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INTRODUCTION

The Vrancea region, at the sharp bend of the southeast Carpathians, represents
one of the most seismoactive zone in Kurope. It is the place of an unusually
intense seismicity with the presence of a cluster of intermediate-depth (60-
180km) seismicity in a narrow, nearly vertical and NE-SW striking volume,
contrasting with the low magnitude shallow seismicity spread across the
Romanian territory. The strongest events with Mw>7 that occurred in the last
century (1908, 1940, 1977 and 1986) caused high loss and trembled cities up to
several hundred kilometers away from the epicenter. According to the Romanian
historical catalogue (Radu 1979, 1991) such large events occur about three times
per century. This relatively high potential of seismic hazard, makes the region
one of the most studied areas in Europe. The strong intra-continental seismicity
occurring at intermediate depth raised questions about the origin and the nature
of such earthquakes and required a better understanding of the dynamics of this
area. First geodynamical models were proposed after the 1940 earthquake with
Mw="7,7 at a depth of approximately 160km. The central interrogation for seismic
risk mitigation is the determination whether this singular seismogenic volume is
geodynamically coupled to the crust. Such coupling would result in the
occurrence of strong earthquakes in the crust and even in the aseismic zone
above the volume between 40km and 70km, potentially causing heavy material
and human costs. Nowadays, this potential coupling as well as the tectonic
evolution of the Vrancea region still remains a bone of contention inside the
scientific community.

To improve the knowledge of the geodynamics and to enlighten the relations
between shallow and deep Earth’s structure beneath Vrancea, several
complementary studies were carried out in the last decades. They were realized
in a large range of research fields, from geology to geodesy (e.g. using GPS data)
and geophysics, including seismology. Progress in the applied methods and the
combination of their results is a key point to propose a valid and robust
geodynamical model, and to improve seismic risk mitigation for the Vrancea zone
and the neighbour cities such as the capital Bucharest sheltering about two
millions inhabitants. So far two main geodynamical models have been proposed
to explain the dynamic of Vrancea: one in favour of a subduction-related process
(Mc Kenzie, 1972; Fuchs et al., 1979; Oncescu, 1984; Linzer et al., 1998; Wortel
and Spakman, 2000; Sperner et al., 2001; Heidbach et al., 2007), and, more
recent, another supporting a delamination dynamic (Chalot and Prat, 2000;
Knapp et al., 2005; Lorinczy and Houseman, 2009; Enciu and Knapp, 2009).

Seismic tomography aids unveiling the Earth subsurface properties from the
information contained in waveform registrations of ground motion due to a
seismic source, recorded by receivers at the surface. This is achieved by
minimising a misfit function of the differences between candidate Earth’s model
waveforms and the real Earth’s waveforms. This inverse method is applicable to
different scales from global Earth’s model to regional and local study.

Thus, several seismic tomography studies have been applied to the Vrancea area
using teleseismic or local data from temporary experiments. Though they have
revealed a cold nearly vertical lithospheric volume under Vrancea, collocated
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with the seismic nest, they did not provide a unanimous final interpretation on
the nature and origin of such geometry.

Nowadays, high-resolution seismic tomography could help to reveal a detailed
subcrustal structure below Vrancea as well as the properties of the “down-going”
seismogenic volume. Recent developments in this field as well as in parallel
computing allow the collection of more information out of seismic data and the
production of such fine models. The full waveform inversion (FWI) method
together with the finite frequency theory, allow the nearly complete recovery of
seismic waveform information content for tomographic inversion.

The aim of this study is to implement a full waveform inversion of the Vrancea
region using local data collected during a temporary six months experiment
undertaken in 1999 (CALIXTO99: Carpathian Arc Lithosphere X-Tomography).
The study is based on the finite frequency theory with the simulation of synthetic
seismograms using the SPECFEM3D Cartesian software, developed by
Komatitsch et al. (2002a, b). The inversion follows a gradient-based algorithm for
the iterative model update. In particular, I use the adjoint method implemented
in SPECFEM3D to compute the model gradient for a given misfit. These recent
methods offer a more accurate physical approximation of seismic waves dynamic,
but also imply heavier computational costs. Main part of the inversion processing
dealing with waveform simulation, gradient computation, smoothing of the
gradient and model updating are done in parallel on a cluster at the Consorzio
Interuniversitario CINECA.

In case of Vrancea, the seismic sources distribution with strong events at
intermediate depth and smaller ones at shallow depth, limit the selection of the
dataset to the strongest events at intermediate depth with acceptable signal-to-
noise ratio. Consequently, the source-receiver geometry of the selected dataset is
different from common tomographic cases. All seismic sources are clustered in
the same location, resulting in sparse ray path coverage, quite similar rays and
few crossing ray paths between different source-stations pairs. Implementing a
local tomographic study only, these problems cannot be avoided. One would need
to include teleseismic events, however that is not the scope of the current study. I
thus show to which extent and at which costs this limited dataset can be
exploited in the implementation of a full waveform inversion of the Vrancea zone,
and if it allows to retrieve information on the velocity distribution at a better
level than with a classical ray tomography.

This thesis is organised into four mainly independent parts. The first part gives
an overview of the knowledge on the Vrancea region and the different
geophysical studies, which have been carried out, as well as the geodynamical
models proposed for this region. In the second part, I present an outline of the
full waveform inversion and seismic tomography theory. This aims to expose the
principles of inversion methods and the characteristics of the full waveform
inversion, from the complete numerical solution of the waves equation to the
finite frequency theory and the adjoint method. The third part gives an
introduction to the variable projection method (VPM) that could be seen as an
interesting tool to deal with simultaneous source and structure inversion, a key
point in seismic tomographic studies. This part presents the work conducted
during a three months internship at the Schlumberger Gould Research centre in
Cambridge, UK. The fourth part presents the application of the FWI to the
Vrancea case, using a discrete-quality local dataset.
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In this part, I discuss in details, the preparation step of the tomographic study
that consists in data collection, processing and selection, as well as the different
phases of the inversion method, from seismic waveform modeling to model
update. This part gives a good illustration on how this full waveform inversion
method is conditioned by the initial set-up.
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The Vrancea region PART I

I.I. TECTONIC AND SEISMIC SETTINGS

The Vrancea region, in Romania, is a complex tectonic zone, part of the highly
arched South-East Carpathians orogeny (Figure 1).
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50° 50°

30°

| T : :
-20° -10° 0’ 10° 20° 30° 40°

Figure 1 - The Vrancea region in a European geo-topographic context.

I.I.1. EVOLUTION OF THE CARPATHIANS

Numerous authors have described the geology of the Carpathians: among others,
Burchfield (1980), Foldary (1988), Linzer et al. (1998), Schmidt et al. (2008),
Ismael Zadeh et al. (2012). The Carpathian belt, at the southeast part of the
Alpine chain, finds its tectonic origins in the formation of the Alps and the
closure of the oceanic lithosphere of the Tethys driven by the motion of the
African and European plates in the late Jurassic.

The convergence between the African and Eurasian plates gives rise to a
particularly complicated stress configuration on the Romanian territory because
of the interaction between several subplates or intra-tectonic units enclosed
between them. These accommodate the relative displacements driven by the
main convergence motion as in a puzzle game. The literature does not bring a
clear view on their delimitation and deformation stage (neither on their names)
as their evolution is still a matter of debate. Otherwise, crossing different
sources, I will attempt to give a synthesis of the Carpathians tectonic evolution
based on the motion of these intra-tectonic units (Figure 2).
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Jurassic times
In the Carpathian area, four main intra-tectonic units might have formed at
Jurassic time, as proposed by Burchfield (1980): the Apulian (later named

ALCAPA for Alps-Carpathians-Pannonian), Rhodopian (Dacia blocks in
Hungarian literature), Moesian and North-Dobrogean fragments.

Cretaceous times

In late Jurassic/early Cretaceous, an extension motion between Tisca and
Moesian platforms led to the aperture of two oceans in the Carpathian area: the
Cealhau-Severin (between Dacia and European/Moesian foreland) and East
Vadar (between Tisca and Dacia blocks) oceans. This motion inverted later in a
convergence motion of the plates, leading to the first continental collision
between the Rhodopian and Moesian units during Albian time and the gradual
closure of the east Vadar ocean.

In late Cretaceous, the Apulian fragment rotated counter-clockwise moving
northward, and the Rhodopian fragment rotated clockwise as it moved around
the Moesian fragment. At this time, continental as well as oceanic collision
occurred, with the collision of the Apulian with the Rhodopian platform. By the
late Cretaceous, there was no more convergence in the South Carpathians.

Paleogene times

There is a lack of information to recover the entire Paleogene deformation in the
Carpathians. The main motion consisted in the closure of the Severin ocean by
subduction and the final closure of the Tethys in late Oligocene.

Neogene times

The last thrusting events occurred in the Miocene. Tisca-Dacia and AICAPA
plates moved into the Carpathian embayment forming the Miocene foreland fold-
and-thrust-belt. In the late-early Miocene the Carpathian embayment subduction
started. It stopped in the northern part in Middle Miocene, with continental
collision between Tisca-Dacia and Moesian units and rotated from NW to SE
before starting a gradual roll back. This retreat of the subducted oceanic
lithosphere 1is associated with crustal thinning and upwelling of the
asthenosphere underneath the Pannonian basin. The late Miocene defines the
final emplacement of AICAPA, Tisca-Dacia mega units and Alpine-Carpathian
orogenic. The subsidence in the foreland, started in middle Miocene, is still active
with a rate about 1lmm/year.

From Pliocene to Nowadays

Plate convergence in the northern and eastern Carpathians seems to be currently
inactive, while in the SE Carpathians active processes are still taking place,
revealed by a particular seismicity in Vrancea. The Vrancea region is a
particularly complex tectonic region of continental convergence characterized by
at least three tectonic units in contact: the East European plate, Intra-Alpine
and Moesian subplates. The evolution of the Vrancea lithosphere, which marks
the youngest part of the subduction/collision along the Carpathians, is still under
debates. Several models have been proposed into explain the geodynamic
evolution of this subducted lithosphere and its present-day expression as a near
vertical high velocity body beneath Vrancea.

Figure 2 (next page) - Sum up of the Carpathian tectonic evolution. Figures modified from GSA,
Merten et al. (2010), Schmidt et al. (2008) and Csontos et al. (2004).



9
0SS ] m - ™
—— e 0ZZ ueluie) > o
wy 0004 0 aissel] ajeq = i
00} UBBO DSSEUL D ove m 0] ,.
o o o]
% &4/ (@] 920 09
% oez o m | 1o
SAHL3I103N %, 0//) m 2| s2
% % JOJ 5
v@»a a1 % 20 .
~ iz
vat® QQV a ﬁJ.. -
i J - oo €20 | €2
e, % —
- N y eboi00 N - -3y © < ™ d 220 0S
e Ny \W /\ QJO V .
N (el & m ||
2 Q/: (o} m
) o 95 ueipiopo 2 & O O[] sy
_ 5 X im wo
S prponided | g 22 m () o
o sadon shwooon [ S JW. m =1
ooy, m sossssesmat 2 > uondNpgns Z ov
I o £q UBDIO ULIDADS 4O DINSO|D m [ |
£ N Sl T
© [e) [ |
o Q 50| o jm—
09 [E5] s+ Se
2 o] e
R o
sK1ay auid|y ayi jo asayd | 3w o [ 2] .,
. A/ -SOUj31| 21UeaD0 JO Hurliels uondNPANS @J @ Lo 0g
.%\ O [0:2] v
o Q [oo] s
- [ O— [p— = ‘saddeu uesno & m Hp
6 A . 2 Se
@N ULI9ASS PUE "NeY[ea) JO UOIRWIO) sK194 40 21ns0]) [euy m W Mw
0w ey w0 RIS T — [a0] eo
(sK134p JO JuRUWAI) JuswAequia ueiyiedied) ojul uonow 3iejd epeq-eds| [of v o0z
L )
ueadQ) JBPEA 1SBT JO 3INSO|D [enpeld BN 9L Pue B\GL 1B SUORI0I $HD0|] | 3 = =* (-
cotbore oudies CEI e vg uenuorues ‘swiope|d ueisaopy pue ueidopoyy uononpgns JudwAequs uelyledie) [FE= m 5 o =
VavOY v snoaoejaln e N N —_— (|
ey oewsonee: [ U99MIZG LOISII02 [BIUBURLO 5L uoIsI||03 |e3uaUuoD 1ed ulayiou ur uoinpgns dos w O &= L q
/4 jjg »eqjjo1* 35 03 N woyy uondnpgns | W mo| Q[
SAHL3L WM_,,.\H«\ piemyriou uonow ueljndy 2oUapISgNs 1els ‘suelyiedie) ur A1IAIDR J1UBD|OA 1IelS m m w“
2 S
uoIdNPQNS DIULSD0 PUE [RIUBUNUOD sjuaAd Bunsniylise| | 4 m = o
< swuojie|d ueid syuunebayy erneg-edzsi| ‘eded)y Jo Juswadejdwa |euy 1]+
-opoyy pue ueindy UaM1aq UOISI|OD | 5,4 d1uabouo ueyredied-auid)y 72 ve
uoleol ;uoneu Ple s
ueiyy ) . y 3IN300Id [veol
: 4 -IWEeDP JJO-3eaiq ge|s :uelyieded uaises Jo UoiNjoAd -
-eduied yinos ul sdois adusbisauod = [=]
1D yinos ul uoNoRIUOD pamaual [hoo L AN o]
: R
NOILdIHOS3A DINOLO3L HOOd3|aoI4ad NOILdIHOS3A OINOLO3L HOO0d3  |00IE3d =561 30y
3 DILINOVN




The Vrancea region PART 1

I.I.2. SEISMICITY

Observation of global seismicity has provided a strong support for the tectonic
plate theory founded on sea-floor spreading and lithosphere recycling at plate
boundaries. Although seismic source physical process has been quite understood
for shallow earthquakes that represent 756% of this global seismicity, the physical
mechanism of the remaining 25% earthquakes deeper than 50km is still
puzzling. From these, intermediate-depth earthquakes — in the range from 50 to
300km depth- occur most often in association with convergent plate boundaries
within subducting lithosphere in the Wadati-Benioff zone. However, in few places
around the world, an intra-continental unusual intermediate-depth seismic
activity has been observed. These regions of concentrated high stationary activity
relative to the surroundings are defined as nests (Zarifi et al., 2003; Prieto et al.,
2012; Koulakov et al., 2010). In particular, nests related to subduction zone
process count three main known examples: The Bucaramanga nest in Columbia,
the Hindu Kush in Afghanistan and the Vrancea nest in Romania (Figure 3).

180° 120°W 60°W 0’ 60°E 120°E 180°
Vrancea Nest Hindu-Kush Nest I
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Figure 3 - Location and characteristics of the Vrancea, Bucaramanga and Hindu Kush nests. Based
on the ISC 2000 to 2010 earthquakes catalogue. Prieto et al (2012).

The Vrancea region, located in the eastern part of the Carpathians arc bend in
Romania, represents one of the most seismically active zones in Europe. The
seismicity of the Romanian territory combines a shallow activity of moderate
events following the regions of the orogenic belt (Bala et al.,, 2003) with an
intermediate seismicity of strong events concentrated above the Vrancea area.
This confined intermediate depth seismicity contrasts with the lack of activity
elsewhere along the Carpathians.

After the 1977 earthquake of magnitude Mw 7,5, a telemetered seismic network
of 17 short-period stations was installed in Romania. It has been modernized in
1990 through the installation of a complete seismological system for acquisition
and data processing (earthquake localization and fast magnitude determination)
(Ionescu and Neagoe, 2008).

The Romanian seismic network has started to be continuously developed from
2002, with the installation of new real-time seismic stations. It is currently
composed of 82 broadband and short-period digital seismic stations.

Seismic data are analysed by the NIEP (National Institute for Earth Physics)
and local earthquakes characteristics (location and fault plane mechanism) are
archived on the ROMPLUS catalogue.
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The seismicity distribution above Vrancea (Figure 4) suggests a nearly vertical
small seismic volume. Looking more in details, there is a seismic gap around
70km depth, and the intermediate depth seismicity is concentrated from 80km in
a volume of about 90*20*20km (Raykova et al., 2006; Hurukawa et al., 2008),
with the main part of these events occurring around 130km depth. The
particularity of the dimension and geometry of the Vrancea seismic volume
makes difficult any interpretation of the dynamic of this zone.

Fault mechanisms of the Vrancea seismicity present a large range of solutions as
shown in Figure 5 and in the study of Sandu et al. (2008), delineating a complex
stress process. At crustal range, strike-slip mechanisms seem to have
predominance above the whole range of other solutions (Ardeleanu et al., 2005,
Bala et al., 2003). Instead, the fault plane geometry in the Vrancea subcrustal
volume seems to reflect a predominant compressive stress regime.

In their study in 2003, Bala et al. have defined three distinct seismic zones inside
the Vrancea intermediate depth seismic volume: one from 40 to 100km, the
second from 100 to 140km and the third below 140km depth. The first domain is
characterised by a reverse faulting on steeply dipping faults in a NE-SW
direction. In the second domain, the nodal planes are slightly rotated towards a
N-S direction and follow a strike slip movement. The deepest part has a less clear
distribution of fault mechanisms, with predominance for dip-slip faulting.
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Figure 4 - Seismicity distribution in Romania. On the left, is given the 3D distribution based on the
ROMPLUS catalogue with an evidence of the near vertical seismic prone volume. On the right, the
figure from Raykova et al. (2006) shows the seismic-energy depth distribution of Vrancea. On can
note the two main types of seismicity: a shallow and an intermediate depth one, with a seismicity
decrease around 70km depth.
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Figure 5 - Fault plane solutions from the Global CMT Harvard catalogue. Events are going from
1977 to 2009. Events with depth between 70 and 100km are indicated by the sand colour, deeper
events are in black and event above 150km depth are in grey. No clear evidence for the stress field
is seen, indicating a complex process.

Regarding not only the geodynamic side, understanding the nature of tectonic
processes occurring in populated areas is also important for seismic risk
mitigation. From a historical point of view, strong earthquakes with a magnitude
greater than 7 occur in this area at a frequency about 3 per century. In the past,
the events of 1908, 1940, 1977 and 1986 have caused large damages over the
region and particularly in Bucharest, which is now populated by about 2millions
inhabitants. This makes the Vrancea region, a favourite area for various
complementary geological and geophysical studies. Despite of the abundance of
studies in the region, the nature of this intermediate-depth seismicity cluster is
still a bone of contention.
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I.II. GEODYNAMICAL MODELS AND
TOMOGRAPHIC STUDIES

I.II.1. GEODYNAMICAL MODELS

Seismic tomography studies have revealed a nearly vertical high velocity body
beneath Vrancea, extending until 350km and whose NE part is the place of an
intermediate depth seismogenic volume (Enciu et al., 2009; Martin et al., 2006;
Wortel and Spakman, 2000). This high velocity body is interpreted as a cold and
dense lithospheric material into the upper mantle.

The tectonic evolution of Vrancea is still under debates (Knapp et al., 2012;
Sperner et al. 2001; Martin et al.,, 2006, Dando et al.,, 2011). The principal
dissension lies on the type of this descending material and the degree of coupling
between this material and the crust (Figure 6).

The first proposition stands for a remnant oceanic slab from a past subduction
pulled beneath Vrancea by subduction retreat. In this first group, three
hypotheses are competing: the attached slab (Mc Kenzie, 1972), the slab breakoff
(Linzer et al., 1998; Girbacea and Frisch, 1998 and Wenze et al., 1998) and the
weak coupled slab that defines a slab detachment in its final stage (Wortel and
Spakman, 2000; Sperner et al., 2001; Muller et al., 2010).

The second proposition sets that this body is made of continental material
resulting from a delamination process (Chalot-Prat and Girbacea, 2000; Knapp et
al., 2005; Tondi et al., 2009; Fillerup et al., 2010, Ducea, 2011; Ren et al., 2012).
Mantle delamination would have consisted of a thickening of the Carpathians
lithosphere during continental collision, followed by its sinking in the mantle due
to instability and the upwelling of the asthenosphere.

A coupling of both processes stands also as an explanation of the evolution of the
lithospheric material (Carbunar and Radulian, 2011), as the alternative model of
an unstable triple junction point between the East-European, Moesian and Intra-
Alpine micro-plates moving at different velocity rates (Besutiu et al., 2001).

attached slab

coupled slab delamination

[ Transylvanian Crust [0 Moesian Crust [__] Mantle lithosphere - ---undefined
boundary

Figure 6 - Simplified sketch picture of the different geodynamic models proposed for the Vrancea
high velocity deepening volume (redrawn after Knapp et al., 2005).
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First geodynamical model related the Vrancea intermediate depth seismicity to
the sinking of the relic of an oceanic slab, remnant of the closure of an oceanic
crust floored basin (Mc Kenzie, 1972). Later, the presence of a seismic gap (to be
interpreted as a low seismicity with respect to surrounders) between 40 and
70km depth, conducted Fuchs et al. (1979) to the hypothesis of a detached slab
geodynamic model. The following tomographic studies revealed the shape of the
seismic anomalies beneath the area. The latters, interpreted with regard to the
seismicity gap, have supported the model of slab detachment (Oncescu, 1984;
Linzer et al., 1998; Girbacea and Frisch, 1998). In this dynamic, a subduction
would have started westward of the Vrance seismogenic zone in pre-Miocene
times, and would have undergone a process of detachment and retreat toward
southeast to position at the actual intermediate depth seismicity zone of Vrancea.
Between the attached slab hypothesis and the detached one, the idea of a
progressive decoupling of the slab along the Carpathians came out (e.g Sperner
et al., 2001). Arguments that support this intermediate model defend that a slab
break-off dynamic would be unable to explain the high strain rate inside the slab
and that the spatial relationship between the Vrancea seismicity and the active
surface deformation in the foreland basin suggests, instead, the existence of a
mechanical coupling between the crust and the upper mantle (Enciu et al., 2009).
For the last 20 years, these various subduction models have prevailed in most of
the geophysical studies interpretation of the Carpathian-Pannonian system
tectonic evolution (Fillerup et al. 2010).

However this subduction hypothesis seems to present some weaknesses. Indeed,
such a process would imply some suture evidences from continental plates
collision, whereas such a boundary has not been established yet (Knapp et al.,
2005). To add some doubts on the subduction premise is the pronounced late
Miocene/Pliocene subsidence in the Focsani basin of the foreland and the active
surface deformation and crustal seismicity of the region. Moreover, if the
subduction interpretation is supported by the presence of a Neogene volcanism
within the hinterland, the relationship between this volcanism and the
subduction process remains questionable (Koulakov et al., 2010; Fillerup et al.,
2010).

The continental lithospheric delamination model instead, is distinguishable by
its distance from oceanic subduction dynamic and appeared as another
alternative to lithosphere recycling. This process is characterised by a thickening
of the lithosphere due to the upweilling of the asthenosphere. In the Vrancea
region, it would have result from the closure of an intra-continental basin during
the Miocene. Such a dynamic induces gravity instability due to higher density in
the lithosphere than in the asthenosphere and might be able to generate
intermediate depth seismicity such as in the Vrancea case (Chalot-Prat and
Girbacea, 2000; Knapp et al., 2005; Tondi et al., 2009; Koulakov et al. 2010).

