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9.1 Outline

When Willmore (1979) published his Manual of Seitmgecal Observatory Practicenly a
small number of seismic arrays were in operatidre Whole section on array seismology in
that issue of the Manual was no longer than twaepamcluding one figure; array seismology
being at that time more a matter of some spedaliather than a commonly applied
technique. During the last two decades, new seismays were installed all over the globe
and, due to digital data acquisition systems agdalisignal processing, it has become easier
to handle the large amount of data from seismiayatr Therefore, array observations have
become more commonly used. This requires a sep@tapter on array seismology in the
New Manual of Seismological Observatory Practickiclv explains the principles of seismic
arrays and how their data can be used to analyzmiseobservations.

In the following sections we define first the tefseismic array” and show examples of
seismic arrays installed around the world. We thescribe the theoretical basics of the
processing of seismic data observed with an agagtinue with the explanation of helpful

tools for automatic analysis of array data and @&rphow local and regional events are
located at the NORSAR Data Processing Center gusingle array observations. Finally,

we describe some helpful rules and proceduresntb the best configuration for a seismic
array and present a table of operational and plaaeic arrays.

9.2 Introduction

“The Conference of Experts to study the methodsdetiecting violations of a possible
agreement on the suspension of nuclear tests”inel®58 in Geneva under the auspices of
the United Nations, was followed by several initi@s for improving the quality of seismic
stations worldwide. At the same time, the ideanstalling arrays of sensors to improve the
signal-to-noise ratio was adopted from radio astnoy, radar, acoustics, and sonar. In the
1960s, it was demonstrated that seismic arraysugrerior to single three-component stations
for detecting and characterizing signals from eprékes and explosions. A seismic array
differs from a local network of seismic stationsimia by the techniques used for data
analysis. Thus, in principle, a network of seismsiiations can be used as an array, and data
from an array can be analyzed as from a networkveder, most array processing techniques
require high signal coherency across the arraytlasguts important constraints on the array
geometry, spatial extent, and data quality. Funtieee, proper analysis of array data is
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dependent on a stable, high precision relativengnof all array elements. This is required
because the measurement of (usually very smalg tiifferences of the arrival of seismic
signals between the different sensors plays an fitapb role in all array-processing
techniques.

The superior signal detection capability of arréysobtained by applying “beamforming”
techniques, which suppress the noise while presgm¥ie signal, thus enhancing the signal-
to-noise ratio (SNR).

Arrays can also provide estimates of the statieavent azimuth (backazimuth), and of the
apparent velocity of different types of signals.e$é estimates are important both for event
location purposes and for classification of signalg., P, S, local, regional, or teleseismic.

In this chapter we describe procedures for estilgatie apparent wavefront velocity (inverse
of the slowness or ray parameter), the angles pfoaggh (backazimuth and incidence angle)
of a seismic signal as well as basic processingritiigns for signal detection, one-array
regional phase association, and the preparatian automatic event bulletin.

At the NORSAR Data Processing Center (NDPC) at I&jelNorway, data have been
acquired for many years from different types ofagst e.g., the large aperture NORSAR
array, the small aperture arrays NORES and ARCHEStlae very small aperture arrays at
Spitsbergen and in Apatity, Kola peninsula. Thecpssing algorithms for a large array are
different from the processing techniques used fog tmaller arrays. The processing
techniques for both types of arrays are descrileéai

We aim also at describing the general array praogdschniques for training purposes and
for use as a reference for analysts new to thel fadl seismic array processing. Some
algorithms are described in detail, whereas othax® references to available literature. It is
assumed that the reader has basic knowledge abmitéries analysis like bandpass filtering
and Fourier transforms (e.g., Scherbaum, 2001).

The amount of data arising from use of an arragesgmometers and digital signal processing
techniques is enormous. Low-threshold detectiorcgssing leads to numerous triggers,

which have to be analyzed. It is therefore of gheguortance to use techniques that are robust
and easy to operate in an automatic, uninterruptede. The automatic processing steps used
at NDPC are divided into three separate cases:

» Detection Processing (DP), which uses beamfornfiltgring and STA/LTA detectors
to define signal triggers;

» Signal Attribute Processing (SAP), which uses teples like frequency-wavenumber
(f-k) analysis to estimate the slowness vector, atloer techniques to estimate
parameters like onset time, period, amplitude aathrgzation attributes for every
trigger; and

» Event Processing (EP), which analyzes the attribated sequence of triggers to
associate seismic phase arrivals to define events.

