definition of 
the chain of events leading to the rupture. In case of large events, they 
are often made up of a sequence composed of foreshocks, mainshock and 
aftershocks (e.g. Mogi, 1963; Felzer et al., 2004). The recognition of all 
signals in the pre-seismic phase, with or without foreshocks, is the main 
task in earthquake prediction studies. Efforts have been made in real 

time foreshock phase recognition and, although some significant prog-
ress has been found in this field (e.g. McGuire et al., 2005; Gulia and 
Wiemer, 2019), some difficulties still remain (e.g. Dascher-Cousineau 
et al., 2020). 

Even if one may usually consider a strategy based on seismic data 
analysis (e.g. De Santis et al., 2015; Cianchini et al., 2020), a non-seismic 
approach exists, based, for example, on the observation and detection of 
some anomalous behaviour of the above geolayers, i.e. atmosphere and 
ionosphere. This is simply justified by the fact that the lithospheric 
system under tectonic stress, including the earthquake preparation 
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volume, is an open system, with, therefore, mass and energy exchange 
with neighbour environment, flowing, as an example, into the above 
atmosphere and, in turn, into the ionosphere, just during the preparation 
phase of the earthquake. This kind of interaction is also called 
Lithosphere-Atmosphere-Ionosphere Coupling (LAIC) (Hayakawa and 
Molchanov, 2002; Freund, 2011; Pulinets and Ouzounov, 2011). Usu-
ally, this approach takes advantage of the existence of dense ground 
observational networks and of currently orbiting satellites. These latter 
have the potential to have greater probability to be flying periodically 
over the seismic regions and detect any possible continuous or occa-
sional precursors (e.g. Picozza et al., 2021). 

Only recently, space missions were conducted and performed for the 
investigation of the circumterrestrial environment, with particular 
attention in observing and studying the possible coupling among solid 
earth, atmosphere, ionosphere and magnetosphere before strong 
earthquakes. The French DEMETER satellite (Parrot, 2002; Cussac et al., 
2006) represented the very first attempt to put in low-Earth orbit a 
dedicated satellite for potential detection of ionospheric signals pre-
ceding strong earthquakes (e.g. Parrot, 2012). This satellite was flying 
from 2004 to 2010 and demonstrated to be able to monitor and detect 
ionospheric effects prior to large earthquakes (e.g. Zhima et al., 2020). 
Since 2013, the Swarm three-satellite mission by ESA is in progress to 
monitor the geomagnetic field at the best, taking advantage of the 
peculiar satellite orbital configuration: two satellites, Alpha and Charlie, 
fly at around 460 km of altitude while the third satellite, Bravo, flies at 
about 510 km. Its effectiveness to detect peculiar pre-earthquake 
anomalies of the magnetic field and electron density in the ionosphere 
has been lately studied and shown (De Santis et al., 2017, 2019b). The 
most recent space enterprise with the same objective has been the CSES- 
01 that was launched on 2 February 2018 and is still orbiting at about 
500 km of altitude. Its on-board instruments represent the best nowa-
days to verify the possibility to observe anomalous behaviour of the 
ionosphere, possibly due to impending large earthquakes (Shen et al., 
2018). 

This study analyses multiparametric (seismic, atmospheric, Global 
Navigation Satellite System -GNSS and satellite) data trying to detect 
possible anomalies related to the M7.2 (as provided by GeoNet EQ 
catalogue, or M7.3 from USGS catalogue) Kermadec Islands (New Zea-
land) EQ, occurred on June 15, 2019 at 22:55:04 UTC, located at 
30.644◦S, 178.100◦W and 46.0 km depth (USGS source: https://earthqu 
ake.usgs.gov/earthquakes/eventpage/us6000417i/executive). We also 
compare the results with the analogous findings of another recent 
seismic event, i.e. the M7.1 Ridgecrest EQ. (6 July 2019, California, 
USA; e.g. De Santis et al., 2020), whose open system character has been 
demonstrated in Pulinets et al. (2021) with the detection of an anoma-
lous flux of radon, just days before the mainshock. 

This paper is organized as follows. First, the used data are intro-
duced, then the applied methods together with their main results are 
presented. Since this work is a comprehensive investigation of the EQ 
under study, the data analyses are made in the different geolayers from 
bottom to above, i.e. from lithosphere, atmosphere to ionosphere. All 
results are then combined and compared with those of the Ridgecrest 
EQ. We finally conclude with some discussion and conclusions. 
Although data and methods are different and heterogeneous, we attempt 
to provide a comprehensive and all-inclusive view of the found results, 
in the framework of the LAIC model. In addition, some Supplementary 
Material completes the work with further data analyses and results, 
complementary to those provided in the main text. 

2. Data 

In order to study the LAIC effects, several datasets are necessary. In 
fact, each geolayer that is investigated requires specific data from 
several sources. As the analysis is conducted separately in each layer, we 
cope with time/space different resolutions. However, the integration of 
the different results attempts to take into account these differences. 

Although some difficulties could be present to investigate the physics of 
the mechanism of coupling when the time or space resolution is limited, 
nevertheless the comparison with the results from several layers is still 
possible. 

2.1. Lithospheric data 

The seismic event under investigation was located in a very active 
region where one of the fastest plates (Pacific Plate) subducts beneath 
the Kermadec-Tonga subduction zone (Fig. 1a); here large earthquakes 
and volcanic eruptions are taking place (e.g. Smith and Price, 2006; 
D’Arcangelo et al., 2022). 

The USGS catalogue (https://earthquake.usgs.gov/earthquakes/se 
arch/) and the national New Zealand catalogue, i.e. the GeoNet Earth-
quake Catalogue (https://www.geonet.org.nz/), were used in this study. 
The former catalogue has the advantage of having a global coverage due 
to a worldwide network of seismic stations and it has a magnitude of 
completeness (Mc) of about 4.5 worldwide (or even better in last years 
and for regions - e.g. in USA; Mueller, 2019). Mc is an important 
parameter when estimating b-values (Wiemer, 2000): Mc is the mini-
mum magnitude for which, in a given region and temporal interval, all 
earthquakes with magnitude M ≥ Mc are recorded by the seismic 
network. 