The debate upon all these oceanic/continental lithosphere hypotheses comes from
the uncertainty upon the evolution of the oceanic lithosphere created by the
Cealhau-Severin ocean that opened during The Late-Early Cretaceous. Up to
now, there is no clear evidence whether this oceanic lithosphere was entirely
subducted by the late Cretaceous or whether a part of the oceanic material (post-
Cretaceous) i1s contained in the Carpathian embayment (Ismael Zadeh et al.,
2012).
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Appart from qualitative interpretations of the Vrancea geodynamics which aim
at describing the processes that explain the observed geophysical properties,
quantitative interpretations, instead, seek to make the bridge between
geophysical concept modelling and specific observed features.

To explain the distribution of the Vrancea seismogenic zone, Ismael Zadeh et al.
(2000) carried out a study of viscous flow phase transistion and dehydratation on
the stress field of the slab. From the shape similarity between their predicted
depth distribution of the stress in the slab with the average seismic energy
released by the earthquakes in a whole year, the process of rock dehydratation
appeared to them as a realistic candidate for earthquake triggering in the
Vrancea slab. Successively in 2005, Ismael Zadeh et al. computed in details the
stress repartition along the slab using a 2D thermo-mechanical model of the post
Miocene slab subject to gravity. The maximum predicted stress occured between
80 and 200km, whereas a minimum was found in the depth range of 40 to 80km.
These areas correspond respectively to the intermediate-depth seismicity of
Vrancea and to its seismic gap. Moreover, their model predicted crustal uplifts in
agreement with the East Carpathian orogen, as well as a subsidence area
coinciding with the Moeasian and East European platforms. These results
demonstrated that the Vrancea descending lithosphere could be a consequence of
downwelling flows generated by slab subduction. These flows would have first
teared down a part of the continental crust and would have successively had
particular effects on the surface topography, influencing the Carpathian’s orogen
and its basins evolution.

In 2009, Manea and Manea deduced from their thermal model of the region that
a “soft” attached slab was able to explain the particular Vrancea seismic
distribution and rejected the hypothesis of detached slab as this model would not
induce enough stress in this area for earthquake generation.

The origin and nature of the Vrancea lithospheric structure is still puzzling.
There is a need to study and combine high-resolution data from the different
fields of Earth’s science such as geophysics, geochemistry, geodesy and
seismology to better understand the geodynamical process behind the Vrancea
region.

I.I1.2. TOMOGRAPHIC STUDIES

In 1984, Oncescu inverted teleseismic events recorded by the Romanian
earthquake network. His tomographic images revealed a low-velocity structure
between 40 and 80km depth and a high velocity structure between 80 and 160km
depth coinciding with the Vrancea intermediate depth seismicity.

This localized fast anomaly has successively been observed in several seismic
tomographic studies, which have confirmed the location of the Vrancea seismic
nest inside the high velocity body (Figure 7).

Most of the times, these studies have used teleseismic events registered on the
Romanian permanent network or during temporary experiment (Wortel and
Spakman, 2000; Martin et al., 2006; Ren et al., 2012; Zhu et al., 2012), or at
bigger scale on European seismic networks (e.g. Piromallo et al., 2003). Whereas
first studies were using only the P waves arrival in the inversion, later studies
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have added S waves arrivals and have started to work with local and regional
events (Fan et al., 1998; Tondi et al., 2009; Koulakov et al., 2010).

These seismic tomography studies often depict the high seismic velocity anomaly
in significantly different ranges. Nevertheless, despite uncertainty lying under
such inversions, the location of the velocity anomaly beneath the Vrancea region
is robust (Figure 7). The differences from one model to another are explained
directly by the characteristics of the inversion, the approximations done in the
forward problem and the data processing implemented (Romanowicz, 2003).
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Figure 7 - Examples of seismic tomography studies. From left to right and up to down: Wortel and
Spakman (2000), Tondi et al. (2009), Zhu et al. (2012) and Martin et al. (2006).

Most recent regional tomographic studies have been carried out by Ren et al.
(2012, 2013) based on two important temporary projects done in the Carpathian-
Pannonian basin: the Carpathian basin project from 2005 to 2007 involving 54
stations, and the South Carpathian project from 2009 to 2011 involving 56
stations.

In 2012, they retrieved some details of the upper mantle structure beneath the
Carpathian-Pannonian basin from P wave teleseismic traveltime residuals, using
a 3D finite frequency kernel tomography (Figure 8). Their study was based on 1180
teleseismic earthquakes of Mw>5.5 that have been collected, between 2006 end
2011, either by the temporary stations of the two Carpahian’s projects, either by
the Romanian permanent seismic network, for a total of nearly 200 seismic
stations. This dense coverage of the Carpathian-Pannonian basin allowed them
to find interesting features about its upper mantle structure. In the Vrancea area
they observed, in agreement with previous tomographic studies, a fast P velocity
anomaly trending to the southern edge of the Carpathians. They defined its
extension as a 300¥*200km area going from 100 to 400km depth. Although this
anomaly extends to SW of Vrancea, their tomographic images did not give any
evidence for a remnant of subducted slab beneath the adjacent Eastern
Carpathian. Instead the NW-NE Carpathian region, north of Vrancea, is
dominated by slow anomalies.
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The fast anomaly follows a nearly vertical shape from 80 to 400km depth and is
bounded by two slow regions deeping to NW and SE. This particular distribution
of the anomalies does not support the hypothesis of an attached slab underneath
Vrancea. If the NW slow anomaly can be explained by an astenospheric
upwelling due to a delamination process, this is not the case for the SE slow
anomaly. The authors thus support instead the gravitational instability model of
Lorinczi and Houseman (2009) that can explain such a distribution. Another
interesting outcome from their study comes from the mantle transition zone
imaging that presents a fast P wave anomaly beneath the entire Carpathian
area, without any connection with the upper mantle high velocity anomaly. This
is interpreted as an evidence that the Vrancea structure post-dates the formation
of this deeper high velocity anomaly as well as the extension of the Pannonian
basin.
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Figure 8 - NW-SE profile across the Vrancea Zone through the P-wave tomographic model of Ren et
al. (2012). Green dots show the projected locations of intermediate-depth earthquakes in the
Vrancea region.

In my tomographic inversion of the Vrancea lithospheric structure, the reference
model i1s taken from the Tondi et al. (2009) tomographic study.

Using jointly seismic data from temporary experiments together with gravimetric
data, the authors have built a detailed 3D tomographic model of the Vrancea
lithosphere until 230km depth. Their inversion was based on the Sequential
Integrated Inversion method (Tondi et al.,, 2000) that follows a maximum
likelihood regularization scheme. Their initial reference model was based on the
Popa et al. (2001) 1D velocity model of Vrancea!. Their seismic database was
made of P-S first arrivals from 156 local events records collected at 26 short
period stations during the CALIXTO99 experiment as well as from the seismic
records from the refraction experiments VRANCEA99 (12 record sections) and
VRANCEA 2001 (11 record sections). Their gravity database, instead, was based
on local Bouguer anomalies data from the Institute of Geodynamics of the
Romanian Academy.

I Details about the 1D reference model can be found in Figure 67 in Appendix B.
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This joint inversion gave an interesting snapshot of the main crustal and upper
mantle features of the Vrancea lithosphere (Figure 9). At crustal level, until 35km
depth, the study has evidenced a low velocity/density SE-NW arc shaped
anomaly. In the upper mantle, above 45km depth, they observed a sign change of
these anomalies and an increase of the Moho depth towards SE. In particular,
they identified a high Vp/Vs ratio of the area between 40 and 80km depth,
collocated with the Vrancea seismic gap and associated it with a delamination
process. Finally, as in several other studies, their model is characterised by a low
Vp/Vs anomaly oriented N-S in the upper part (from 45 to 70km) and NW-SE in
the deeper part, from 70 to 180km. They found also a coupling between the
subducted slab and the unsubducted Moesian lithosphere limited to the SW part
of the model.
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Figure 9 - NW-SE Vp/Vs ratio model cross section along VRANCEA2001 profil (from Tondi et al.,
2009). The low Vp/Vs anomalies between 45 amd 180km is interpreted as a downgoing slab. Instead,
the high anomaly between 40 and 70km is interpreted as partial melting of the lithosphere due to a

delamination process.

18



I1
FULL WAVEFORM
INVERSION THEORY

II.I. ABOUT SEISMIC TOMOGRAPHY ....iirittieeteteceereenneecesnnneees 21
II.1.1. FROM RAY BASED APPROACH TO 3D FULL WAVEFORM
TOMOGRAPHY ..o e 21
II.I1.2. THE INVERSE PROBLEM.........oocooiiiiiiiicieeeeeeeeee, 23
II1.1.3. SOLVING THE FORWARD PROBLEM ........cccc.ceeevvvvrrnnnnn. 25

I1.1.3.1. The elastic Wave equUatiON.......cccccvvvvviiririreeieeeeeeeeeeeeeeeeieceennrnnnnnns 25
I1.1.3.2.The spectral element method ...........ccevvveeeeiiiiiiiiiiiniiiiiicciiis 26
II.1.4. MISFIT CRITERIA. ... 29

IL.II. THE ADJOINT METHOD.....cuuuiittieiiitnieceretnceeeennncceeesnncessssnneees 31

II.II.1. SOLVING MINIMIZATION ALGORITHMS.........ccovvvneee.. 31
TLIT. 1.1 TNtrodUCEION ..evvvrieeeeiiiiiee e ettt e e ettt e et e e e et eeeeesennreeeeeenees 31
II.I1.1.2. Gradient based minimization algorithms ...............cccceceinnnnnnns 31

II.I1.2. COMPUTING THE GRADIENT WITH THE ADJOINT

METHOD ..ottt e e e e s 34

II.11.3. APPLICATION TO STRUCTURE INVERSION.................. 36

IL.III. SOURCE INVERSION: A KEY POINT FOR TOMOGRAPHIC

STUDIES ... otttiiiitttieeitetneeeeteteeeeeetsssseeessssssesssssssssessssssssssssssssssssssssssssnsssses 39
IL.III.1. SOURCE LOCATION......cooiicieeee e 39
II.III.2. SOURCE MECHANISM .....coovviiiiieeiiiieeeicieeee e, 39

19



20



FWI theory PART II

II.I. ABOUT SEISMIC TOMOGRAPHY

Seismic tomography is a non-linear inverse problem based on the equation of
waves motion. Its goal is to retrieve non-measurable physical Earth’s properties,
as seismic waves velocities, from seismograms recorded at seismic station on the
surface.

II.I.1.  FROM RAY BASED APPROACH TO 3D
TOMOGRAPHY

Detailed overviews of the state of the art in seismic tomography can be found on
the publications of these different authors: Rawlinson et al. (2003, 2010), Tian et
al. (2007), Trampert et al. (2005) and Liu and Gu (2012), who trace its evolution
from its origins in 1970 to the recent trends developed in the last decade thanks
to an increasing computing power.

The seismic tomography method comes from medical imaging that uses x-rays to
map internal density distribution of the human body in terms of slice pictures
(the word tomography means “slice picture” in the etymologic Greek). Seismic
tomography thus intends to use the seismic waves generated from earthquakes
or shots in the deep Earth and recorded at seismic stations to map the Earth
structure.

The origin of seismic tomography is usually traced back to the late 70’s, when Aki
proposed the first 3D velocity model of the crust beneath California using ray-
based tomography. Ten years later, Dziewonski opened the door to global
tomography with the publication of the first global 3D model of the Earth’s
mantle (Dziewonski, 1984).

Following these pioneering efforts, a world of new applications and developments
grew up together with the availability of new resources, from seismic network to
data exchange facilities and computational resources. This evolution’s thread is
characterised by the constant desire to extract as much information as possible
from as many data as possible through modelling and equation solvers that
accurately depict Earth’s properties, passing from 1D to 3D reference model in
complex media and from first arrival seismic tomography to full waveform
inversion.

Due to its simplicity, ray based tomography has been the most popular technique
to carry out tomographic studies. It is based on the information given in the
source-receiver travel times of seismic waves to find velocity perturbations.
Travel-time of a ray in a continuous velocity medium v(x) along the ray path L
can be defined with the following non linear equation:

T = fL(U) %dl, where dl is a small segment of the ray path (1)

In an isotropic elastic medium the propagation of seismic waves is governed by
the Eikonal equation:
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1 (2)

e

This description relies on the high frequency assumption, considering weak and
large-scale lateral heterogeneities: its validity applies when rays cross velocity
variations of size larger than the wavelength. In this high frequency
approximation, the seismic waves arrival times depend only upon the wave speed
along the geometrical ray path between source and receiver and correspond to
the highest frequency observable wave.

Limitations of the ray-based theory started to pop up with the notion of
sensitivity kernel. Taking example on optical rays properties, it has been shown
that seismic rays have Fresnel zones, defined as banana-like areas in which
seismic rays can be influenced by a perturbation of the model. This introduced
the concept of seismic signals sensitivity to perturbation off the classical ray-path
(wave scattering) and their frequency dependence property.

In a wish to circumvent these limitations, finite-frequency theory started to be
developed and implemented, using the ray theory in conjunction with the Born
approximation.?

In the 2000’, the studies of Marquering (1999) and Dahlen (2000), demonstrating
the travel-time and amplitude frequency-dependent sensitivity, advocated the
abandonment of the classical ray tomography in favour of the new-born banana-
doughnut theory. This name comes from the particularity that for direct arrivals
in global Earth model the sensitivity kernels looks like a banana in the vertical
source receiver plane, and like a doughnut in the cross section perpendicular to
this plane. These new results and conclusions have been first welcomed with
skepticism by the scientific community. They indeed brought a paradox with the
ray theory. Indeed, whereas in the ray theory the geometric ray path is taken as
the only region where the travel-time is sensitive to Earth's structure, the results
of Marquering showed the contrary. That is body wave travel-time are sensitive
to heterogeneity anywhere else than along the ray path. However, this paradox —
or misunderstanding- was only due to the deficiency of the ray theory to
recognize the frequency dependence of the seismic waves: the sensitivity kernel
of very high frequency waves is a very slender hollow, on the other hand low
frequency waves are sensitive to wave speed heterogeneity farther off the ray,
giving birth to their banana-doughnuts shape.

The last decade has thus been marked by the development of finite frequency
techniques in 3D models and 3D sensitivity kernels computation at global and
regional scale using even more realistic Earth models thanks to the growth of

2 In Shearer (2005): “For sufficiently weak velocity and density perturbations, the single scattering
Born approximation assumes that primary waves are unchanged by their passage through the
scattering region. The total energy in the seismic wave-field therefore increases by the amount
contained in the scattered waves and energy conservation is not obeyed. Thus this approximation is
only valid when the scattered waves are much weaker than the primary waves, which is the case in
the Earth when the velocity and density perturbations are relatively small (quantifying exactly
how small depends upon the frequency of the waves and the source-to-receiver distance). “

In linearized inversion methods, the Born approximation is used to establish a linear relation
between model perturbation and data residuals, defining the observed seismic signals as a
perturbed synthetic signal.

In non linear methods, this approximation is used in the computation of the Fréchet derivatives by
making the link between gradient and model perturbations, under the condition to have a starting
model close enough to the true model.
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powerful numerical techniques, such as the spectral element method (Komatitsch
et al., 1999, 2002a,b). The finite-difference scheme, based on numerical solutions
of the wave equation, including all types of waves in the synthetic seismogrames,
has opened the door to full waveform inversion. The latter, initiated in the early
1980’s (Bamberger et al., 1982; Tarantola, 1984a,b) in seismic exploration allows
to use portions or entire seismograms instead of single picks measurements to
measure the misfit and minimise the objective function. Together with this new
theory, several methods to deal with the inversion procedure have been
developed, with the aim to adapt the tomographic schema to the data involved in
the study. This has consisted in the definition of new misfit criteria to evaluate
the reference model with the real data, from cross-correlation travel-time to
amplitude misfit (Tromp et al., 2005) and recently, phase and envelope misfit
(Ficthner et al., 2008). Owing to the high computational costs involved in the
numerical solution of the wave equation, the minimization problem has to be
solved iteratively through optimization algorithms, with local linear
approximations. Most common algorithms include the steepest descent and the
conjugate gradient algorithm (Tape et al., 2007), which both use the value of the
gradient of the misfit to update the model.

Recently, the adjoint method has been used in tomographic inversion in the
context of finite frequency theory, to compute efficiently the gradient of the
misfit. Liu and Tromp (2006) demonstrated that the adjoint method encompasses
finite frequency tomography and time reversal imaging by drawing a connection
between seismic tomography, adjoint method, time reversal mirror and finite
frequency banana-doughnut kernels. Using this method, the Fréchet derivatives
of travel-time or amplitude misfit functions needed to build the gradient of the
misfit, consist of a weighted sums of 3D banana-doughnut kernels. The adjoint
method has then been expanded to other misfit criteria such as amplitude or
envelope and phase misfit in several studies published in the last years (Fichtner
et al., 2006a,b, 2009, 2011; Liu et al., 2006, 2008; Siemenski et al., 2007a,b; Tape
et al., 2009, 2010; Tromp et al., 2008).

I1.I.2. THE INVERSE PROBLEM

When the physics of a system is known, we can use mathematics to solve the
relevant equations and compute observables of the system. This is called a
Forward problem. For instance, using elasticity and gravitation theory and
knowing the distribution of mass and elastic parameters in the Earth, we can
compute its moment of inertia, frequency of free oscillations etc.

Solving an Inverse problem is thinking the opposite way: we use a set of
measurable data to retrieve the system parameters.

In geophysics, it is common to deal with a lack of information about parameters
characterizing a system, as they are not directly measurable. These non-
observable parameters constitute the model. Instead, information from
instrumental observations refers to the data. It is thus quite common to deal
with inverse problem in this field. One of the first inverse problems been posed in
geophysics was on the way to determine the location and origin time of
earthquakes from arrival times of seismic waves recorded by seismographs at the
surface.
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Solving a forward problem means predicting the observable parameters d that
correspond to a given model m using the theoretical relation that describes the
system. This theoretical prediction can be written as:

d = g(m) (3)

Where the operator g expresses a mathematical relation of the physical system
between the vector of data d and the vector of model parameters m.

In the following we look at the simple case of a linear inversion problem to
introduce successively the non-linear one.
In the particular case of a linear relation, where g can be separated to represent
a linear mapping of the model parameter into the data, this prediction can be
written in the matrix form:

d=Gm (4)

The inverse problem consists of finding the model parameterization m that
characterized the real state of the investigated problem from a set of observed
data d. In the best linear case, one would write it as:

m=¢61d (5)

However, most of the time G is not invertible. Indeed, most inversion problems
are ill-posed: either underdetermined (the number of parameters is larger than
that of equations) or overdetermined (the number of equations is larger than that
of parameters), leading to a non invertible matrix system.

In such cases, the most general linear mapping from data to estimated model is
then written in terms of the generalized inverse G9:

m=G9d (6)

A common way to estimate a model is to look at the difference between the model
and the data, measured with a given norm, and to minimize it. This cost function
can be written as:
x=Ild-6m|,
where | | stands for a given norm.

Taking for example, the least squares difference, based upon the L2 norm, the

generalized inverse GY is given by GY = (GTG)_lGT and the cost function is finally
minimized by the following model estimate:

m=(676)¢"d (8)

In non-linear inverse problems, the operator g cannot be separated to establish a
mapping from the model parameters into the data. The point is that we cannot
find explicitly the relation making the link from the data to the parameters of the
model.

Thus grid-search methods or optimization methods are used to solve the non-
linear inverse problem. These methods aims at minimizing a misfit function that
describes how close the predicted data from a trial model fit the real data (similar
to the definition of the linear case cost function). Whereas the grid search method
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consists in looking over all the possible model parameterizations to identify the
minimum misfit, optimization algorithms consist in starting from an initial
model -sufficiently close to the real state of the system to ensure convergence-
and correct it iteratively from misfit measurements until finding the best
possible misfit. This minimization passes through the computation of the
gradient of the misfit at each step of the model updating.

The solution of the inverse problem is thus very similar to the linear case
minimization of a cost function, but this time the aim is to minimize iteratively
the following function:

x = lld —g@m)l

In seismic tomography, the forward problem is the solution of the seismic wave
equation, the relation predicting the observable data from the model. Its
inversion problem is based on finding the best model parameterization that
minimizes a quantified difference between the observed seismic data and
synthetic data computed solving the forward problem within trial models. The
tomographic inversion is an ill-posed problem with some parts of the Earth’s
interior over-determined and other under-determined. Indeed it is characterised
by an uneven distribution of source and receivers resulting in an uneven
sampling of the medium by elastic waves (Trampert, 1998).

As this problem is ill-conditioned (small errors in the data causes large variations
in the model) a regularization of the model is needed to avoid convergence
problems (Kissling et al, 2001).

II.I1.3. SOLVING THE FORWARD PROBLEM

The inverse problem describing seismic tomography relies on the update of a
physical Earth model through the minimization of a given misfit describing the
differences between observed seismic data and corresponding synthetics
waveforms. These later are obtained by solving the equation of motion relating
the displacement field to external forces and to physical Earth properties such as
the density and the elastic parameters.

I1.1.3.1. The elastic wave equation

The elastic wave equation in a continuous medium can be written as a function of
the displacement vector u, the Cauchy strain tensor ¢ and a seismic source
excitation vector f.

pit — V.o = f, where p is the density distribution (9)

Using the Hook’s law and the definition of the strain tensor e,

Hook’s law: 0ij = Cijkikl, where c is the stiffness tensor (10)

25



FWI theory PART II

_ 1w %) i

€kt = 3 (axj + s strain tensor

this equation can be rewritten only in terms of displacement u. On a single
component this gives:

0%u; 0 ( 6u1> 3 (11)
P ox; Cikt G, =fi

In 1D Earth models, one can use semi-analytical techniques to calculate the wave
field generated by a point source. Instead, the 3D elastic wave equation cannot be
solved in this way in realistic Earth’s models and one has to rely on numerical
solutions based on an approximate solution of the equation.

I1.1.3.2.The spectral element method

In the last three decades, together with the computational power growth, several
numerical methods have been developed for the solution of the 3D elastic wave
equation in complex geological models. These include finite-difference schemes
(Igel et al., 2002), pseudo spectral (Fornberg et al., 1987; Carcione, 1990), finite
elements (Lysmer et al., 1972) or discontinuous Galerkin methods (Dumbser et
al., 2006). For seismic wave propagation on continental and global scales, the
spectral element method has proven to be a good compromise between accuracy
and computational costs (Komatitsch and Tromp, 2002a,b; Quin et al., 2009).
Developed in computational dynamics by Patera in 1984, it has been introduced
later to 3D elastodynamics (Seriani, 1998; Komatitsch et al. 1999, 2002a,b and
Chaljub et al., 2000).

The Spectral Element Method is based upon the weak formulation of the wave
equation and its solution through spatial discretization and a Gauss Lobatto
Legendre integration quadrature scheme. The entire procedure can be divided in
four main computational steps whose equations are detailed in Figure 10.

