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Abstract
Following the M7.0 earthquake that struck the Greek island of Samos and Turkey’s western coast, causing extensive dam-
age and casualties, we combined existing knowledge geodatabases concerning historical seismicity and rupture zones with 
seismological and geodetic measurements as well as with modelling and in situ observations, to provide an assessment of 
rapid response to the seismic event. In this paper, we demonstrate that in the frame of the gradual provision of information 
from the individual scientific disciplines, taking into account their respective potential and limitations, a multidisciplinary 
approach is able to address more efficiently rapid response issues in order to allow effective preliminary interpretation of the 
earthquake activity, even within the first 24 h of the event. It focuses on the assessment of the timely provision of informa-
tion by each discipline, evaluating the access to primary data sources as well as the maturity of the techniques in terms of 
accuracy and rapid data processing. Within a period of less than a week, several constraints were partially compensated for, 
allowing the delivery of more robust results and interpretation. The study highlights the readiness level of the various domains 
that has been significantly improved over the past years, including rapid seismological solutions, systematic availability of 
free and open Earth Observation data and on-demand online processing through dedicated platforms. Their combination 
with routinely applied inversion modelling and timely in situ observation is leading to improved operational response levels.

Keywords Rapid response · Seismology · Imaging geodesy · GNSS · Fault modelling · Earthquake environmental effects

Introduction

On 30 October 2020, a powerful earthquake struck Turkey’s 
western coast and the Greek island of Samos, causing exten-
sive damage as well as casualties. Based on the Hellenic 
Unified Seismological Network (H.U.S.N.) the moment 
magnitude (M) 7.0 mainshock—which was felt as far away 
as Athens and Istanbul—had its focal depth between 10 and 
15 km. It was the strongest earthquake to have hit Samos 
since 1955, when the island was struck by a M6.9 earth-
quake along its southern coasts, and similar 1904 M6.8 

earthquake, which most probably occurred on a sub-parallel 
onshore fault.

Following the event, a tsunami hit the northern coasts of 
Samos, with estimated maximum run up height of 1.5–2 m 
and inundation reaching ~ 100 m. It flooded the northern har-
bors of Samos, amplifying the structures damage. Local-
ized and restricted slope failures in terms of rock falls were 
recorded mainly along road-cut slopes in the north of the 
island, (e.g., Avlakia). Ground fractures were recorded in 
the northeastern part of the island, mainly in the regions 
of Agios Nikolaos and Kontakeika villages, near Karlovasi 
(Lekkas et al. 2020).

As early information on the earthquake is usually based 
on seismic data, the initial location of the epicenter and the 
rough distribution of first aftershocks were provided almost 
in real time. Concerning the rapid response, just a few hours 
after the event, thanks to the availability of synthetic aperture 
radar (SAR) data acquired from the Sentinel-1 mission of the 
European Union’s Copernicus Programme, on the same day 
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as the earthquake and less than 12 h apart, several scien-
tific groups communicated their Differential Interferometric 
SAR (DInSAR) results on social media (Twitter, LinkedIn, 
Facebook, etc.) or by preliminary reports (Chatzipetros et al. 
2020; Ganas et al. 2020; Lekkas et al. 2020; Papadimitriou 
et al. 2020; Segou 2020). This information was available in 
addition to solutions obtained from regional GNSS networks 
covering the affected area (Ganas et al. 2020).

Following the event, the Aristotle University of Thes-
saloniki (AUTh) initiated DInSAR processing using several 
on-demand services hosted on the Geohazards Exploitation 
Platform (GEP, https:// geoha zards- tep. eu) (Foumelis et al. 
2019). It was applied to map the spatial distribution of co-
seismic ground displacements (ESA Sentinel Online 2020). 
Processing results were immediately made accessible to the 
scientific community as well as authorities and the wider 
public through the GEP community area (GEP 2020).

In the current work, we combined existing knowledge 
geodatabases, concerning historical seismicity and rupture 
zones, together with seismological and geodetic observation 
as well as modelling to rapidly respond to the M7.0 Samos 
event. Our intent is not to replicate existing technical reports 
on the preliminary findings concerning the earthquake, but 
to outline the capacity to rapidly respond to such events 
detailing the contribution of several scientific disciplines as 
well as aspects related to data accessibility and processing 
infrastructures. We also focus on the existing limitations of 
the individual techniques in terms of rapid estimates directly 
after the event. Moreover, we also discuss how the same 
approaches are gradually improving, both in terms of accu-
racy of the solutions, as well as regarding the extraction of 
additional parameters within a multidisciplinary framework. 
The possibility to optimize our knowledge of such geohazard 
phenomena, using the synergy of the individual techniques 
is also examined.

Our goal is to evaluate what current technologies can 
provide, improving our past capabilities, especially in the 
case of future events for regions not adequately monitored 
by in situ networks. We also show how such limitations have 
been partly overcome by the widespread use of Earth Obser-
vation (EO) and geodetic data, including initiatives offering 
both open access to data, as well as processing services. The 
contribution of existing data in terms of historical seismicity 
and tectonic structures is also analyzed and the question of 
whether such information, even contradicting scenarios, can 
contribute to the improvement of rapid response to earth-
quakes is discussed.

In the following, we present various independent rapid 
response results and their constraints by several thematic 
domains, contributing to improved earthquake risk assess-
ment. Moreover, we discuss how multidisciplinary data may 
adequately fill gaps in our current understanding for such 

phenomena, allowing better preliminary interpretations dur-
ing the rapid response phase.

Geotectonic setting and historical seismicity

Samos island is essentially an elongated complex horst 
structure, bounded by roughly WSW-ENE to WNW-ESE 
trending normal fault zones. This geometry is in good agree-
ment with the overall deformation pattern of the Western 
Anatolia Graben System (WAGS). The general N-S trend-
ing extension is active since Late Miocene—Early Pliocene, 
as indicated by stratigraphical and geological evidence in 
both the western Turkey, as well as in Samos (e.g., Wei-
dmann et al. 1984; Yilmaz et al. 2000; Mountrakis et al. 
2003, 2006). Older low-angle normal faults, associated with 
the exhumation of the metamorphic bedrock, have also been 
reactivated during this latest extensional phase and show 
indications of strike-slip deformation. The ongoing deforma-
tion led to an asymmetric development of normal faulting, 
with the offshore fault zone dipping with moderate angles to 
the North, while the southern onshore fault zone is generally 
steeper and dipping to the South.

A critical factor for the rapid assessment of major earth-
quakes (like the M7.0 2020 Samos earthquake) is the ability 
to have a good understanding of the seismotectonic setting 
of the broader area where the mainshock has occurred. Typi-
cally, this assessment is performed on the basis of previous 
studies and existing data, such as databases and research 
work on active faults, historical and instrumentally recorded 
seismicity (including previous similar mainshocks and their 
aftershock sequences), stress field and active crustal defor-
mation (e.g., GNSS data). Similar results not only contrib-
ute to the understanding of the geotectonic context within 
which the mainshock has occurred, but also to obtain valu-
able information on the possible evolution of the seismic 
sequence (e.g., triggering of secondary faults), as well as its 
impact in the broader area (e.g., historical seismicity, dam-
age patterns, occurrence of secondary phenomena such as 
tsunami, landslides, liquefaction, etc.).

Figure 1a presents the major active faults of the broader 
Samos area, as presented in several active fault databases 
(e.g., GreDaSS; Caputo et al. 2012; Sboras 2012; NOAv3.0; 
Ganas et al. 2020), as well as from other researchers (Moun-
trakis et al. 2003; Chatzipetros et al. 2013; Sakellariou and 
Tsampouraki-Kraounaki 2019). In the same plot, fault plane 
solutions (FPS) from moderate to strong events (M ≥ 4.5) 
for the same area are presented, classified according to their 
type. We also plot the sub-horizontal (dip ≤ 45°) kinematic 
axes (P and T) for each FPS, as well as the FPS of the Samos 
M7.0 mainshock. From this plot, several interesting conclu-
sions can be drawn:

https://geohazards-tep.eu
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a) The earthquakes occurred on a previously identified 
fault, named Kaystrios fault in the GreDaSS database 
(Caputo et al. 2012; Sboras 2012), also identified as 
North Samos fault in Chatzipetros et al. (2013). While 
this fault has been identified mainly based on morpho-
tectonic evidence, it is important to notice that it is one 
of the relatively rare cases for the Aegean area where a 
major mainshock occurred along a previously identified 
offshore fault. For most previous offshore mainshocks 

in the Aegean, the seismogenic faults were either not 
previously identified (e.g., the 2001 Skyros M6.4 earth-
quake, Karakostas et al. 2003) or were associated with a 
deeper crustal fault (e.g., subduction event), not having a 
clear surface fault trace (e.g., the 2018 Zakynthos M6.7 
mainshock, Karakostas et al. 2020; Papadimitriou et al. 
2021).