Since we are interested in a deeper understanding and characteri-
sation of the specific region of New Zealand, for more detailed analyses 
and to achieve a lower magnitude of completeness, we retrieved the 
seismic data from the GeoNet site too, in the period between January 01, 
2018 and June 14, 2019. The area is delimited by the Dobrovolsky strain 
radius (Dobrovolsky et al., 1979), that scales with magnitude M as 
100.43M km, collecting around 18 thousand events. Although the seismic 
network is decentralised with respect to the epicentre (Fig. 1b), none-
theless the proximity of the northernmost station (GLKZ) assures a good 
detection capability in the area. The GeoNet earthquake catalogue 
permits to study more in detail the seismicity because the magnitude of 
completeness can reach 2.0, or even lower values: in particular it allows 
to search for some seismic “precursors” such as the variation of b-value 
(e.g. Herrmann et al., 2022) or some recognisable patterns, such as the 
seismic quiescence or its almost opposite, i.e. the Accelerated Moment 
Release (AMR), and its revised version, hence called R-AMR (Revised 
Accelerated Moment Release; De Santis et al., 2015). To this purpose, we 
downloaded the New Zealand seismic data from 2018 to the mainshock 
origin time in a broad region around the epicentre. 

2.2. Atmospheric data 

As the method of analysis is based on the comparison of the phe-
nomenon’s behaviour in the present time with that in the historical 
background, the downloaded data were analysed from the beginning of 
their availability until present, and every while we updated our archive 
with the most recent data. In particular, to investigate the atmosphere 
we retrieved several parameters, such as SKin Temperature (SKT), Total 
Column Water Vapour (TCWV), Outgoing Longwave Radiation (OLR), 
Aerosol Optical Depth (AOD), Carbon Monoxide (CO), Sulphur Dioxide 
(SO2) and Methane (CH4) from ECMWF (European Centre for Medium- 
range Weather Forecasts) and NASA-NOAA. Most of the data have been 
selected from climatological re-analysis datasets. These ones have the 
advantage of having a homogeneous coverage in space and time and to 
be only slightly altered by observation conditions, like cloud cover for 
satellite observations. ECMWF elaborated ERA-Interim from 1979 to 
2019 and the new version ERA-5 with improvements such as temporal 
resolution of one hour (instead of 6 h of ERA-Interim) and more pa-
rameters and higher space resolution, updated to present in quasi-real 
time. NASA-NOAA elaborated the climatological model MERRA-2 
(Gelaro et al., 2017). This model provides physical and chemical esti-
mations of atmospheric conditions from 1980 to present (updated once 
per month). Temporal resolution is one hour and spatial resolution is 
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0.625◦ longitude, 0.5◦ latitude. Both ERA-5 and MERRA-2 models were 
used to obtain the atmospheric parameters. We considered nighttime 
values because are typically less affected by local meteorological 
changes. The use of 40 years of data allows us to better evaluate the best 
background from which estimate the anomalies. The size of the 
geographical area investigated in the New Zealand region was deter-
mined by considering the circular earthquake preparation region (or 
Dobrovolsky area) centred in the earthquake epicentre (Dobrovolsky 
et al., 1979). 

2.3. Ionospheric data 

The ionospheric layer can be investigated in two ways: from in-situ 
observations by satellites (i.e. from satellites flying across ionosphere) 
and from ground observations by ionosondes and GNSS receivers. Our 
study addresses both approaches, mostly concentrating on CSES-01 
satellite and integrating with ESA constellation Swarm three-satellites. 
The CSES-01 satellite is a multiplatform satellite whose main purpose 
is to search for ionospheric precursors of earthquakes, and for such 
reason it operates in “burst” mode over seismic active regions, i.e. 
seismic belts and China (Shen et al., 2018). We deeply investigated the 
plasma measurements (electron density, Ne and electron temperature, 
Te) from Langmuir Probes (LAP) and magnetic field measurements from 
High Precision Magnetometer (HPM) composed by two fluxgates and a 
Coupled Dark State scalar Magnetometer (CDSM) placed on one of the 
booms of the satellite. We also investigated the Search Coil Magne-
tometer (SCM) and Electric Field Detector (EFD) data from CSES-01. 

This satellite gives the possibility to have a good estimation of the 
background at two specific a.m. and p.m. local times due to its sun- 
synchronous orbit. For having a larger picture of the ionosphere at 
several local times, we integrated the magnetic field and plasma mea-
surements from the Swarm constellation that is equipped with similar 
payloads with respect to CSES-01 satellite. 

The CSES-01 HPM, LAP, SCM and EFD data were available at the 
CSES satellite web portal (www.leos.ac.cn). Regarding Swarm magnetic 
field data, they were downloaded as Level 1b low rate (1 Hz) data from 
all three satellites (up to baseline 0507) until 8 March 2020. For Swarm 
electron density data, we considered EFI LP (2 Hz), baseline 0501. Both 
datasets are provided in Common Data Format (CDF) and freely avail-
able in the ESA Swarm FTP and HTTP Server swarm-diss.eo.esa.int. 

For the ground observations, we used GNSS data from the receivers 
of the GeoNet GNSS/GPS network (https://www.geonet.org.nz/), 
located within the earthquake preparation region, together with re-
ceivers outside the area of interest included for comparative analysis. 
The Total Electron Content (TEC), estimated from the time delay be-
tween two GPS (Global Positioning System) transmitting frequencies, 
can also be used to study the eventual effects in the ionosphere due to 
the preparation phase of strong earthquakes (e.g. Zhu and Jiang, 2020). 
By the other hand, a ionosonde has the advantage to determine impor-
tant ionospheric parameters with the best precision, for example the 
altitude of the F2 layer, its limit-transmitting frequency, the eventual 
presence of the sporadic layer E, etcetera. Unfortunately, no ionosonde 
data are available from that area. 

Fig. 1. (a) The Kermadec-Tonga subduction area, where the subduction direction and large velocities (the arrows and the associated velocities w.r.t. Africa in mm/ 
yr) are evidenced. Tectonic margins are shown in red (diverging), green (transform), grey (orogens) and blue (subduction zones); red circles are seismographic 
stations on Islands (Image source: Wikipedia, under CC BY-SA 3.0); (b) Distribution of the seismographic stations in New Zealand: the northernmost station (GLKZ) is 
the closest one to the studied epicentre (Image source: GeoNet). Also two GNSS stations (RAUL, very close to the seismic station GLKZ, and PYGR) are shown: their 
TEC data have been used in our analysis. The yellow star shows the epicentre of the event. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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3. Data analyses and results 

3.1. Seismological data analysis 

The seismic data were retrieved from GeoNet Geological Information 
for New Zealand, in the period between 1 January 2018 and 14 June 
2019 over a circular area contained by the Dobrovolsky strain radius, 
comprising 18,291 events. To characterise the seismicity trend, the first 
step was to calculate the magnitude of completeness (Mc). We computed 
Mc as a function of time by sliding the time window containing 150 
earthquakes by steps of 5 events (Fig. 2a) and its variation in time in 
bold (grey lines are the upper and lower bands of confidence). Limits of 
the graph are set between 1 and 3, because it is the typical range of the 
Mc values from a dense seismic network. 