1) The weak formulation of the equation of motion is obtained by taking the
dot product of the wave equation with a test vector, integrating it by parts
and finally imposing boundary conditions. This formulation, used also in
finite element and Discontinuous Galerkin methods, benefits from the
advantage that free surface boundary conditions are automatically
satisfied in comparison with finite difference method.

2) To solve this new equation a discretization of the domain is needed:
integrals are subdivided in terms of smaller integrals over the volume and
surface element. This consists in the decomposition of the computational
domain G into ne non-overlapping elements Ge, which are mapped to a
reference cube A = [—1,1]3 via an invertible transformation:

Fe: -1, 1]3 - G, x(§) = Te(f) f(x) = Te_l(x)
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3)

4)

The displacement field is represented onto a grid point in each reference
element through an interpolation scheme using a polynomial
approximation in terms of Lagrange polynomials of degree 4 to 10. Each
integral of the weak equation of motion is interpolated in terms of triple
product of Lagrange polynomials.

Finally a Gauss Lobatto Legendre quadrature is undertaken to evaluate
these integrals at elemental level.

The equation can finally be written in terms of a mass matrix, a stiffness
matrix and a source term and surface matrix. The diagonality of the mass
matrix allows solving easily the system.
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3D elastic wave equation

pu—V.o=f
with boundary and initial conditions
no=0 ut=0)=0
on free surface the traction is null ou
n denotes the unit outward normal ot (t=0=0

on the free surface

weak formulation
fpw.ild3x+wa.ad3x = fw.fd3x
@ G G

with implicite free surface boundary and initial conditions
conditions

fpw.u(t=0)d3x=0
G

fpw.it(t =0)d3x=0
G

discretization
decompose G into ne disjoint subdomains Ge called “elements”

map each element on the reference cube F, : [-1,1]° > G,  x(§) = F.(§)
weak equation solved for each element individually

il il 1
[ pwis©@s+ [ wojo@s= [ wrioas

where ] is the Jacobian of F,
interpolation

the displacement field u is approximated with Lagrange polynomials of degree N

N+1
up (X, )ge = Z uy OV () Poalx@®] =17 @) 1™V (&) 1V (&),
LAt § e[-1,1]

integration
numerical integration with Gauss Lobatto Legendre quadrature
matrix system to solve Miu+Ku=f

with M diagonal mass matrix and K stiffness matrix

Figure 10 - Sum up of the spectral element method.
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II.1.4. MISFIT CRITERIA

The choice of the misfit is related to the type of seismic tomography applied. This
choice is also closely linked to the type of data exploitable for the inversion and
their quality.

Common misfit functions are based on cross-correlation travel-time
measurements, amplitude variations (Tromp et al., 2005; Tape et al., 2007; Tian
et al., 2007; Fichtner et al., 2008) or waveform differences (Tromp et al., 2008).
Their mathematical definitions can be found in Figure 11.

Cross-correlation travel-time and amplitude measurements provide robust
estimates of time and amplitude differences in selected seismic phases of
seismogram. If made at different frequency ranges, they can characterise all
information contained in the seismic signal. Nevertheless, their applicability is
limited to scenarios where seismic waveforms have similar shape and single
phases are clearly separable. As they depend on event magnitude it may be also
necessary to account for source time function in the computation of these misfits.

The waveform difference misfit, defined by differences between observed and
synthetic seismograms and applicable to the whole seismogram, is often used
when the quality of the data does not allow isolating particular phases.

Mixing phase and amplitude information into a single observable, the waveform
misfit carries out the non-linearity of the seismic waves amplitude to Earth's
structure in the vicinity of the sources and receivers. Being quite a sensitive
method as its value is mostly influenced by large amplitude waveforms, allowing
outliers to become predominant, attention has to be paid during its
implementation. This misfit is not well indicated in the frame of gradient-based
minimisation algorithm as it presents multiple local minima (see II1.VI, Variable
Projection Method, for some illustrations).

Recently a new kind of misfit functions has been used in tomographic inversion,
which separates data in terms of phase and amplitude (envelope) information
(Fichtner et al., 2009; Bozdag et al., 2011). Whereas amplitude is affected by
several factors like source properties and local structure at source and receiver,
the phase is directly related to seismic wave velocity and thus it seems better to
look at these parameters separately. Its application is however reduced to high
quality data as the sensitivity to noise is high and to similar waveforms to avoid
discontinuity of the phase.

The choice of the misfit function is highly dependent on the data quality and
frequency ranges of investigation for the tomographic inversion. Besides in the
frame of full waveform tomography using the adjoint method, it affects the
construction of the sensitivity kernel and adjoint sources, as for each kind of
misfit function one has to define a given adjoint problem. Examples of adjoint
sensitivity kernels based on cross-correlation travel-time measurements,
amplitude and waveform misfit can be found in Liu and Tromp (2006, 2008).
Details for kernel computation based on phase and envelope misfit can be found
in Fichtner et al. (2009).
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Cross-correlation traveltime misfit

nb stations

X(m) — % Z (Tiobs - Tim)z
i=1

Where (Tl-"bs = Tim) is the time delay of maximum cross-correlation between the

real and synthetic seismograms computed in model m for the station-source pair
ik

Amplitude misfit
nb stations

1 li)bS 2
=28 (o)

i=1

Where A¢%S is the amplitude of the observed seismograms d at station i defined

as
A% = | (d;0x ) dt

Waveform misfit

nb stations .
xm =5 > | G0 - st mlPde
0

i=1

Where d is the observed seismograms and s the synthetic waveforms computed
in model m.

PART IT

Figure 11 - Common misfit functions used for seismic tomography full waveform inversion.
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II.II. THE ADJOINT METHOD

IL.I1.1. SOLVING MINIMIZATION ALGORITHMS

I1.11.1.1 Introduction

Two main categories of optimization algorithms are used to solve minimization
problems. The distinction is based on the use of the gradient of the objective
function.

In non-gradient based methods, such as grid search method, only objective
function evaluations are used to find the optimum point. If such method may
allow finding the global minimum, they require a large number of computations
as they intend to test as many solutions as possible.

Instead, gradient based approaches involve the computation of continuous first
derivatives of the objective function and possibly higher derivatives. Compared
with non-gradient based method they generally require less computation to
converge to an optimum point, even if in this case the convergence to the global
minimum is not guaranteed, but can go instead to a local one.

The simplest gradient-based methods are based solely on the first derivatives of
the objective function (the gradient) and usually require more iterations than
methods based on also second order derivatives (Hessian).

In case of large-scale inversion problem such as tomographic inversion, involving
numerous model parameters variables, non-gradient based methods are not
efficient and Gradient based algorithms are used instead to find a minimum of
the misfit. In such a case, the search starts from a given starting point (initial
model) and use the misfit and its derivatives values at this point into test a
following point (model update) that gives a lower misfit value. A stopping
criterion is then fixed into close the search when the misfit value is close enough
to zero.

These optimization algorithms involve the computation of the gradient of the
misfit, that is the perturbation of the misfit function due to a perturbation of the
models parameters, and sometimes, higher order derivatives depending on the
method used. Computing the partial derivatives of the misfit regarding each
model parameters can become a tedious task. To deal with it, an alternative
method has been developed that allows getting access to the gradient of the
misfit function without computing each derivative, it is the adjoint method.

I1.11.1.2. Gradient based minimization algorithms

A seismic tomographic inversion problem is based on the minimization of a
physically meaningful quantified difference between observed and synthetic
waveforms computed for a given Earth model. This difference is expressed in
terms of a misfit function that depends non-linearly on the model parameters.
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The goal of the inversion procedure is to find iteratively the best model
parameter values that lead to a minimum of the misfit function. That is, we start
from a given reference model and we successively compute model updates that
converge to a minimum of the misfit function.

Different optimization algorithms can be used to solve the inverse problem
iteratively. Their efficiency and usability depend on the functions involved in the
optimization scheme that is the order of the derivatives used. Algorithms, such
as Newton’s one, involving the Hessian matrix of second order derivatives, if
faster than an only gradient based one, such as the conjugate gradient method,
require more computations and can be hardly implemented. In the following, I
will focus on two methods involving only the computation of the gradient of the
misfit function: the steepest descent and the conjugate gradient algorithm.

II.I1.1.2.1. Linear search method: steepest descent

The main principle of a linear search method is based on choosing a direction
from the current state of the objective function along which to search for the next
iteration, regarding a given step length to advance the optimization.

Given a misfit function y for a model m of n parameters, the optimization
problem can be written as :
min,, y(m) (12)

The misfit function can be written in terms of Taylor expansion using a search
direction p and a step length [ into make appearing the first and second
derivatives functions.
First order partial derivatives are defined in the gradient vectorg =Vy =
[g91 9i 9n] of the misfit function y where 1 points to a given model parameter to
invert.

ox (13)
B ami

i

Second order partial derivatives are defined in the nxn Hessian matrix:

Hyy  Hyy Hin (14)
H=V?y=| Hy H; Hyp
Hnl Hni Hnn
H;,, = 62)(
M 9mom,

The Taylor expansion of the misfit function ( 15 ) is then written in terms of the
gradient and the Hessian matrix.

1 15
x(m+1p) ~ x(m)+ Ip"Vyx + S 1°p"Vxp + - (e

Where the maximum descent is found at

Vx

P= T val
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Thus, the steepest descent optimization algorithm, defined by Cauchy in 1847, is
characterised by setting the search direction p to the negative of the gradient
direction of the misfit function, at every iteration. The model update can be
written as:
Mpyy1 = My + 6m, where Sm = Ip = —lg (16)
The optimal step length [ for each iteration is so that
X(1) = mingsox(m + Ip) (17)

It is usually found by line search other a small number of trial step length Itest
starting for example from

[test — _ZX(m") (18)
n
In
Then, by computing the test model m{&t = m, + I{*'p,, and calculating the

corresponding misfit and gradient measurements y(mfest) and giest. After

interpolating y(m, + lp,) by quadratic or cubic polynomial, one can find the
analytical minimum of this polynomial and take it as an approximation of the
optimal step length 1 (Tape et al., 2007).

The choice of the trial step length is done most efficiently with the help of
intuition with the scope to get physically plausible models.

I1.11.1.2.2. The conjugate gradient method

The first nonlinear conjugate gradient method was proposed by Fletcher and
Reeves in 1964. It is built within an iterative descent scheme, identical to the
steepest descent with some modifications. The conjugate gradient method uses
the recurrence relation:

M1 = My + Loy (19)

Where the positive step length 1. is found by line search, and the search
directions pn are generated from the rule p, = Bni1Pn — ns1, With pg = —go as
defined in the steepest descent method. If ||p,41l| < €, where € is a suitably small
number, then m,,; is the best model, otherwise the iteration cycle has to
continue.

The pf, term is a conjugate gradient update parameter, whose formulation
changes according to the method employed. For example, Fletcher and Reeves
propose this kind of formulation:

_ VX(mn+1)- VX(mn+1) ( 20 )
T Yy (my). Vx(my)

As seen in this part, the main step in these optimization algorithms is the
computation of the gradient of the misfit function, defined as the vector of first
order derivatives of the misfit function, also named Fréchet derivatives. This
computation becomes a heavy task for a complex problem involving a lot of
variables. Fortunately, we can use substitutive methods that allow dealing with
such computation such as the adjoint method.
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II.I1.2. COMPUTING THE GRADIENT WITH THE
ADJOINT METHOD

Adjoint state methods have been first introduced in inverse problem theory in the
early 1970’s by Chavent to compute the gradient of a functional depending on
state variables that were solutions of a forward equation.

In seismic tomography, the computation of the gradient of the misfit that
quantifies the discrepancies between observed seismic waveforms and waveforms
computed from a given physical Earth model, requires the computation of the
derivatives of the wave field with respect to model parameters. Dealing with
computationally expensive solution of the seismic wave equation and several
unknown model parameters, this can become a laborious task. This is where the
adjoint method comes into play, enabling an efficient computation of the gradient
of the misfit.

Adjoint method is built on the properties given by the adjoint operator of a given
operator representative of a relation between different variables.

In the mathematical words used by Tarantola in 1984 to introduce this notion,
we can write the following state: let M and D be two Hilbert spaces with scalar
products (,) and let G be an operator from M into D. The adjoint of G, denoted G,
is the operator from D into M defined by:

(Gm,d) = (m,G*d) for all m and d in the Hilbert spaces M and D (21)

Let now take a physical observable u, that depends on the Earth parameters, the
space and the time. It is linked to external sources and model parameters by the
wave equation through the operator L so that:

Llu,m)=f (22)

We are looking for the gradient of the misfit function y(m) with respect to model
parameters V,,ydm. Computing this gradient directly — for example by finite
difference- would involve as many explicit computations of the misfit function as
they are parameters m, which can become practically impossible.

From the chain rule, the search for V,,yém can be expressed as:

Voaxom =V, yéu (23)

Here, the computation of the derivatives of the wave field du with respect to the
model parameters is an hard task. However, this is the point where the adjoint
method comes to play its role.

To introduce the principle of the adjoint method, we use the augmented
functional method (Plessix, 2006), also called associated Lagrangian (Tromp et
al., 2005; Liu and Tromp, 2006). We define a function A that is the sum of the
wave equation and the misfit equation, and look at its derivative using ( 23).

A = L(u,m) + y(m) (24)

VA = VL(u,m) + V, ydu (25)
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The derivative of the wave equation VL(u, m) is developped and written in terms
of a scalar product, introducing a test function ¢.
(26)

VL(u,m) = V,L(u,m)éu + V,,,L(u,m)ém = 0
(VyL(u,m)éu, @) + (V,,L(u,m)ém, @) = 0 (27)

At this point, the property of the adjoint operator is used to isolate du from the
rest of the variables:

28
(VyL(u, m)du, ) = (du, V,L*(u, m) @) o
(V;,L(u, m)ém, @) = (6m, V,,L* (u, m) @) (29)
A new derivative of the wave equation ( 26 ) is obtained:
VL(u,m) = (du, V, L*(u,m)¢p) + (dm, V,,L*(u,m)p) = 0 (30)
Going back to the derivatives of the augmented functional VA, we now have:
VA = VL(u,m) + V yéu = V,, ydm (31)
Vixom = (5u, VL' (u, m)p) + (6m, V,, L' (u, m) @) + (Su, Vo, x) (32)
Vmxdm = (5u, V, L' (u,m)¢ + Vyx) + (6m, V,, L' (u, m) @) (33)
To avoid the computation of du, we finally have to set:
(V,L*(u,m)e + V,x) =0 (34)

This is the adjoint equation, whose solution is the adjoint wave field ¢. The whole
adjoint problem is formed by subsidiary conditions, required for the existence of
the adjoint operator ,and this system of equations:

(VyL'(u,m)p + Vyux) =0 (35)
Vimxém = (dm, V,,L*(u, m) @)

Thus, the computation of the gradient comes from the solution of the adjoint
problem, and can be done for any ém without the explicit knowledge of Su.

The adjoint problem can be solved for all types of linear wave equation operator
L. The least squares objective function is one of them, and is widely used in
geophysical application allowing to implement the adjoint method in seismic
tomography problems.

Solving the adjoint problem for the seismic wave equation using a least squares
misfit is equivalent to the solution of the seismic wave equation under a
particular set of boundary and temporal conditions. The point is that, in the
adjoint problem, the temporal conditions are at the terminal state whereas they
are at the initial one in the direct problem. Besides, the source term of the
adjoint equation is defined by the negative of the residual. The whole adjoint
problem solution can be thus interpreted as the propagation of the residual
backward in time: we define a new system of equations where the source terms
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are changed into residuals between synthetic and data and the wave equation is
solved in reverse time.

The adjoint method starts being quite used in tomographic studies. Several
detailed descriptions and applications can be found in the works of Plessix
(2006), Fichtner et al. (2009, 2011), Tape et al. (2007, 2009, 2010) and Tromp et
al. (2008, 2010).

II.I1.3. APPLICATION TO STRUCTURE INVERSION

Structure inversion aims to compute Earth’s seismic velocity and densities using
information contained in seismic records.

Taking a travel time misfit function in a frame of a full waveform inversion, I
will show in this part how the adjoint method comes into play in the computation
of the gradient of the misfit, and its link with the sensitivity kernels at the base
of the finite-frequency theory.

The travel-time misfit and its variations are expressed as ( 36 ) and ( 37 ), with
the sign convention such that a negative travel-time indicates a delay in the
synthetic arrivals T/" relative to the observed arrivals TS

n (36)
1 obs m 2
xm) =5 ) (1% — 1"
i=1
n (37)
Sy(m) = — Z(T;’bs — T/™)6T;
i=1

where n is the number of stations

Under the finite frequency assumption, the travel-time anomaly 6T; can be
expressed in terms of a wave speed perturbation §lnc and a finite frequency
sensitivity kernel K;, also called banana-doughnut kernel:

38
oT; =J.Kl- Sinc dx3 (38)
v

The variations of the misfit can thus be written in terms of a sum of banana-
doughnuts kernels (or misfit kernel X) and the speed perturbation:

L (39)
Sx(m) = —J. E(Tlpbs — T™) K; 8lnc dx®
Vi=1

n
Sy(m) = J. K Slncdx®  with K = —E(Ti"bs —T/™) K;
v i=1
K the misfit kernel is defined as a weighted sum of banana-doughnut kernel K;,
where the weights are the travel-time residuals.
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The model is discretized and expanded in basis functions B; to solve the inverse
problem ( 40 ). In spectral element method, the basis functions are Lagrange
polynomials.
N (40)
élnc = 2 dmy By (x), where N is the number of model parameters
k=1

The variations of the misfit can be thus written in terms of model perturbations:

N (41)
dy(m) = 2[7( Smy By (x)dx3
— Jy

=1

The gradient of the misfit g = % can thus be expressed in terms of misfit kernel:

9 42
g = Xk=19k Ik = a_n)fk = [, K Bp(x)dx® (42)

Following this scheme, we see that the gradient of the misfit can be obtained
from the computation of the misfit kernel ( 42 ).

At this step, the adjoint method allows finding an analytical expression of the
misfit kernel in terms of traveltime adjoint field. One is exempt to compute the
misfit kernel from the weighted sum of individual banana—doughnut kernels for
each source—station pair. Instead, the misfit kernel is constructed from the
interaction between a forward and an adjoint wave field, which simultaneously
propagate backward seismic waves from adjoint sources containing the residual
measurements (Figure 12). By this way, building the misfit kernel requires only two
simulations per earthquake (Tromp et al., 2005):

1) a forward simulation which solves the equation of motion for each
source-station pairs in the model

2) an adjoint simulation, which solves simultaneously the equation of
motion for each source-adjoint source pairs in the model and computes
the interaction field between forward and adjoint wave fields. Adjoint
sources are constructed by time reversing the synthetic velocity
recorded at the station and multiplying by residual. Examples of
adjoint source construction for different misfit function are indicated
in the articles of Tromp et al. (2005) or Fichtner et al. (2009).
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Regular Wavefield Adjoint Wavefield Interaction Field Event Kernel
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Figure 12 - Construction of a cross-correlation travel-time sensitivity kernel from Tape et al. (2007).
Sources and receivers are represented by stars and triangles respectively. Each row represents a
different time step. The kernel is constructed via the interaction between the forward wave-field

(first column) and the adjoint one (second column). The interaction field (third column) is the
instantaneous product of these two wave-fields, which is integrated to form the sensitivity kernel
(fourth column).
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II.III. SOURCE INVERSION: A KEY POINT FOR
TOMOGRAPHIC STUDIES

The source of an earthquake can be fully defined by the location of its
hypocentre, its source time function and its fault plane solution -or moment
tensor- that describes the physical process in play. Seismograms, containing
information about the source and seismic waves path, are used to estimate these
parameters. A source inversion would consist in solving two inversion problems:
a non-linear problem to find the location of an earthquake, and a linear one to
estimate its physical mechanism.

ILIII.1. SOURCE LOCATION

Source location is a key point in seismology and has become even more important
with the growth of Earthquake Early Warning Systems that require quick and
reliable earthquake location. Such requirements now are possible with the
growth of computational power and the development of new methods.

Before wide computer availability, earthquake location was done manually using
the “circle and chord method” or the Wadati diagram. Now, the estimate of
hypocentre location and origin time can be divided in two main groups: grid
search methods and iterative methods. In grid search method (Lomax, 2000) one
seeks to minimize the least square of the travel-time residuals between observed
arrival times and synthetic arrival times computed in a given Earth model over
all possible location and origin time. Instead, iterative methods are based on
linearizing the inversion problem starting from an initial solution for the
unknown parameters.

ILIII.2. SOURCE MECHANISM

The description of the physics of seismic sources is a major research interest in
seismology. Earthquakes mechanisms are described by their focal mechanisms -
or fault plane solutions- under the assumption that the rupture occurs along a
planar fault surface. The focal mechanism is defined by three angles describing
the fault orientation (Figure 13). The strike ¢ (0° to 360° clockwise from north) is
the angle of the fault with respect to North, the dip  (0° to 90° against the
horizontal) is the pending angle of the fault plane and the rake A (- 180° to + 180°
against the horizontal) is the direction of slip on the fault. The fault plane
solution, together with the information about the static seismic moment Mo, can
be represented by the seismic moment tensor Mj. The latter describes the stress
glut due to the dislocation taking place on the fault. Thus, methods for the
estimate of the physics of seismic source differ between fault plane solution
search and moment tensor estimation.
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Hanging wa \\. Footwall |

Figure 13 - Parameters describing the source mechanism: strike, dip and rake angles defined on the
hanging wall of the two moving blocks. Example of a normal fault characterized by a positive rake
defined as the angle from the strike direction to the slip direction.

A usual way to deal with the fault plane solution consists in using the polarity of
the first seismic arrivals and projects them on the focal sphere (FPFIT,
Reasenberg and Oppenheimer, 1985). In modern seismology the fault plane
solution is also found using grid search algorithms over the three angles, by
minimizing the misfit between observed waveforms and synthetic seismograms
computed with a source model defined by a given combination of (strike, dip,
rake) angles (Grid3D, Liu 2004).

From the fault plane solution, one can define the moment tensor solution using
the relation between the moment tensor components and the three focal
mechanism angles.

A common approach for moment tensor inversion is the approximation of seismic
sources by an equivalent forces model that corresponds to the linear wave
equation neglecting non-linear effects in the near source region (Aki and
Richards, 1980). These equivalent forces are defined as producing displacements
at the Earth's surface that are identical to those from the actual forces in play.

Starting from the representation theorem for seismic sources from Aki Richards
(1980), the displacement generated by a point source and recorded at stations on
surface can be expressed in terms of a linear combination of time dependent
moment tensor convolved with the derivative of the Green function with respect
to spatial coordinates. The representation theorem for seismic sources relates the
displacement u, due to a distribution of equivalent body force densities f; with
the components G, of its Green function.