In Mykkeltveit and Bungum (1984), documentationttw method can be found with results
from the first program (called RONAPP) for detegtiand associating seismic signals from
regional events using data from the regional aN&RES.
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Later, the automatic processing was re-coded tptadaany array, several data formats and
machine architectures. The programs are packaged ¥ for continuous detection
processing, and EP for automatic signal attribubegssing, event processing, and interactive
special processing (Fyen, 1989, 2001). These pmgyriaave been used for all examples
herein. Section 9.8.2 shows the output of this rmatec data processing for some signals
observed on the ARCES array as an example of edtta analysis.

It is difficult to find publications that give dels about basic array processing. There are
numerous papers about advanced techniques andsrésuah observations, but the basics of
beamforming and STA/LTA detection processing arsthgacassumed to be known. The type

of processing used is similar to what is done imynigpes of signal-processing applications
and time-series analysis. The algorithms are usedadar technology and in seismic

prospecting. In seismic prospecting “beamformirgyalled “stacking”.

The first large seismic array, LASA, was built inoMana, USA, in the mid-1960s (Frosch
and Green, 1966). TH&eismic Array Design Handbook, August 1972 by IBM, describes the
processing algorithms for LASA and NORSAR. Refeemntherein are mostly to reports
prepared by J. Capon and R. T. Lacoss, Lincoln tabdes. These basic processing
techniques developed in the 1960s have survivaetasemnstill in use.

The description for many array methods and eartgyainstallations can be found in a
proceeding volume (Beauchamp, 1975) of a NATO AdednStudy Institute conference in
1974 in Sandefjord, Norway. Also several NORSARe8tific Reports describe array-
processing techniques. For example, Kveerna andrboer (1986) report on f-k analysis
techniques using the integration over a wider fezmy band (so-called “broadband f-k
analysis”) rather than the single frequency-waveoemmanalysis (e.g., Capon, 1969) as
applied by many authors.

In 1990, a special issue of tBelletin of the Seismological Society of America was published
(Volume 80, Number 6B) with contributions from a symposiuntitted “Regional Seismic
Arrays and Nuclear Test Ban Verification”. Thisusscontains many papers on theoretical
and applied array seismology. A more recent rewdevarray applications in seismology can
be found in Douglas (2002) and in Rost and Thorg@62).

9.3 Examples of seismic arrays

Throughout the text, we use examples from the @ing of data from the large array
NORSAR in southern Norway, from the “regional” a53aNORES in southern Norway and
ARCES in northern Norway, and from the GERES aimagouthern Germany.

Fig. 9.1 shows the configuration of the ARCES araayg Fig. 9.2 shows the layout of the
seismometer sites for the NORSAR and NORES aridys.NORES and ARCES-type array
design of sites located on concentric rings (eactsists of an odd number of sites) spaced at
log-periodic intervals is now used for most of tim@dern small aperture arrays; only the
number of rings and the aperture differ from irlatadn to installation. The Spitsbergen array
has only nine sites, e.g., and corresponds to e¢nhéec site plus the A and the B rings of a
NORES-type array; the FINES array consists of thiegs with 15 sites altogether. These
regional, relatively small arrays have been dewedop the last 10 to 20 years.
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Fig. 9.1 Configuration of the regional array ARCES, whishdentical to the NORES array.
Each vertical seismometer site is marked with eeiand a cross. The ARCES array has 25
sites with vertical seismometers. Four of thesesslitave in addition short-period horizontal
seismometers. The short-period three-componerst aieemarked in blue or red. At the center
site (red) a broadband three-component seismonset®ilocated. The array has one center
instrument — ARAO — and four rings: the A-ring witiree sites and a radius of about 150 m,
the B-ring with five sites and a radius of aboub 32, the C-ring with seven sites and a radius
of about 700 m, and finally, the D-ring with ninges and a radius of about 1500 m. The
center seismometer of ARCES has the geographidi@des 69.53486°N, 25.50578°E. The
table gives the relative coordinates between thglesisites and the center site ARAO, and the
elevation of all sites above sea level in meters.