Mc values of GeoNet network are quite stable and ranging between 
1.8 and 2.2, for the time period considered. So, considering the largest 
value of the range, the catalogue was filtered in order to exclude all 
earthquakes with magnitudes lower than Mc = 2.2 and to obtain the b- 
value behaviour in time (Fig. 2b). The latter parameter depends on 
different physical and tectonic setting conditions: stress regime, het-
erogeneities of materials and temperature (Scholz, 2015). Low b-values 
have been correlated to asperity areas, possible origin of future earth-
quakes (e.g. Nanjo and Yoshida, 2021). From Fig. 2b it is worth noting a 
general tendence of decrease, with larger decrease at the end of 2018. 

Accelerating seismicity is quite common during the preparation 
process of EQs. It can be detected by the Accelerated Moment Release 
(AMR) method, and its recent revised version (R-AMR; De Santis et al., 
2015), applied to the EQ catalogue. The AMR method (e.g. Bowman 
et al., 1998; Bufe and Varnes, 1993) proposes that the cumulative value 
of the Benioff strain s(t) (Benioff, 1949), which is proportional to the 
square root of the EQ energy, may progress following a power-law 
diverging function with time: 

s(t) =
∑n(t)

i=1

̅̅̅̅̅̅̅̅̅̅
E(ti)

√
= A+B

(
tf − t

)m (1)  

where E(ti) is the energy of the i-th event; n(t) is the number of earth-
quakes at time t; A ≡ s(t)∣t=tf > 0 at the time of failure tf (i.e. the main-
shock); B < 0 and 0 < m < 1 are constant parameters, usually estimated 
by a non-linear least squares regression of data; m is an exponent rep-
resenting the degree of accelerating energy release (De Santis et al., 
2010), whose values usually are in the interval [0.2,0.6] (Mignan, 
2011). The estimation of the acceleration is given by the so-called 
C-factor (Bowman et al., 1998), defined as the ratio between the root 
mean square (rms) of the residuals of the non-linear (power-law) fit and 
the root mean square of the linear fit: 

C =
rmsnlin

rmslin
(2) 

If C is <1, then acceleration is present, and the lower C, the more the 
acceleration occurs in the seismic data. 

When focusing on the state of a specific fault, also the distance Ri of 
the i-th foreshock of the sequence from the mainshock plays an impor-
tant role. De Santis et al. (2015) introduced a revised version of AMR 
(called R-AMR) to take into account the maximum distance R, supposing 
that the effects of preceding EQs are still perceived at the fault level, the 
so-called minimum strain radius (Dobrovolsky et al., 1979). The expres-
sion for the cumulative reduced strain becomes: 

s(t) =
∑n(t)

i=1

̅̅̅̅̅̅̅̅̅̅
E(ti)

√
⋅G(Ri) (3)  

where G(Ri) is an attenuation function depending on the distance Ri of 
the i-th EQ from the epicentre, modelled by De Santis et al. (2015) as 

G(r) =
{

r− γ0 r ≤ R0
r− γ1 r > R0

(4)  

where R0 denotes the limit between two regions around the seismogenic 
fault, each with its own weighting exponent γ. By analysing 14 case 
studies worldwide, Cianchini et al. (2020) evidenced that γ1 is generally 
equal to 0.5, while reasonably we set γ0 = 0 (De Santis et al., 2015; 
Cianchini et al., 2020), because there is a small area around the epi-
centre with negligible attenuation. 

The R-AMR estimates, in a sufficiently large area, the collective but 
surely different effect of each i-th EQ on the fault under study, according 
to its magnitude Mi and distance Ri from the fault. When we applied the 
R-AMR method (De Santis et al., 2015) to the downloaded catalogue, we 
observed that the seismicity accelerated during the preparation phase of 
the earthquake (Fig. 3). An automatic search for a significant accelera-
tion was applied to seismic time series from the date before the EQ back 
to past values till C was <0.6. It is interesting to notice that the R-AMR 
detects a clear seismic acceleration (C = 0.56) when starting from 
middle June 2018 and predicts a magnitude similar to the real one (M 
(A) = 7.1 and M(B) = 7.4; see De Santis et al., 2015 or Cianchini et al., 
2020 for their definitions) and a time of failure which is only around 20 
days after the mainshock. 

3.2. Atmospheric data analysis 

In the LAIC approach, some atmospheric quantities and contents of 
gases have been simultaneously processed in order to identify possible 
persistent anomalies some days or months before the impending earth-
quake (Pulinets and Ouzounov, 2011). In particular, a Climatological 
Analysis for Seismic PRecursor Identification (CAPRI) algorithm (Piscini 
et al., 2017, 2019) has been applied to the ECMWF Reanalysis v5 (ERA5) 
and ECMWF Copernicus Atmosphere Monitoring Service (CAMS) 
climatological dataset with a spatial grid of 0.25◦ x 0.25◦. 

The time series of each atmospheric quantity has been collected and 
preprocessed in order to apply CAPRI algorithm which compares daily 
time series of the investigated year with the forty-year (1979–2018) 
historical time series in a temporal window of some months preceding 

Fig. 2. Estimation of (a) Mc and (b) b-value in function of time with their bands of confidence for the earthquake of interest.  
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Fig. 3. The R-AMR analysis of the New Zealand catalogue around the 2019 M7.2 Kermadec Islands EQ. The algorithm evidenced an increased seismicity following a 
rather large foreshock (M > 6; shown as a cyan star) in March 2019, a few months before the mainshock. The figure shows also some parameters involved in the R- 
AMR analysis (see text for more details). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 4. Case study for the 2019 Kermadec Islands 
earthquake ECMWF AOD (a), SKT (b) and OLR (c). 
The 2019 time series (red dashed line) is compared 
with the historical time series (1979–2018 for SKT 
and OLR, 2003–2018 for AOD, blue line). The circles 
put in evidence the identified anomalous days. Col-
oured stripes indicate 1.0 (green), 1.5 (cyan) and 2.0 
(yellow) times the standard deviation (std) from the 
mean of the historical time series, respectively. The 
earthquake occurred at the end of the analysed period 
(120 days). (For interpretation of the references to 
colour in this figure legend, the reader is referred to 
the web version of this article.)   
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the seismic event. If the observable of interest exceeds with a certain 
persistence the mean of the time series twice the standard deviation, an 
anomaly is identified. In this work we considered an interval of four 
months before the earthquake and preferred to identify also single day 
anomalies, at the cost to have more anomalies than usual. 

