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ABSTRACT

The site characterization in terms of the frequency-dependent
amplification of the ground motion is one of the main topics in
engineering seismology. The generalized inversion technique
(GIT) is a well-established approach to evaluate the local am-
plification from the seismic records acquired during a seismo-
logical deployment. However, the implementation of GIT is
not straightforward, and its application to different cases could
be tricky. We present a MATLAB package, GITANES (GIT
ANalysis of Earthquake Spectra), which consists of a user-
friendly tool based on GIT for the evaluation of the seismic site
amplification from earthquake seismograms recorded by a local
network. GITANES also provides the amplitude spectra of the
source time function of the recorded seismic events as a by-
product of the analysis. The user can execute the workflow
interactively from the MATLAB command window or with
the aid of the provided graphical user interface (GUI). We
demonstrate the GITANES functionality with an application
to earthquake recordings acquired within a geophysical survey
in the Tagliamento River Valley in northeast Italy.

Electronic Supplement: Generalized inversion technique (GIT)
ANalysis of Earthquake Spectra (GITANES) MATLAB scripts
and user guide.

INTRODUCTION

The evaluation of the local response under earthquake excita-
tion (i.e., the site response) represents a main step toward ac-
curate quantification of the seismic hazard and provides the
basis for the seismic microzonation. Usually, the site response
is defined in terms of the spectral amplification, that is, the
ratio between the actual amplitude spectra of the ground mo-
tion and the one we would have expected by neglecting the
effects of the local conditions on the seismic waves.

The assessment of spectral amplification by means of ap-
proaches that rely on the recordings of earthquakes, as directly
measuring the phenomenon under investigation, is of particu-
lar interest in microzonation studies. These approaches require
the deployment of a network of seismometric stations in the
studied geographical area. The most direct approach to the es-
timation of the spectral amplification is the reference site spec-
tral ratio (RSSR), in which we assume that the seismic response
is neutral at one of the recording sites, elected as reference site
by virtue of its characteristics (Borcherdt, 1970). There exist
also nonreference site methods, such as the receiver function
(RF) technique, which determines the site response from the
spectral ratio between the horizontal and the vertical compo-
nent of the earthquake recordings (Lermo and Chavez-Garcia,
1993). However, the underlying assumption of the latter tech-
nique, that is, that the vertical component is free from site
amplification, is controversial, and it is not always confirmed
by measurements (Parolai et al., 2004).

More robust assumptions support the site-response evalu-
ation with the generalized inversion technique (GIT). The
notion of the generalized inverse (Penrose, 1955) has so far
been successfully applied in a vast choice of scientific fields,
geophysics in particular. Andrews (1986) adopted GIT for the
solution of the system of equations that express the ground
motion as the convolution of three terms: source, path, and
site. The site and the source terms are the unknowns, and a
simple propagation model allows the evaluation of the path
term. Because the system presents an indeterminate degree of
freedom, the solution requires the definition of additional con-
straints. In Andrews (1986), this constraint consists in impos-
ing the neutral average site term, but other choices are possible
as well. From the perspective of microzonation, a simpler
choice for an additional constraint consists in imposing a neu-
tral site term at one site (i.e., imposing the status of reference
site to a chosen site), which makes GITcomparable to the well-
established RSSR.

The GIT approach introduced by Andrews (1986) is
extremely flexible and has been used in applications ranging
from microzonation studies (Parolai et al., 2000) to seismic
source analysis (Oth et al., 2009; Mandal and Dutta, 2011).
GITwas also adapted to crustal attenuation studies (Oth et al.,
2008). However, the applications aimed at the analysis of the
seismic source or at the crustal attenuation properties require
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particular attention to the interpretation of the results, because
of the known trade-off between the source spectra and the
parameters defining the path term. This trade-off has also been
recognized in more comprehensive inversion procedures based
on the source, path, and site decomposition, such as the one
presented in Drouet et al. (2008). On the other hand, the evalu-
ation of the site response provides particularly robust results.