b) The broader Samos area is characterized by the presence 
of roughly E-W trending normal faults, similar to the 

Fig. 1  a Fault Plane Solutions 
(FPS) for events with M > 4.5 
(dark red: Normal faulting, 
Blue: Strike-slip) and associated 
P and T kinematic axes in the 
broader Samos area (only axes 
with dip ≤ 45° are plotted). The 
2020 M7.0 FPS is depicted with 
light red color. Major active 
faults compiled from various 
sources are also depicted (KAF: 
Kaystrios fault [which hosted 
the 2020 sequence], FF: Fourni, 
PF: Pythagoreion, KDF: Karlo-
vasi-Drakeon, KVF: Kokkari-
Vathy, CTF: Cape Tsopelas, 
YF: Yavansu, PSF: Priene-
Sazli, CCF: Chios-Cesme, 
KF: Karaburun, SF: Sigacik, 
TF: Tuzla, SMF: Smyrni). b 
Historical and instrumental 
seismicity in the same region 
(Yellow circles: historical and 
early instrumental events, White 
circles: Recent (post-1965) 
seismicity, Red circles: Major 
historical and twentieth-century 
earthquakes in Samos since 
mid-eighteenth century, see text 
for explanation)
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M7.0 2020 seismogenic fault. These faults locally obtain 
a more ENE-WSW orientation, exhibiting a combina-
tion of normal and dextral strike-slip motions, as also 
confirmed by the available FPS data. To the north, the 
Sigacik area and the Cesme peninsula are dominated 
by the presence of NE-SW trending strike-slip faults, 
such as the Tuzla Fault and Sigacik Faults (TF and SF 
in Fig. 1a), which are very similar to the faults found in 
western Samos. The associated T axes have an approxi-
mately NNE-SSW direction, occasionally coupled with 
a WNW-ESE compression, as observed in strike-slip 
faults. This stress regime controls the faulting pattern, 
resulting in mainly normal motions along E-W striking 
faults, changing to dextral strike-slip for NE-SW trend-
ing faults, and even to sinistral strike-slip for NNW-
SSE trending faults, such as the Karaburun Fault (KF in 
Fig. 1a).

This complicated transtensional regime and the asso-
ciated crustal deformation in the area (Papazachos and 
Kiratzi 1996; Nocquet 2012; Papazachos 2019) has 
resulted in the generation of several significant main-
shocks, as observed in both the historical and instrumen-
tal seismicity record. In Fig. 1b, we present the broader 
Samos area, historical and pre-1965 (early instrumental) 
seismicity (M ≥ 5.0, yellow circles) from the catalog of 
Papazachos et  al. (2000), as well as the recent instru-
mentally recorded seismicity between 1965 and 2010 
(M ≥ 3.5, white circles), as relocated by Tan et al. (2014) 
and homogenized as far as earthquake magnitudes concern 
by Leptokaropoulos et al. (2013). In the same plot, we also 
present the major historical and twentieth-century earth-
quakes in the vicinity of Samos since mid-eighteenth cen-
tury (red circles), as presented in Papazachos and Papaza-
chou (2003) and the sources listed by the same authors. 
The corresponding information for these important Samos 
events is also listed in Table 1. Again, several inferences 
can be made from Fig. 1b (and Table 1):

a) The broader Samos area is characterized by high seis-
micity levels, with several strong events (M > 6.5) in 
both historical and instrumental seismicity records.

b) A significant number of strong events (M > 5.5) is asso-
ciated with the faults located in the vicinity of Samos 
island. Some information is available for Samos since 
antiquity [e.g., the 200BC strong earthquake (M6.0–
6.5), with maximum macroseismic intensities around 
7–8 in the Modified Mercalli scale  (IMM hereinafter), 
and the 47AD M ~ 7.0 mainshock that resulted in heavy 
damage  (IMM ~ 8) in Samos and several Ionian cities in 
Asia Minor, e.g., Papazachos and Papazachou 2003]. 
However, the main historical sources for Samos include 
information after the mid-eighteenth century, starting 
with the strong 1751 M ~ 6.8 earthquake. Samos suf-
fered heavy damage from this event (collapses in Chora, 
Vathy, etc.), similar to coastal Turkey (Kuşadasi, Agacli, 
broader mountain Dilek-Mykali area).

c) A large number of moderate to strong (M5.5–6.0) earth-
quakes occurred during the nineteenth century, mainly 
on the Samos Island (1831, 1846, 1868). Moreover, 
stronger events (M6.0–6.5) occurred along the north-
east coasts of Samos at the end of the nineteenth century 
(1873 and 1877). However, none of these events seem to 
have occurred along the Kaystrios Fault (KAF), where 
the M7.0 Samos seismic sequence took place.

d) The available information for the 1904 M ~ 6.8 earth-
quake suggests that this was a major earthquake, which 
partly destroyed  (IMM ~ 8) several settlements and towns 
(Koumeika, Skoureika, Pirgos, Chora, Ano Vathy, Agia 
Triada, etc.) along the Pythagoreion fault (PF in Fig. 1a), 
suggesting that this earthquake was associated with this 
seismogenic fault. This is supported by the lack of any 
information on tsunami observations, verifying that this 
event was (most probably) not generated on an offshore 
fault.

 To further verify this suggestion, we constructed a 
stochastic simulation model (Fig. 2) for the dam-
age distribution (as mapped by the available mac-
roseismic information), assuming that the event 
occurred along the south-dipping normal Pythago-
reion Fault. For the modelling we used the EXSIM 
the finite-fault stochastic simulation algorithm 
(Motazedian and Atkinson 2005), as adapted by 
Boore (2009). In the simulation, the source, path 
and site-effect parameters were based on the pro-
cedure proposed by Papazachos et al. (2016) and 
Kkallas et al. (2018). The results presented in Fig-
ure 2 show a very good agreement regarding both 
the spatial distribution of macroseismic intensi-
ties, as well as the actual  IMM values predicted by 
the modelling. This correlation suggests that we 

Table 1  Information 
(coordinates, year, moment 
magnitude) on historical 
(post mid-eighteenth century) 
and instrumentally recorded 
(twentieth century) strong 
earthquakes in the vicinity of 
Samos (red circles in Fig. 1b). 
Adapted from Papazachos and 
Papazachou (2003)

Lon Lat Year M

27.21 37.76 1751  ~ 6.8
26.69 37.74 1831  ~ 5.5
26.73 37.74 1846  ~ 5.5
26.99 37.72 1865  ~ 5.5
26.87 37.73 1868  ~ 5.5
26.96 37.80 1873 6.5
26.90 37.80 1877 6.0
26.80 37.71 1904 6.8
26.84 37.59 1955 6.9
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can efficiently model the damage distribution of 
the 1904 earthquake by assuming a rupture on the 
Pythagoreion Fault (PF).

e) The 1955 July 16 M6.9 earthquake most probably 
occurred on an offshore fault, associated with the Cape 
Tsopelas Fault (CPF) in southern Samos and the west-
ward edge of the Priene-Sazli Fault (PSF) (see Fig. 1). 
This is verified by modelling of the macroseismic inten-
sities (Kiratzi et al. 2020), as well as reports on tsunami 
observations in southern Samos.

The abovementioned information is important for the 
rapid assessment and response for the M7.0 Samos earth-
quake, since:

a) It is evident that the 2020 mainshock occurred on a 
previously identified normal fault, compatible with the 
geotectonic setting and the active stress field of the area, 
facilitating the quick and reliable identification of the 
Kaystrios causative seismogenic fault. The available 
historical and instrumental seismicity records suggest 
that this fault has not hosted a large (M ~ 7.0) main-
shock after the mid-eighteenth century. On the contrary, 
two (2) similar events occurred in the normal onshore 

Pythagoreion fault (1904, M6.8) and a second normal 
offshore southern Samos (1955, M6.9).

b) A possible exception concerns the 1873 M ~ 6.5 and 
1877 M ~ 6.0 events, that may have ruptured a part of 
the eastern Kaystrios fault segment. This observation 
is compatible with the observed surface deformations 
(later discussed), as these are revealed from the available 
GNSS and DInSAR data (e.g., Figs. 5, 6, 7, 8, 9, 10, and 
11), which suggest that the largest surface deformations 
occurred in western Samos. It should be noticed that 
these observations are also in agreement with prelimi-
nary results (Kiratzi et al. 2020; Okuwaki 2020; Kara-
kostas et al. 2021) suggesting that the western fault seg-
ment that ruptured during the M7.0 2020 mainshock 
exhibited the largest co-seismic slip.

c) The three latest large mainshocks (1904 M6.8, 1955 
M6.9, 2020 M7.0) had a relatively limited impact on 
Samos Island (considering their magnitude), with a 
small number of casualties (4 in 1904, none in 1955, 2 
in 2020), though with widespread heavy damages. This 
similarity suggests that while these events have impor-
tant consequences in the broader Samos area, the asso-
ciated strong motions and impact (see also simulations 
of Fig. 2) are not devastating, most probably due to the 

Fig. 2  Simulated macroseismic 
intensity distribution from the 
stochastic simulation of the 
1904/08/11 M ~ 6.8 mainshock 
(contours labeled with Latin 
numbers). In the same plot 
the original  IMM observations 
(colored circles) are also plot-
ted. A similar plot for the near 
fault area is presented in the 
top-left inset figure (observed 
 IMM values depicted with 
numbers). The correlation of 
observed  (IMM

Obs) and simu-
lated  (IMM

Sim) values is shown 
in the top-right inset figure. 
The results support the adopted 
simulation scenario, which 
suggests that this event occurred 
along the Pythagoreion Fault 
(PF in Fig. 1, schematically 
depicted here with a blue line)
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type of faulting (normal faults typically produce lower 
ground motion levels, e.g., Boore et al. 2014), the fault 
geometry and/or the type of constructions in Samos.