In particular for ERA5 dataset, that starts from 1979, we focused on 
physical variables related to thermal radiative interaction of atmosphere 
with surface, i.e. SKT, TCWV and OLR. ERA5 provides hourly estimates 
of a large number of atmospheric, land and oceanic climate variables. 
The data cover the Earth’s surface on a 30 km grid and resolve the at-
mosphere using 137 levels from the surface up to a height of 80 km. 

As regard CAMS dataset, content of the main gases, possibly related 
to surface emissions (Chiodini et al., 2004, 2020), such as CO, SO2, CH4 
and AOD, have been analysed, with the same 0.25◦ x 0.25◦ spatial grid 
resolution, with the exception of CO dataset that has a spatial resolution 
with a grid of 0.75◦ x 0.75◦. The CAMS reanalysis dataset covers the 
period from January 2003 to 2020. We used all data from January 2003 
to the date of the earthquake. The CAMS reanalysis is the latest global 
reanalysis dataset of atmospheric composition (AC) produced by CAMS, 
consisting of 3-dimensional time-consistent AC fields, including 

aerosols, chemical species and greenhouse gases (GHGs). 
ECMWF climatological analysis for Kermadec Islands 2019 M7.2 

seismic event puts in evidence some anomalous days for some of the 
studied parameters. In particular, AOD shows a 4-day persistent 
anomaly starting on 3 March 2019, and three single anomalies on 23 
February, 17 April and 30 May 2019 (Fig. 4a), with positive anomalies 
around the epicentre (Fig. 5a). SKT shows two single anomalies on 13 
March 2019 and on 30 May 2019 (Fig. 4b), with maximum concentra-
tion in northern New Zealand (Fig. 5b). OLR reveals a 3-day persistent 
anomaly starting on 9 May 2019 and two single anomalies on 15 and 30 
May 2019 (Fig. 4c), with the EQ epicentre at the border between 
maximum and negative values (Fig. 5c). TCWV analysis shows three 
single anomalies, on 14 March, 31 March and 30 May 2019 (see Sup-
plementary Material). As regards Sulphur dioxide content, it shows two 
anomalies on 11 April and 3 June (a two-day anomaly) 2019 with spatial 
concentrations as shown in the Supplementary Material. Methane shows 
three single anomalies on 10 March 2019, 23 and 25 May 2019, whilst 
CO analysis does not show any anomaly in the 120 day time window 
analysed (see Supplementary Material). 

A confutation analysis performed for a year without significant 

Fig. 5. ECMWF AOD (a), SKT (b) and OLR (c) anomalous day maps of the case study for the 2019 Kermadec Islands earthquake. The values are given as difference 
with respect to a typical non-anomalous day. 
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seismicity (i.e. 2018) is shown in the Supplementary Material where SKT 
and OLR do not show significant anomalies. AOD and SO2 show many 
less anomalies than those detected by the same atmospheric quantities 
in 2019, i.e. the year of the EQ. 

3.3. Satellite magnetic and electron density data analysis 

After the analyses of lithospheric (i.e. seismological) and atmo-
spheric data, we move to analyse the state of the ionosphere during the 
preparation of the Kermadec Islands EQ by satellites and GNSS receivers. 
Swarm and CSES-01 magnetic and Ne datasets are used to analyse and 
integrate the different approaches that can be implemented to detect 
electromagnetic anomalies caused by earthquakes preparation phase, 
thanks to their low earth orbits, at around 500 km of altitude. As shown 
in the Supplementary Material, starting from MASS (MAgnetic Swarm 
anomaly detection by Spline analysis; see for example De Santis et al., 
2017, 2019b), four different approaches (hereafter also called Method 1, 
2, 3 or 4, respectively) have been implemented: 1) classic MASS: using 
first differences divided by the time interval from sample to next sample 
and b-splines to remove the long trend; 2) using first differences of the 
data but removing the long trend by means of a 10-degree polynomial; 
3) using the global geomagnetic field model CHAOS (i.e. a magnetic 
model initially based on CHAmp, Ørsted and Sac-c satellites; the most 
recent version 7 also includes Swarm satellite data; Finlay et al., 2020), 
only for magnetic data, to calculate differences with respect to the sat-
ellite data and b-splines to remove the long trend; 4) using CHAOS 
model to calculate differences with respect to the satellite data and 10- 
degree polynomial to remove the long trend. The first approach (Method 
1), i.e. the classic MASS, has the great advantage to be self-consistent, 
without the need of a global geomagnetic field model. 

The main result of these analyses is a list of the most accurate and 
consistent anomalies that are provided by the classic MASS, being pre-
sent in CSES-01 and Swarm magnetic tracks. This study has been 

performed considering 150 days before the EQ, detecting a promising 
anomaly 110 days (more than three months) before this event, present in 
different platform datasets. Fig. 6 shows an example acquired by CSES- 
01 and Swarm satellites on 25 February 2019. Fig. S11 in the Supple-
mentary Material shows that the solar conditions before and during the 
found anomaly were quite calm, excluding the possibility of an external 
magnetic field effect. 

In addition, on this day no M5+ EQs have been recorded from the 
USGS seismic network in a 1500 km area around the M7.2 EQ epicentre, 
so the anomaly is a great candidate as a possible precursor of the 
earthquake. From Swarm-CSES-01 joint analysis, the anomaly lasts for 
several hours from about 9:35 UTC to 17:10 UTC (i.e. 7 h and 35 min), 
still with a possible residual at 21:15 UTC. The peak of intensity of the 
anomaly has been recorded by nighttime passage of CSES-01 satellite in 
the area at 14:35 UTC, reaching a significant anomaly of 20 nT peak-to- 
peak, which seems in any case too much for a seismo-induced 
phenomenon. 

Fig. 7 shows a CSES-01 anomalous track detected the day before the 
previous case. Also this anomaly is quite interesting: in fact, the highest 
intensity is in the Y-East component as expected for internal anomalies 
(Pinheiro et al., 2011) and it is the only anomaly in the whole track 
between 50◦ South and 50◦ North of geomagnetic latitude. In addition, 
also this track presents an anomaly intensity in the Y component of 
about 20 nT. The geomagnetic conditions were quiet (geomagnetic 
indices: Dst = − 1 nT, ap = 4 nT and AE = 24 nT; source: World Data 
Center for Geomagnetism, Kyoto, http://wdc.kugi.kyoto-u.ac.jp/) and 
the anomaly is localised over land, in the southern segment of the plate 
boundary and at the border (but inside) the Dobrovolsky area. It is 
interesting to notice that the anomalies appear in the magnetic field 
components (larger in the Y-component) but not in the total intensity: 
this implies that the perturbation rotates the magnetic field vector 
without changing its intensity. 