In this article, we present the GITANES (GIT ANalysis of
Earthquake Spectra) processing tool with the goal of providing
a flexible, platform-independent, and user-friendly GIT work-
flow for the spectral analysis of seismic network data and in
particular for the evaluation of the site responses. We imple-
mented GITANES within the MATLAB environment (see
Data and Resources). A high-level programming language for
technical computing such as MATLAB makes it easy to handle
matrix operations, which are the computational kernel of GIT,
as well as to simplify the input preparation and results visuali-
zation by means of the graphical user interface (GUI) library.
The reader can find theⒺ zip file and the User’s Guide in the
electronic supplement to this article. Possible updates of the
package will be available within the MathWorks site (see Data
and Resources).

THE METHOD

The Generalized Inverse
The GIT provides the solution to the linearized problem

EQ-TARGET;temp:intralink-;df1;52;421Gm � d; �1�
in which m � �m1; m2;…; mM�T is an M -terms-long column
vector of unknown parameters that describes the physical
model, d � �d1; d2;…; dN �T is an N -terms-long column vec-
tor of known parameters extracted from measured data, and
G � �Gij� is the matrix which relates the model parameters
to the datum parameters. Known theorems state that the strict
inverse G−1 exists only in particular cases. In the general case,
the exact solution of equation (1) does not exist, but we can
obtain an approximate one, based on a generalized inverse G†

(Penrose, 1955), which is optimal with respect to some good-
ness criteria. In particular, if N > M (overdetermined system)
and G has full column rank, the generalized inverse

EQ-TARGET;temp:intralink-;df2;52;244G† � �GTG�−1GT �2�
is unique and provides the least-squares solution of the prob-
lem, that is, the estimate m�est� which minimizes the residual r:

EQ-TARGET;temp:intralink-;df3;52;186r � jd −Gm�est�j2: �3�

The present application concerns the solution in the least-
squares sense of a linearized problem, in which the data consist
in the amplitude spectra of the ground motion recorded by a
seismic network, and the unknown parameters are the earth-
quake source spectra and the local spectral response. The
approach was initially introduced by Andrews (1986) for

the purpose of earthquake source spectra characterization.
Castro et al. (1990) revised the method and later several au-
thors adopted it for the evaluation of the site response (e.g.,
Boatwright et al., 1991; Hartzell, 1992; Field and Jacob, 1995;
Parolai et al., 2000; Barnaba et al., 2007; Oth et al., 2009).

The Linearized Problem
The GIT approach is based on the assumption that the loga-
rithm of the amplitude spectrum Uij�f � of the seismogram
recorded at the jth site for the ith event can be written as the
sum of the contributions of three terms

EQ-TARGET;temp:intralink-;df4;323;613 logUij�f � � log Si�f � � log Zj�f � � P�rij; f �; �4�
in which f is frequency Si�f � is the ith source term, Zj�f � is
the seismic response of the jth site, and P�rij; f � is the propa-
gation term describing the effects on the seismic waves along
the path with length rij through the Earth’s crust from the ith
event source to the jth site location. In this study, we consider
the source and the seismic response terms Si�f � and Zj�f �,
respectively, as the unknowns of the problem, and we assume
that the propagation term P�rij; f � can be evaluated from the
source distance and known crustal characteristics, as described
in The Propagation Term section. We can rewrite equation (4)
in the form

EQ-TARGET;temp:intralink-;df5;323;446 log Si � log Zj � logUij − P�rij�; �5�
in which we omit the frequency dependence, because we are
going to solve the problem for each frequency value separately.

To take into account I sources and J sites, we write equa-
tion (5) in matrix form. We merge the known data into the
N � IJ long column vector

EQ-TARGET;temp:intralink-;df6;323;351d �

2
6664
logU 11 − P�r11�
logU 12 − P�r12�

..

.

logUIJ − P�rIJ �

3
7775 �6�

and represent the unknown model parameters with the
M � I � J long column vector:

EQ-TARGET;temp:intralink-;df7;323;248m �

2
66666666666664

log S1
log S2

..

.

log SI
log Z1
log Z2

..

.

log ZJ

3
77777777777775

: �7�

Thanks to the introduction of the model term m and the
data term d, equation (5) can be written in the form of
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equation (1), in which the term G is an N ×M sparse matrix
with all but two terms per row equal to zero.