Rapid responses to Samos earthquake

Seismology

The recordings of the stations belonging to the Hellenic Uni-
fied Seismological Network (HUSN) were combined with 
records of stations from neighboring countries, that are 
mainly located close to the national borders and are avail-
able online. In the current case, the seismological stations 
located in the nearby Turkish coasts provided critical infor-
mation regarding the location quality. An unfortunate cir-
cumstance is related with the seismological station operated 
on the Samos Island (with the code name SMG), located 
very close to the activated area, which was out of operation 
on the mainshock occurrence date. The azimuthal coverage 
during the first day of the seismic sequence was adequate 
(less than 150°) and the density of the stations was deemed 
as rather satisfactory (three stations in epicentral distances 
less than 100 km).

Rapid aftershocks location

In addition to the identification of the main event location, 
the outline of the aftershock area dimensions is a task of 
great importance, since this knowledge allows the reliable 
assessment of the seismic sequence evolution and estima-
tion of critical parameters. This makes the rapid aftershock 
location, which is the basis for this identification, one of the 
first priorities for the scientific community after a mainshock 
occurrence. Figure 3 illustrates aftershock locations from the 

earthquake bulletin of the Geophysics Department of the 
AUTh (http:// geoph ysics. geo. auth. gr/ ss/; https:// doi. org/ 10. 
7914/ SN/ HT). Earthquake locations are automatically per-
formed after automatic detection and then reviewed event 
by event during the routine analysis, where erroneous auto 
picks are corrected, and more phase picks are added that 
have been missed in the autodetection.

An initial improved location was obtained for 207 earth-
quakes in the first 24 h after the mainshock occurrence and 
was included in the bulletin. For the aftershock location per-
formed by an analyst, a 1–D regional velocity is employed, 
considering that the routine analysis concerns the entire 
Greek territory, composed of two layers above half–space 
(Panagiotopoulos and Papazachos 1985). The velocities of P 
waves in each layer and the half–space, and the thickness of 
each layer are the following:  vg = 6.0 km ×  sec−1,  d1 = 19 km, 
 vb = 6.6 km ×  sec−1,  d2 = 12 km,  vn = 7.9 km ×  sec−1, corre-
sponding to the upper and lower crust and the mantle. The 
 vp/vs ratio is considered equal to 1.78, as it has been obtained 
by the Wadati method, using recordings in regional dis-
tances. For the data processing, the HYPOINVERSE com-
puter code (Klein 2000) was used.

The spatial distribution of the first 24 h aftershocks shows 
an almost E–W extent (Fig. 3), which is in agreement with 
the rapid global centroid moment tensor solution (GCMT; 
http:// www. globa lcmt. org/ CMTse arch. html) suggesting 
almost pure normal faulting with fault plane orientations 
strike = 270°, dip = 37°, and rake = − 95°. Strike-normal 
vertical cross sections were constructed, aiming to reveal 
the fault geometry. The width of the first five cross sections 
 (P1-P5) is equal to 5.7 km along either side of each cross-
section, while for the last one (P6) it is equal to 8.5 km. 
Their surface projections are shown in Fig. 3, the first five 
are normal to the main rupture strike, which was considered 
equal to 280°, since after several attempts it was found that 

Fig. 3  a Epicentral distribution for 207 aftershocks that occurred in 
the first 24 h after the mainshock occurrence (30 October 2020 11:51 
UTC), as they are listed in the bulletin of the Geophysics Department 

of AUTh. b Aftershock depth distribution along strike-normal verti-
cal cross sections (surface projections are shown in Fig. 1a)

http://geophysics.geo.auth.gr/ss/
https://doi.org/10.7914/SN/HT
https://doi.org/10.7914/SN/HT
http://www.globalcmt.org/CMTsearch.html
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they form the narrowest aftershock zones. The sixth one 
is normal to the prevalent direction of the western cluster 
(228°) which agrees very well with morphological features 
of the sea bottom in the area. A considerable percentage 
of the initially located seismicity appears very superficial 
(very close to the Earth’s surface), which is not consistent 
with the mechanical properties of the seismogenic layer. The 
cross-sections  P3 and  P4 suggest a northward fault dip, rather 
steeper than the one suggested by the GCMT solution, which 
is not incompatible with what is shown in cross-sections  P2 
and  P5. The  P6 section suggests a rather vertical hypocentral 
distribution of the activated fault segment, albeit the consid-
erable scattering.

Aftershocks relocation

To better resolve the previously presented near-real-time 
seismicity locations, a local velocity model and travel time 
corrections of the recordings of the seismological stations 
at epicentral distances up to 300 km were employed, along 
with a rapid check of problematic phase picks. We used addi-
tional stations from the Turkish seismological networks to 
confront the shortage of seismological stations at the proper 
distances and azimuthal coverage. The closest station to the 
earthquake sequence with available recordings was located 
at a distance of 55 km (BLCB, Balcova, Turkey). Data were 
relocated using the recordings of 27 seismological stations 
up to a distance of 300 km. The lack of seismological sta-
tions in the epicentral area, as it usually occurs for offshore 
study areas, influences the location accuracy, especially the 
focal depths. To improve the accuracy, only the earthquakes 
clearly recorded to at least five nearest stations were relo-
cated. A multilayered P wave velocity model previously 
derived from seismic tomography was used (Akyol et al. 
2006), with the following values for velocities of P waves 

in each layer and the half–space, and the thickness of each 
layer:  v1 = 4.7 km ×  sec−1,  d1 = 1.5 km,  v2 = 5.1 km ×  sec−1, 
 d2 = 3.0 1.5  km,  v3 = 5.8  km ×  sec−1,  d3 = 2.0  km, 
 v4 = 6.0  km ×  sec−1,  d4 = 10.0  km,  v5 = 6.3  km ×  sec−1, 
 d5 = 6.0  km,  v6 = 6.4  km ×  sec−1,  d6 = 8.0  km, and 
 vn = 7.8 km ×  sec−1 for the half–space. The  vp/vs ratio recal-
culated by the Wadati method and found equal to 1.76. For 
each seismological station, time corrections were calculated, 
and thus lateral heterogeneities of the Earth’s crust were 
indirectly taken into account, following a procedure with 
successive iterations until the changes in the calculated cor-
rections became stable (e.g., Karakostas et al. 2012). The 
HYPOINVERSE computer code (Klein 2000) was also used 
for this relocation.

Figure 4a shows the relocated aftershock epicentral dis-
tribution, which is expected to reveal geometrical structure 
details not resolvable using the initially located (bulletin) 
seismicity. The diffuse aftershock cloud to the northeast of 
the mainshock epicenter is not present and the distinction 
between the aftershocks that occurred close to the main rup-
ture with the isolated western cluster became pronounced. 
The spatial aftershock extent exhibits sharper boundaries 
and is slightly displaced in comparison with the initial 
catalog. To the west and near the mainshock epicenter, 
the aftershock distribution appears more sparse than in the 
remaining aftershock area, implying a possible location for 
the maximum co-seismic slip patch. Strike-normal verti-
cal cross sections at the same locations and with the same 
width as previously are shown in Fig. 4b. The aftershock 
activity is now distributed at larger depths (mostly deeper 
than 3 km up to 15 km), which seems more compatible with 
the extent of the seismogenic layer of the Aegean area, as 
previously mentioned. The cross-sections  P3 and  P4 provide 
clearer evidence of the northward fault dip, in good agree-
ment with the one suggested by the GCMT solution, also 

Fig. 4  a Relocated seismicity by the use of a local velocity model, 
corrected picks, and station corrections, along with a recalculated Vp/
Vs ratio and improved relocation algorithms. b Aftershock depth dis-

tribution along strike-normal vertical cross sections (surface projec-
tions are shown in Fig. 1a)
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shown in cross-sections  P1,  P2 and  P5. The  P6 section still 
suggests an almost vertical seismic zone, indicating a strike-
slip character of the activated fault segment to the west of 
the main rupture. This tentative conclusion is found in good 
agreement with the fault plane solutions that were deter-
mined afterwards (Karakostas et al. 2021). It is important 
to notice that the previously described relocation procedure 
is practically semi-automatic: While some parameters can 
be controlled by the analyst to optimize the relocation on 
the basis of the data characteristics (e.g., distance to closest 
seismological station, azimuthal gap, etc.), it is clear that its 
application can be practically automatized, providing reli-
able information on an aftershock sequence, such as the one 
of the M7.0 2020 Samos mainshock.