(43)

w0 = | [ Gue 7, D DAV (r)aE
—oo YV
where V is the source volume
Expanding the Green’s function into a Taylor series around the centroid r = ¢,

and introducing the time dependent force moment tensor, ( 43 ) can be rewritten
in terms of a convolution:

> (44)

1
Un (X, t) = 2 %gnk,jl__m (x, t; E: E) * Mkjl__m (f' a

m=1

Assuming that all components of the time dependent seismic moment tensor
have the same time dependence s(t), this can be simplified in:
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un(x: t) = Mkj[gnk,j *S(D], (45)
where My ; are the component of the seismic moment tensor

It results that the displacement is a linear function of the moment tensor
elements and the terms in brackets.

The moment tensor My, can be decomposed into six elementary moment tensor
M, (Kikushi and Kanamori, 1991). These elementary tensors consist of five
double couple sources and an explosive source.

6 (46)

The best estimation for the coefficients a, can be obtained by minimizing the
misfit between observed seismic waveforms and synthetic signals computed in a
given Earth model and written as a linear combination of elementary tensors.

X= if[d ® - Eang,nk(x té, D] de

j=1 =1

(47)

In the last years, several methods for source inversion have been developed
taking advantage of growing computer resources enabling the computation of
synthetic seismograms in even more realistic Earth models.

Given that the centroid of the stress gives a better position for the equivalent
point source than the hypocentre, which describes only the rupture initialisation,
it has become used to describe seismic sources parameters at this point. The
CMT algorithm developed by Dziewonski (1983) form the basis of numerous
catalogues (CMT global project, Ekstrom et al.,, 2012). Recently a CMT full
waveform inversion (Liu, 2004, Kim et al., 2011) poses and solves the source
inversion problem as a unique problem, solving for location and physical
parameter in a single full waveform inversion frame.

The source location procedure is influenced by the velocity model assumption
used to compute travel-times. The accuracy of the model used impacts on the
estimate of the source mechanics and further in the tomographic inversion. It is
thus usual to do a source inversion inside the proper reference model and data
coverage before starting the structure inversion or at least correct them at a
given update of the velocity model. Valentine and Woodhouse (2010) suggested a
unified approach to source and structure inversion to ensure self-consistency
during the tomographic inversion. This is a notion I have approached in the
following partIV through the Variable Projection Method (Golub and Pereyra,
1973) and its possible application to seismic tomography. Although this solution
has not been implemented in my full-waveform inversion of the Vrancea region,
this part has nonetheless a strong pedagogical value. Indeed, it gives a detailed
introduction to the Variable Projection Method with its application in a
simplified environment and illustrates clearly some key notions raised in this
part.
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III.I. INTRODUCTION

ITI.I.1. MOTIVATIONS

Seismic tomography inversion, aimed at finding Earth’s seismic velocity
distributions, strongly depends on source parameters. Indeed, this method based
on waveforms contents carries out in the inversion problem the sensitivity of
seismic waveforms to both structure and source patterns. Consequently, accurate
determinations of event locations and focal mechanisms are required for any
tomographic inversion.

Source parameters are usually obtained prior to the tomographic inversion, from
a simplified/global Earth model, such as the solution distributed by the global
CMT (formerly Harvard) project. However, the inaccuracy of the tomographic
model used for source parameterization can come out in tomographic inversion
results. It is thus on common use to treat the source parameterization alongside
with the velocity inversion to insure consistency of the tomographic study.

Sequential source and structure inversion consisting of a step-by-step update of
the source and structure parameter, each time fixing one of the two is commonly
used (Hara 2000). However, this type of inversion leads to a slow rate of
convergence and can retain bias from the initial model (Valentine and
Woodhouse, 2010). Combining source and structure inversion into a single
inverse problem seems to be a better approach. This has previously been
investigated by several authors in related problems for structure and
earthquakes location simultaneous inversions (Spencer 1980, Harvey 1998, Tape
2007, Morelli and Dziewonski 1991). Recently, an implementation based on
inverse problem linearization and regularization has been proposed by Valentine
and Woodhouse (2010) to retrieve complete source parameters (Moment tensor
and location) together with velocity structure.

The separation of variables approach, also known as the variable projection
method (VPM), suggested by Golub and Pereyra (1973) can be another
alternative strategy. This method is used in non linear least-squares problems,
when it is possible to identify a subset of parameters from which the dependence
1s linear (Golub and Pereyra 2003, Van Leewen 2009). The idea is to define the
linear parameters as a function of the non-linear one, so that the inversion
problem becomes unique involving only the resolution of the non-linear
parameters. Applied to a tomographic inversion, one could think about inverting
for both source parameters and velocity structure, defining the moment tensor
parameters (linear problem) as functions of the Earth parameters and source
location (non linear problem).

In this part, I present the work I have done during my three months internship
at Schlumberger Cambridge in England on the variable projection method. This
is an introduction to the method with its application to a 1D acoustic case for the
particular simplified problem of finding both seismic source signal and source
location. All this study has been carried out with MATLAB coding and synthetic
examples. The different steps of the work are detailed, from the computation of
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synthetic waveforms to the implementation of the VPM, showing how both
inversion problems are solved individually and then together.

II1.1.2. THEORY

The principle of an inversion method lies on the quest of the best model
parameterization that characterized as close as possible the real state of the
investigated problem. In other words, the inversion process is based on the
minimization of a quantified difference or misfit between real data and synthetic
data computed with a guessed model describing the problem.

Least squares misfit has many applications in signal modeling and parameter
estimation problems. Whereas efficient methods have been developed for linear
problem resolution, methods for non-linear problem are generally more binding.
Existing approaches mainly fall in two main categories: minimization techniques
and linearization techniques such as Gauss-Newton methods.

Otherwise, in some cases the least squares misfit presents both linear and non
linear components. In 1973, Golub and Pereyra have defined the new class of
separable nonleast square problem together with the method to solve it, called
the variable projection method.

In this type of problem, linear and non-linear components are solved “separately”
by introducing the solution of the linear problem inside the non linear problem,
reducing the complexity of the problem.

Given a set of observations dii=1.m, a separable non linear least squares problem
can be defined as :

m n 2 (48)
r(a,a) = 2 d; — 2 aji(a,t;)
i=1 =1

where r is the least square function to minimize, ajj=1..n is the linear parameter
to be determined together with the k dimentional vector of non linear parameters
a defined by the non linear function ¢; and ti are independent variables

associated with observation di.
Written with matrix notation, this leads to :
r(a,a) = ||d — ¢p(a)al|? (49)

Where the columns of ¢(a) are the non linear function ¢; evaluated at all ti

values.
If T knew the non linear parameter, then the linear parameter a would be easily
recoverable solving the linear least squares problem:

a=¢(a)d (50)
where ¢ (a)*is the Moore-Penrose generalised inverse of ¢ ().
The goal of the VPM is thus to transform the misfit functional in a modified

functional depending only on the non linear parameters together with an
inherent subsidiary solution for the linear parameters, defined as a function of
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the non linear parameter. One can consider the following variable projection
functional:

ry(a) = lld — ¢p(a)p(a)*dll? (51)

Once a minimum @ is found for r,, then a is found through ( 50 ).

IT1.I1.3. SOLVING A JOINT SOURCE SIGNAL AND
LOCATION INVERSION PROBLEM WITH THE VPM

The context is placed in the case where I am looking for an estimation of the
seismic source signal and its location using a least squares misfit. Whereas the
first problem is linear, the second one is non linear. I seek to minimize the
difference between the observed data d and synthetic data s defined as:

s:y*g(m) (52)

That is s is the convolution product between a wavelet signal and the Green’s
function, depending on the model parameters. In our case, the Green function
contains information about the source location. The misfit is written in its

simpliest form as:
1 5 (53)
x@ym) = lly*g(m) —dl

or in matrix notation: x(yym) = %IIGy —d|?

Where G is the operator convolution with the Green’s function g(m). Its
dependency to model parameter m is hidden for a better reading.

One can note that I am using a waveform misfit here. Indeed, only this kind of
misfit allows implementing easily the VPM. This misfit allows defining the linear
problem with respect to the source signal inversion problem. Other misfits based
on secondary observable such as travel-time misfit do not allow this linearity and
thus cannot be used for the VPM.

The VPM involved minimizing

1 54
x(m) = 5 IG(GtG) 16 d — d||? (54)

with respect to the non linear parameter m, subject to the constraint that y
minimizes

y = (G'6G)"1G'd (55)

This non-linear inversion problem, involving only one parameter estimation, can
then be solved with traditional method, for any choice of m.
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III.II. COMPUTE SYNTHETIC WAVEFORMS IN
AN HOMOGENEOUS ISTOTROPIC ACCOUSTIC
MEDIUM

I use the following Fourier convention:

h(w) = f_oooo h(t)eltdt
© ~ . with w the angular frequency w = 27
h(t) — if_oo h( w)e—w)tdw g q y f

The compressional wave velocity c is fixed at Tkm/s.

A seismic signal can be interpreted as an initial wavelet signal representing the
seismic source convolved with its response to the Earth’s medium defined as the
Green’s function.

u(t) = s(t) * gr ()

ITI.I1.1. GREEN’S FUNCTION

The Green’s function is the response of the Earth’s medium to a unit impulsive
force in space and time. In the time domain, the 2D Green’s function g?? in a
homogeneous acoustic medium satisfies the following system:

(56)

1 92
{<v2 - c_zﬁ) 9% (x, t;x",t") = =6(x —x)6(t — t")
9%, t;x',t)=0foret <t

With analytical solution:

He -5
9P tx ) = o=
2T 2
@ =)
Where: and H is the Heaviside function
{ T=t—t {H(k)=0fork<0
r=+(x—x)2—(z—2)2 H(k) =1fork >0

These results can be transposed to the frequency domain by Fourier transform,
where the Greens’ function is denoted by a capital letter:

2D l ° 2D 1oy it (57)
GP(x,w;x") = g°” (x, t;x', te'®tdt
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H@—%
ledT

G?P (x, w; x’)—f 2”\/7

The Heaviside function is related to the Hankel function through the following
equation (Chapman 2004):
2H(t — a) (58)

® 1 )
= :qrl —iwt —
J._m 7 iHy(aw)e dw T2

Hy is the Hankel function of the first kind of order 0: H(x)~ \/7 iCe-nz =)

Introducing the function h(t) and its Fourier transform h(w), (58 ) can be
rewritten as:
1fmﬁ() ot e - h(o) 2H(t — a) (59)
— w)e w = =—
oo nVt? — a?

© 2H(t —a) it g

E(w) = i?—[ol(aa)) = Tm

By analogy with ( 58 ) we finally find a simple formulation of the 2D Green’s
function in a homogeneous acoustic medium in terms of the Hankel function:
H(t— —) w oo
lw‘r dt _ 7_[ -
$(Z7)

J. Zn,
(61)

“)

i
G?*P(x,w;x") = =1,
(x, w;x") 2 O(C

To avoid the high discrepancy values introduced by the Green’s function, I use a
smoothing operator in form of a boxcar function convolved with the Green’s

function. The boxcar function is defined in the time domain as
a a (62)

box(t)={1 _E<tsf

elsewhere

0

In the frequency domain the Fourier transform of the boxcar is a function
cardinal sine:
box(w) = asinc(w E) (63)

Having set the mathematical description of the Green’s function, I have now to
define the seismic source signal that is described by a wavelet signal.
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ITI.I1.2. WAVELET SIGNAL

The seismic source signal can be either described by a Ricker wavelet commonly
used in seismic prospection

r(t) = (1- 2n2f02t2)e—7'[2f02t2 (64a)
or a Morlet wavelet m(t) (Figure 14).

() = ot (s
s

The displacement seismic signal is finally the convolution of the smoothed Green
function with the wavelet signal (Figure 14 and Figure 15).
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Figure 14 - Morlet and Ricker wavelet for peak frequency Fo =0,5Hz.
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Figure 15 - Source-receiver configuration, smoothed Green function, Morlet and Ricker seismic
signals for peak frequency Fo =0,5Hz.

51



An insight into the Variable Projection Method PART IIT

52



An insight into the Variable Projection Method PART IIT

ITI.III. THE SOURCE SIGNAL PROBLEM

The seismic source signal inversion is a linear problem, whose solution can be
written in terms of the pseudo inverse of the convolution operator with the Green
function G:

y = (G'G)"1G'd (66)

The source signal y is thus found from the autocorrelation matrix of the Green’s
function G!'G and the correlation matrix of the Green’s function with observed
data G'd, as the transpose of the convolution operator is the correlation. This
operation is equivalent to Wiener filtering method, which consists in finding a
filter that transforms an input wavelet in the desired output shape in a least-
square sense.

In our implementation I use a priori information about the source signal: I
already have an idea of its shape. I assume that it is a Ricker wavelet. However, I
do not have information on the dominant frequency of this signal. The Wiener
filter operation consists in finding the deconvolution filter that minimizes the
misfit between an a priori input signal and the data. Depending on the dominant
frequency of the input wavelet the Wiener filter gives different results (Figure 16).
The best result on the waveform misfit is obtained when overestimating the
dominant frequency of the wavelet signal.
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Figure 16 - Output from Wiener filtering for a three stations line geometry. The Wiener filter has
been computed for all the stations to recover the source signal. The color legend is relative to the
accuracy of the output wiener signal, the warmer is the color the closer is the signal to real data.
The left figure shows the variation of the misfit with respect to the predominant frequency used.
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II1.1IV. THE SOURCE LOCATION PROBLEM

In simple non-linear inverse problems, the best model parameterization can be
found with a grid search over all the possible sets of parameters. The
combination giving the minimum of the misfit forms the best model estimate.

I illustrate this concept with two different misfits: the travel time and the
waveform misfit function. Even if the travel-time misfit cannot be used in the
frame of the VPM, it is interesting to see these functions shapes to illustrate the
notions of local and global minima and the difference between the two misfits.

ITL.IV.1. MISFITS EXAMPLES

ITI.IV.1.1. Travel-time misfit

The travel-time misfit function is defined as the least-square difference over the
station-source pair of the cross-correlation time delay between the data and the
synthetics computed within a given model m:

1 N obs m)2 67
Att =EZ(TL' =T )
i=1

where n stands for the number of receivers and (72?5 — T/™) is the time delay of
maximum cross-correlation between the real and synthetic seismograms.

A source is located at the point (x,z) (250km,250km) of the grid. As this inversion
involves only two parameters, the best location estimate within a grid search
over all (x,z) is feasible. This gives Figure 17 using a 3 stations line array spaced by
250km (that is: x = 0 250 500km) and a 25km spaced grid involving 110
computations. The minimum of the misfit function gives the (x,z) combination
that best fits the real source location.

Figure 17 - Travel-time misfit function distribution from a grid search on all points of the 25km
spaced grid model for a source located at (250,250) and 3 stations located at x(0 250 500). The
minimum of the misfit gives the best model parameterization.
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IT1.I1V.1.2 Waveform misfit

The waveform misfit function is defined as the weighted least-square difference
between the synthetic and real seismograms waveforms:

L (68)
Xwr = EZL wills(x;, t, m) — d(x;, D)2 dt
i=1

where n stands for the number of receivers.
The weight w; is defined as the inverse of squared data registered at a given
receiver i.

Taking the same example as in the previous section, a grid search over all the
possible model parameterizations give the waveform misfit distribution of Figure
18.

Figure 18 - Waveform misfit function distribution from a grid search on all points of the 25km
spaced grid model for a source located at (250,250) and 3 stations located at x(0 250 500). The
minimum of the misfit gives the best model parameterization.

The global minimum of the misfit function is clearly seen, but I note also the
presence of several local minima (in comparison with the travel-time misfit
function that has only a global minimum), which in case of optimization
algorithms search could lead to a wrong estimation of the best model
parametrization.

ITI.IV.2. OPTIMIZATION ALGORITHMS

In case of heavy inversion problems, where the model parameters to find are
numerous involving a lot of computations, the grid search algorithm is not
efficient anymore and optimization algorithms are used to find the minimum of
the misfit. In such case, instead of computing the misfit for all points of the grid
search and look at the minimum, the search starts from a given starting point
(initial model) of the grid and uses the misfit and gradient misfit values at this
point to find a following point of the grid (model update). A stopping criterion is
subsequently fixed to close the search when the misfit is close enough to zero.
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These optimization algorithms involve the computation of the gradient of the
misfit, that is the perturbation of the misfit function due to a perturbation of the
models parameters. This involves computing the partial derivatives of the misfit
regarding each model parameters, which in some case can become a heavy task.
To deal with it, an alternative method has been developed, that allows getting
access to the gradient of the misfit function without computing each derivative, it
is the adjoint method we have detailed in a preceding part of the thesis.

In the following, I will present the way an inversion is done with a gradient-
based optimization algorithm avoiding the computation of the misfit at all points
of the grid search.

II1.IV.2.1. Gradient computation

A first step in the gradient based optimization algorithm is the computation of
the gradient of the misfit function., which indicates the direction of the model
update. For a model m(mji, .., mi, .., mn) of n parameters mi, the gradient g of the
misfit function y is defined as the vector g = [g; g; 9gn], where 1 points to a given
model parameter to invert:

dy (69)

- 6mi

i

In case of my 2D example, I seek to find the two parameters (x,z) of the model m
that gives the best source location. The gradient can be written as:

dx 9x (70)

g= (a,a)

From ( 68 ), the variation of the waveform misfit function dy,sin the time

domain is given by:

n
T
St = Y | wilsCri t,m) = e 18 G & myde
i—1 0

L

(71)

where 8s(x;,t,m) is the perturbation in the displacement field due to a model
perturbation ém.

I need to find the variations of the misfit function due to a particular model

. . . . a
parameter that are its partial derivatives aX

-. This implies to find the partial

derivatives of s(x;, t, m).

a)(wf (72)

ds(x;, t,m
( L ) lt

= zn: J;T wils(x;, t, m) —d(x;, t)]
i=1

In our case, the synthetic displacement fied s(x;,t,m) = s(x;,t, (x,2)) is defined
from the convolution of the Green’s function with the wavelet signal. As the
wavelet signal is independent of the model parameters (x,z), the derivatives of s
reduce to the derivatives of the Green’s function convolved with the wavelet
signal. In the frequency domain, this becomes the product of the derivatives of
the Hankel function with the wavelet signal:
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2D . _i' 1 (@ (73)
G (x,a),x)—4i7-[0 (Cr)
65_6(} ar 65_66 or
ax' ~ or ox’' dz'  or 07

A useful property of the derivative of the Hankel function of the first kind of
order zero is that it is proportional to the Hankel function of the first kind of first

order:
0363 (27 (74)
)t e

Using % = #(—Zx + 2x") and equivalent for the parameter z, I obtain the

partial derivatives of the displacement field with respect to the location
parameters and finally the partial derivatives of the misfit of the gradient.

The gradient gives the direction to go for a better model parametrization. Where
the misfit value is high over a region, the gradient indicates to look outside and
presents some ‘divergence’ pattern. On the contrary, when in a minimum misfit
area, the gradient indicates to pursue the search inside the area with a kind of
‘convergent’ behaviour (Figure 19 and Figure 20).

600

I I I i i I j
&l [ 00 20 300 amn 500 500

Figure 19 - 2D representation of the waveform misfit distribution with the gradient direction given
at all points of the grid.

20(
200 180

Figure 20 - 3D representation of the waveform misfit distribution with the gradient direction given
for the area around the global minimum.
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II1.IV.2.2. Iteration

The optimization algorithm implemented in MATLAB uses the Trust-Region-
Reflective(TRR) scheme3. For the minimization of a given function f(x), f is
approximated by its quadratic Taylor expansion ¢; in the neighborhood N of the
current point x; to find the following iteration point giving a smaller value of f. N
is the trust region containing the point xi+1. The step stpi between two iteration
points is approximately found by solving:

1 (75)
@;(stp) = gTstp + ZstpTHstp ’

Where g and H are the gradient and Hessian of f(xi) respectively. When the
variation of f(x) comes below a chosen tolerance, the algorithm ends.

The method of least-squares fitting with TRR is implemented by a library
function in MATLAB (Isqnonlin). This function is such that it finds the
coefficients x that solve:

minY; f;(x)? where f is the vector [f1, f2, .., ful. (76)

For our particular purpose of waveform misfit least-squares minimization, I seek
to minimize
1& (T (77)
Yoy =3 | willsCeotm) — g, e
i=1

Thus fin ( 76 ) can be written as a matrix F such as:

(78)
w
F=./7<5—D>

Where S, D, W represent the synthetic and data vectors and the weight matrix,
in particular:

(79)
S1
S2 si*
: '2 . . . . . .
S = S where S; = | i | is the synthetic signal of [ time steps at station i
l H
: 5!
Sn
Dy
D, d;'
: 2
D= D where D; = d}' is the observed signal of [ time steps at station i
1 H
; a4
Dy, ‘

3 http:// www.mathworks.it/it/help/optim/ug/least-squares-model-fitting-algorithms.html#broz0i4
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n*l
Wi
W, 0
W = . w;
Wh
1
Wi 0
where W; = ( > is the weight matrix for station i
0 w;

Besides, the Jacobian matrix can be given as an input in the function (otherwise
the function computes it by finite differences). In this case the partial derivatives
of the misfit function componing the Jacobian matrix are set as:

(80)
oF w as
ami B 2 Gmi

Depending on the location of the starting point, the optimization algorithm
allows to find the global minimum but can also be trapped in local minima giving
a wrong final result (Figure 21 to Figure 24). The choice of the initial model is thus of
prime importance in inversion problems based on optimization algorithm. The
closer is the initial model to the global minimum, the more accurate will be the
final result of the inversion.
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Figure 21 - Location iteration through the TRR algorithm. Iterations (filled circles) start from cold

color at point (250, 150)km to hot color . In this case the global minimum in (250,250)km is found
after 33 iterations.
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Figure 22 - Seismic signals differences evolution from first iteration at point (250,150)km to last one
at a particular receiver. The real source location is indicated by a red cross.
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Figure 23 - Location iteration through the TRR algorithm. Iterations (filled circles) start from cold
color at point (400, 150) to hot color. In this case the search is trapped in a local minimum and the
search ends after 55 iterations.
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Figure 24 - Seismic signals differences evolution from first iteration at point (400,150)km to last one
at a particular receiver.

62



An insight into the Variable Projection Method PART IIT

ITII.V. APPLICATION OF THE VARIABLE
PROJECTION METHOD

Applying the Variable Projection Method, the waveform misfit shape comes out
quite different from the previous case with a known source signal. In this case, |
obtain a less focused misfit minimum over the location parameters (Figure 25).

Figure 25 - Waveform misfit distribution with two unknowns: the source signal and its position.

Looking at the optimization part, as before the success of the optimization
algorithm to find the global minimum is strongly dependent on the starting
point, or starting model (Figure 26 to Figure 29).

The Variable Projection Method appears to be an efficient tool to solve least
squares minimization problems involving linear and non linear parameters. In
case of a seismic tomography inversion, one is interested in solving for the
geophysical parameters of the Earth structure a well as the source parameters,
to carry out the inversion in a more accurate frame and obtain consistent models.
Solving for the source parameters would involve the source location as well as
the moment tensor estimation. A problem, which is alone a combination of linear
and non linear problem and is commonly solved through different schemes.
Recently, methods for solving for the whole source parameters have been
developed, but still distinctly to the geophysical model inversion, following a
sequential update of both models (source model vs velocity model) (Liu et al.
2006).