To our knowledge, the first experimental seismi@grwith more than four elements was
established in February 1961 by the United Kingddtmmic Energy Agency (UKAEA) on
Salisbury Plain (UK), followed in December 1961 Bgle Mountain (PMA, Wyoming,
USA), in June 1962 by Eskdalemuir (EKA, Scotland)Uand in December 1963 by
Yellowknife (YKA, Canada), all with openly availabldata. These types of arrays (the so-
called UK-arrays) are orthogonal linear or L-shafeater, arrays of the same type were built
in Australia (Warramunga), Brasilia, and India (@bauanur). A detailed description of this
type of arrays can be found in Keen et al. (19B&jill and Whiteway (1965), and Whiteway
(1965, 1966). Fig. 9.3 shows the configuration lbé tYellowknife array (Somers and
Manchee, 1966, Manchee & Weichert, 1968, WeicH&15) as one example of this kind of
medium-sized array, which is still in operation.eT$ize of an array is defined by its aperture
given by the largest (horizontal) distance betw#en single sensors. The apertures of the
UKAEA arrays vary between 10 and 25 km.
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In the 1960s, arrays were tested with very differaperture and geometry, from small
circular arrays with apertures of some kilometerhitige arrays with apertures of up to 200
km. The largest arrays were the LASA array in Moat@JSA), dedicated in 1965, with 525
seismometer sites (Frosch and Green, 1966) andrigmal NORSAR array in southern
Norway consisting of 132 sites over an aperturapgroximately 100 km with altogether 198
seismometers, which became fully operational insgpreng of 1971 (Bungum et al., 1971).
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Fig. 9.2 Configuration of the large aperture array NORSARI the small aperture array
NORES. The NORES array is co-located with the NORSAIbarray 06C. The diameter of
NORSAR is about 60 km and the diameter of NOREsb@ut 3 km. Each seismometer site is
marked with a circle. The present NORSAR array4fasites, whereas the NORES array has
25 sites. The NORSAR array has logically seven msaps, each with six vertical
seismometers. In addition, one site in each supafmaarked in green) has one three-
component broadband seismometer. The geometry &{E8Dis identical to the geometry of
ARCES shown in Fig. 9.1. The center seismometdah@fNORSAR subarray 02B has the
geographic coordinates 61.03972°N, 11.21475°E.cEmeer seismometer of NORES has the
geographic coordinates 60.73527°N, 11.54143°E.
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Fig. 9.3 Configuration of the United Kingdom Atomic Enerdygency - type Yellowknife
array (YKA). Theblue and the red sites have vertical short-pemadruments, and at the
green sites, three-component, broadband seisma@eetemstalled.

The large LASA and NORSAR arrays and the UKAEA gsrhave narrow band short-period
seismometers and additional long-period seismometer their original configuration,
whereas the Grafenberg Array (GRF) was plannedrestdlled in the early 1970s as an array
of broadband sensors. It has an aperture of alf@ukd (Harjes and Seidl, 1978; Buttkus,
1986) and an irregular shape (Fig. 9.4), whiclhofe#i the limestone plateau of the Franconian
Jura.

However, the geometry and the number of seismonsétes of an array are determined by
economy and purpose. Details about array configuratcan be found in Haubrich (1968),
Harjes and Henger (1973), or in Mykkeltveit et(aB83, 1988).

Tab. 9.3 in 9.10 contains a list of operational atahned arrays as of September 2002, and
Fig. 9.42 shows a map of these array locations.

Spudich and Bostwick (1987) used the principal e€iprocity and used a cluster of
earthquakes as a source array to analyze cohegaaissin the seismic coda. This idea was
consequently expanded by Kriiger et al. (1993) wiadyaed data from well-known source
locations (i.e., mostly explosion sources) with sieecalled “double beam method”. Here the
principle of reciprocity for source and receiverags is used to further increase the resolution
by combining both arrays in one analysis.

Another approach to arrays with high resolution weseloped in recent years. In Japan and
in California the network of seismometer statiansa dense that data from all stations can be
combined in the so-called J-array and the Calitorrarray. All known array techniques can
be applied to analyze data from these networksr@}+&roup, 1993, Benz et al., 1994).
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Fig. 9.4 Configuration of the irregularly shaped Grafemparray (GRF). At all sites vertical
broadband seismometers are installed. In additioree sites (Al, B1, and C1) contain
horizontal broadband seismometers. The contourftihews the boundary of the geological
unit of the Franconian Jura, on which the arrajocated. The reference station GRA1 (at
position Al on the map) is sited at latitude 49%G8N and longitude 11.22200°E.