Fig. 8 shows a CSES-01 magnetic field track that contains a decrease 

Fig. 6. Magnetic field Y-component analysis using the classic MASS method (Method 1) in different tracks of Swarm A (a), B (b), C(d) and CSES-01 (c) on 25 
February 2019 for the local time windows as indicated in the form hh:mm. Red lines in panel e (with the geographical map) correspond to the four satellites’ paths. 
The yellow oval is the Dobrovolsky area; the star is the EQ epicentre. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 
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of Y-East component of magnetic field around the future epicentral 
latitude (extended a little northern). The track, acquired in geomagnetic 
quiet time (with Dst = − 4 nT, ap = 4 nT and AE = 225 nT), shows a little 
geomagnetic activity at higher latitudes but the level is not anyway so 
strong. 

Fig. 9 shows the track acquired by Swarm Charlie only 22 h and 36 
min before the event. We notice a certain similarity of the anomaly with 
the track acquired 15 min before the Ridgecrest (California, USA) M7.1 
EQ occurrence (see Fig. 1 of Marchetti et al., 2020). In addition, the 
ionospheric plasma has been investigated, with particular attention to 
the electron density Ne, to search for possible pre-earthquake iono-
spheric disturbances by the NeLOG algorithm (see De Santis et al., 
2019a, for a full description of the method). NeLOG analyses the decimal 
logarithm of Ne by a 10-degree polynomial fit (red lines in Fig. 10a) and 
calculates the residual. If a sample overpasses by kt times the standard 
deviation of the residual, it is marked by a blue asterisk in the figure. The 
method then classifies the track as “anomalous” if it contains >10 
anomalous samples in the Dobrovolsky area. Fig. 10 shows an inter-
esting example of an anomalous Ne track of Swarm Alpha satellite ac-
quired 119 days before the M7.2 Kermadec Islands (New Zealand) EQ. 
This track shows a clear enhancement of Ne at a geomagnetic latitude of 
about − 28◦ similar to the example shown in De Santis et al., 2021 with 
CSES-01 satellite in the case of a smaller magnitude earthquake. The 
track has been acquired during geomagnetic very quiet conditions (Dst 
= − 6 nT and ap = 0 nT). The same track is given in the Supplementary 

Material (Fig. S13) where, together with Ne, also the tracks of Te and Vs 
of Swarm-A satellite are shown. 

On 1 June 2019, i.e. two weeks before the mainshock, Swarm Alpha 
detected an interesting electron density latitudinal profile that crossed 
the longitude of the incoming earthquake epicentre during nighttime 
and quiet geomagnetic conditions (see Fig. 11). The red box enlightens a 
part of the Ne profile that seems to be anomalously increased in terms of 
its absolute value between − 44◦ and − 29◦ of latitude. Furthermore the 
same track shows two perturbations around the mean track value 
highlighted by continuous and dashed red ovals. Interestingly, all such 
anomalous features are localised inside the Dobrovolsky area and, in 
particular, the stronger perturbation, underlined by the continuous red 
oval, is localised at the same latitude of the future epicentre. Such per-
turbations not only are unusual at night time LT = 01:13 AM but also are 
localised southern of the typical geomagnetic latitude of the possible 
residual of daily EIA that could appear at about − 15◦ / -20◦ geomagnetic 
latitude, and also sufficiently far from the South pole. Therefore for 
exclusion the remaining hypothesis on its origin could be a seismo- 
induced phenomenon. 

3.4. Total Electron Content (TEC) data analysis 

TEC data from GNSS receivers can also be analysed to detect elec-
tromagnetic anomalies possibly related to impending earthquakes. 
Vertical TEC (vTEC) data calibrated applying the techniques described 

Fig. 7. Anomalous magnetic track of CSES-01 on 24 February 2019 analysed by method 3. a) Residuals of Y component vs. time; Residuals of (b) X, (c)Y, (d) Z and (e) 
F and (f) geographical map. The yellow oval is the Dobrovolsky area; the star is the EQ epicentre; the red line is the satellite path. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of this article.) 
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in Ciraolo et al. (2007) and Cesaroni et al. (2015) to RINEX data 
recorded from 4 months preceding up to 1 month after the earthquake 
occurrence at selected stations of the GeoNet GNSS/GPS network are 
used for this purpose, i.e. RAUL, GLKZ and PYGR (see Fig. 1b). 

Anomalous variations of vTEC are defined following four different 
approaches, respectively applied to a single station (method 1, applied 
to data close to the epicentre), two stations (methods 2 and 3, consisting 
of differential analyses between data close to the epicentre and rather 
distant ones), and three stations (method 4, differential analysis among 
data from stations at different distances from the epicentre). For all the 
methods, geomagnetic conditions are taken into account in order to 
exclude anomalies of external origin. 

Among such approaches, the two-station differential analysis of 
method 3 seems to be the most promising, and is presented here in detail 
(for the detailed definitions and analyses by the other methods, see the 
Supplementary Material). In this method, the vTEC relative deviations 
(dTEC) between data of a couple of distant receivers is considered, in the 
specific: 

dTEC = (vTECRAUL − vTECPYGR)/vTECPYGR, (5)  

being RAUL receiver (29.24◦ S; 177.93◦ W) the closest available to the 
earthquake epicentre, with a distance of 156 km, while PYGR (46.17◦ S; 
166.68◦ E) is the most distant one among those of the GeoNet network, 
with a distance of about 2170 km (Fig. 1b). This means that dTEC large 

values reflect vTEC large values near the epicentre in correspondence to 
lower values outside the earthquake preparation zone, being then 
considered possibly affected by pre-earthquake processes. 

In method 3, the anomalies are defined by comparing the dTEC 
values calculated every 30 s to the mean linear trend m of the linear fit to 
data within the 4 months prior to the earthquake. In this case, an 
anomaly is defined as a set of dTEC values continuously exceeding m + 2 
TECU (corresponding to about m + 3.5σ in case of a Gaussian distri-
bution of the residuals) for at least 5 min. The anomalies occurred under 
disturbed geomagnetic conditions are discarded, where |Dst| > 20nT or 
AE > 200 nT conditions are applied to the instantaneous and daily 
maxima of the corresponding geomagnetic indices as a proxy of 
disturbed conditions. Fig. 12 shows the application of this method to the 
earthquake under analysis. In the same figure also the EQ occurrences 
are shown together with their range of magnitudes (when more than one 
EQ occurred on the same day and in the Dobrovolsky area). 