Spaceborne imaging geodesy

Since the initial development of spaceborne synthetic aper-
ture radar (SAR) systems and the demonstration of the SAR 
interferometric capability, the technique has reached its 
maturity for the detection of earthquake-induced ground 
displacements (Cornou et al. 2020; Bacques et al. 2020), 
among other geohazards (Delgado Blasco et al. 2019; Papa-
georgiou et al. 2019; Aslan et al. 2020; Cigna and Tapete 
2020; Vassilakis et  al. 2020). In the last decade, Earth 
Observation (EO) satellite missions are providing a richness 
of data at improved spatial resolution and coverage, as well 
as reduced revisit time, while the latest generation of SAR 
sensors ensures the millimeter precision of interferometric 
measurements (Gisinger et al. 2019).

Nowadays, there are many opportunities to advance the 
use satellite-based Earth observations for rapid response to 
geohazards. These opportunities are now possible due to the 
initiatives of the space sector, which has been developing an 
unprecedented Earth Observation infrastructure, in particu-
lar the Copernicus Sentinel constellation of satellites (Asch-
bacher and Milagro-Perez 2012). At the same time, plat-
form-based solutions offer access to data and algorithms for 
massive DInSAR processing (Morishita et al. 2020; NASA 
Disasters portal, https:// maps. disas ters. nasa. gov), whereas 
others also provide thematic exploitation and e-collaboration 
capabilities (Foumelis et al. 2019).

The ever-increasing volume of satellite data (Sentinel-1 
being a very characteristic case of large-volume data), 
as well as the outcome of discussions during scientific 

consultations (Bally 2013) revealed the need for cloud-based 
processing solutions, such as the GEP, to address difficulties 
of both storage and processing capacity. The impact of such 
state-of-the-art infrastructures is of significant importance 
towards the generation of timely EO results and as a conse-
quence the rapid response to geohazards events.

Rapid DInSAR measurements

Our area of interest (AOI) is located in Europe, which based 
on the Sentinel-1 observation scenario, hence it is covered 
every 6-days by both Sentinel-1A & -1B satellites. This is 
an advantage when rapid response is intended. For regions 
outside Europe the acquisition strategy follows a 12-days 
repeat cycle, apart from some supersites (https:// geo- gsnl. 
org) and other specific target areas, e.g., when volcanic erup-
tion or earthquake occur. Based on the mission design, each 
region is “seen” by a minimum of two orbit configurations, 
an ascending and a descending one, that can reach depend-
ing on the geolocation of the AOI up to four orbits (two each 
acquisition geometry). In the case of Samos earthquake, the 
area is covered by two ascending (131 and 029) and a single 
descending track (036), of which two are acquired on the 
same day of the year at different times (see Table 2).

As already mentioned, the issue of rapid DInSAR solu-
tion is twofold and the availability of satellite imagery is 
only one aspect. Rapid data dissemination and processing 
mechanisms are equally impacting our response capacity. An 
exploitation platform such as GEP allows the minimization 
of efforts and requirements in terms of storage, computa-
tional power and tailored automatic processing chains. EO 
practitioners may simply run integrated services and directly 
obtained results for further analysis and interpretation. The 
synchronization of the platform to the mission catalogs and 
other dissemination portals is of critical importance to avoid 
introduction of delays.

Within the first 24 h, we exploited the capability of GEP 
by generating co-seismic displacement maps utilizing dif-
ferent on-demand services, namely the SNAP DInSAR 
(based on ESA SNAP toolbox; http:// step. esa. int/ main), 
the CNES DIAPASON (part of OTB open-source project; 
https:// www. orfeo- toolb ox. org) and the CNR-IREA P-SBAS 
(Casu et al. 2014; Manunta et al. 2019), using the proposed 
default parameters and controlling only the spatial resolu-
tion of the outputs (Fig. 5). The ascending scene (track 131) 

Table 2  Information on 
the achieved and planned 
Copernicus Sentinel-1 mission 
data during the early response 
phase of the Samos earthquake

Acquisition geometry Relative orbit Incidence 
angle (°)

Acquisition 
time (GMT)

Pre-seismic dates Post-seismic dates

Ascending 131 33.94  ~ 16:06 18/10, 24/10 30/10, 05/11
Descending 036 39.25  ~ 04:15 18/10, 24/10, 30/10 05/11
Ascending 029 43.95  ~ 16:15 23/10, 29/10 04/11

https://maps.disasters.nasa.gov
https://geo-gsnl.org
https://geo-gsnl.org
http://step.esa.int/main
https://www.orfeo-toolbox.org
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was acquired ~ 4 h after the earthquake, serving the optimum 
mapping of co-seismic displacements. In addition to consid-
ering only the temporarily closest acquisition prior to the 
event (6-days span), we also used the 12-days co-seismic 
pair to investigate potential contribution of error sources 
(e.g., atmospheric signal) and in the meanwhile allow the 
inter-verification of our findings.

DInSAR measurements are tied to a local reference area, 
often arbitrary selected to an assumed stable region during 
processing. As a consequence, this reference highly affects 
the magnitude and the sign of motion delivered. In our case, 
the airport area located at the southeastern part of Samos 
was selected.

During this initial phase, DInSAR provided accurately 
geocoded motion estimates along the line of sight (LoS) 
of the satellite, outlined the area affected by measurable 
co-seismic motion, regions of secondary ground displace-
ment phenomena (i.e., slope instabilities) and information 
on whether the rupture reach, or not, the surface. Based on 
those observations, the northeastern part of Samos under-
goes co-seismic uplift reaching 12 cm. The uplift pattern 
appears to be spatially homogeneous (no abrupt changes), 
increasing towards the NW. A local downlift pattern (up 
to − 9 cm) also dominates the northern coastal zone from 
Agios Konstantinos to Kokkari. Both patterns are separated 
by a zone of zero deformation (based on the selected local 
reference), trending approx. WNW-ESE.

Among the first 24 h, DInSAR limitations concern mainly 
the inability to properly compensate for atmospheric con-
tributions and the use of restitute orbit state vectors. Thus, 
visual interpretation is still required to identify such uncom-
pensated signals and decide on the usability of the specific 
interferometric pair. Furthermore, restituted orbits (approx. 
10 cm accuracy) are delivered within few hours from sens-
ing, compared to the 20-days latency of precise orbits (better 

than 5 cm accuracy in 3D) (Peter et al. 2017); however, in 
terms of rapid response requirements and the magnitude 
of motion involved, this is more than sufficient, introduc-
ing only subtle inaccuracies to the interferometric phase 
measurements.

Multi‑temporal DInSAR observations

In less than a week from the main event, three additional 
Sentinel-1 scenes were acquired (Table 2). These images 
are independent datasets by which indirect validation of the 
DInSAR observed displacement field is possible (Fig. 6). 
At this stage, it is important to keep in mind that devia-
tions may be related to the differences in time span (i.e., 
contribution of post-seismic motion), acquisition geometry 
and incidence angle between the observations. For this sub-
sequent investigation processing was performed using the 
GAMMA software packages (Wegnüller et al. 2016), via a 
semi-automated chain (Papageorgiou et al. 2019) running on 
a Virtual Machine, provided by ESA’s RSS-CloudToolbox 
infrastructure (Marchetti et al. 2012), having direct access 
to the Sentinel-1 archive of the Data and Information Access 
Services (DIAS) repository (specifically the CREODIAS; 
https:// creod ias. eu). Figure S1 shows the entire number of 
generated differential interferograms.