Valentine and Woodhouse (2010) have opened the door to joint inversion of both
source and geophysical model through linearization solver. In their study, they
solve for a least squares minimization of the waveform misfit, treating each
seismograms as depending linearly on both Earth model and source vector. The
VPM, absent in the tomographic field, does not imply any linearization
approximation and thus should be seen as an interesting alternative to carry out
this type of inversion. In its simplest implementation it implies to use the
waveform misfit and thus might not be applicable for some studies where this
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misfit is not usable due, for example, to noisy waveforms. Still, it can have a huge
range of applications and could be developed for the use of other misfit functions.

In the frame of my full waveform inversion for the Vrancea region, the VPM
could have been used to invert for source and velocity model. However, its
aplication in such a frame, implying a more complicate solution, required a lot of
work and I did not implement it here. Nevertheless, the example shown here has
a strong pedagogical value and provides useful insights in the method as well as
in iterative optimization techniques.
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Figure 26 - Optimization algorithm using the variable projection method at test point 1.
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Figure 27 - Seismograms evolution through the VPM optimization algorithm.
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P

Figure 28 - Optimization algorithm using the variable projection method at test point 2.
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Figure 29 - Source signal evolution through the variable projection method algorithm.
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IV.I. SETTING UP THE VRANCEA DATASET

IV.I.1. DATA FROM THE 1999 CALIXTO EXPERIMENT

IV.I.1.1. The CALIXTO 1999 experiment

The six months international tomography experiment CALIXTO (Carpathian Arc
Lithosphere X-Tomography) conducted in South-Eastern Romania between May
and November 1999, involved 120 seismic stations, from which ninety short
period and thirty broadband stations, and the registration of 173 local events
(Figure 30).

48°

47°

Figure 30 - Distribution of the CALIXTO099 broadband seismic stations together with the recorded

Our database is built on the registrations of 27 three-components broadband
seismic stations with diverse instrumentation configurations from which Guralp,

29° 30°

PART IV

Distribution earthquakes-stations
initial database (173 earthquakes - 27 BB stations)

O shallow depth 0-60km

< intermediate depth 60-230km

o M<3

o 3<M<4

o 4<M<5

local events.

Streickensen and Lennartz sensors (Table 1 in Annexes).
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IV.1.1.2. Input database study

The database contains 173 local events with magnitude Mw from 1.8 to 4.8, and a
depth distribution from ‘0’ km to 157km.

The primary earthquake information details, which are hypocentre location and
magnitude, were taken from the CALIXTO99 archive documentation.

This database is a good representation of the regional seismicity, with small
earthquakes at shallow depth from 0 to 60km and bigger events at intermediate
depth from 80 to 160km, concentrated in the Vrancea zone (Figure 31). It even gives
a snapshot of the seismic gap present in the depths around 70km (Raykova et al.,
2006).
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Figure 31 - Distribution magnitude-depth for the CALIXTO99 input database. Most earthquakes are
in the magnitude range of 2<Mw<3.5 and two main hypocentre depths are underlined: from 0 to 20
km and from 100 to 150 km. The first group might be biased by the fact that many event are
presented with a 0 km depth.

IV.1.1.3. Data banking and delivery

There are different ways of archiving seismic data. The international standard
format for the exchange of digital seismological data is the SEED (“Standard for
the Exchange of Earthquake Data”) format. SEED files contain digital time
series data and metadata information such as station and channel identifier,
sample rate and instrument response?. The miniseed-dataless format consists in
putting the waveforms data on a “miniseed” file, separately from the metadata
“dataless” file. While SEED is a complex standard with a large set of data
packets, called Blockette, miniSEED requires a limited amount of storage and

4The signal recorded at seismic stations is a convolution of the seismic source, the Earth’s
structure and the recording system. The latter is characterised by its instrumental response that
acts as a filter over the seismic signal in a given frequency range. To get a meaningful ground
motion signal, one has thus to deconvolve the signal from the instrument response.
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thus appears more convenient. Nevertheless, using miniseed-dataless data adds
major difficulties in post-processing of temporary experiment records, especially
when dataless files are physically separated from the miniseed files, lost or
unavailable.

The CALIXTO99 records had not been processed and archived on any seismic
portal at the beginning of the study. I got them at the Institut de Physique du
Globe of Strasbourg where a copy of the database is conserved in form of compact
disks in miniseed format without any dataless volume. These ones were obtained
on request at the GeoForschungsZentrum (GFZ) Potsdam that was just starting
the archiving of the database.

The first processing step has consisted in retrieving SAC traces from the
miniseed format using convertor codes (as mseed2sac or the rdseed routine) that
allow rebuilding the complete seismograms with stations information as well as
the instrumental response files of the stations from the respective dataless files.

IV.I.2. VRANCEA 3D REFERENCE TOMOGRAPHIC
MODEL

IV.1.2.1. Input model

My reference tomographic model is taken from the Tondi et al. (2009)
tomographic study.

Using jointly seismic data from temporary experiments together with gravimetric
data, the authors have built a detailed 3D Vp, Vs and density tomographic model
of the Vrancea area from 25-28 latitude degrees to 44,36-46,43 longitude degrees
for a 230km depth.

This model gives an interesting snapshot of the main crustal and upper mantle
features of the Vrancea lithosphere and is a good start for my tomographic
inversion.

IV.1.2.2 Corrections on the model

One of the weaknesses of a joint inversion is the possible introduction of some
inaccuracy in the model. In the case of the Tondi et al. (2009) study, where
seismic rays do not constrain a region of the model, the gravimetric data tend to
fill this lack with all remaining residuals, leading to unexpected velocity values
(Figure 33).

Consequently, to become suitable for our tomographic scope, this model required
some corrections. In a first time, the 3D model has thus been smoothed and
corrected such that the wvelocity from a 1D reference model ® has been
automatically assigned to the nodes non-resolved by the seismicity. In a second
step, a manual correction was necessary to better identify the remaining nodes to
correct. The correction was done on any slices depth of the initial 3D model, such

5 Details about the 1D reference model can be found in Figure 67 in Appendix B
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that a maximum threshold velocity value has been assigned to the unwanted
nodes. In this way, I removed the high velocity spots from the model (Figure 32 and
Figure 34).
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1 H 4800

! |4400
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| 393471

7600
7469.06

Figure 32 - 3D view of the corrected initial tomographic model used for the inversion. Velocities are
given in m/s.

Figure 33 - Slices view at different depths of the initial tomographic model from Tondi et al. (2009).
Velocities are given in m/s. Some artefacts are found at shallow depth as well as unexpectable
velocity values between 40 and 80km depth with a P velocity reaching 10, nearly 11km/s.

Figure 34 - Slices views at different depths of the corrected initial tomographic model used for
inversion. Velocities are given in m/s. Artefacts at shallow depths have ben removed and a
maximum velocity threshold has been imposed for the whole model (9km/s for Vp and 5,3Km/s for
Vs).

72



with the adjoint method: application to the Vrancea region

Vp
9807.7
9000
-8000
7000
| 3
E 6000
3404.49 5683.65

Ve
6024.75
-6000

5000
4000

3719.69

Vo
6945.47

£6000

isooo

g 7000
4164.03 6741.55

Vp
8494.819
8000
+7000

6000

5000 g
4738.86 7496.57

Vp
9919.41

9600
£9200
£8800
Fsa00

-8000
7980.85

Vp
9777.55
9600
£9200
£8800
Jea00
8000
78258

Vp
9494.08
9200
8800
2400

 §

8000
7853.33

Vp
9351.99
9200
+8800
£8400

8000
7838.37

Vs
6549.89

6000
5000

tAOOO

-3000
2900.32

Vs
4900.025

4000

¥ 3000

2365.06

Vs
5971.05

£5600
5200
§ 4800

~4400
4344.58




with the adjoint method: application to the Vrancea region

Vp
3513.2
-3500

-3400

Essoo

3248.86

*7600
7469.06

Vp
9000
18750
8500
ESOOO [:8250
7600 8000
7457.85 7920.76

\) Ve
7303.58 9000
7000
E ’;8750

6000 8500

iszso
5000

4738.85 o

Vs Vs
2261.42 5300
2200 5200

2000
£5000

Jre00 4
4800

1629.31 1.51 4753.2

Vs Vs
5300 5300

5200 75200

k4 E
B0 5000

- fas00

3 4000
2209.03 3934.71 4618.99

Vs Vs Vs
4286.97 5300 5300
5250
-4000 5200

.00 {5000
3200

F2s00 | (R faz00

2400 4250
2365.27 4187.34 4675.5

4750 5000

Vs Vs Vs
5300 5300 5300

SLLD £5200 £5200

4000 jeed £5000

3 4800

t3000 I I:48DO
-4600 3
2451.51 4579.62 4676.71




FWI with the adjoint method: application to the Vrancea region PART IV

IV.I.3. SOURCE LOCATION AND MOMENT TENSOR IN
THE 3D MODEL

In their study, Tondi et al. (2009) have relocated the source of 61 events and
computed their moment tensor parameters (strike, dip and rake) using the
NLLOCS® and FPFIT? algorithms respectively. As a preliminary source reference
parameterization for the tomographic inversion, I sought to work with seismic
sources parameters computed in my reference 3D model. This 61 events database
has thus been used as a reference for our starting event database. This reduced
by more than a half the number of events that could be “directly” investigable.
Distribution of this event database in terms of magnitude and depth became a
little bit less representative of the regional seismicity (Figure 35). In term of
magnitude, I have lost the Gaussian-like shape of the event repartition (light
violet in the figure), with a Gaussian centred on Mw=2,5 and obtain a quite
uniform distribution of events (dark violet in the figure). In terms of depth, I
have lost a huge part of the 0-20km depth events, whereas the 80-160km depth
events have been reduced by a half. However, the two main depth groups of
events have been conserved. If I have lost the representation of the regional
seismicity in terms of magnitude distribution, there is still a good representation
of these in terms of depth.
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Figure 35 - Distribution magnitude-depth for the CALIXTO99 moment tensor informed input
database (black dots and dark violet bars) in comparison with the initial database (grey dots and
light violet bars)

6 The Non Linear LOCation earthquake location algorithm (Lomax, 2000) uses synthetic pick
arrival times of seismic waves to estimate the reference time and hypocentral coordinates of an
event. It is a grid-search algorithm based on the probabilistic formulation presented by Tarantola
(1987) for inverse problems. It relies on the definition of probability density function to get
information about the source parameters.

7 The Fault Plane FIT code (Reasenberg and Oppenheimer, 1985) is based on first motion
polarities to find the double couple fault plane solution of an event. For each double-couple source
model obtained, FPFIT formally estimates the uncertainty in the model parameters (strike, dip,
rake) and calculates a uniformly distributed set of solutions within the range of estimated
uncertainty.
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For consistency, the source parameterization should be updated for each model
modification or update. In my case, this has been done in my corrected 3D
reference model and after some corrections of the dataset before starting the
inversion. I have used the same protocol as Tondi et al. (2009): firstly by
relocating the events in my 3D reference model from corrected picking times®
with NLLOC, secondly by looking for the fault plane parameters using the FPFIT
algorithm together with the new event locations obtained.

As a result, it is important to note that the stations coverage and the deep
location of the CALIXTO99 events has led to a large uncertainty over the fault
plane parameters, with an ample panel of possible solutions (Figure 36).

Figure 36 - Sample of the FPFIT fault plane solutions for the five first events of the database (see
Table 5 in Annexes A). On the focal spheres are represented all the possible principle axis of the
fault plane solutions (P and T points). The diversity in the solutions denotes an important
uncertainty about the fault plane geometry.

The moment tensor parameterization obtained with the new source location has
given nearly the same fault plane characteristics for the main part of the events
(Figure 37). Moreover, regarding the uncertainty among the fault plane definition,
it is not surprising to deal with different solutions, even with great differences. I
noted as an example, that for some events, highlighted with grey boxes in the
figure, there were two possible fault plane solutions, with sometimes very
distinct geometries (see event 8 and 10 in Figure 37). Aware of the difficulty to
define well-constrained focal mechanisms from the data, I did not give a strong
faith to the solutions obtained.

Figure 37 - Fault plane mechanism solutions. Comparison between old and new FPFIT solutions. In
each column are given: on the left side the old FPFIT beach balls, and on the right side the new
ones. Details for each fault plane mechanism is given in the summary table on left side. Grey boxes
stand for multiples solutions for a same event (event 6,8,10,16 and 17).

8 Details about the picking time correction is given in Appendix C.
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IV.I.4. PROCESSING THE DATABASE

IV.1.4.1. Noise processing

The broadband input database consists of 10.063 records. As some traces were
erroneous or damaged with blockette reading problems, I had to use some the
procedure to correct the miniseed volume and keep only non-erroneous files®.
This resulted in about 30% of loss of the broadband records that includes the loss
of entire stations records, where all data for a given station are unreadable. This
is the case for eight broadband stations of the network that all have a Guralp-
3ESP configuration.

This readable database contains 7.315 broadband traces. A noise selection
criterion is done by manual check of the whole remaining database. This step is
the costliest one in term of data loss. At the end of the selection only 16% of the
initial SAC database remain. Considering only the 61 events, which have a
moment tensor parameterization available, this leads to a number of 903
readable seismic traces (Figure 38).

3126 “noMT

31% 903 M

lost

v “ selected

Figure 38 - Amount of remaining traces after the noise filtering among the moment tensor
(MT) informed broadband database. The moment tensor informed events represent 40%
of the input readable database. At the end of the noise selection, 9% of these events are

conserved.

IV.1.4.2. Instrumental responses

The final data pre-processing step is the instrumental correction procedure by
deconvolution of the signal with the instrumental response. For this, dataless
files of the miniseed data have to be available into create the response file used
to do such a correction. Due to the lack of available dataless volumes, I have been
able to handle this processing only for nineteen broadband stations, represented
in the following Figure 39 and detailed in Table 5 in Appendix A.

9 In my case, I have used the msfix tool.
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Figure 39 - Directly usable database - distribution of the moment tensor informed earthquakes and
instrumental response dotted stations. Stations with a response file are presented in orchid colour,
for case of unreadable registrations for a whole station the triangle is darkened. Grey stations are
stations without an available response file. The 61 moment tensor informed events are presented
with the same legend as in Figure 30: circles stand for shallow depths, diamonds for intermediate
depths; blue colour for M<3, green for 3<M<4 and yellow for 4<M<5.

IV.1.4.3. Frequency content

The tomographic inversion implementation depends on the frequency range to
investigate. This one governs the scale of the velocity anomalies illuminated by
the sensitivity kernels'®. Working at a low frequency range, one is able to
individuate large scale heterogeneities but will remain blind of small ones that
can be seen only at smaller frequency. This frequency range depends on one hand
on the data quality and noise level of the seismic traces, on the other hand, on
the solver capacity to compute accurately high frequency synthetic waveforms.
Indeed, high frequency computations are limited by computational resources and
power as, such simulations require ever smaller spectral elements and thus a
large amount of computations.

10 Sensitivity kernels have been defined previously in I1.I1.2 pp. 22. They can be seen as fat seismic
rays illuminating the path from seismic source to receiver.
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Spectrograms of the seismic records, showing the frequency distribution along
time, give crucial information on the data frequency content (Figure 40 and Figure
41). The frequency content of my event database is divided in a low frequency
band around 0.2Hz and a high frequency band above 1Hz. Looking at the
waveforms, I could note that the traces are disturbed by a five seconds period
noise (blue sinusoid on Figure 40). This noise range corresponds to the low
frequency content visible in the spectrograms (0,2Hz band) and can be removed
applying a high-pass filter on the seismic record (Figure 41). It results that the
main frequency content of the signal stays between 0,4 and 2Hz.

Up to now, computational resources allow reaching synthetic seismograms
simulations until 1Hz accuracy. Thus, the final frequency range I could retrieve
from the records stays between 0,4 and 0,8 Hz, which corresponds to periods from
1,25 to 2,5seconds. This range of frequency is considered as high frequency for
full waveform inversion and brings heavier computations than a usual lower
frequency full waveform inversion.
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Figure 40 - The spectrograms are a representation of the frequency distribution (y axe) along the
time (x axe). Sample from the 990807 event at station A12, after deconvolution in a frequency band
between 0,1 and 10 Hz. The signal stays in a frequency band between 0.2 and nearly 3Hz.
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Figure 41 - Sample from the 990807 event at station A12, after deconvolution and high pass filtering
at 0,4 Hz. The right side yellow box is a zoom of the left side box between0 and 3Hz. The main part
of the seismic signal stays between 0,4 and 2Hz.
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IV.1.4.4. Final database for inversion

To implement a full waveform inversion of the Vrancea region, I built a concise
database taking heed of the quality of the seismic records and their stations
coverage.

Owing to the particular seismicity of the Vrancea region, the largest events are
all concentrated in the same area at deep depth (Figure 42). Strongest events
benefit from cleaner signals, as the seismic energy is able to surround the micro-
seismic noise. At shallower depth, events are sparser and of minor magnitude
(below Mw 3) with a poor quality signal.

The final database is made of the strongest deep local events recorded during the
CALIXTO99 experiment by at least 3 seismic stations, with a magnitude range
from 3,4 to 4,5 (see orange lines in Table 4 in Appendix A).

This is a quite reduced amount of seismic events for a local tomographic
inversion that do not give a large lateral coverage of the Vrancea lithosphere.
Nevertheless this comes together with the particularity of the Vrancea nest and
the CALIXTO99 station’s network. This tomographic study aims to show in
which extent the finite-frequency theory and the full waveform approach allow
retrieving interesting information from the Vrancea seismogenic volume.
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Figure 42 - Final event database distribution used for the full waveform inversion of the Vrancea
region. The topography is reduced by a factor of 0.01. 19 events registered by at least 3 stations with
a magnitude Mw between 3,4 and 4,5 have been selected.
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IV.II. SEISMIC WAVEFORM MODELING

Most of the time, seismic tomographic studies require an important amount of
computation that an individual computer is not able to sustain. High
Performance Computing (HPC) facilities, based on parallel computing, thus aim
to host such kind of large scale computations. During these three years, I have
used the facilities of the CINECA HPC centre in Bologna, Italy.

IV.IL.1. WAVEFORM MODELING WITH SPECFEM

IV.I1.1.1 Introduction

SPECFEM tools gather a set of open-source parallel software packages freely
available via the Computational Infrastructure for Geodynamics (CIG). The
software simulates seismic wave propagation using the Spectral Element
Method, which is being actively researched, extended and applied in the
geophysical context (Komatitsch et al. 1999, 2002a,b, 2004, 2005, 2010; Luo et al.
2009; Peter et al. 2011; Tromp et al. 2008; Fichtner et al. 2009). The several
variants of SPECFEM cover the range from 1D implementation to 2D and 3D
simulations for global or regional scale tomographic inversion.

In particular, the SPECFEM3D package simulates forward and adjoint seismic
wave propagation at local or regional scale on arbitrary unstructured hexahedral
meshes.

A SPECFEM simulation consists in (Figure 43):

1) Mesher/Partitioner: defining the mesh and computational geometry !
Meshing consists in designing an equivalent Earth’s model geometry in which to
compute the seismic wave equation.

The partitioner allows dividing this skeleton between computational resources.

2) Databases: building the computational mesh
When the mesh geometry is defined, the computational grid can be built up. P-S
velocity and density values are assigned at each point of the geometrical mesh so
that it becomes a computational environment where to solve the equation of
motion.

3) Solver: Solving the seismic wave equation
Solving the equation of motion, we finally produce the synthetic seismograms
related to a given source-stations and velocity model set-up.

11 Meshing can be accomplished by using an external mesher like CUBIT or by using the
SPECFEMS3D’s own internal mesher.

The workflow is different when using internal or external mesher: the external mesher
benefits from 3D mesh partitioning through the routine SCOTCH whereas the internal
does not. The internal mesher partitions the mesh into slices that correspond to vertical
portions of the mesh.
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To build up my geometrical mesh, I have used the internal mesher and will
explain in the following part the strategy employed.

SCOICH
Zrzzes mash Y UILH

Figure 43 - SPECFEM3D workflow to compute synthetic seismograms in a 3D Earth model.

IV.I1.1.2. Build the computational mesh with the

internal mesher

The internal mesher xmeshfem3D defines the geometry of the mesh to build.
Principal information about the mesh include:

1) the geographical coordinates of the block and its depth

2) the regularity of the mesh

The size of the spectral elements has to reflect the wave speed
distribution throughout the model. Using a tomographic model with
velocity increasing with depth implies that elements have to become
larger in depth to define a homogeneous number of grid points per
wavelength in the block. For this scope, it is possible to place doubling
layers in the mesh that define interfaces from where the spectral elements
become twice larger (see Figure 44).

3) the physical properties of the block in terms of density, seismic
velocities and anisotropy and if these properties are applied on the entire
block or on given portions.

4) the number of spectral elements in the mesh along the horizontal and
vertical components

This number is linked to the resolution of the mesh one wants to achieve.
Indeed, the accuracy of the simulations is determined by the number of
grid points per shortest wavelength that has to be homogeneous
throughout the model: the smaller the spectral elements, the shorter
periods (or high frequencies) can be simulated.

When set these numbers together with the size of the spectral element in
the surface, one has to set the number of spectral elements in the vertical
direction. This has to be done regarding the presence of eventual doubling
layers so that to obtain squared elements.
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5) the number of MPI processors along each horizontal direction!?

If the mesh is not regular and contains mesh doublings this number is set
so that one MPI processor manages the computation over a multiple of
eight spectral elements (Figure 44).

Figure 44 - Example of an irregular mesh consisting in 16 spectral elements (orange box) along the
horizontal directions XI and ETA and a doubling layer. The number of MPI processors along XI
and ETA is 2 (16 = 8*%2), represented by the red box. The doubling layer makes elements twice bigger
in horizontal direction and the number of elements in Z direction as to take it into account to have
squared element. Thus there are 4 elements in the first interface and 5 in the second one.

IV.IL2. FORWARD MODELING ON CINECA BLUE
GENE/Q

IV.I1.2.1. The Vrancea CALIXTO set up

IV.I1.2.1.1. Input files

I have used the 19 local events selected from the CALIXTO99 database detailed
in Table 4 in Appendix A. The distribution of this dataset is given in Figure 45, with
the main part of events presenting depths between 140km and 160km and a
magnitude going from Mw 3,4 to 4,5.

From fault plane parameters, I have written the moment tensor source files
needed in SPECFEMS3D.

The reference tomographic model has been taken from the Tondi et al. (2009)
study after some corrections explained previously. It is a 230%230*230km P-S
velocity-density grid points covering the geographical area from latitude 25 to 28
and longitude 44,36 to 46,43. More details about the implementation of this
model in SPECFEMS3D can be found in Appendix D.

The topography has been drawn from the ETOPO topographic/bathymetric
dataset.

12 An MPI (Message Passing interface) system provides communication functionality between a set
of processes that have been mapped to nodes/servers/computer facilities.
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Figure 45 - Magnitude/Depth distribution of the 19 events dataset. Nearly all the selected events
stay in the depth range from 100 to 180km.