This analysis revealed three possible precursory anomalies, some of 
which were detected also using different approaches. In particular, the 
18 March anomaly is recognized also by method 2 (Fig. S16 in the 
Supplementary Material), and the one of 5 June by both methods 1 
applied to RAUL data (Fig. S15) and method 2, despite the latter con-
firming the anomaly only with respect to the first background 
(Fig. S16a). It should be noted here that the application of method 4 for 
the three-station differential analysis revealed only an anomaly on 18 
March, detected also by both the methods for the two-station differential 

Fig. 8. As Fig. 7 but on 30 April 2019 analysed by method 3. In (a), the vertical lines represent epicentral latitude (green) and limits of the Dobrovolsky area 
(yellow). In (f), the green star represents the epicentre location while the yellow circle is the corresponding Dobrovolsky area. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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analysis, as possibly related to the impending earthquake. Of course, we 
cannot exclude that some anomaly could be associated to a closer EQ 
with lower magnitude (indicated by a vertical green arrow in Fig. 12), 
but since the discrimination is impossible, we attribute all found 
anomalies to the preparation of the largest magnitude M7.2 EQ of 
interest. 

The Supplementary Material also presents the same analysis but 
applied to the same 4-month period of the 2018 year as confutation 
analysis. Please note that this tectonic area is very active seismically so it 
is almost impossible to find periods without significant seismicity: we 
chose 2018 because only two M5.7+ EQs (actually one outside but close 
to the period of interest) occurred in this period (while in the investi-
gated 2019 year there were 9 EQs). Also in 2018 there are some 
anomalies, but many less than in 2019, and those occurred could be 
precursors of the few EQs occurred in this period of 2018. 

3.5. CSES-01 Search Coil Magnetometer and Electric Field Detector 
spectral analysis 

Spectral analysis of magnetic and electric signals acquired by Search 
Coil Magnetometer (SCM) and Electric Field Detector (EFD), working on 
board CSES-01 satellite (Wang et al., 2018), were also considered in the 
period 1 June - 13 July 2019. In particular, we analysed magnetic and 
electric field variations in the Extremely Low Frequency band (ELF, 
200–2200 Hz, with 10.24 kHz and 5.12 KHz sampling rate, respec-
tively). Our aim is to detect anomalies preceding large earthquakes, by 
means of the evaluation of the spectral information content emerging in 
some frequency band, in similar way as applied in previous case studies 
(e.g. Carbone et al., 2021; Piersanti et al., 2020; Wang et al., 2018). 
Fig. 13 shows the CSES-01 orbit 74,991 (day 10 June 2019), passing 
through the Dobrovolsky area (green circle) of the Kermadec Islands 
(New Zealand) EQ, while Fig. 14 illustrates the spectrograms of both 
SCM (a) and EFD (b) in the ELF band. 

Observing the spectrograms of the magnetic field (all three 

components) and the electric field (mainly Y and Z components), we can 
see the presence of a possible anomaly within the Dobrovolsky area at 
frequencies lower than around 500 Hz (see Fig. 14). 

To better study this anomaly, we resorted to the concept of Shannon 
Entropy (Shannon, 1948). A spectrogram represents the temporal vari-
ation of the power spectral density; starting from this, at any moment 
the entropy H(S) associated with the spectrum S is calculated as defined 
by Shannon (1948): 

H(S) = −
∑N

i=1
p(si)⋅log10p(si) (6)  

where S is a discrete random variable that can assume N distinct values 
s1, …, sN and the probability function p(si) represents its statistical dis-
tribution. The results are shown in the Fig. 15, which represents the 
trends of the normalised entropy H(S)/log10N as time varies, for the 
magnetic and the electric fields. Entropy is higher if there is decorrela-
tion between samples, while it is lower when values s1, …, sN are 
correlated. 

As you can see, in the area near the epicentre there seems to show a 
clear correlation between the samples of the spectrum of magnetic and 
electric fields, while elsewhere these seem to be less correlated with 
each other. 

The main feature that emerges from both the magnetic and electric 
field spectrograms (Fig. 14) is the power concentration around the 
Dobrovolsky area (green vertical lines) in a limited region of the spec-
trum (below and close to 500 Hz). A similar anomaly frequency was 
detected for 2009 L’Aquila EQ (in that case it was 330 Hz; Bertello et al., 
2018). The energy concentration in a limited range of frequencies re-
flects in the evident concave behaviour in the entropy (Fig. 15). A deeper 
inspection reveals the same power concentration in the equivalent 
spectral band (f ≤ 500 Hz) in both magnetic and electric field spectra, in 
a portion of the orbit (latitude interval) which is the symmetrical 
counterpart with respect to the magnetic equator (see Fig. 13). Although 
less energetic (and so less clear), of course this similar feature emerges, 

Fig. 9. Anomalous magnetic track of Swarm Charlie on 15 June 2019 (the day of the earthquake) analysed by method 1 (MASS), showing the first differences of a) X, 
b) Y, c) Z magnetic field components and d) total intensity; e) geographical map with Dobrovolsky area (yellow), satellite orbit (red) and epicentre (green star). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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correspondingly, in their entropies, where the evident depression 
around the Dobrovolsky area replicates to a lesser extent in the sym-
metric area, delimited by the magenta vertical lines (Fig. 15). A clear 
and founded explanation requires a deeper and focused inspection. 
Nonetheless, a simple speculation could be that the entropy decreases 
over the preparation area (represented by the Dobrovolsky region) 
because of the coupling between the lithosphere under stress and the 
above ionosphere (through the atmosphere in the between); and that 
coupling reflects to the symmetric latitudes through the current system 
along the magnetic field lines (e.g. Sorokin et al., 2019). 

4. A comparison with 2019 M7.1 Ridgecrest Earthquake 

In this section, the occurrences of the various precursors of the 
Kermadec Islands EQ with those of Ridgecrest EQ (occurred on 6 July 
2019 03:19:53 (UTC) - 35.770◦N 117.599◦ W, 8.0km depth) are 
compared. The likeness of the pre-earthquake anomalies between the 
two earthquakes is instructive because the two earthquakes have similar 
magnitudes, although they occurred in two very different tectonic 
contexts. Table 1 summarises the occurrences of the anomalies, where 
the number corresponds to the day with respect to the EQ occurrence, 