The temporal distribution of Sentinel-1 acquisitions per-
mitted the separation of post-seismic motion during the first 
4–5 days (Fig. 7). For this period, cumulative uplift over the 
previously affected area (NW of Samos) is of the order of 
3–4 cm, whereas no downlift signal is observed along the 
northern coastal zone. The presence of post-seismic defor-
mation confirms our primary choice not to proceed with 
averaging of subsequently generated co-seismic interfero-
grams (e.g., by stacking approach) to improve the co-seismic 

Fig. 5  Sentinel-1 co-seismic LoS ground displacements of the M7.0 
Samos earthquake. The processing was executed on GEP using a 
SNAP, b DIAPASON and c P-SBAS services within 24  h after the 
event, on the same day as the earthquake and less than 12  h apart. 
As illustrated, interferometric measurements appear aligned showing 

a sinking pattern (up to − 9  cm) concentrated along a narrow area 
at the northernmost part of Samos (Agios Konstantinos–Vourliotes 
region), whereas the W-NW part of Samos island shows significant 
uplift (reaching locally 12 cm). Contains modified Copernicus Senti-
nel-1 mission data, processed by AUTh on GEP

https://creodias.eu
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estimates. This means that co-seismic DInSAR results can-
not actually be refined during this rapid response phase.

Finally, having observation from different angles permits 
the decomposition of motion into actual vertical and E-W 
components (Fig. S2). This is a more familiar motion rep-
resentation for non-EO practitioners. It is worth noting that 
N-S motion component cannot be addressed using only DIn-
SAR. Those measurements can be easily compared to GNSS 
data, constraint further simulation and modelling efforts and 
serve as inputs for better interpretation of observations from 
other domains.

Global navigation satellite system

GNSS observations

The investigation and analysis of the Samos earthquake 
through global navigation satellite system (GNSS) were 
carried out on the basis of several datasets from different 
sources in Greece and Turkey. More specifically, Metrica 
S.A. kindly offered data for the SAMO station, which 
belongs to the HxGN Smartnet (https:// hxgns martn et. com). 
Measurements from the Turkish stations were released by 
the Turkish National Permanent RTK Network (TUSAGA) 
(https:// www. tusaga- aktif. gov. tr). As registered users, we 
were also able to access data from the Hellenic Cadastre 
network (HEPOS, https:// www. hepos. gr) and the Uranus 
Network (operated by the Tree Company; http:// www. ura-
nus. gr), since both datasets are not publically available, even 
for early response work related to geohazards. Details on 
the timely availability of each of the GNSS station data are 
shown in Table S1.

Fortunately for Samos, compared to other Greek islands, 
there are three GNSS stations installed, which allow proper 
investigation of co-seismic motion. The SAMOS station is 

located near the earthquake’s epicenter, while stations 093A 
and SAMOS at the southern and northeastern part of the 
island, respectively. However, SAMO station was unexpect-
edly shut down during the period October 30th–November 
1st (11:52 GMT), hampering any high frequency near-field 
investigation. On the contrary, stations 093A and SAMOS 
are the only stations that operated with a sampling rate of 
one second.

GNSS data processing

We exploit the Precise Point Positioning (PPP) method 
(Zumberge et al. 1997) for geodetic data processing. This is 
a single-point technique, which utilizes the zero differences 
of the station to numerous GNSS satellites. Its main advan-
tage lies on its independence from differential positioning 
technique. In general, it provides accuracies at the centimeter 
level (Alkan et al. 2020). Furthermore, in contrast to the 
GNSS-campaign results, PPP allows continuous monitoring 
at near-real time.

All the PPP computations were accomplished through the 
CSRS-PPP service (https:// webapp. geod. nrcan. gc. ca/ geod/ 
tools- outils) of the Natural Sources of Canada (Grinter and 
Janssen 2012; Natural Resources Canada 2019). Processing 
on such platform facilitates solutions with accuracies suf-
ficient for the rapid investigation of earthquake events. This 
significantly minimizes the handling of GNSS data, ensuring 
outputs at well-defined formats for which visualization and 
other post-processing services could be built upon.

Rapid GNSS solution

We first proceed with the most rapid response, which focuses 
on the monitoring of the stations’ position deviations sec-
onds before and after the event. For the implementation of 

Fig. 6  LoS ground displacements derived by interferometric pro-
cessing of Sentinel-1 post-event data, acquired up to 5 days after the 
earthquake. Positive LoS values correspond to motion towards the 
satellite, whereas negative to motion away from the satellite, con-
sisted with uplift and downlift, respectively, if horizontal motion 

(mainly in E-W direction) is assumed negligible. Motion variability 
is due to differences in acquisition geometry and incidence angles. 
Local reference area is shown as black square. Contains modified 
Copernicus Sentinel-1 mission data (2020)

https://hxgnsmartnet.com
https://www.tusaga-aktif.gov.tr
https://www.hepos.gr
http://www.uranus.gr
http://www.uranus.gr
https://webapp.geod.nrcan.gc.ca/geod/tools-outils
https://webapp.geod.nrcan.gc.ca/geod/tools-outils
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this initial response, we use the ultra-rapid GNSS orbits for 
the day after the earthquake (31st of October), with an accu-
racy of approx. 3 cm and a latency of 3–9 h (https:// www. 
igs. org). We quantify the coordinate changes in terms of 
Universal Transverse Mercator (UTM-Zone 35) projection 
coordinates and the WGS84 ellipsoidal height.

The rapid responses of stations 093A and SAMOS are 
shown in Figs. 8 and 9, respectively, where we observed 
significant deformation after the event. For station 093A, 
we find maximum values of 9 cm at the East–West, − 16 cm 
at the North–South and 5 cm at the Up-Down directions, 
respectively. As for station SAMOS, the corresponding 

measured values are − 10 cm for the East–West, − 9 cm 
for the North–South and 5 cm for the Up-Down direction, 
respectively. We observe that the deformation starts, as 
expected, a few seconds after the earthquake, due to the 
time required for the propagation of motion from the source 
to the GNSS station. We also point out the sign difference 
between the two stations, regarding the East–West direction. 
Additionally, a quasi-periodic motion of the height com-
ponent can be observed. Unfortunately, during this initial 
response phase, no measurements were available from the 
SAMO station, the station closest to the epicentral area, as 
previously mentioned.

Fig. 7  DInSAR ground displacements along the LoS for a the co-
seismic and b the post-seismic (first 5 days) periods. Local reference 
area is shown as black square. Local reference area is shown as black 
square. Spatial profiles (A and B) show the variability of motion. 

The NW part of Samos is still deforming with a cumulative motion 
of about 3–4 cm during the following 5 post-seismic days. Local ref-
erence area is shown as black square. Contains modified Copernicus 
Sentinel-1 mission data (2020)

https://www.igs.org
https://www.igs.org
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Fig. 8  Time series per coordinate component for GNSS station 093A 
showing the rapid response during the Samos earthquake. The red 
line refers to the time of the earthquake. Co-seismic motion recorded 

approx. 6–7  s after the event is depicted. Temporal motion pattern 
indicates fluctuations during the event

Fig. 9  Time series per coordinate component for GNSS station 
SAMOS, showing the rapid response during the Samos earthquake. 
The red line refers to the time of the earthquake. Similarly to 093A 

station (Fig. 8) motion recorded few seconds after the event is shown. 
Fluctuations are observed in all motion components during the evolu-
tion of the phenomenon
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Refined GNSS solution

In addition to the rapid response efforts, we studied the 3D 
displacement of an extended area using daily RINEX files of 
various stations and using the GNSS updated orbits. These 
final orbits are the most accurate ones (~ 2.5 cm) and they 
are released with a 12–18 days latency.

The deformation analysis allows us to assess the earth-
quake impact in terms of 3D spatial changes. We compare 
the coordinate differences of 14 stations, one day before 
(October 29th) and three days after (November 2nd) the 
event (Table S1). For this comparison, we have computed 
the daily positions using 24 h of observations (except for 
SAMO on the 2nd of November, for which we have 12 h). 
The derived horizontal displacement vectors from GNSS 
are shown in Fig. 10.

Due to the limited observations available from the SAMO 
station (data missing for about 3.5 days); we choose to inves-
tigate the distortions of the network using all available sta-
tions. The overall 3D accuracy of the GNSS displacement 
measurements was calculated to be of the order of 1 cm.

The results from Fig. 10 show that highest displace-
ments were observed at the SAMO station, nearest to the 
epicenter, namely − 37 cm and − 6 cm in North–South and 

East–West directions, respectively. In addition to horizon-
tal motions, the displacement in the vertical direction is 
also rather high, reaching + 9 cm, a clear evidence of post-
seismic uplift. The slight spatial variability of GNSS co-
seismic vectors at 093A and SAMOS station compared to 
the location of the main event, might imply a non-homoge-
neous behavior, however, it is clear that the northwestern 
part is the most affected (concerning static displacements) 
compared to the rest of the island. Co-seismic displace-
ments at Cesme and Izmir (Turkey) are of the order of 
3–5 cm in the horizontal plane, whereas for other Greek 
islands (i.e., Leros, Ikaria, Chios and Mykonos) vary in 
the range of 1–5 cm.