In particular, if the nth data component is associated with
the event in and to the site jn, we can write

EQ-TARGET;temp:intralink-;df8;40;697Gnk � δkin � δk�I�jn�; �8�
in which δij is the Kronecker delta. The resulting matrix has
not full column rank, therefore the corresponding solution
in the least squares sense is not unique, and we need to comple-
ment the system with some constraint. In general, we can express
additional constraints with an adequate additional equation
involving the unknown m, obtaining:

EQ-TARGET;temp:intralink-;df9;40;594

�
G
F

�
m �

�
d
c

�
: �9�

The usual choice (Hartzell, 1992) consists in constraining
the response function at one or more sites (making thus the
GIT a more sophisticated version of the RSSR method). In
the simplest case, F would be a row vector with a unique
nonzero term in the position corresponding to the site chosen
as the reference site and c � 0 would indicate a neutral site
amplification.

Weighting Based on Signal-to-Noise Ratio
To downweight the influence of noised records, we introduce
the weighting factors. We can also use the weight terms to ex-
press the missing of a data term: it is easier to set a zero weight
for the site-event pairs without data than to formulate the
matrix G according to an uneven distribution of data on the
possible site-event pairs.

Following Menke (1989), the maximum-likelihood esti-
mate is obtained by multiplying d andG with the weight matrix

EQ-TARGET;temp:intralink-;df10;40;340W � �cov d�−1; �10�
in which cov d is the data covariance matrix. By neglecting
possible correlation among the data terms, we can write

EQ-TARGET;temp:intralink-;df11;40;286W � diagfw1; w2;…; wN g � diagfσ−21 ; σ−22 ;…; σ−2N g; �11�
in which σ1; σ2;…; σN are the standard deviations of the data
terms d1; d2;…; dN , and diag indicates a diagonal matrix. To
estimate σn, we consider the amplitude spectrum of the
pre-event noiseNij (i is the index of the event, and j is the index
of the site) in the seismograms as a proxy for the standard
deviation of the amplitude spectrum Uij evaluated on the
S-wave window and apply the error-propagation rules to
equation (6) obtaining

EQ-TARGET;temp:intralink-;df12;40;158σn �
Nij

U ij
� 1�����

Sij
p ; n � �i − 1�J � j; �12�

in which Sij � �Uij=Nij�2 is the signal-to-noise ratio defined in
terms of the signal and noise power spectra. The weight terms
are therefore

EQ-TARGET;temp:intralink-;df13;311;745wn � Sij; n � �i − 1�J � j: �13�

To avoid numerical stability problems, an upper limit for
the weighting values should be set (e.g., wmax � 100). wmax

multiplies also the equations expressing the constraints. The
full system is finally

EQ-TARGET;temp:intralink-;df14;311;666

�
W�f �G
wmaxF�f �

�
m�f � �

�
W�f �d�f �
wmaxc�f �

�
: �14�

We solve the linearized system in equation (14) separately
for each frequency value f . G is frequency independent.

Because
hG
F

i
contains at most two nonzero terms per row,

we consider it a sparse matrix, but its generalized inverse could
be dense. A direct solution of equation (14) by means of

algorithms based on the sparse nature of
hG
F

i
is, in general,

more efficient than the direct evaluation of the generalized in-
verse from equation (2). We rely on the MATLAB function
lscov for this purpose.

The Propagation Term
The term P�rij; f � in equation (4) accounts for the attenuation
of the seismic waves on their path from the source to the site.
Assuming that S waves dominate the signal, a simple wave
propagation model predicts that at frequency f , the logarithm
of amplitude variation from the ith earthquake source to the
jth site location is

EQ-TARGET;temp:intralink-;df15;311;377P�rij; f � � −γ log�rij� −
πf rij

vSQS�f �
; �15�

in which γ is the geometrical spreading factor (ranges between
γ � 1 for spherical waves and γ � 0:5 for cylindrical ones), vS
is the S-wave average velocity, and QS�f � is the frequency-
dependent quality factor for S waves. Here, we assume that the
quality factor follows the conventional power law

EQ-TARGET;temp:intralink-;df16;311;268QS�f � � Q 0f
η; �16�

in which Q 0 � QS�f � 1 Hz�, and η is a real parameter.