IV.I1.2.1.2. Computational mesh

The geometrical mesh has been built bigger than the reference tomographic
model to avoid eventual boundary effects. It is thus a 500*500*500km grid -
centred on the tomographic model- made of 14Millions spectral elements and two
doubling layers at 40km and 80km'3. On the surface, the number of spectral
elements in each direction is of 512 for an element size of less than 1*1*1km. At
the bottom of the mesh, the element size reaches 4*4*4km. This set-up requires a
number of MPI tasks of 4096. The computational configuration I built involves
4096 computational cores (CPU, Central Processor Unit). An in-depth description
about the computational mesh configuration, with an emphasis on the
implementation of SPECFEMS3D on the resources of the supercomputer centre
CINECA, is given in Appendix D.

This mesh allows computing seismic waveforms in the frequency range imposed
by the dataset that is from 1,25 to 2,5seconds, and might be accurate around 1sec
period and less (Figure 46).

min period
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Figure 46 - Distribution of the minimum period resolution through the mesh. The resolution
depends on the velocity values as well as the spectral element size for a given region.

IV.I1.2.4 Computational costs

The mean elapsed time to run a forward simulation is about 3h40, leading to a
computational cost of about 15.000 CPU hours (a CPU hour is defined as the

13 See Figure 68 in Appendix B for a justification of the doubling layer depths.
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product of the number of computational core used for the simulation with the
elapsed time: 4.096*3h40).

IV.I1.2.2. First waveforms comparisons

Before being compared, data and synthetic waveforms have to be processed. This
consists of sampling signals at the same rate, correcting data from the
instrument response, and filtering both signals in the same frequency range,
which has been chosen to be [0,4 - 0,8]Hz. The waveforms have been then
compared using the Seismic Analysis Code tool SAC (Figure 47).

Picking P and S arrivals, I observed a recurrent time shift of the synthetic body
waves seismic arrivals. The mean P shift is of about 1,5second and the S shift is
of about 4seconds (Figure 48).
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Figure 47 - Sample of forward simulations (blue signal) for the 990622 event and comparison with
real data (black for rough signal and red for processed one).
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Figure 48 - Time shift normal distribution for all events of the dataset for Pwaves (left) and S waves
(right). Each coloured curve represents an event distribution. The P waves time shift is around 1,5
second whereas the S waves time shift is around 4 seconds.

To help the misfit convergence I needed to start the inversion with a satisfying
reference model giving good misfit results.

To reduce the time shift difference between the P and S waves arrivals in the
reference tomographic model, I applied a depth correction. For each event, this
correction is estimated using the mean P and S shifts measurements and the
maximum velocity values in the model:

~Vpma (81)

x
depthcorrection = 0.7 (meanshiftP — medangpift s)
7

depthye,, = depth + depth orrection

A second adjustment, consisting in having a mean shift around 0 is achieved by
correcting the reference time for each event based on the respective P shift (Figure
49). As a result, I obtained an initial dataset where pick arrival time shift normal
distribution for P and S waves are centred on zero with a standard deviation of
about 1 and 2 seconds respectively (Figure 50).

Looking at the depth distribution with respect to the CALIXTO99 archive values,
I note an improvement in the consistency between the different localizations
(Figure 51). First of all, the CALIXTO99 archive depth values (grey line) are very
consistent with the ROMPLUS catalogue (black crosses), which can be an
indication of the accuracy of the given values. Looking at the NLLOC initial
localization results (blue triangles), I noted a loss of this consistency with a main
part of the depths between the +/-25km difference with respect to CALIXTO99.
With the NLLOC re-localization (green triangles) this consistency between
catalogues comes back and is relatively strong. Finally, the empirical depth
correction applied to the 19 events selected for the tomographic inversion,
introduces a +25km mean depth difference with respect to the archive values
(orange circles and light orange line for the 25km depth difference).

In terms of reference time estimation, the empirical manual corrections led to a
better consistency with the CALIXTO99 archive values for almost all the 19
selected events, with only 5 events with an increased difference going up from 2
to 3 seconds (Figure 52).
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Figure 49 - Example of the adjustments done for depth and reference time on the 990622 event. The
dashed lines stand for P time shift distribution whereas the plain lines stand for S measurements.
Starting from an initial set up with a nearly 2 seconds shift between P and S distributions (blue
curves), the depth correction (green curves) allows to zero this shift. In a second step, the reference
time correction (red curves) allows to zero-centered the distributions.
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Figure 50 - Time shift normal distribution for all events of the dataset for Pwaves (left) and S waves
(right) after adjustment of depths and reference times.
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Figure 51 - Depth comparison with respect to the CALIXTO99 archive values. Blue triangles are for
the initial depth values from Tondi et al. (2009), green triangles are for the depth values after the
new NLLOC localization, orange circles are the 19 events of the selected dataset from which depth
has been empirically corrected regarding the pick time shift observed between synthetic and real
waveforms. Finally black crosses indicate the ROMPLUS catalogue values.
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Figure 52 - Reference time comparison with respect to the CALIXTO99 archive values for the 19
selected events. Green bars refer to the NLLOC reference time before the correction and orange
ones, after the correction. All events become more consistent with the CALIXTO99 archive and only
5 events come out with farer values.
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IV.III. STRUCTURE INVERSION

IV.IIL.1. FROM MISFIT TO ADJOINT SOURCE

IV.III.1.1. Selecting the windows

The misfit measurement is made in the portions of the seismograms that give
best correlations between real data and synthetic signals. This can be done
automatically using the FLEXWIN software (Maggi et al. 2009) that selects
misfit windows with respect to a set of parameters. Working with relatively low
quality data and at high frequency I preferred doing this selection manually,
selecting simple window boxes for P and S arrivals (Figure 53). When possible, 1
applied the same window selection for all three components of a given seismic
records.

et

0 10 20 30
T T T T T
0 10 20 30 40
%
T T T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90 100

Time (s)

Figure 53 - Selection windows example with the event 991012_234833 at station A12 for a cross
correlation travel-time misfit. The seismograms have been scaled for a better reading. The
frequency range stays between [0,4 — 0,8] Hz. In this case, I have selected a P and S window for all
three components.
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IV.II1.1.2. Compute the misfit and adjoint sources

I have worked with the cross-correlation travel-time misfit measurement. It is
defined as the least-square difference over the station-source pair of the cross-
correlation time delay between observed data and synthetic waveforms computed
within a given model m:

(82)

n
1 2
xm) = ) (197~ 1)
i=1

Where n is the number of seismic stations and (T°?* — T/™) is the time delay of
maximum cross-correlation between the real and synthetic seismograms for the
station-source pair i.

In practice, the misfit is computed individually in the selected windows of each
seismic record for the windows that present a minimum cross-correlation
coefficient of about 70%. Results from the cross-correlation computation in the
selected windows (Figure 55) are quite similar to the preliminary study I have done
by picking first body waves arrivals. These measurements present time shifts for
P and S waves centred on 0 with a standard deviation until 4 seconds in some
cases.

From misfit measurements, I have built the adjoint sources of each event to
compute successively the misfit kernel. Adjoint sources are the velocity
waveforms at each station weighted by the misfit measurements in reverse time.

To compute the misfit value regarding to a particular model, I have defined two
other misfit values: the misfit for a particular component (R, T, Z) and the misfit
regarding a given event.

The “component-misfit” value is taken as the sum of all “window-misfit”
measurements, weighted by the number of windows. Consecutively, the “event-
misfit” is taken as the sum of all “component-misfit” measurements, weighted by
the number of components. Finally the “model-misfit” is the sum of all “event-
misfit” values, weighted by the number of events (Figure 54).

For simplicity, I did not introduce any kind of extra weighting function in the
misfit computation.
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Figure 54 - Misfit values computation. From window-misfit to model-misfit.
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Figure 55 - Cross-correlation travel-time misfit distribution for the P and S windows.
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IV.IIL.2. FROM EVENT KERNELS TO FIRST UPDATE

Owing to computational difficulties, I am able to present here first results of the
tomographic inversion only for a representative sample of the dataset. It consists
of five events (990620, 990622, 990713, 990807 and 990914) that have been
selected regarding their signal quality and station coverage.

IV.II1.2.1. Misfit kernels

The misfit kernel is a representation of the gradient of the misfit function for a
given model used for solving the minimization problem.

In SPECFEM3D, the computation of the misfit kernel is based on executing the
following steps for each event:

1) a forward simulation in which all time step of the wave field path is
saved

2) an adjoint simulation where the interaction between the previous
forward and a reversed time simulation is computed for each source-station
pairs. At this step, the source is replaced by the adjoint sources built with the
misfit measurements and placed at stations positions. For each source-station
pairs, a volume sensitivity kernel is thus computed.

The sum of all these volume sensitivity kernels related to a given event is called
an event-kernel, which is the output of the SPECFEM3D simulation. Finally, the
sum of all these events-kernel for a given model is the misfit kernel, representing
the gradient of the misfit function for a given model. This sum is computed
successively in parallel.

A first positive observation done from my study is that even if working at high
frequencies I was still able to design fat sensitivity kernels (Figure 57) and thus
there was still an advantage to work on these data using the finite frequency
theory rather than the ray-based one.

A second observation dealt with the presence of some high amplitude kernels
singularities near source and receivers locations (Figure 57) that make the volume
kernel non-homogeneous along its length. These high amplitude values can
compromise the model updating efficiency leading to incorrect model corrections.
To eliminate these spurious amplitudes in the neighbourhood of the source and
receivers a well as artificial effects due to unresolved features in the model a
smoothing of the misfit kernel has been performed. In our case, the smoothing
operation consisted in the convolution of 3D Gaussian function with the misfit
kernel upon all spectral elements of the mesh.

1 _(x+y+z) (83)
e

20f 205 207

G(x,y,z) =
(2m)3oi0)0?
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Kernelsmootnea (%, y,z) = Kernel(x,y,z) * G(x,y, 2) (84)

The parameter o defines the standard deviation of the Gaussian function for each
direction x, y and z. It can be chosen with respect to the shortest wavelength
resolved in the simulation by taking into account the size of the spectral
elements.

The larger is the Gaussian (for larger scale smoothing), the more spectral
elements are taken into account in the processing and the heavier is the
computational cost of the smoothing (Figure 56). For me, a favourite choice would
have been a 4-5km scale smoothing that is a little bit larger than our bottom
mesh spectral element size (4km). However, such a smoothing scale length is not
implementable due to the high computational cost involved (more than 80.000
CPU: more than 20 hours computational time * 4096 processors). Instead, I could
afford to implement a 2km smoothing involving around 50.000 CPU (12 hours
computational time * 4.096 processors).

Applying this smoothing I obtained quite satisfying results with the main part of
the singularities removed (Figure 57). Nevertheless this smoothing is not large
enough to remove all of them and to better homogenize the whole volume kernel
rendering a pre-smoothing operation necessary (Figure 57 and Figure 58).

I created a mask operator consisting in a threshold function that intends to
remove the sources/receivers misfit kernel singular values by imposing a
maximum value. The mask has been implemented in parallel and work at slice
level for the entire mesh.

Smoothing computational costs

I [ 2 5k
I, >+

W ixm
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Figure 56 - Computational costs involved by the smoothing operation on misfit kernels for a 1km,
2km and 5km standard deviation.
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Before smoothing

After 2km smoothing

Figure 57 - Smoothing effect on a 5events misfit kernel in 3D. The 2km Gaussian smoothing has
removed main part of the amplitudes singularities.
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Figure 58 - Details of smoothing effect on a 5events misfit kernels on2D planes. High amplitudes
still exist in the vicinity of source and receivers at lower scale.
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IV.II1.2.2. Update

The aim of the tomographic inversion is the minimization of a given misfit
function y (in this study the cross-correlation travel-time misfit) for a model m of
p parameters:

min,, y(m) (85)

As minimization method, I have used the steepest descent algorithm that
iteratively minimizes the misfit function through model updates using its
gradient g, and a step length parameter I{f'. As explained previously, I have
computed the gradient under the form of misfit kernel using the adjoint method.

mflest =m, — lflestgn (86)
For each model update, the step length parameter that defines the extent of
model variations is found empirically above a set of trial values. The value giving
the best misfit is taken as the best step length for the model update. To save
computational time, one could work with a representative sample of the dataset

to define this parameter and instead of repeating it for each model update,
change it only after a given number of iterations.

IV.IIL.3. FROM INITIAL MODEL TO 34 UPDATE
IV.II1.3.1. Results

IV.II1.3.1.1. Misfit

The cross-correlation measurements have been done in selected windows of the
seismograms that passed several criteria, such as at least a 70% correlation
value. Consequently, not the same windows are always taken into account in the
overall comparison between synthetic from a given model update and real data.
This is a good way to see how model updating enable to take into account even
more windows measurements in the misfit calculation, indicating an increasing
fit between the synthetics and the data. However, this makes hard any
comparison between one update and another. To be able to compare the updates
rigorously with respect to the initial model and with respect with each other, I
looked also at a second interpretation of the measurements, imposing strictly the
same measurement windows for each model. These two measurement types are
defined in the following figures as “all windows” measurements and “same
windows” measurements.

For the first model update, I have tried a set of step length values with the aim to
find the one giving the best misfit reduction. This trial set consisted of a 2%, 5%
and 10% variation allowed with respect to the initial tomographic model MO. I
have then looked at the travel time cross-correlation and misfit measurements
for these updates (Figure 59).

I observed that the misfit (diamonds) reaches a minimum for the 2% step length
model update. This can be seen either for the “all windows” misfit measurement
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(grey symbols) either for the “same windows” one (coloured symbols). Separating
the measures done in P-windows and S windows (green circles and triangles
respectively), I noted in a second time, that the P and S misfits have different
behaviours.

misfit value
o
[=2]
o e e .
.
L

0,02 0,04 0,06 0,08 0,1 0,12
step length

Figure 59 - Travel-time cross-correlation misfit measurements at first update for 3 different steps

length (for the 5 events tomographic inversion). Coloured symbols define misfit measurement in

identical windows for all models, instead grey symbols stand for measurements in all respective
windows of each model. The minimum misfit value (diamonds) is found for the 2% step length.

Looking at the travel-time cross-correlation measurements in identical windows
for each model updates with respect to the initial model (Figure 60), I have had the
confirmation that the 2% step length updates is the best choice for the first model
update M1, as it makes the Gaussian-like measurements distribution shaper.
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Figure 60 - Travel-time cross-correlation distribution at first update for 3 different steps length (for
the 5 events tomographic inversion) in the same identical windows.

I repeated these measurements for the successive updates until the third one.
Figure 61 shows in details the misfit measurements variations among the step
length choices. For each model iteration trial with a given step length, the misfit
value is represented with the colour assigned to the model. For example, the first
model update is represented with red symbols and each misfit values obtained
with the 2% 5% and 10% step length are thus given in red symbols. The best
model update is finally indicated with its name (m1 for the first model update).
As before, I indicate in the figure the values for an “all windows” (grey symbols)
and “same windows” (coloured symbols) measurement.

For the second update, the best step length seems to be for a 1% variation, as the
2% one makes the misfit increase. For the third update, I tried a 1% step length
but it seems it does not improve the misfit measurement, which remains nearly
constant between M2 and M3. At this point, decreasing again the step length
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would not be efficient anymore for the whole iteration process. One solution to
help the misfit convergence may be to add some events to the dataset. Indeed it is
to remind that I am presenting here a reduced tomographic set of 5 events,
among the 19 selected for the inversion.

0,9 7
0,8 1
0,7 - "‘° m1
0,6
0,5 1

0,4 1 -

misfit value

0,3 - T

0,2 -

0,11

2% 5% 10%

step length

Figure 61 - Travel-time cross-correlation misfit measurements at first three iterations. Coloured
symbol define misfit measurements in identical windows for all models, instead grey symbols stand
for measurements in all respective windows of each model: black for M0, red for M1 and orange for

M2. Results are relative to PS windows measurements. The measurements obtained at each trial

steps length is also indicated with the colour relative to the model.
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Figure 62 -Misfit measurements among model updates.

The misfit decrease is very slow (Figure 62), announcing the need for several more
iterations to obtain a satisfying threshold.

For the following discussion, I look more in details in the first two updates, as the
third one need more improvements.

The cross-correlation measurements present a very light improvement from MO
to M2, either in an “all windows” case measurement, either in a “same windows”
case (respectively left and right columns in Figure 63). However, one can note that
considering measures in the “all windows” case, the number of selected windows
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to compute the cross-correlation values decreases. This might indicate a worse fit
over all the real and synthetic signals.

At such frequency, here between 0,4 and 0,8Hz, some instability behaviour can
happen. This can be seen on cross-correlated seismograms. In Figure 64, I show the
comparison between the data and synthetic cross-correlated seismograms at
three stations for three models: the reference one and the first two updates.
Inversion instability can be suspected for the A10T and E17R signals, where the
maximum cross-correlation measurement passes from the positive side to the
negative one between different models. Such an instable behaviour would lead to
the incapacity of the algorithm to approach efficiently a minimum misfit.

All windows Same windows
5 5 i L L s s L
MO 2 40 . § 40 -
n
; 30 H z 30 +
~ 20 T T 2
:
g 10 g 10
& gl . , & ol - -
-4 0 a -4 0 4
dT (s) (min/max = -4.20 / 2.65) dT (s) (min/max = -2.85/2.65)
5 ® L L 50 L )
T a0 L 3 4w
L}
M1 ; 30 3 = 30
E 20 H € 20
e - . & 0 — - —
-4 0 a B 0 4
dT (s) (min/max = -4.65/2.45) dT (s) (min/max = -3.20 / 2.45)
~ S0 . « - 50 L L
§ 40 3 .8 40
; 30 ; 30
M2 s 20 ;:-’ 20
g 10 1 5 g 10
& ol - - e - -
-4 0 a -4 0 4
dT (s) (min/max = -3.00 / 4.40) dT (s) (min/max = -3.00/2.75)

Figure 63 - Cross-correlation measurements from M0 to M2. Two measurement cases are compared,
as explained in the text: one considering all the selected measurement windows for each model
(left), the other considering exactly the same windows for each model (right). A small improvement
of the Gaussian shape can be seen in both cases. However, in the first case, a decrease of the
measurable windows has to be noted.
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-6

Figure 64 - Cross-correlation examples for first two model updates at three stations. The maximum
cross-correlation pic indicates the travel-time cross-correlation measurement between real and
synthetic signals with respect to the zero. Placed at zero, this would indicate a perfect fit.
Instability can be suspected for A10T and E17R records, as the measure passes from on side to
another with respect to zero (changes in the variations sign).
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IV.II1.3.1.1. Models

Our tomographic inversion starts from an initial reference model based on the 3D
Vp, Vs and density model of Tondi et al. (2009). This model, defined in a 25-28
latitude degrees and 44,36-46,43 longitude degrees area for a 230km depth,
contained details features of the Vrancea lithosphere structure.

The model variations from the reference model to the second update are discreet.
Detailed slice views of the Vp and Vs model updates can be found in Figure 69 in
Appendix B.

Figure 65 (for Vp) and Figure 66 (for Vs) show the relative velocity variations with
respect to the mean velocity at different depths (20, 40, 80 and 120km), for the
reference model and the second model update. The velocities corrections from
reference model to second model update do not benefit from a large homogeneous
extension but instead follow the kernel fringes as a consequence of the high-
frequency range inversion. More iterations might be necessary to achieve bigger
variations that lead to an appreciable decrease of the misfit measurements.
Another consequence of this high-frequency inversion stays in the fact that most
of the variations focus in the station neighbours, as no efficient smoothing was
implementable at such computational costs.

These preliminary inversion results show two main geophysical distributions.
First, a low velocity anomaly in the upper part of the model, at shallow depth
until 35km, that presents an arc shape. This is visible in the detailed slices depth
of the model in Appendix B as well as in Figure 65 and Figure 66 at the 20km depth
slice. The low anomaly is the red ring-like feature at the center of the model. The
second geophysical distribution is a well-defined downgoing slab shape high
velocity anomaly, composed of a N-S horizontal anomaly in the depths between
40 and 70km, linked to a nearly vertical NE-SW anomaly from 70 to 180km (see
the blue anomaly in these depths and in the 3D representation of the model in
Figure 65 and Figure 66, as well as in Appendix B for more details). The sign’s change
from the low velocity anomaly in the shallower depths to the high velocity
anomaly stays around 40km depth (Figure 65, Figure 66 and Appendix B). Moreover,
in the depths range characteristic of the Vrancea seismic gap, between 40 and
70km, a low velocity anomaly lies beside the high anomaly. Tondi et al. (2009)
have interpreted his particular feature as partial melting of the upper mantle
due to a delamination process.

The features observed in these first updated models, remain consistent with the
initial model used for the inversion, as well as with the results obtained from
other tomographic studies (Martin et al., 2006; Koulakov et al., 2010; Ren et al.,
2012).

The potential of the full waveform inversion and finite frequency method is not
yet perceptible at this stage of the inversion with a reduced amount of seismic
paths. However this inversion framework is not ended. Pursuing the iterations
and adding later more events to the inversion will help to understand whether
such a high frequency range inversion is stable and furnishes reliable and
valuable outcomes.
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Figure 65 - Vp model relative variations at different depths for reference model (left side) and
second model update (right side). 2D velocity maps represent the relative Vp variations with
respect to the mean Vp reference velocity in each slice at depth 20,40,80 and 120km. The 3D
representation gives the Vp 20% relative variations with respect to the mean reference velocity in
all the model, together with the 80km slice.Scales are given in percent.
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Figure 66 - Vs model relative variations at different depths for reference model (left side) and
second model update (right side). 2D velocity maps represent the relative Vs variations with
respect to the mean Vs reference velocity in each slice at depth 20,40,80 and 120km. The 3D
representation gives the Vs 20% relative variations with respect to the mean reference velocity in
all the model, together with the 80km slice. Scales are given in percent.
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I11.3.2. Discussion

The recipe for an efficient tomographic inversion is made of several ingredients: a
good quality data, a good spatial coverage of the area, robust tools and method to
solve for the seismic waves equation and compute synthetic seismograms as well
as to compute the misfit and its gradient and finally computational resources
able to sustain the whole minimization process.

If nowadays it is easier to deal with powerful methods that support the
computational part of a tomographic inversion, the latters cannot fill the lack of
the primary and essential material needed for such a study: the data.

The data, in terms of spatial coverage, number and quality of observed
seismograms, spread its own qualities or defaults among the whole inversion
process and influence its efficiency.

It has been illustrated with these first results of full waveform tomographic
inversion for the Vrancea region using the CALIXTO99 temporary experiment
dataset. The results show the complexities in implementing such a full waveform
inversion at a high frequency range, in a configuration where the amount of data
is limited. These difficulties are characterised by 1) a modest spatial coverage of
the Vrancea region, related to the limited amount of eligible data for inversion
and the proper characteristic of the region seismicity with events clustered in a
small depth volume; 2) a high and short frequency range in which to carry out
the inversion that is another consequence of the local seismicity and the data
quality; 3) a high computational cost that depends directly from the previous
statement and does not allow to fasten the inversion; 4) a slow misfit
convergence.

The slowness of the convergence has to be seen as the final consequence of the
enumerated points.