A direct comparison between cumulative vertical 
motion at SAMO station from GNSS (+ 9.0 cm) and DIn-
SAR (+ 9.7 cm), five days after the event, indicate differ-
ences within the error limits of the employed techniques. 
The consistency between those independent measurements 
is also clearly noticeable from the spatial interpolation 
of GNSS data (Fig.  11). However, it should be noted 
that the continued spatial coverage of surface displace-
ments obtained from EO data, allowed to detect the small 
(regarding its spatial extent) but significant downlift at 
the northern part of Samos, something not possible with 
the density and distribution of a regional GNSS network.

Fig. 10  Co-seismic displace-
ments based on daily observa-
tions at 14 GNSS stations. 
Data visualized on Bing Maps 
(accessed in QGIS)
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Fault modelling

Generating an approximation of the fault whose motion 
triggered the quake is crucial for understanding the stress 
release and surface processes. The modelling procedure uses 
a combination of retrieved seismological and/or geodetic 
measurements in an inverse algorithm in attempt to define 
the fault geometry. For this study case, the fault geometry 
is simplified to a single rectangular source described with 
nine parameters following the Okada (1985) concept—fault 
length, fault width, depth of the upper fault edge, strike 
angle, dip angle, rake angle, uniform slip, and shifts in the 
northern and eastern direction between the top center of 
the fault and the earthquake epicenter. Within this study, 
we show several fault modelling scenarios, depending on 
the information provided by rapid response and the avail-
able data from different disciplines previously described. 
It is important to note that these solutions do not represent 
the best-fitting models but the fastest answers within the 
required time spans of this study. We took into account not 
only the times of acquiring the data—geodetic and seismo-
logical, but also the processing time required for generat-
ing the models; i.e., to achieve the best-fitting models more 
time-consuming iterations are needed.

Modelling procedure

In order to optimize the parametrization of the fault geome-
try and dislocation with a minimum misfit between observed 

and synthetic data in an L2–norm manner, a Bayesian boot-
strap-based probabilistic joint inversion has been employed 
in the GROND framework (Heimann et al. 2018). The inputs 
for the procedure are DInSAR displacement maps and/or 
GNSS displacement vectors. The post-processing of the 
DInSAR co-seismic displacement map derived as SNAP 
output includes: the configuration of the spatial quadtree 
subsampling (Jónsson et al. 2002), the computation of data 
covariance matrix and the modelling of the Okada static 
displacement source. The KITE software (Isken et al. 2017) 
was used for these steps. The covariance quantifies the con-
tribution of noise to the SAR signal, while the subsampling 
ensures the efficient forward modelling. The latter is per-
formed as follows: the DInSAR scene is split into four quad-
rants, and then the displacements in each quadrant are aver-
aged and compared to a pre-defined root mean square (rms) 
threshold. If the mean value is bigger than the threshold, a 
further division is performed. In this study case, the rms 
threshold of 0.1 along with a minimum tile size of 0.01was 
deemed appropriate to achieve a number of samples that is 
an effective representation of the real displacement scene 
and is also computationally effective.

The parameters optimization with GROND is performed 
in three stages. During the first stage, the models are drawn 
randomly—in this case for 5000 iterations. Next, specific 
models are injected for a new series of optimization—the 
selection is based on a multivariate normal distribution 
defined by the covariance and the scale of the search factor 
applied to the models from stage 1 with the lowest misfit. 

Fig. 11  Actual vertical ground motion component by a DInSAR and 
b GNSS measurements, corresponding to cumulative displacements 
including co-seismic and 5 day of post-seismic motion (up to Novem-
ber 5, 2020). Local reference area is shown as black square. The fault 
zone (dashed line) from the NOA v3.0 fault database (Ganas et  al. 

2018) was used to constrain the extrapolation of GNSS data to the 
North. An overall agreement between independent geodetic observa-
tions for the NW part of Samos is observed; however the downlift 
motion at the northern coastal zone of Samos is not detected by the 
GNSS data, due to their limited spatial coverage
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The scaling factor was chosen to be 1.5 at the start of the 
stage, decreasing logarithmically to 0.5 at the end (55,000 
iterations in total). Finally, the uncertainties to the fault 
model were realized by 200 parallel bootstrapping chains 
(Daout et al. 2020), applying perturbations from synthetic 
random noise for the InSAR data and from measurement 
uncertainties for the GNSS data.

For the forward calculation of the synthetic static sur-
face displacements, the velocity model of Akyol et  al. 
(2006), used previously for the aftershocks relocation (see 
Sect. 3.1), was adopted for the computation of the Green’s 
Functions using the PSGRN/PSCMP backend (Wang et al. 
2006). The latter is implemented through the FOMOSTO 
tool included in the PYROCKO framework (Heimann et al. 
2018), which contains also the previously used KITE and 
GROND packages.

Modelling strategies

As earlier described, the aim of the present study is to dem-
onstrate the capacity of solving the rapid response after a 
particular significant seismic event taking into account the 
available data within chosen timespans. Four variants of 
fault optimization were performed based on the availability 
of co-seismic DInSAR displacement map and GNSS-derived 
displacements (Table S2). We adopted the GCMT moment 
tensor solution (see Sect. 3.1) as a reference.

In all four versions, the co-seismic ascending pair from 
orbit track 131 was used. The second image of this inter-
ferogram is acquired just several hours after the mainshock 
resulting in minimum post-seismic displacements and after-
shocks contribution. We formulated the Model No1 based 
only on these spatial geodetic data. Taking into account that 
during the first 24 h the seismological data (earthquake loca-
tions, revised moment tensor solutions) were insufficient, we 
implemented very loose constraints for the fault dimensions, 
assumed a uniform slip and a fault position constrained by 
the epicenter, while the strike, dip and rake angles were left 
unconstrained. The comparison between the original co-seis-
mic DInSAR-derived displacements (a), and the resulting 
forward displacement model presented in LoS (b), as well as 
the corresponding residuals are presented in Fig. 12.1. The 
figure also includes the mean values of the fault parametri-
zation (also presented in Table S3). For the second model, 
we used the same setting as for the first one, but we also 
included the refined 24-h solution of the GNSS displace-
ment vectors (without the SAMO station)—see Fig. 12.2 and 
Table S3 for the results.

For the Model No 3, we employed the settings of Model 2 
but this version used narrowly defined ranges for the search-
ing algorithm constrained after a north-dipping fault was 
suggested by the relocated aftershocks (Sect. 3.1) and the 
GCMT solution: between 240 and 300° for the strike, 20 to 

55° for the dip angle and − 120 to − 60° for the rake angle, 
and refined with about 30–40% ranges of the fault dimen-
sions and depth. The results are shown in Fig. 12.3. The 
12-h solution of the co-seismic displacement of the closest 
GNSS station SAMO is included in the input data set for the 
Model No 4. Even though the GNSS measurements were 
used together with DInSAR in the generation of Models 2, 
3 and 4, the comparison between the measured and mod-
eled GNSS displacement vectors are presented in a separate 
figure (Fig. 12.4) due to the difference in spatial range of the 
DInSAR and GNSS data.

For each model under consideration, we determined the 
seismic moment using Mo = μAD, where μ is a shear modu-
lus of 33 GPa, A is the fault area and D is the uniform slip 
of each model. The moment magnitude for each model is 
MW = 2/3·log10 (Mo)-10.7 (Hanks and Kanamori 1979)—
the results for the four models are shown in Table S3. A 
comparison between the observed and modelled displace-
ment vectors in the locations of the GNSS stations for Mod-
els No 2, 3 and 4 are presented in the supplementary materi-
als (Fig. S3). The optimization level of each parameter for 
the four models throughout the iteration process is presented 
in Figure S4 together with the mean values.

The comparison between the four proposed solutions 
revealed a significant difference between the model con-
structed only on DInSAR input and those which include also 
GNSS data. The purely DInSAR-based unconstrained Model 
(No 1) proposes south-dipping fault, while the other three 
fault models give a north-dipping solution which is in agree-
ment with the relocated aftershock sequence (Fig. 4). Also, 
the Moment magnitude is underestimated for the first Model 
case. On the other hand, in all cases, the fault position is 
similar and a sinistral strike component (rake ~ − 60°) exists 
for the fault slip in every model. The last model which also 
includes data from the closest to the epicenter GNSS sta-
tion, results in a Mw estimate closer to the M = 7.0 reported 
by most of the seismological agencies, and indicate better 
agreement between the observed and modelled displacement 
vectors (Fig. S3.4). For the last model, a high dispersion is 
observed for some of the fault parameters such as length 
and slip, but also the difference in the scales must be taken 
into account. Further optimization, e.g., by including wave-
forms, introducing a variable fault slip pattern, or confining 
to the complicated local system of parallel faults instead of 
the assumed initial normal fault, would require much more 
iterations and accordingly time, and are not of interest (and 
currently feasible) for the rapid response phase.