THE GITANES PACKAGE

The Workflow
The purpose of the GITANES package is the evaluation of the
site spectral amplifications from recordings of detected and
localized seismic events. The recordings should be corrected
for the instrumental response and saved in the binary format
of the Seismic Analysis Code (SAC; Goldstein et al., 2003).
Considering the widespread adoption of SAC (see Data and
Resources) and the broad availability of seismological software
tools dealing with the SAC format, the input preparation for
GITANES should not be an issue. The SAC files must have
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their header compiled in the fields describing the event loca-
tion and time, the station location, and the first arrival picking.

We can execute the workflow interactively from the
MATLAB command window or with the help of the provided
GUI, as described in The Graphical User Interface section. The
workflow consists in the initialization and further elaboration
of an object of the GITANES.Prj class (hereafter, project). We
can think of the GITANES project as if it were composed of

four objects: the waveforms, the settings, the selections, and the
results. The waveforms object consists of the processed records
along with ancillary data describing the events and the stations.
The settings object describes the range and sampling of the
frequency domain and the model parameters needed to define
the propagation term. The selections object describes our
choice of the subset of events and stations, as well as our choice
of the reference sites. The results object contains the solution

▴ Figure 2. Detail of the “Channels” listboxes in the GUI window with the lower panel set in selections mode. Note the buttons for the
automatic selection of the vertical or horizontal channels. The color version of this figure is available only in the electronic edition.

▴ Figure 1. Default view of the generalized inversion technique (GIT) ANalysis of Earthquake Spectra (GITANES) graphical user interface
(GUI) with the initialized project regarding the case study. The upper panel is dedicated to the definition of the settings of the project and
to the choice of the view of the lower panel. Here the lower panel is set in selections mode and with the “Events” listboxes activated. The
map shows the selected events (stars) along with the barycenter of the station network (triangle). The color version of this figure is
available only in the electronic edition.
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▴ Figure 3. (a) The waveforms panel of the GUI. The upper part shows the plot of the selected time series with evidenced the time windows
used for the evaluation of the pre-event noise and the S-wave spectra. The bottom part shows the normalized S-wave amplitude spectrum
and the weight deduced from the signal-to-noise-ratio. (b) Same as (a), with the time window selection set to “threshold” (5%–95% energy)
mode instead of the “pick” mode. The color version of this figure is available only in the electronic edition.
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(i.e., the source spectra and the site responses) of
the problem defined by the other three objects.
The residuals are also stored in the results
object.

To initialize the project, we have to define
the waveforms object by specifying the directory
(folder) in the file system in which the input
waveforms are stored. GITANES loads in
memory all the SAC files present in the speci-
fied directory and uses the SAC header variables
KSTNM and KCMPNM to identify the set of
channels involved in the survey. Moreover,
GITANES uses the header variables NZYEAR,
NZJDAY, NZHOUR, and NZMIN to iden-
tify the set of events that are associated with the
seismograms in the folder. Among other SAC
header variables, GITANES uses also DISTand
EVDP (for the determination of the events dis-
tance); A, B, and DELTA (for the extraction of
the time windows in which the spectra are
evaluated); and STLO, STLA, EVLO, and
EVLA (for the plotting of the station and event
locations on maps).

Once we initialize the project, the results
object is immediately produced using the de-
fault settings project and selections project. The
amplitude spectra of the S-wave part of the seis-
mograms is evaluated at the frequency values
specified in the settings object by considering a
tapered time window that starts at the theoreti-
cal S-wave arrival and has a length proportional
to the theoretical P–S arrival delay. Alterna-
tively, if the picks of the first arrival are not
available, an option sets the time window be-
tween the limits of 5% and 95% of the wave-
form’s cumulative energy. Each user’s change in
the settings and selections triggers an update of
the results object. We can save the entire project
to disk at any time and retrieve it in a later
session.

The Graphical User Interface
To provide a more user-friendly interface to the
GITANES workflow, the package also contains
a GUI. By calling the function GITANES.
gui_main, we open a MATLAB figure, which is
divided into an upper and a lower part (Fig. 1).
In the upper part, we find the settings panel, in
which we can specify the settings of the project (i.e., the fre-
quency range and the propagation model) and the buttons panel,
in which we can switch among four possible views of the lower
part, that is, the selections, waveforms, results, and stations.