Tomographic inversion is based on minimization algorithms, which one key of
success remains in the capacity to find the right gradient direction that points to
a minimum. In my case the gradient is built from full waveform seismic
seismograms in a high frequency range (0,4-0,8Hz) imposed by the quality of the
observable data. At such frequency, confronting synthetic and real signals
becomes a hard task and thus the gradient computation can be unstable, slowing
the minimization process.

Another point that could influence the efficiency of the minimization is the
smoothing procedure. Indeed, as underlined previously, due to too high
computational costs, I have not been able to implement a smoothing operation
larger than 2km. Thus, high sensitivity kernel values might remain in the model
and this has a strong influence in model updating, as the model correction is
based on the maximum sensitivity kernel values found in the model.

Even if these results of full waveform inversion are quite modest in this
particular context, they also show the great power of such an inversion method
as, as we have seen, even though working at high frequency it is still possible to
retrieve information from the seismic signal.

To carry out such kind of inversion, it is of importance to start with a relatively
well-defined tomographic model that solves the large-scale heterogeneities and to
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work with a satisfying amount of data that allow a good spatial coverage of the
area. Finally the computational resource is of primary importance for such an
inversion. With the fast improvements in this field, it might be less hard to carry
out this kind of study in the near future.
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CONCLUSIONS

This study was aimed to evaluate the application of a full waveform inversion
(FWI) tomography at regional scale for the Vrancea area in Romania using data
from the 1999 six months temporary local network CALIXTO099. Starting from a
detailed 3D Vp, Vs and density model, built on classical travel-time tomography
together with gravity data, my goal was to evaluate the improvements that could
derive from using such a full waveform approach in the frame of an optimization
algorithm.

Full waveform inversion implies working with full numerical solution of the wave
equation and the finite-frequency theory that takes into account the frequency
dependency of the travel-time and amplitude of seismic waves. In principle, this
allows the use of more information from seismic waveform and the better
illumination of the seismic path, leading to more detailed seismic tomographic
Earth’s models. However these advantages come at the cost of very large
computations, necessary for example for the computation of synthetic seismic
waves or for the gradient of the misfit through the adjoint method. I have applied
the method using the SPECFEMS3D software that supports the computation of
synthetic waveforms as well as sensitivity kernels for model updating.
Computations have been done on a Blue Gene Q (BG/Q) architecture at the
CINECA supercomputing centre in Bologna, Italy, for a total computational cost
of about 5Millions CPU hours. This represents a high computational cost. The
computational facilities used for this study have been reached on the basis of
national calls for proposal.

Several complexities came out from this study. Main part takes roots from the
data.

The particularity of the Vrancea seismic properties, with intermediate

magnitude events concentrated in a nearly vertical volume, makes any regional
tomography study using local data constrained by the receivers’ coverage. A
dense broad network of receivers is thus of primary importance to unveil the
lithospheric structure of Vrancea.
In my case, the CALIXTO99 Broad-Band data, whose stations gathered in a
small area above the seismic nest, present a sporadic coverage that could be
otherwise compensated by the region enlightening offered by the finite frequency
theory with respect to classical ray tomography.

The low quality of the data, in terms of archiving and noise level, is to
underline as it has reduced a lot the whole invertible tomographic dataset.
Working with relatively old data (1999) from a temporary experiment made it
difficult to collect the entire original dataset consisting in seismic waveforms,
instrumental responses and experiment archives. As a consequence, several
seismic records have been thrown out as unreadable or excluded from the dataset
for a lack of available instrumental responses. This appears as a relevant
drawback of temporary experiments, which database tend to be sparse or lost
with time passing, when they are not entrusted rapidly to public seismological
data archive.

The usable database has been screened to select only the seismic signal
with best signal-to-noise ratio. This cut a lot the number of seismic waveforms as
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main part of the local events recorded belongs to small magnitudes range at
intermediate depth and are hidden by noise level.

As a consequence of the noise level and the distribution of the Vrancea
seismic sources, the selected waveforms were finally studiable only in a high and
narrow frequency range between 0,4 and 0,8Hz. These are high values for full
waveform inversion application and introduced several computational challenges.

Any tomographic inversion presents a strong dependency on seismic
sources physics in terms of locations and fault plane mechanism (moment
tensor). It is thus better to start the inversion with a dataset of seismic source
defined with respect to the reference tomographic model, and to consider a re-
evaluation of the seismic sources during the inversion at some stage of/or
parallely to model updating. For the data of Vrancea, I benefited from several
information given by the CALIXTO99 archive as well as from the previous study
of Tondi et al. (2009) that presents a joint ray-based tomographic/gravimetric
inversion for Vrancea using the CALIXTO99 short-period data together with
gravity measurements. To remain coherent with my inversion process, I decided
to correct and invert again for the seismic sources using the same protocol as in
the Tondi et al. (2009) study: first by doing a relocation of the events with
NLLOC and in a second time by computing the fault plane mechanisms with
FPFIT. The uncertainty above these estimations, from event depths to fault
plane mechanisms, is to point out and is due to the low azimuthal coverage
offered by the cone-like event-stations geometry. Proceeding with the study of the
overall cross-correlation travel time measurements between synthetic waveforms
and real data, it appeared necessary to adjust the depth and reference time of the
events to start the inversion with zero-centred Gaussian like measurements
distribution. The latter is required to start the non-linear inversion algorithm in
the vicinity of a minimum and to facilitate its convergence.

Implementing a full waveform inversion in a high frequency range might be a
problem to recover a comprehensive model updating, as the low frequency
discontinuities - that correspond to large-scale heterogeneities - might not been
well solved. It can be though in such cases to solve first for the large-scale
heterogeneities by incrementing the dataset with low-frequency waveforms. For
example in my case, it could have been done with some recent data from the
permanent Romanian network. However, as I am wusing a 3D reference
tomographic model -from Tondi et al. (2009)- that already solved for the low
frequency discontinuities this limitation might not come out. Instead, the goal
was to add some details to the model in terms of small-scale heterogeneities.

The synthetic waveform computation has been done with SPECFEMS3D in
parallel through a computational grid of spectral elements reflecting the
geophysical properties of the Earth as well as the frequency content to be
reached. This grid consists in hexahedral elements of Gauss-Lobatto Legendre
points, whose size increases with depth to keep the number of point per
wavelength stable!4,

To reach the high frequency range of [0,4 — 0,8]Hz, a grid of small spectral
elements has to be built implying heavy computational costs in terms of effective
computational time and number of processors used to manage the computation
(4096 processors). The 14 millions spectral elements grid built for Vrancea on a

14 There is a general increase of PREM seismic velocities with depth. The size increase is done in
SPECFEMS3D by defining doubling layers at given depths of seismic velocity discontinuity.
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BG/Q architecture required around 15.000 CPU hours (3h effective time * 4096
processors) to solve the seismic waves equation for each seismic source, and more
than the double for an event-kernel computation using the adjoint method. The
heaviest operation implemented in this inversion appeared to be the 3D
Gaussian smoothing of the misfit kernel that required nearly 50.000 CPU hours
(12h effective time * 4096 processors) for a 2km smoothing.

Working on a supercomputing centre, these computations are not
managed instantaneously as on a dedicated computer. Instead, queue rules are
applied to deal with all the users jobs management, implying latency time,
between job submission and its effective run, to be added to the effective
computational time.

This heavy computational mesh introduced in consequence heavy outputs
in terms of storage capacity. Thus a particular care had to be taken to manage
the amount of outputs from all the simulations. My study implied nearly 30TB of
file storage for the inversion presented. This weight also complicates the
visualization step, as common visualization softwares (e.g. Paraview) struggle to
manage such heavy files (4Gb).

Difficulties in managing the computations schedule time together with the
deadline of the thesis, imposed me to reduce the size of the inversion, for the time
being, considering 5 events above the 19 intended. The complete inversion with
the 19 events is in process and will be completed in the future. Using a
representative sample of the whole dataset can be used at some stage of the
inversion, for example when looking for the best step length for model update.
Applied for the whole inversion process this could be reductive and deprive of
crucial information about the velocity model. I can however believe that, working
with very similar events concentrated in the same small area and producing
similar seismic ray paths, the reduction of seismic sources number involved in
the inversion may not mean a reduction of the information retrieved. This is a
guess that can be checked later, confronting the results of this study with the 19
events inversion.

I have presented here the first three updates of the Vrancea full-waveform
tomographic inversion. The latter is based on travel-time cross-correlation misfit
measurements. Although the frequency range for the inversion is quite high and
narrow, the resulting misfit kernel- representing the area of the model to be
corrected- is appreciable, considering the particular geometry of the station-event
ray coverage. The amount of variation is however conditioned by the smoothing
parameterization. In my case, the computational impossibility to carry out large
smoothing leads to very small variations in delimited areas that follow mainly
the kernel fringes. The misfit decrease is thus slow and much more iterations
might be necessary to obtain a satisfying change. This decrease might be also
slowed down by possible inversion instabilities coming from the difficulty to
measure the goodness of fit of the synthetic and real data signals. The addition of
other events seismic records in the inversion frame may bring other valuable
information and help to stabilize the inversion process, favouring the misfit
convergence.

At this stage of the iteration, my tomographic model presents several recognized
features. The nearly vertical NE-SW high velocity anomaly, defined in several
other studies, is clearly visible in the depth range from 70 to 180km. This
anomaly is linked to a N-S horizontal high velocity anomaly in the shallower
depths between 40 and 70km, forming a downgoing slab shape. The upper part of
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the model instead is characterised by a low velocity anomaly until 40km depth.
The inversion of the anomaly, passing from low to high velocity values, occurs in
the depths around 40km. Between 40 and 70km, in the depth interval
characteristic of the Vrancea seismic gap, the model presents a low velocity
anomaly western of the high anomaly. This feature has been interpreted in the
study of Tondi et al. (2009) as a zone of partial melting of the upper mantle.

The features observed in these first updated models, remain consistent with the
initial model used for the inversion, as well as with the results obtained from
other tomographic studies (Martin et al., 2006; Koulakov et al., 2010; Ren et al.,
2012).

The preliminary results of the full waveform inversion of the Vrancea region
have a relatively limited extent and show the limits of application of such a
highly detailed inversion method. Today, even with one of the best available
computational infrastructure FERMI'5, this type of inversion method cannot be
applied efficiently to studies involving a high frequency range resolution. This
would imply a higher computational power and capacity storage.

Although they can in principle use more information contained in seismic
waveforms, more elaborate computational approaches, such as the full waveform
inversion, cannot make up for limitations in the number of seismograms or their
quality. These kinds of approach are actually more demanding on data quality.
Citing Fichtner (2011) from his book about full waveform modelling and
inversion: “While FWI is still a comparatively young method, there is already an
important conclusion to be drawn: its application is highly problem dependent”.
In a nutshell, the key of success for such an inversion remains in the data: the
data availability, distribution and quality.

As evocated previously, a seismic tomography inversion is more consistent if one
solve both for the Earth structure and the seismic source parameters. As this
joint inversion involves linear and non-linear parameters, it is common to treat
each inverse problem sequentially. The Variable Projection Method I have tested
in a simple application appears to be an efficient tool to solve least squares
minimization problems involving linear and non-linear parameters. Absent in
the tomographic field, it could be seen as an alternative to carry out such joint
inversion. In its simplest form it implies to use the waveform misfit and thus
might not be applicable for some case of noisy seismic signals. Nevertheless, it
can have a huge range of applications and could be further developed to
implement other misfit functions.

15 The Fermi system at CINECA has been ranked as the 15th most powerful system worldwide on
the 425t TOP500 list released in November 2013. (http://www.top500.0rg/list/2013/11/)
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Table 1 - Instrumental characteristics of the CALIXTO Broadband seismic stations.

Sensor Data logger
natural
high period | sensitivity

STA lat lon (m) manufacturer | model (s) (V/m/s) model
A02 47,01 | 27,43 414 Guralp G-3T 120 1500 RT130
A05 46,49 | 27,00 187 Guralp 3ESP 30 2000

Al10 45,76 | 26,27 1026 Guralp G-3T 120 1500 RT130
Al2 45,19 | 25,89 | 446,66 | Streickensen STS2 120 1500 RT130
B04B | 45,69 | 26,08 675,5 Streickensen STS2 120 1500 6NT
Co3 46,67 | 25,55 | 716,83 Guralp G-3T 120 1500 RT130
CO8A | 45,69 | 24,79 | 687,33 Guralp G-3T 120 1500 RT130
D04 44,86 | 24,39 | 399,66 Guralp G-3T 120 1500 RT130
D06 44,64 | 24,76 208,5 Guralp G-40T 30 800 RT130
D15 44,20 | 25,50 122,5 Streickensen STS2 120 1500 RT130
D15A | 44,20 | 25,50 122,5 Guralp 3ESP 30 2000

E03 46,10 | 26,83 | 370,33 Guralp G-40T 30 800 RT130
E08 45,87 | 26,73 408 Guralp 3ESP 30 2000

E09 45,78 | 26,72 | 419,11 Streickensen STS2 120 1500 6NT
E17 45,51 | 25,51 | 1036,3 Guralp G-3T 120 1500 RT130
E21 45,49 | 25,95 1361 Guralp 3ESP 30 2000

E25 45,33 | 26,74 | 303,2 Guralp G-3T 120 1500 RT130
FoO1 46,77 | 26,39 242 Guralp 3ESP 30 2000

Fo02 46,51 | 26,65 88 Guralp 3ESP 30 2000

F09 45,88 | 27,86 | 222,16 Streickensen STS2 120 1500 RT130
F11 45,31 | 27,83 60 Guralp G-40T 30 800 RT130
LOo1 45,82 | 26,38 1759 Lennartz L3D/20 20 1000 3XT
L02 45,77 | 26,561 | 1103,2 Lennartz L3D/20 20 1000 3XT
L.03 45,66 | 26,58 369 Lennartz L.3D/20 20 1000 3XT
S07 46,09 | 25,69 553 Guralp G-3T 120 1500 RT130
705 44,68 | 26,25 166 Guralp 3ESP 30 2000

708 44,74 | 27,29 66 Guralp 3ESP 30 2000
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Table 2 - Source parameters from the CALIXTO99 archive for the 61 events,whose moment tensor
have been computed in the Tondi et al. (2009) study

date time lat lon depth(km) Mw
990520 19:55:33.00 45,450 26,260 128 3,6
990525 09:35:53.00 45,550 26,540 129 4,5
990606 12:01:31.00 45,560 26,350 139 3,7
990611 08:20:04.00 45,743 26,667 107 3,8
990612 07:08:12.00 45,740 26,760 100 3,1
990620 00:09:07.00 45,540 26,600 129 4,3
990622 08:02:06.00 45,650 26,520 157 4,4
990622 20:10:42.00 45,640 26,590 141 3,4
990626 17:26:25.00 44,650 26,030 17 2,2
990629 20:04:07.00 45,550 26,630 126 4,3
990712 23:47:52.00 45,780 26,780 75 3,2
990713 10:09:25.00 45,660 26,810 125 3,2
990715 02:52:03.00 45,790 26,870 110 3,4
990715 07:36:23.00 45,580 26,460 137 3,8
990722 10:07:50.00 45,440 26,300 133 3,8
990731 23:42:31.00 45,630 26,670 40 2,2
990801 03:53:51.00 45,740 26,560 141 3
990801 05:56:50.00 45,530 26,600 124 3,6
990802 15:16:22.00 45,300 25,400 0 2,2
990803 07:18:39.00 45,460 26,160 33 2,3
990803 08:07:05.00 45,650 26,490 148 3,4
990806 11:00:04.00 45,770 26,850 103 2,8
990806 11:55:14.00 45,750 26,710 104 3,5
990807 02:25:49.00 45,610 26,490 128 4,1
990809 07:16:16.00 45,730 26,700 133 3,9
990809 23:24:30.00 44,950 27,060 15 3,3
990810 06:32:14.00 45,690 26,790 107 2,7
990810 06:35:06.00 45,690 26,780 93 2,6
990810 06:36:55.00 45,710 26,820 102 2,4
990813 05:21:13.00 45,790 26,760 85 2,5
990823 20:57:40.00 45,570 27,180 15 2,6
990824 16:20:07.00 45,780 26,860 118 2,9
990826 03:47:16.00 45,790 26,840 129 3,4
990826 13:06:51.00 44,890 27,140 13 2,8
990827 21:53:19.00 45,660 26,530 150 3,5
990828 05:32:28.00 45,700 26,630 142 3,6
990828 09:42:59.00 45,470 26,880 0 2
990830 00:52:06.00 46,000 27,200 35 2,8
990830 13:53:38.00 45,540 26,590 119 3,1
990831 02:11:12.00 45,570 26,510 133 3,6
990901 23:30:28.00 45,770 26,840 126 3
990910 03:12:30.00 45,750 26,590 116 2,7
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990910 14:24:08.00 45,480 26,450 102 2,6
990914 02:59:09.00 45,790 26,910 91 2,3
990914 14:12:54.00 45,730 26,660 74 2,4
990914 23:48:10.00 45,530 26,580 119 4

990915 06:01:09.00 45,750 26,800 108 2,4
990916 19:00:19.00 45,820 26,820 85 2,9
990919 21:32:46.00 45,400 26,410 107 2,7
990921 11:29:55.00 45,300 25,340 0 2,7
990922 05:13:00.00 45,700 26,710 83 2,4
990927 19:16:51.00 45,500 25,890 5 1,9
990930 00:55:57.00 44,880 25,740 10 2,6
991003 00:25:05.00 45,780 26,800 136 3,1
991011 03:16:02.00 45,620 26,630 79 2,3
991012 19:23:39.00 45,700 26,610 83 3,4
991012 23:48:33.00 45,650 26,430 154 4,3
991016 09:33:18.00 45,520 26,450 131 3,5
991017 12:12:47.00 45,480 26,880 2

991018 09:33:30.00 45,300 25,400 2,6
991028 11:01:59.00 45,360 25,370 2,9
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Table 3 - Source parameters from NLLOC for the 61 events from which Moment Tensor have been
computed in the Tondi et al. 2009 study.

date time lat lon depth (km)

990520 19:54:48.79 45,462 26,262 221,63
990525 09:34:57.59 45,548 26,501 148,5
990606 12:00:57.44 45,5683 26,282 157,15
990611 08:19:53.78 45,747 26,570 162,96
990612 07:07:58.78 45,796 26,586 96,41
990620 00:09:00.15 45,571 26,517 124,27
990622 08:01:59.97 45,667 26,448 154,22
990622 20:09:57.69 45,689 26,487 163,27
990626 17:25:57.29 44,589 26,061 3,61

990629 20:04:00.25 45,603 26,484 129,47
990712 23:46:59.16 45,814 26,765 74,85
990713 13:10:00.14 45,669 26,427 135,92
990715 02:51:58.59 45,795 26,857 122,33
990715 07:35:59.19 45,5674 26,379 140,81
990722 10:06:59.26 45,495 26,244 142

990731 23:41:59.18 45,612 26,639 44,76
990801 03:53:05.73 45,737 26,512 110,93
990801 05:56:00.6 45,5685 26,506 111,59
990802 15:15:58.71 45,291 25,380 2,52

990803 07:17:57.37 45,381 26,147 51,7

990803 08:06:58.57 45,697 26,414 148,94
990806 10:59:58.00 45,777 26,779 108,74
990806 11:55:01.74 45,774 26,496 78,58
990807 02:25:00.63 45,610 26,411 122,45
990809 07:15:59.32 45,722 26,632 132,45
990809 23:24:00.23 44,930 27,021 18,11
990810 06:31:46.15 46,000 27,414 224,28
990810 06:34:58.22 45,668 26,669 102,67
990810 06:35:57.05 45,705 26,757 128,75
990813 05:21:03.60 45,782 26,725 59,07
990823 20.57:00.55 45,579 27,145 13,79
990824 16:19:58.32 45,793 26,804 136,51
990826 03:47:02.21 45,744 26,656 110,69
990826 13:05:59.63 44,853 27,123 5,36

990827 21:53:03.98 45,700 26,427 114,54
990828 05:32:03.07 45,739 26,547 114,77
990828 09:41:59.71 45,456 26,890 4,93

990830 00:52:00.34 45,987 27,171 34,46
990830 13:52:59.76 45,511 26,577 122,66
990831 02:11:01.72 45,630 26,383 124,94
990901 23:29:54.42 45,820 26,785 184,82
990910 03:11:57.49 45,808 26,561 129,14
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990910 14:23:58.42 45,483 26,419 111,41
990914 02:58:54.34 45,868 26,929 139,01
990914 14:11:58.66 45,716 26,640 82,68
990914 23:47:58.94 45,542 26,538 126,49
990915 06:00:56.32 45,762 26,743 143,68
990916 18:59:58.38 45,866 26,795 97,16
990919 21:31:55.55 45,425 26,252 146,96
990921 11:29:00.42 45,309 25,430 3,78

990922 05:12:57.50 45,697 26,665 99,29
990927 19:15:59.14 45,476 25,891 7,01

990930 00:54:58.80 44,814 25,666 15,09
991003 00:24:58.39 45,833 26,638 145,88
991011 03:15:55.94 45,636 26,615 105,04
991012 19:22:55.31 45,851 26,563 115,26
991012 23:47:58.01 45,653 26,418 162,81
991016 09:32:58.11 45,565 26,383 146,77
991017 12:11:58.97 45,466 26,876 16,41
991018 09:32:58.00 45,277 25,380 10,79
991028 11:01:00.10 45,476 25,584 114,4
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Table 4 - Source parameters from NLLOC for the 61 events from which Moment Tensor have been
computed in the Tondi et al. 2009 study after the corrections (velocity model and reference time).
The fill lines represent the events that we will finally use for the inversion.

date time lat lon depth (km)

990520 19:55:34.14 45,285 26,277 123,77
990525 09:35:54.91 45,441 26,552 123,2
990606 12:01:32.26 45,490 26,210 137,86
990611 08:20:05.10 45,658 26,633 109,28
990612 07:08:13.11 45,768 26,566 86,48
990620 00:09:08.72 45,532 26,704 122,87
990622 08:02:07.59 45,641 26,475 157,49
990622 20:10:43.31 45,662 26,535 147,71
990626 17:26:23.18 44,621 26,093 18,41
990629 20:04:08.57 45,564 26,575 133,49
990712 23:47:53.63 45,757 26,787 56,96
990713 13:10:59.05 45,664 26,467 135,7
990715 02:52:04.29 45,746 26,946 107,29
990715 07:36:24.14 45,522 26,367 139,46
990722 10:07:51.71 45,447 26,144 131,4
990731 23:42:31.14 45,581 26,627 32,25
990801 03:53:53.42 45,876 26,544 158,55
990801 05:56:51.90 45,561 26,509 115,09
990802 15:16:20.84 45,299 25,402 3,77

990803 07:18:37.86 45,411 26,167 31,76
990803 08:07:06.23 45,705 26,335 139,18
990806 11:00:05.26 45,668 26,829 89,18
990806 11:55:15.28 45,759 26,591 95,4

990807 02:25:50.53 45,5689 26,450 130,81
990809 07:16:17.86 45,677 26,744 124,1
990809 23:24:30.18 44,933 26,997 15,07
990810 06:32:15.38 45,658 27,098 106,95
990810 06:35:07.60 45,607 26,778 79,83
990810 06:36:55.81 45,627 26,849 102,22
990813 05:21:16.80 45,845 26,836 75,83
990823 20:57:41.70 45,452 27,155 42,22
990824 16:20:08.74 45,742 26,954 113,08
990826 03:47:17.58 45,731 26,855 129,22
990826 13:06:51.54 44,887 27,019 6,76

990827 21:53:20.63 45,634 26,460 155,53
990828 05:32:30.63 45,715 26,561 138,01
990828 09:42:58.26 45,443 26,868 8,23

990830 00:52:07.59 45,997 27,158 29,48
990830 13:53:39.55 45,418 26,748 118,4
990831 02:11:13.95 45,566 26,438 138,83
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990901 23:30:29.32 45,688 27,034 130,97
990910 03:12:30.84 45,725 26,671 111,2
990910 14:24:08.90 45,449 26,468 99,51
990914 02:59:10.46 45,617 26,920 84,85
990914 14:12:55.29 45,673 26,650 64,72
990914 23:48:11.42 45,491 26,573 117,91
990915 06:01:10.29 45,666 26,883 106,81
990916 19:00:20.24 45,820 26,836 78,56
990919 21:32:47.04 45,344 26,380 109,55
990921 11:29:55.10 45,303 25,477 1,19

990922 05:13:00.97 45,619 26,689 72,75
990927 19:16:48.60 45,498 25,737 47,88
990930 00:55:55.49 44,807 25,707 16,01
991003 00:25:07.09 45,767 26,837 126,46
991011 03:16:02.70 45,523 26,696 65,91
991012 19:23:39.81 45,703 26,572 75,94
991012 23:48:34.62 45,582 26,408 148,99
991016 09:33:19.95 45,475 26,449 128,33
991017 12:12:45.46 45,442 26,814 18,42
991018 09:33:27.99 45,277 25,397 17,48
991028 11:02:00.96 45,436 25,562 4,72
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Table 5 - Availability of the dataless-files from Potsdam and erroneous station records ignored by
msfix correction procedure (grey).