In situ observations

Post-event screening observations were carried out on the 
northeastern coastal region from Vathy to Kokkari and the 
southeastern coastal region from Pythagoreion to Ireo in 
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search of Earthquake Environmental Effects (EEEs) for pre-
liminary ESI-07 intensity assessment at local level (Fig. S5). 
During fieldwork, several limitations affected accessibility, 
e.g., weather unfavorable in terms of strong wind condi-
tions (NNE, 5-7Bf). As a result, the northern coastal region 
was characterized by high wave amplitude, hence unsuit-
able conditions for the examination of co-seismic uplift. In 
the southern region of the island, although the wave ampli-
tude was low, a potential existence of wind seiche (sea level 

depression up to 5 cm according to the locals) could not be 
ignored. In addition, due to the development of the tsunami 
at the north of the island, it is not clear to what extent it has 
contributed to or triggered the development of EEEs and 
damages in coastal harbor structures.

In general, the Vathy and Kokkari harbor structures 
exhibited considerable damages indicative of liquefaction 
origin processes. The Malagari shipyard site, composed of 
Holocene coastal and alluvial deposits (Theodoropoulos 

Fig. 12  Comparison between 
fault models, created for the dif-
ferent time and data-dependent 
solutions—the numbers in the 
lower right corners correspond 
to the modelling strategy listed 
in Table S2; a is the observed 
DInSAR co-seismic displace-
ment calculated from the pair 
24-30/10/2020 ascending 
Sentinel-1 scenes from orbit 
131; b modelled displacement 
after parameters iterations (the 
best-fit values are shown) with 
the mechanism solutions; c 
residuals between observed and 
modelled displacement. The 
color scale shown in 1.c is valid 
for all images
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1979), was dominated by EEEs, in the form of linear 
ground fractures and cracks in combination with sand 
boils and coastal subsidence, indicative of lateral spread-
ing (Fig. 13). The recorded effects are distributed in a 
 3000m2 area, and their characteristics (provided in Sup-
plementary Information section) were correlated with the 
ESI-07 scale (Serva et al. 2015; Michetti et al. 2015) and 
are indicative of macroseismic intensity VII-VIII. How-
ever, it is not clear to what extend the effects represent 
exclusively ground shaking, since we cannot exclude the 
possibility be a result of the combination of ground shak-
ing and tsunami effects.

The southeastern region of Samos, was not significantly 
affected by the earthquake. No diagnostic EEEs and no 
harbor structure damages were recorded. More specifi-
cally, along the Remataki coastal area located to the east of 
Pythagoreio harbor (Fig. 14a, a’) and the Lykourgos Logo-
thetis Castle coastal hill at the western end of Pythagoreio 
city (Fig. 14b, b’, c, c’), the records (supplementary section) 
were supported by comparison of pre and post-event photo 
archives yielding no indications of co-seismic uplift. The 
lack of diagnostic EEEs observations corresponds to ESI-07 
intensity of I-III (Michetti et al. 2015).

In summary, in terms of EEEs and harbor structures dam-
ages, field observations indicate an intensity of VII-VIII for 
the northeastern region of Samos. On the contrary, for the 
southeastern region, field observations indicate an ESI-07 
intensity of I-III and do not support co-seismic vertical 
displacements along the southern coastal zone. The above 
observations are in agreement with the pattern of ground 
displacements as derived by DInSAR measurements, as well 
as the fault location. Detailed descriptions of field obser-
vation for several sites are provided in the Supplementary 
Information section.

Results and discussion

Similar to other natural phenomena, the study of earth-
quakes involves several disciplines of geosciences. In the 
case of the Samos earthquake, various research groups made 
considerable efforts to provide technical information and/
or preliminary interpretations based either on a single or a 
multidisciplinary approach. Their common objective was the 
rapid availability of scientific data and information concern-
ing the seismic event in order to contribute towards a more 

Fig. 13  Malagari shipyard site. a liquefaction sand boils, b lateral spreading fractures and c trend of coastal crack dip, subsided coastline and 
eradicated trees



1042 Acta Geophysica (2021) 69:1025–1048

1 3

targeted response from local authorities as well as national 
institutions involved in capacity development for emergency 
management and disaster risk reduction.

In the current work, beyond the inter-disciplinary 
response to the phenomenon, we focus on the assessment of 
the timely provision of information by each science domain 
during the critical period of several days after the onset of 
the phenomenon. We evaluated both the access to primary 
data as well as the readiness level of the scientific com-
munity in terms of rapid data processing, within the con-
straints of each individual technique. Taking as a practical 
example the case of Samos (Kusadasi bay) region, an area 
of relatively high coverage by local networks, we discuss 
the level of response anticipated for future seismic events 
located in areas of less favorable monitoring condition (i.e., 
sparse seismological network, unavailability of GNSS, high 
latency of EO data, inability to acquire field observations).

For the Samos M7.0 earthquake, and after the approxi-
mate determination of the epicenter by various seismological 
centers, the main question at hand concerned its association 
with a specific ruptured zone, i.e., which fault has actually 
been activated. The available historical seismicity record, 

the modelling of previous damaging events, as well as the 
already mapped seismotectonic structures (e.g., active faults, 
etc.) may, under certain conditions, be useful in this regard. 
However, for the broader Samos area, the uncertainties in the 
location of historical earthquakes and the existence of three 
sub-parallel major fault zones that could potentially generate 
a M ~ 7.0 event, located offshore North Samos (Kaystrios or 
North Samos Fault), on Samos island (Pythagoreion fault) 
and at the southern part of the island (Cape Tsopelas fault), 
did not allow the unequivocal correlation of the earthquake 
to an existing fault zone. However, since results from pre-
liminary macroseismic damage modelling suggested that the 
Pythagoreion and Cape Tsopelas faults had ruptured during 
the 1904 and 1955 similar mainshocks, the Kaystrios fault 
was the most probable “mature” candidate for the mainshock 
generation.

Although the seismic network geometry provided an 
adequate capability for the detection and location of 24 h 
aftershocks, that have been recorded in stations at distances 
of several hundreds of kilometers down to magnitudes 
below 3, it was not possible to draw certain conclusion on 
the dip direction of the fault, even though an assumption for 

Fig. 14  Pre event photos (2013) to the left in comparison to post-event photos (2020) to the right with N-S trend (see text for details)
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a north-dipping zone could be performed (Fig. 4). However, 
this available seismicity information clearly associated the 
mainshock with the E-W trending normal Kaystrios fault, 
suggesting that the indications of north-dipping (similar to 
the proposed fault geometry, see Caputo et al. 2012; Sboras 
2012) was reliable.

The first results on the co-seismic displacement field 
were given by the DInSAR technique. Indeed, the system-
atic acquisitions strategy by Sentinel-1 mission ensured the 
timely availability of co-seismic interferometric pairs, while 
online processing services on GEP (Foumelis et al. 2019) 
ensured the direct generation of interferometric measure-
ments. It is estimated that completion of DInSAR processing 
on GEP was successful a couple of hours after the scene was 
published on the platform (approx. 4 h from sensing; similar 
to other dissemination portals). Thus, preliminary DInSAR 
results obtained in less than 24 h of the event can indeed be 
considered as operational. It is important to note that the 
above represents an optimum situation and delays due to 
image acquisition may vary ending up in reduced response 
from EO (up to three days). Nevertheless, this is not related 
to our current capacity to access and process the data practi-
cally in real time (Le Cozannet et al. 2020).

Despite the fact that the earthquake occurred offshore, 
the identification of areas with variable motion sign was a 
first indication for the delineation of the fault in the northern 
part of Samos. In addition, information on fault’s geometry 
was extracted, suggesting a north-dipping normal fault; the 
hanging wall was clearly located in the offshore area north of 
Samos and along the western coasts of Turkey. Despite the 
above fortunate circumstance of identifying different motion 
patterns by DInSAR, it is true that strong motion observation 
(not considered in the present study), also contributed to the 
understanding of the fault geometry (Kalogeras et al. 2020).

Combining seismological data and spaceborne observa-
tions, a preliminary interpretation of the earthquake activity 
on Samos was prepared and communicated via social media 
as well as to authorities in less than 24 h of the event (ESA 
Sentinel Online 2020). Based on the information available 
at the time, it seemed that the rupture started from the hypo-
center (relocated depth ~ 13 km), possibly expanded bilater-
ally in both directions (East and West), rupturing an area 
with a length of ~ 55 km and a width of ~ 15 km. The large 
fault displacements possibly occurred along the western 
fault segment, where the fault may have reached the surface, 
possibly shifting the sea bottom (though this can happen 
only by the associated static displacement) and triggering 
the observed tsunami.