The default view of the lower panel (Fig. 1) is in the se-
lections mode, in which we can select the seismic events, re-
cording channels, and reference channels. On the left side of
the panel, there are three couples of listboxes designed to select

a subset of items, whereas a map on the right side shows the
geographical position of the selected items (filled markers)
along with the unselected ones (transparent markers). By right-
clicking a marker on the map, we pop-up the name of the item
(station or event).

We can select the entire set of vertical or horizontal chan-
nels with special buttons near the listboxes dedicated to the
channels selection (Fig. 2).

▴ Figure 4. (a) The plot in the results panel of the GITANES GUI with the activated
spectral amplification listbox shows the spectral amplifications corresponding to
the selected channels. (b) The plot in the results panel with the activated source
spectra listbox shows the source spectra corresponding to the selected events.
The color version of this figure is available only in the electronic edition.
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With the lower panel in the waveforms mode, we can ex-
amine the waveforms considered in the project. The left side of
the lower panel shows a listbox with all the loaded waveforms.
On the right side (Fig. 3), we can see a plot of the selected
waveform with evidenced the time windows enclosing the S
wavetrain and pre-event noise. Below the waveform, we can
see the plot of the amplitude spectra of the S waves with the
assigned weight. With a radio button in the settings panel above,
we can switch between the selection of the time windows based
on the picking of the first arrival (Fig. 3a) or based on the
cumulative energy (Fig. 3b).

The lower panel in the results mode is similar to the
selections view. On the left, we can find the listboxes of the
events, of the channels, and of the waveforms currently con-
sidered in the project. Using the listboxes, we can select which
items we want to plot in the frame on the right side of the
panel: spectral amplification for the selection of channels
(Fig. 4a), amplitude spectra for the selection of events (Fig. 4b),
or spectral residuals for the selection of waveforms. We can
export the plots in graphic files and save the selected curves
in files with the MATLAB binary format with arbitrary names.
Buttons allow switching between the logarithmic and the
linear plots. The GUI refreshes automatically the plots in the
results panel each time we make any change in the other panels.

The lower panel in the stations mode shows the results
relative to a single station. The left side of the panel contains
the list of all the stations involved in the study. The right side of

the panel (Fig. 5) contains a map with the location of the se-
lected station and two plots. The upper plot shows the spectral
amplification evaluated with the GIT method in the selected
station, whereas the lower plot shows, for comparison, the RF,
that is, the average horizontal-to-vertical (H/V) spectral ratio
resulting in the same station and evaluated from the waveform
data loaded in the project.

APPLICATION OF GITANES TO A CASE STUDY

To demonstrate the usage of GITANES and its GUI, we
present here an application to earthquake recordings acquired
within a geophysical survey performed in the Tagliamento
River Valley in northeast Italy (Barnaba and Vuan, 2012). The
survey aimed at estimating the seismic amplification of the
sediment fill through a linear array of six seismometric stations
deployed across the river valley. The temporary network,
deployed from June 2004 to December 2005, recorded more
than 500 earthquakes with magnitude greater than 1. Among
other regional earthquakes, the network recorded the 2004
Kobarid earthquake sequence that started with aMw 5.2 event
on 12 July 2004 (Franceschina et al., 2013). Barnaba and Vuan
(2012) selected a subset of waveforms corresponding to almost
hundred events and used the data to evaluate the local site
response with several techniques (i.e., classical RSSR, GIT,
and RFs). Here, we show how GITANES applies to the same
dataset.

▴ Figure 5. Stations panel of the GITANES GUI showing the results corresponding to the site CA02. The filled triangle in the map indicates
the site location, and the plots offer a comparison between the spectral amplification evaluated with GIT and the “receiver function”
(horizontal to vertical [H/V]) defined as the spectral ratio between the horizontal and the vertical components. The two plots also include
the standard error. The color version of this figure is available only in the electronic edition.
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Figure 1 shows the selection panel of the GITANES GUI
displaying the map of the events. We selected only the hori-
zontal channels for the analysis (Fig. 2). According to Barnaba
and Vuan (2012), Station CA01 is located on outcropping
bedrock, and we selected its two horizontal channels as the
reference ones.