Potsdam
sensor Resp
STA lat lon | elevation(m) | manufacturer | model model available
A02 47,01 | 27,43 414,00 Guralp G-3T RT130 yes
A05 | 46,49 | 27,00 187,00 Guralp 3ESP CD24 yes
Al0 | 45,76 | 26,27 1026,00 Guralp G-3T | RT130 yes
Al12 | 45,19 | 25,89 446,66 Streickensen STS2 RT130 yes
B04B | 45,69 | 26,08 675,50 Streickensen STS2 6NT
C03 46,67 | 25,55 716,83 Guralp G-3T RT130 yes
CO8A | 45,69 | 24,79 687,33 Guralp G-3T RT130 yes
D04 | 44,86 | 24,39 399,66 Guralp G-3T | RT130 yes
D06 | 44,64 | 24,76 208,50 Guralp G-40T | RT130 yes
D15A | 44,20 | 25,50 122,50 Guralp 3ESP CD24 yes
D15 | 44,20 | 25,50 122,50 Streickensen STS2 RT130 yes
E03 46,10 | 26,83 370,33 Guralp G-40T | RT130 yes
E08 | 45,87 | 26,73 408,00 Guralp 3ESP CD24 yes
E09 | 45,78 | 26,72 419,11 Streickensen STS2 6NT
E17 | 45,561 | 25,51 1036,30 Guralp G-3T RT130 yes
E21 45,49 | 25,95 1361,00 Guralp 3ESP CD24 yes
E25 | 45,33 | 26,74 303,20 Guralp G-3T RT130 yes
FO1 | 46,77 | 26,39 242,00 Guralp 3ESP CD24 yes
F02 | 46,51 | 26,65 88,00 Guralp 3ESP CD24 yes
F09 45,88 | 27,86 222,16 Streickensen STS2 RT130 yes
F11 45,31 | 27,83 60,00 Guralp G-40T | RT130 yes
L01 45,82 | 26,38 1759,00 Lennartz L.3D/20 3XT
L02 45,77 | 26,51 1103,20 Lennartz L3D/20 3XT
L03 | 45,66 | 26,58 369,00 Lennartz L3D/20 3XT
S07 46,09 | 25,69 553,00 Guralp G-3T RT130 yes
Z05 | 44,68 | 26,25 166,00 Guralp 3ESP CD24 yes
208 | 44,74 | 27,29 66,00 Guralp 3ESP CD24 yes
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The 1D reference velocity model used for model correction and preliminary
studies comes from the Tondi et al. (2009) tomographic study, where it has been
used as initial reference model. It was obtained from a ray tracing optimization
from the 1D model of Popa et al. (2001).

1D model
Depth(km) [ Vp(km/s) [ Vs(km/s) | Rho(kg/m3)
-1 3,627 2,304 2,510
1 4,167 3,572 2,510
5 5,111 3,078 2,510
10 6,092 3,584 2,510
15 6,656 3,932 2,590
20 7,045 4,171 2,510
35 7,608 4,569 3,180
45 7,816 4,699 3,340
70 8,109 4,892 3,410
100 8,143 4,893 3,380
150 8,215 4,862 3,440
230 8,573 5,017 3,470

Figure 67 - Reference 1D velocity model.

From the 3D initial tomographic model I defined the two doubling layers depth
for the SPECFEM3D mesh that correspond to geophysical discontinuities. In this
case, these limits are at 40 and 80km depth, as it can be seen on Figure 68.
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Figure 68 - Geophysical discontinuities in the reference 3D model.
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Figure 69 - Vp and Vs first two updates velocity models at slice depths.
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The study of Tondi et al. (2009), taken as reference for my own study, is based on
a tomographic inversion of the CALIXTO99 experiment, using local event
recorded at the short period stations of the temporary network. During the
experiment, the events source parameters have been estimated in a 1D reference
model and reported in the archive of the experiment (Table 2 in Annexes). These
parameters have been then revised in the 3D velocity model obtained from their
inversion using the NLLOC algorithm (Lomax, 2000). The latter uses synthetic
pick arrival times of seismic waves to estimate the reference time and location of
an event. The results presented in Table 4 in Annexes have been then used to get
the moment tensor parameters of each event using the FPFIT code.

The reference times given by this study are quite different from the times saved
in the CALIXTO99 archive -built during the experiment with a 1D model-, as
well as from the times indicated in a recent study of European arrival time
picking catalogue done by Amaru et al. in 2008 (Table 6 and Figure 70).

It occurs that the NLLOC input P and S picking file was reporting erroneous
picking time, giving a time automatically shifted from one minute to few seconds
from the real picking time. As a consequence, I automatically corrected this error
adjusting the picking times. With these new values, I computed again the event
location (Table 4) and the moment tensor of the CALIXTO99 events in my
reference 3D model. The resulting reference time, in comparison with the
CALIXTO99 archive one is definitely better (Figure 18).

Table 6 - Sample of the outlined reference time differences between the values given by the Amaru
et al. (2008) catalogue, the CALIXTO99 experiment and the Tondi et al. (2009) study.

Amaru et al. GJI Tondi et al.
2008 CALIXTO99 2009
Event ID Reference time

991012 23:48:32.88 23:48:33.00 23:47:58.01
lat 45,65 45,65 45,653
lon 26,451 26,43 26,418

depth 149,6 154 162,81
(km)

991012 19:23:38.72 19:23:39.00 19:22:55.31
lat 45,715 45,7 45,851
lon 26,599 26,61 26,563

depth
(km) 82,3 83 115,26

990525 09:35:54.37 09:35:53.00 09:34:57.59
lat 45,526 45,55 45,548
lon 26,451 26,54 26,501

depth
(km) 123,8 129 148,5
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Figure 70 - Histograms representing the reference time shift between the NLLOC estimations
computed with the original picking times from Tondi et al. (2009) and the CALIXTO99 archive
times. The comparison is done for the computation through a reference 1D model and the Tondi et
al. (2009) 3D model. Several events present a gap of about one minute from the CALIXTO99
reference time, which cannot be explained by the model.
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Figure 71 - Histograms representing the reference time shift between the NLLOC estimations
computed with the corrected picking times from Tondi et.al (2009) and the CALIXTO99 archive. The
comparison is done for the computation through a reference 1D model (red) and the Tondi et al.
(2009) 3D model in two versions: the original one (blue) and the corrected one (green).
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Ap.I. IMPORT IT°"S OWN TOMOGRAPHIC MODEL IN
SPECFEM3D

Ap.I.1. Modifying the internal mesher code

The option to import its own tomographic model using the internal mesher is not
given in SPECFEMS3D, as this way of constructing the computational mesh has
been abandoned in favour of external meshers such as CUBIT.

To be able to build the computational mesh, the executable xgenerate_databases
need to read in mesher output files “proc***Databases” that contain indications
related to the mesh geometry and geophysical properties.

When importing its own model, these files are written by default, and point to
model properties that do not correspond to its own model characteristics. Thus
we have modified the mesher code into be able to use our external tomographic
model.

The modifications concern the following scripts, written in FORTRAN90, and are
indicated in the simplified call tree of the code in Figure 74:

1) for the Mesher part:
read_parameter_file.f90
read_value_parameters.fo0
meshfem3D.f90
save_databases.f90
create_regions_mesh.f90

2) for the Generate_databases part:
model_tomography.f90

3) for the text parameter file:
Mesh_par_file

Ag.1.2. The tomographic model format

The tomographic model is a .xyz file containing P and S velocities as well as
density values given at each incremental point from a given Cartesian starting
point. The architecture of the file is shown in Figure 72.

ORIG_X ORIG_Y ORIG_Z END_X END_Y END_Z # origin and end points in meters, depth
in negative direction
SPACING_X #spacing of given tomographic points in meters

SPACING_Y

SPACING_Z

NX #number of cell increment

NY

NZ

VP_MIN VP_MAX VS_MIN VS_MAX RHO_MIN RHO_MAX #velocities in m/s
Xi,i=0:END_X Yo Zo Vpioo Vsioo0 rhoio,0

Xi i=0END_X Y1 Zg Vpi1o Vsiio rhoi10

Xi i=0:END_X  YENDy Zo VpiEnp_y.0 VSienD_v.0 rhoienp_v.0
?(\, i=0:END_X Yo Z4 Vpio1 Vsio,1 rhoj g 1
XEND_X YEND_Y ZEND_Z VPEND_XEND_Y,END_Z VSEND_XEND_Y.END_z  NOEND_XEND_Y.END 2z

Figure 72 - External tomographic model file format for SPECFEM3D.
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The initial tomographic model from Tondi et al. (2009) is a .xyz bloc file with
values for P and S velocities as well as density. The tomographic values are
regularly 10km spaced on the horizontal components and irregularly spaced on
the vertical one with values for the depths at: -1 1 5 10 15 20 35 45 70 100 150
and 230km. The starting point is placed at latitude/longitude/depth 25/44,36/-1
and the whole model covers the region (25-28) latitude degree - (44,36-46,43)
longitude degree for a 230km depth.

As the SPECFEM3D tomographic model file has to be regularly spaced in each
direction I had to resample the original model in the vertical direction (see Figure
73). Besides, to work with a finer spaced tomographic model, I interpolated it to
get a 2km regularly spaced tomographic model as starting reference model. This
initial model is finally a 116*116*117 .xyz file.

FEE
5

100

a3 4436
2 2 25 2

Figure 73 - From an irregular spaced tomographic model .xyz file to a regularly spaced model.
Velocity values indicated by green points are given for a given regular/non regular spaced grid in a
230kms3 Cartesian volume covering the geographical area from latitude 25 to 28 and longitude 44,36-
46,43 (blue projection at the bottom). The left representation choses the initial model format, built

up on a non-regular spaced grid of points. The spacing chosen for the regular model given on the
left is about 2km for each direction.
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save_databases.f90

meshfem3D.f90

read_value_mesh_parameters.fo0

create_regions_mesh.f90

read_mesh_parameter_file.f90

‘model_tomography.f90

Figure 74 - Simplified call trees of the three SPECFEM executables and modified routines (orange).
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Ap.II. IMPLEMENTING SPECFEM ON CINECA HPC
CLUSTERS

The advantage of using software on clusters is to benefit from a larger amount of
computational cores than on our personal laptop or local cluster.

High performance computing (HPC) facilities are reachable on the basis of
national and European calls for proposals. During these three years, I have used
the facilities of the CINECA HPC centre, in Bologna, Italy. At the beginning of
the study the resource available at CINECA on which to run SPECFEM3D was
the Sp6 machine. It was replaced in summer 2012 by FERMI with a Blue Gene/Q
architecture, involving setting up again the code implementation and meshing.

Ap.I1.1. Access to the computational resources

The programs ISCRA (Italian SuperComputing Resources Allocation) and
PRACE (Partnership for Advanced Computing in Europe) manage the access to
the Tier-0 supercomputer by the way of international peer-review procedures
ensuring world-class research. Whereas the ISCRA program opens access to the
CINECA resources, the PRACE one offers access to any European HPC centre.
The resource allocation is defined in terms of CPU!6 (Central Processing Unit)
hours through different kind of projects, which are on the FERMI BG/Q:

Class B: standard project requiring between 1M and 10Million CPU
hours. The project has a duration of 12 months and the proposal selection
comes two times per year.

Class C: small project requiring up to 1Million CPU hours. This class of
project is made as “Test and Development” project, where the resources
are used to implement, test, optimize applications in the high
performance computing environment as well as scale it up to bigger
platforms. The project has a duration of 9 months through monthly
selection and one can have only one class C project approved each year.

During this study, I have had access to CINECA computing resources through
ISCRA projects on the Sp6 and FERMI (substitute of SP6 in summer 2012)
machine. On Sp6, one C project of 20.000 CPU hours has been used whereas on
FERMI I have worked with two C projects of 2Millions hours and one B project of
10Millions CPU hours, from which I have used more than 2Millions CPU hours
for the presented results. The resources of this B project will be used until
November 2014 to pursue the inversion. In total, for the presented work, nearly 5
Millions CPU hours have been involved.

16 A CPU hour is defined as the product of the number of core used times the elapsed time involved
for the computation.
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Ap.I1.2. Working on the Sp6 system

Sp6 was an IBM P6-575 Infiniband cluster made of 168 compute nodes,
delivering a total of 5.376 compute cores with a memory of 128 Gbytes per node
(4Gbytes per core).

It gave the option to work with the computational cores (ST mode) or with virtual
CPU (SMT mode), dividing twice the number of cores really used in the run (as
well as the memory), and so the cost of the simulation. The point is that each
task is managed by a given core, or by half a core in the case of virtual mode (see
Figure 75). One has to ask the cluster the number of cores that corresponds to the
number of tasks to run (MPI tasks=number of CPU). This management changes
with the BG/Q architecture.

DATA CORES

ST mode

. SMT mode

Figure 75 - Tasks management with core and virtual CPU.

In SPECFEM3D, the MPI tasks number can vary in function of the
computational geometry built. It depends on the number of computational slices,
or MPI processors, on each horizontal components of the mesh. Thus, for a given
mesh geometry, different computational set up are possible.
On Sp6, I built a mesh of 500km*500*500km with 995.328 spectral elements and
a doubling layer. It consisted of:

-144 spectral elements along the two horizontal components

-48 spectral elements in depth
Where 144 can be written as: 144 = 8%18 = 8%9*2 = 8*3*3*2 = 8*3*6. That is four
possible combinations!? for the computational configurations. Thus, the number
of MPI processors along the horizontal component can be 18, 9, 6, 3, 2, giving a
total of MPI tasks of 324, 81, 36, 9 and 4 respectively.

Figure 76 on the left shows the SPECFEM3D behaviour as the number of MPI
tasks increases. This means that I am comparing the different elapsed times
needed to run a simulation for a fixed mesh and different computational set up (I
show the case of 81 and 324 MPI tasks).

The more the MPI tasks / number of cores increases, the less time is involved in
the simulation. This happens because each MPI task / core manages less spectral
elements. This is clearly visible in Figure 76 on the right, where the number of MPI
tasks / cores is fixed whereas the number of spectral elements in the
computational mesh is increased.

17 As the mesh contains doubling layers, the computational combination has to be written in terms
of multiples of 8 spectral elements. Each computational core has to manage the computations
regarding a multiple of 8 spectral elements.
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Figure 76 - SPECFEM3D efficiency on CINECA Sp6 architecture.

The point is that the finer is the mesh the higher frequencies can be simulated.
After having studied the CALIXTO99 database, this was a crucial step in the
inversion. As the data were studiable in a high frequency range, corresponding to
periods between 1,25 to 2,5 seconds, I had to be able to generate synthetic
seismograms with SPECFEM3D in the same frequency range. However,
increasing the mesh resolution means an increase of the number of spectral
elements and thus also an higher computational cost.

From different mesh geometries, I built a period resolution curve to see how to
reach nearly 1lsec period synthetic waveforms (Figure 77). The minimum period
resolution of a given mesh is retrieved from the comparison of the Fourier
transforms of synthetic seismograms computed in the mesh and in a finer one.
These Fourier transformed signals are identical until a given corner frequency
where the largest mesh diverged from the finest one. As the finer mesh is
supposed to reach higher frequencies than the larger one, I took this corner
frequency as an indication of the maximum frequency accuracy of the largest
mesh. This has been done for four different mesh resolutions. I present the
details of the geometry and computational configuration for three of them in
Figure 77. For the finest mesh, mesh432, I have not been able to check the period
resolution, as I could not run an even finer mesh due to computational costs. A
logarithmic equation of the other results led to a 0,71sec period resolution
estimate for this mesh.

The important conclusion from these results was that I was able to reach a 1,25
second period resolution with a mesh (mesh320) that involves 3 millions of
spectral elements and 400 compute cores on Sp6.

y =-0,504In(x) +8,7471

2,5 v
<
Mesh y mesh144| mesh320 | mesh432 g 2
number slices 144 320 432 3
number vertical el. 48 129 142 % .
surface spacing (km) 3,5 1,6 1,2 2 15 ®
number el. 338.256 |3.571.200|8.374.752| <
Parallel computing 2 1 -
number CPU 324 400 729 o B
CPU hours forward 40,5 390,0 990,2 g
CPU hours adjoint 153,9 753,3 2752,9 0,5
min Period resolved (sec) 2,5 1,25 0,71?

0 2 4 6 8 10
number of spectral elements Millions

Figure 77 - Mesh set up for different resolution tests on Sp6.
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Ag.I1.3. Working on the FERMI system

In summer 2012, FERMI has replaced the Sp6 system with a new Blue Gene/Q
architecture.

FERMI is composed of 10.240 compute nodes, with 16 cores each, totalling
163.840 compute cores. Each processor comes with 16 Gbytes of RAM (1Gbyte
per core). BG/Q is different from Sp6 in terms of MPI tasks management and
cores architecture:

- the computational set up modulation is expressed in terms of number of
requested nodes (bg_size) and number of MPI tasks allocated per node
(rank_per_node).

- jobs are sent in terms of number of compute nodes, for a multiple of 16 number
of cores (it was multiple of 2 on Sp6)

- the minimum number of requested compute nodes for job submission is of 64
(1.024 cores)

- the number of MPI tasks do not match the number of compute cores anymore

- the virtual CPU option for job submission is no more available

I thus had to build up a new mesh, equivalent to the previous one, where the
number of MPI tasks is equal to the product of the bg_size with the
rank_per_node. This had to be done under the consideration that the bg_size has

to be a multiple of 64, which is the minimum set up requested by the system:

MPI tasks = rankyey .. *bgsize = rankper, . * B * 64 (87)

In SPECFEMS3D, the number of MPI tasks is linked to the number of spectral
elements in horizontal directions:

MPI tasks = NPROCy; * NPROCgra (88)
where NEXy; = C * 8 * NPROCx; (resp.ETA)

in our case NEXy; = NEXgr, thus we can write NPROCy; = VMPI tasks (89)

The number of spectral elements in horizontal directions can be then written as:

NEXy; = C*8*x VMPI tasks = C x 8 \/rank_per_node * B x 64 (90)

From these relations, all the possible combinations set up for the BG/Q
architecture can be retrieved (see a sample in Table 7). The computations are done
on node level, involving a multiple of 16 number of cores. For a fixed number of
MPI tasks, different configurations can be applied. For example, for the mesh
with NEX_XI=512, involving 4096 MPI tasks (orange highlighted lines in the
table), one can build the computational environment in these ways:

bg_size= 64 & rank_per_node=64 involving 64*16=1024 compute cores
bg_size=128 & rank_per_node=32 involving 128%16=2048 compute cores
bg_size=256 & rank_per_node=16 involving 256*16=4096 compute cores
bg_size=512 & rank_per_node=8 involving 512*%16=8192 compute cores
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The rank_per_node parameter shares out a given number of MPI tasks to a
single node (between 16 cores). This setting plays a role on the memory allocated
to each task. The more filled is a node with MPI tasks, the less memory is
allocated to each of these tasks. Allocating 16 MPI tasks to a single node means
sharing out 16 MPI tasks to 16 cores (each of them having a 1GByte memory
chip) and thus assigning 1GByte of memory space for each single MPI task.

Table 7 - Sample of possible combinations for building a mesh on FERMI-BG/Q.

C| B |rankpernode |MPI_tasks| NEX_XI [ NPROC_XI| Mem/task [bg_size]

1 64 64 8 16
4 256 128 16 4

! 16 1024 256 32 1 64
64 4096 512 64 0,25
2 256 128 16 8

2 8 1024 256 32 2 128
32 4096 512 64 0,5
1 256 128 16 16
4 1024 256 32 4

4 16 4096 512 64 1 256
1 64 16384 1024 128 0,25
2 1024 256 32 8

8 8 4096 512 64 2 512
32 16384 1024 128 0,5
1 576 192 24 16
4 2304 384 48 4

9 16 9216 768 96 1 >76
64 36864 1536 192 0,25
1 1024 256 32 16
4 4096 512 64 4

16 16 16384 1024 128 1 1024
64 65536 2048 256 0,25

To choose the best setup, I looked at the behaviour of SPECFEMS3D for a fixed
number of MPI tasks and an increasing number of compute cores. Results,
presented in Figure 78, are related to the mesh with NEX_XI=512 (orange
highlighted lines in the table). I tested the four computational configurations
detailed previously (the points from left to right stand for a bg_size of 64, 128,
256 and 512). These tests have been done in the base of 10 minutes simulations
and the estimation time given by SPECFEMS3D for a complete simulation. The
simulations started being stable in terms of running time from the third set up
(bg_size of 256 for 4096 compute cores). The stability is thus reached when the
number of MPI tasks corresponds exactly to the number of compute cores
involved in the simulation. This corresponds to a computational environment
equivalent to the Sp6 one. With these settings, the memory allocated for each
single task is of almost 1Gbyte. This appeared to be the best computational sep
up for my study.

elapsed time estimation for complete simulation
(hh.mm)
&
3

0 1000 2000 3000 4000 5000 6000 7000 8000 9000
CPU number

Figure 78 - SPECFEMS3D efficiency on CINECA BG/Q architecture.
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