On the contrary, as shown from DInSAR data, the eastern 
propagation of the rupture does not seem to have reached 
the land surface. This is critical as such information could 
assist several groups during their fieldwork and help assess-
ment of damages as successfully done for other geohazard 

events (Cornou et al. 2020). In fact, the above finding was 
confirmed after the relocation of post-seismic events, which 
showed the absence of very shallow aftershocks.

The aftershock relocation applied allowed to better 
resolve the main sequence features, exploiting a large num-
ber of seismic phases that the adequate station coverage 
provided for aftershocks as small as M ~ 2.5. The results 
revealed that the aftershocks were distributed among many 
distinct spatial clusters that are more pronounced and evi-
dent than in the preliminary (bulletin) locations.

Additional information on the co-seismic movements fol-
lowed from the GNSS, confirming the location of the rupture 
zone at the North of Samos. On the contrary, the downlift 
at the northern part of the island was not detected due to the 
absence of stations in the specific area. Of importance is 
the first quantitative estimation of the co-seismic dilatation 
along the N-S direction from the GNSS data, which cannot 
be deduced only by the use of DInSAR. Given the range of 
motion in the N-S direction, which is of the order of a few 
tens of centimeters, and the medium resolution of the Senti-
nel-1 data, unfortunately, offset tracking techniques cannot 
be successfully applied as in the case of other earthquakes 
(Bacques et al. 2020). The limitation is partly due to the 
difficulty in the timely acquisition of very high-resolution 
EO imagery. In the same context, access to real-time GNSS 
data is also not always guaranteed since several monitoring 
stations are part of commercially established and operated 
networks, a fact that often hamper the use of GNSS data 
even in the case of significant geohazards.

GNSS motion vectors indicate a relatively wide area 
affected by the earthquake (Fig. 10) ranging from Izmir to 
Leros Is., in the North and South, respectively, and from 
Ikaria Is. in the West to the coasts of Turkey, East of Samos 
Island. On the other hand, improved spatial sampling by 
DInSAR, even with the restriction of a single LoS observ-
able (not 3D motion as GNSS), should be interpreted with 
care due to the higher influence of error sources at lower 
magnitude displacements.

Independent observation from DInSAR came 4–5 days 
from the event, allowing the verification of the observed 
ground displacement patterns (indirect assessment of atmos-
pheric errors) and the decomposition of motion into E-W 
and Up-Down motion components and finally the recog-
nition of post-seismic deformation. The DInSAR motion 
decomposition and specifically the presence of motion 
even at the northeasternmost part of Samos, consistent with 
hanging wall kinematics, in combination with the relocated 
aftershocks, imply either the propagation of motion towards 
East and/or the activation of neighboring structures at the 
eastern part of the island. This is also in agreement with the 
more diffused distribution of aftershocks to the East of the 
epicenter, not permitting the clear identification of the main 
north-dipping activated zone (Fig. 4b). In fact, relocation 
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results, for aftershocks as small as M ~ 2.5, reveal that the 
aftershocks are distributed between many distinct spatial 
clusters that are more pronounced than in the preliminary 
locations. The DInSAR observed post-seismic motion was 
also verified by a near-field GNSS station, underlining the 
consistency of space-borne geodetic techniques. This post-
seismic motion was limited over the previously uplifted 
zone with reduced magnitude (3–4 cm), whereas no, at least 
detectable, signal was observed in the previously downlifted 
coastal region.

The consistency of geodetic measurements requires 
proper adjustment between the techniques, mainly the 
definition of the local reference point used during DIn-
SAR processing. Thus, it is important to select a priori 
an area not affected by seismic motion. Although this can 
somehow be iteratively decided, having in situ observa-
tions validating our choice is still of interest. An example 
where no local reference could be considered as a result 
of wide displacement field has been presented elsewhere 
(Lemoine et al. 2020). In addition to restrictions of reach-
ing the affected area in a relatively short time, including 
transportation issues and other societal-health constraints 
(e.g., in our case the COVID-19 pandemic lockdown), 
the access to field survey data within 5 days of the event 
collocated well with the availability of additional post-
seismic SAR acquisitions. Still in remote areas or when 
such expert-base observations cannot be easily arranged, 
the possibility to integrate strong-motion recordings and 
social media data for a rapid estimation of macroseismic 
intensities could serve as an alternative (Fayjaloun et al. 
2020).

Improvements of each geodetic estimate (GNSS and DIn-
SAR) due to availability of more precise auxiliary metadata 
(e.g., precise satellite orbits) are not considered critical for 
the early response phase, especially when induced ground 
motion much exceeds the accuracy of the techniques. This is 
easily reflected in the modelling attempts, undertaken at dif-
ferent times after the earthquake and by different inputs data-
sets. Although the preliminary 24-h solution was more or 
less reasonable, improvements in the definition of the fault 
geometry, in terms of misfits (Fig. 12), were more sensitive 
to the plethora of input datasets (multiple independent DIn-
SAR observations and number of GNSS station involved) 
and less to the accuracy of the measurements themselves.

It was realized that initial hypothesis on the earthquake 
mechanism did not change drastically, meaning that 24 h, 
preliminary results was enough to properly address rapid 
response needs. Nevertheless, improved data flow over the 
next 4–5 days amended the initial modelling results provid-
ing enhanced constraints on the rupture geometry, valuable 
information for following numerical simulations and damage 
assessment activities. It is of course expected that this infor-
mation shall be further improved in time by feeding more 

precise inputs to models of higher complexity; yet, this is 
more a topic of scientific interest and less of rapid response.

Conclusions

We have combined existing knowledge, including geoda-
tabases concerning historical seismicity and rupture zones 
with seismological and geodetic measurements as well as 
modelling and in situ observations to rapidly respond to the 
M7.0 Samos event. We demonstrated that in the frame of the 
gradual provision of information from the individual scien-
tific disciplines and taking into account their respective limi-
tations, we were able through a multidisciplinary approach 
to address more efficiently rapid response requirements. 
This allowed more effective preliminary interpretation of 
the earthquake activity, even within first 24 h of the event. 
Within a period of less than a week, several constraints 
regarding either data access or inherited limitations of the 
techniques were partially compensated for, leading to the 
delivery of more robust results and interpretation.

Concluding, it is worth mentioning that information and 
modelling of historical seismicity as well as geodatabases 
of mapped active fault zones can be important during early 
response phase. However, they often involve significant 
uncertainties and should be carefully assessed on a case 
by case basis, especially when different seismogenic fault 
zones are being activated. On the contrary, seismological 
data have long proved their contribution within a short time 
from the occurrence of a seismic event. Still full automation 
of improved data analysis has not been yet achieved and a 
minimal human intervention is often necessary. Similarly, 
GNSS has proven capabilities and reliability, with the prob-
lem being identified either in the number of pre-installed 
monitoring stations or in the easy and free access to the 
data of existing networks (especially those maintained by 
private entities). As far as EO is concerned, it has in turn 
demonstrated its capabilities and the maturity of its prod-
ucts. In recent years, however, due to the availability of both 
open access data and the development of dedicated exploita-
tion platforms, the DInSAR technique have met the needs 
of an operational tool. New developments in the field of 
proprietary satellite missions promise a considerable reduc-
tion in response time, however, the usability of those data 
in terms of access and cost for geohazards remains an open 
issue. Compared to previously mentioned techniques and 
during early response phase the modelling requirements 
are relatively low as simple models are usually applied to 
address the needs of an approximate determination of the 
fault geometry. The final result is often mostly influenced by 
the number and relative accuracy of model inputs. Finally, 
the contribution of in situ information cannot be ruled out, 
though, in most cases such observations are absent and 
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attempts to incorporate new approaches such as social media 
data or crowdsourcing into supplementary rapid response 
process should be evaluated.

The study highlights the readiness level of the various 
domains that has been significantly improved over the past 
years, including rapid seismological solutions, systematic 
availability of open access EO data and on-demand online 
processing through dedicated platforms (both GNSS and EO 
data). This wealth of data is combined by routinely applied 
inversion modelling and timely in situ observations, is lead-
ing to operational response levels. Still and despite our suc-
cessful efforts, remaining limitations concerns the timely 
access to critical data. Independently of the nature of those 
data, an effort should be made within already existing ini-
tiatives to ensure open and free access to the science com-
munity in relatively short time following geohazard events. 
Such platform-based approach, for both data dissemination 
and processing, would guarantee improvement of our disas-
ter response in the future.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s11600- 021- 00578-6.
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