In the upper part of Figure 1, we find the used settings.
In the Frequencies panel, we have set the frequency range from
0.1 to 16 Hz, with 256 samples distributed on a linear scale,
whereas in the Propagation model panel we assumed a spherical
geometrical attenuation, an average S-wave velocity of 3:2 km=s,
and the quality factor growing with frequency as QS � 100f
(f is frequency in Hz).

Figure 3a shows the waveforms view with an example
of waveform and the automatic selection of the noise and the
S-wave time windows (top of waveform viewer) and S-wave
spectra and weight (bottom). Finally, the results view plots the

amplitude of spectral amplification for all the
selected channels (Fig. 4a) and source spectra
of all the selected events (Fig. 4b). In Figure 4a,
the curves corresponding to the two horizontal
channels of the site CA02 stick out (the thick
curve and the one just below it represent the
north–south and east–west components, re-
spectively), and in Figure 4b the spectrum of the
Mw 5.2 event clearly emerges above the others.
We can investigate more in detail the results in
the site CA02 using the stations view (Fig. 5), in
which we can see a clear peak in the spectral
amplification between 3 and 4 Hz. In the sta-
tions view, we can also compare the spectral
amplification curve with the RF (H/V) in the
same site.

The results obtained by GITANES are
consistent with those previously obtained by
Barnaba and Vuan (2012), as shown in Figure 6.

CONCLUSIONS

The GITANES MATLAB package permits
user-friendly applications of the GIT (Andrews,
1986) for the joint evaluation of the source spec-
tra and site spectral amplification using earth-
quake waveforms collected by a seismometric
network. The package includes a GUI, which
provides the user with a rapid visual overview of
the available data and an immediate insight into
the results corresponding to variations in the
propagation model or in the selection of chan-
nels and events.

The presented GITANES package is suit-
able for surveys aimed at evaluating the site-
specific seismic amplification (e.g., microzona-
tion studies). Along with the GIT solution,
the RF (Lermo and Chavez-Garcia, 1993) is
also evaluated at each station involved in the

survey. We applied GITANES to a real-study case and, with
only a few mouse clicks, we obtained a result that is consistent
with that obtained in a previous study on the same data using a
much more intricate GIT implementation.

Considering that the core of the GITANES package is
object oriented, we can upgrade the GITANES package with
little effort. Because GITANES produces an estimate of the
seismic source spectra as by-product, we can think of proce-
dures aimed at seismic sources studies, whereas the flexibility
of GITANES in respect to the propagation model suggests the
possibility of embedding GITANES in crustal-property stud-
ies. These studies, however, involve some nontrivial issues (e.g.,
the trade-off between source spectra and crustal attenuation)
that must be taken into account properly to implement a
reliable version of the possible upgrades.

▴ Figure 6. Case study of the spectral amplifications in the stations in the valley of
the Tagliamento River. Comparison of the results obtained by the authors using
GITANES with those obtained by Barnaba and Vuan (2012).
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DATA AND RESOURCES

The generalized inversion technique (GIT) ANalysis of Earth-
quake Spectra (ⒺGITANES) package described is available in
the electronic supplement to this article. The data from the
stations belonging to the Cavazzo temporary stations (named
CC) can be retrieved from the Istituto Nazionale di Ocean-
ografia e di Geofisica Sperimentale (OGS) data archive system
named OASIS (the OGS Archive System of Instrumental
Seismology; Priolo et al., 2015) at http://oasis.crs.inogs.it
(last accessed August 2017). The user can retrieve detailed in-
formation about the seismological station, as well as download
generic pieces of waveforms taken from the stream of continu-
ous recordings. Data are freely available. The information about
MATLAB can be found at http://www.mathworks.com/
products/matlab/ (last accessed December 2017). The package
described in this article will be maintained at http://www.
mathworks.com/matlabcentral/fileexchange/61711-gitanes
(last accessed December 2017). The Seismic Analysis Code is
available at http://ds.iris.edu/ds/nodes/dmc/software/
downloads/sac/ (last accessed December 2017).
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