being in bold black those of Kermadec Islands EQ and in light black those 
of Ridgecrest EQ. The rows of the table are placed from top to bottom 
almost in altitude order, i.e. from lithosphere, atmosphere to iono-
sphere. In general, the anomalies tend to occur closer to the earthquake 
occurrence going up into the atmosphere and ionosphere. As shown by 
Table 1, the lithospheric anomalies (either in terms of b-value decrease 
and the beginning of the R-AMR acceleration) precede all the atmo-
spheric and ionospheric anomalies. In addition, some atmospheric and 
ionospheric anomalies appear at almost the same time with respect to 
the EQ occurrence: impressive almost simultaneous precursors (within a 
10-day interval) appear around 90 days before the EQ for aerosol (AOD 
and AOT), SKT, TCWV and TEC values. Interestingly, the final acceler-
ation (increasing number of anomalies) occurs as the earthquake is 
approaching (say, in the last two weeks), especially in the ionosphere. 
Another consideration is speculative, trying to connect atmospheric to 
ionospheric anomalies: while some of the latter (here called Case 1 
ionospheric anomalies) occur well before the atmospheric anomalies (e. 
g. Y and Ne at >100 days), others (here called Case 2 ionospheric 
anomalies) seem to occur with some delay (5–10 days) with respect to 
the atmospheric anomalies. This delay seems more typical of a diffusion 
propagation of the atmosphere-ionosphere coupling that requires a 

Fig. 10. Anomalous electron density Ne track of Swarm Alpha on 16 February 2019 (~119 days before the mainshock) elaborated by NeLOG with kt = 2.5. From left 
the figure shows: a) the log Ne, b) the first differences of Ne and c) residual with respect to the mean polynomial trend for satellite Alpha; then it shows d) the log Ne 
for Swarm Charlie. The two orbits are shown in the geographic map in e): red for Alpha and blue for Charlie. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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mean vertical velocity of the order of 50–100 km/day and that produces 
the Case 2 anomalies in the ionosphere. The Case 1 anomalies in the 
ionosphere could be generated by a direct electromagnetic coupling 
between the lithosphere and the ionosphere, e.g. through the p-holes 
(Freund, 2011). 

5. Discussion and conclusions 

A full multiparametric and multilayer investigation of the case study 
of the M7.2 Kermadec Islands (New Zealand) 2019 EQ has been pre-
sented here. A chain of processes that start from the lithosphere and 
propagate through the atmosphere and finally reach the ionosphere is 
found through Table 1. In particular, we have analysed seismological, 
atmospheric, satellite and ground electromagnetic data to study the 
potential LAIC phenomena. The seismological data analysis showed that 
an acceleration took place during the preparation phase of the earth-
quake and the R-AMR technique predicted the magnitude of the 
impending EQ. From atmospheric data, several anomalies before the 
earthquake have been retrieved: AOD anomaly appears first around 100 
days before the EQ, then followed by CH4, SKT and TCWV around 90–80 
days before the EQ. SO2 anomaly appears around 60 days before the 
earthquake, almost together with another AOD anomaly. Among all 
atmospheric quantities, OLR is the last, appearing around 30–40 days 
before EQ. Finally SKT, TCWV and OLR show other anomalies around 
15 days before EQ. Then 6 days before EQ, another AOD anomaly ap-
pears. The starting sequence of the anomalies resembles that found for 
two large Chinese earthquakes, i.e. 2008 M8 Wenchuan EQ and 2013 
M7 Lushan EQ (Liu et al., 2020a), where AOD appeared >80 days before 

Fig. 11. CSES-01 and Swarm Alpha electron density tracks acquired on 1 June 2019 (~2 weeks before the mainshock). a) CSES-01 acquired at 15:42 UT; b) Swarm 
Alpha acquired at 13:26 UT; c) residual analysis by NeLog of track shown in b; d) CSES-01 track acquired at 14:08 UT; e) Swarm A acquired at 11:52 UT; f) map with 
the ground projections of the satellite tracks with the same colour used in the previous panels. 

Fig. 12. vTEC two-station differential analysis (method 3) for the 2019 M7.2 
Kermadec Islands EQ. The black arrows indicate three anomalous days, while 
the vertical green line represents the time of the mainshock occurrence. D 
stands for disturbed ionosphere. In this figure, m is the mean trend (red line), 
and m + 2 (black line) is the chosen upper threshold for anomalies identifi-
cation. The vertical green arrows represent the M5.7+ EQs occurred in the 
period of investigation (also the range of EQ magnitudes is shown). Please note 
that, on the same day of the M7.2 mainshock, another EQ occurred with 
magnitude 6.2. 
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EQ, preceding TCWV and SKT. The increase of aerosols before large 
earthquakes was already recognized >40 years ago (Tributsch, 1978) 
and confirmed in many subsequent works (e.g. Liperovsky et al., 2005; 
Liu et al., 2020a, 2020b). The appearance of a thermal anomaly at 90, 
72, 25 and 15 days before the earthquakes of Ridgecrest or Kermadec 

Islands, shows that temperature is another important atmospheric pre-
cursor. Qin et al. (2012) analysed the temperature changes (in terms of 
air surface temperature and surface latent heat flux, SLHF) on occasion 
of two important 2010–2011 earthquakes in New Zealand (therefore in a 
region just a little more southern than the area of the present studied 

Fig. 13. Map showing the epicentre (blue star) of 2019 Kermadec Islands EQ, the corresponding Dobrovolsky area (green circle) and the track of the orbit number 
74991 of CSES-01 (blue line). The green segment of the orbit inside the Dobrovolsky area corresponds to the interval within the solid green vertical lines in the 
spectrogram (Fig. 14); the magenta section in the upper part is its symmetric (with respect to the magnetic equator) counterpart. The small magenta triangle along 
the orbit represents the direction of the satellite fly (i.e. it is an ascending orbit). (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 14. Spectrograms of magnetic (a) and electric (b) field in the ELF band 5 days before the 2019 Kermadec Islands EQ (orbit number 74991). The solid green 
vertical lines correspond to the limits of the Dobrovolsky area; the dashed line indicates the time of the minimum distance between the epicentre and the orbit, while 
the area delimited by the magenta vertical lines represents the symmetric counterpart with respect to the magnetic equator. The intermittent noise of EFD at lower 
latitudes (well before 14:24:00) is very different from that within the Dobrovolsky region and probably due to some geomagnetic activity at the Auroral region. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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earthquake) and noticed that there were some series of thermal anom-
alies at about 30 days before the mainshock (3 Sept. 2010 M7.1) and 60 
and 3–4 days before the largest aftershock (21 February 2011 M6.3). Qin 
et al. (2012) also proposed four possible different mechanisms of Lith-
osphere- (Coversphere)-Atmosphere coupling: magmatic-hydrothermal 
fluids upwelling, soil moisture increasing, underground pore gases 
leaking, and positive holes activating and recombining. 

Magnetic field and electron density data analyses from Swarm and 
CSES-01 satellites detected some interesting anomalies. In particular, a 

magnetic anomaly has been detected on 25 February 2019 during 
nighttime: comparing the different satellites (Swarm and CSES-01) that 
crossed the same region at different times, it was possible to follow the 
temporal evolution of the anomaly. In addition, not shown here, a clear 
increase of electron density was identified on the night of 26 February 
2019, noticing that the maximum Ne value was very close to the future 
epicentre of the earthquake, and the solar conditions were relatively 
quiet (see Supplementary Material). Thanks to the orbital sun- 
synchronous configuration of CSES-01 (precisely at the same 

Fig. 15. Normalised entropy of power spectral densities of X,Y,and Z components of magnetic (a) and electric field (b) in the ELF band 5 days before the 2019 
Kermadec Islands EQ (orbit number 74991). The solid green vertical lines correspond to the limits of the Dobrovolsky area; the dashed line indicates the time of the 
minimum distance between the epicentre and the orbit, while the area delimited by the magenta vertical lines represents the symmetric counterpart with respect to 
the magnetic equator. The large variability at the beginning of the electric field signal corresponds to perturbation at higher latitudes, so it is not related to pre- 
earthquake phenomena. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 1 
Multi-precursor anomalies and their occurrence in terms of the day to the earthquake (Kermadec Islands EQ anomalies in bold black, Ridgecrest EQ anomalies in light 
black).   

Days to EQ 
from 
- 
to 

> 120 120 
- 
100 

99 
- 
90 

89 
- 
80 

79 
- 
70 

69 
- 
60 

59 
- 
50 

49 
- 
40 

39 
- 
30 

29 
- 
20 

19 
- 
10 

9 
- 
0 

Lithosphere 
b-value 290            
R-AMR 180            
D   90  75 65,60        
AOD 
AOT  

100–103    
59 
60      

6 

Atmosphere 

SKT   93 
90  

75     25 15  

TCWV   92 85 75      15  
CH4   99  70     20–22   
SO2      66     12  
OLR         36, 30  15  

Ionosphere 

Ionosonde         34    
IONO1            7 
TEC    89      29 10  
ELF            5 
Y  110    65–70      1  
Ne  109–119           

Bold Black: Kermadec Islands (NZ) M7.2 EQ (this article). 
Light Black: Ridgecrest (USA) M7.1 EQ. 
D > 0 strength parameter Ridgecrest EQ – incremental part of the stresses (Bondur et al., 2020). 
SKT, TCWV, CH4, AOT, Ionosonde, Swarm Y mag. field (De Santis et al., 2020). 
IONO1 - Ionospheric variability – Ridgecrest EQ (Pulinets et al., 2021). 
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nighttime or daytime), it was possible to confirm that Ne was incre-
mented during deep nighttime, by reducing the chances that it could be 
just a residual of the daily activity. Furthermore, it was possible to 
confirm the consistency of Ne latitudinal profiles between CSES-01 and 
Swarm satellite missions. Another satellite payload analysed here was 
the Electric Field Detector on board CSES-01 satellite. An anomaly 
within the Dobrovolsky area, more evident in Y and Z components and 
similar to what was already detected in the spectrograms of the mag-
netic field from Search Coil Magnetometer was observed. Finally, from 
ground GNSS data analysis we have considered TEC data and identified 
three possible precursory anomalies, some of which were detected also 
using different approaches, from around 90, 30 and 10 days before the 
earthquake. 

Preliminary conclusions show the necessity of integrating multiple 
datasets to better understand the preparation phase of medium-large 
earthquakes. Furthermore, the importance of the CSES-01 satellite, in 
conjunction with the Swarm satellites, has been shown in several con-
texts, not only useful to better constrain the state of the ionosphere, but 
also to find several disturbances possibly related to the earthquake 
occurrence. It has been seen that some of these characteristics have also 
been detected by the Swarm three-satellite constellation, proving the 
good integration between both satellite datasets and the potential of the 
methodology applied. 

From the obtained results, summarised by Table 1, two kinds of LAIC 
can be found: one is practically direct, so its nature should be electro-
magnetic, as due to the release of p-holes and their propagation up to the 
ionosphere. The other is more typical of a thermodynamic diffusion 
process, probably due to a change of temperature and humidity that 
starts at the ground-atmosphere interface and slowly propagates 
through the atmosphere up to the ionosphere. A comprehensive way to 
collect all data anomalies is plotting the cumulative number of all 
anomalies for Kermadec Islands EQ with time (Fig. 16). A power law as 
given by eq. (1) fits very well the data pointing to the time of EQ 
occurrence. This agrees with the analogous power law behaviour of the 
cumulative number of anomalies for Ridgecrest EQ (De Santis et al., 
2020), as approaching to the EQ occurrence. We point out that a power- 
law behaviour in time is typical of critical systems approaching a critical 
point where there is a significant change of the system properties (e.g. 
De Santis et al., 2019c). In this scenario, the EQ is a critical point of the 
lithosphere, and its imminent occurrence leaves some clues also in the 
atmosphere and ionosphere, because of their coupling with the litho-
sphere during the EQ preparation phase. 

The results we found in this work were not obtained by chance: the 
Supplementary Material shows also a confutation analysis, either 
considering a random simulation or another year (i.e. 2018) without 
significant seismicity. In the former case, as expected the cumulative 
number of anomalies does not resemble a power law but a linear trend; 
in the latter case, when applied to the atmospheric and TEC data ana-
lyses, the anomalies are almost absent or just a few, i.e. many less than 
those found in the year of the earthquake. 

The present results confirm those of previous case studies, such as the 
2015 Mw7.8 Nepal EQ (De Santis et al., 2017), the 2016 Mw7.8 Ecuador 
EQ (Akhoondzadeh et al., 2018), the 2017 Mw7.3 Iran-Iraq border EQ 
(Akhoondzadeh et al., 2019), the 2018 Mw7.5 Indonesia EQ (Marchetti 
et al., 2019) and the 2019 Mw7.1 Ridgecrest California EQ (De Santis 
et al., 2020). 

In the future perspective, we would like to extend this multi- 
parametric and multi-layer approach to new case studies, especially 
occurring during the Swarm and CSES-01 data simultaneous availabil-
ity. We plan to present full multiparametric and multilayer in-
vestigations also of other large earthquakes with comparable 
magnitude. For instance, we could also extend the analysis to more 
recent cases, such as M7.1 Japan and the two concomitant events of 21 
May 2021 in China (Madou Mw7.3 and Yangbi Mw6.1). Moreover, the 
intercomparison of all new and old results will allow us to confirm the 
chain of anomaly occurrences of different parameters and then validate 

the best LAIC model. 
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