9.4 Array beamforming

With an array we can improve the signal-to-noig®rgSNR) of a seismic signal by summing
the coherent signals from the single array sitegs.™.5 and 9.6 show P onsets of a regional
event observed at the ARCES sites and, in additiensummation trace (on top) of all single
observations. In Fig. 9.5 the data were summedowttktaking any delay times into account,
consequently the P onset is suppressed by destunterference. In Fig. 9.6 all traces were
time-adjusted to provide alignment of the first itse before summation. Note the sharp and
short P pulse of the beam and the suppressiorcoherent energy in the P coda.
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Fig. 9.5 The figure shows P-phase onsets of a regionalteleserved with the vertical short-
period seismometers of ARCES. The top trace isreay deam, and the remaining traces are
single vertical short-period seismograms. All datae filtered with a Butterworth band pass
filter between 4 and 8 Hz and are shown with a comramplification. All traces were
summed to create a beam (red trace) without arayeehe application.
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Fig. 9.6 This figure shows P-phase onsets of a regionahtesbserved with the vertical
short-period seismometers of ARCES as in Fig. 8t3He single traces were first aligned and
then summed (beam trace in red). Note for this tassharp and short pulse form of the first
P onset of the beam and the suppression of incobhenergy in the P coda.
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This shows that the most important point during ghenmation (or beamforming) process is
to find the best delay times, with which the singkces must be shifted before summation
(“delay and sum”) in order to get the largest atogies due to coherent interference of the
signals. The simplest way is just to pick the ongeés of the signal on each trace and shift
the traces with respect to the onset time at tfegerce site of the array. But most onsets from
weaker events have a much smaller SNR than in xhengle shown, and therefore onset
times are often difficult to pick. With hundredsaisets each day, this is not practical during
routine operation of an array. Therefore, manyedéht predefined beams are automatically
calculated, and a detector then searches for sitegeonsets in these beams.

Below, we explain how delay times can be theorbyicalculated for known seismic signals,
using some basic equations and parameter defigjtiand give the formulas for a seismic
beam.

9.4.1 Geometrical parameters

An array is defined by a set of seismometers with seismometer being assigned the role of
a reference site. The relative distances from ithisrence point to all other array sites are
used later in all array specific analysis algorighfiaig. 9.7).

r Position vector of instrumentwith a distance (absolute valug)from a defined
origin. We use bold characters for vectors and @abramaracters for scalars. The

position is normally given relative to a centrastument at sit®, r; = f(x,y,2),

where (X,y,z) are the Cartesian coordinates in [km] with positses towards east
(x), towards nortlfy), and vertically above sea lev@).

For distances from the source much larger tharatheey aperture (i.e., more than about 10
wavelengths) a seismic wave approaches an arrdy amtavefront close to aplane. The
case of a non-plane wavefront is discussed in At et al. (1999). The directions of
approach and propagation of the wavefront projeotetb the horizontal plane are defined by
the anglesb andO (Fig. 9.8).

) Backazimuth (often abbreviated as BAZ or for shoatled azimuth) = angle of wave-
front approach, measured clockwise between thénraort the direction towards the
epicenter in [°].

] Direction in which the wavefront propagates, atsgasured in [°] from the north with
O=0+180C.
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Horizontal Plane North

» East

Fig. 9.7 lllustration (horizontal plane) of an array okiruments (filled circles). The center
instrumentO is used as reference and origin for the relativirdioatesx, y (see also Fig. 9.1
for an example of an actual array).
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Fig. 9.8 Definition of the angle® (direction of wavefront propagation) add(direction to
the epicenter = backazimuth); here e.g., for a Wwaue coming from north-east and crossing
the array in a south-westerly direction.

10
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Vertical Plane

d Seismometer

Fig. 9.9 lllustration (vertical plane) of a seismic plamave crossing an array at an angle of
incidencd.

In the vertical plane, the angle measured betweemirection of approach and the vertical is
called the angle of incidengewith i <90° (see Fig. 9.9). The seismic velocity below the
array in the uppermost crust and the angle of areié define the apparent propagation speed
of the wavefront crossing the array.

9.4.2 Apparent velocity and slowness

The upper crustal velocity together with the angle incidence defines the apparent
propagation speed of the wavefront at the obserinsguments. This isot the physical
propagation speed of the wavefront and is therefalied an apparent velocity. We start our
consideration by defining the quantities used IlfoWing:

d horizontal distances;

Ve crustal velocity (P or S wave, depending on thensie phase) immediately below the
array in [km/s];

i angle of incidence (see also Fig. 9.9);

Vapp  absolute value of the apparent velocity vectofkim/s] of a plane wave crossing an
array. Using Snell’s law it can easily be proveatttine apparent velocity is a constant
for a specific seismic ray traveling through a hontally layered Earth model (see
Fig. 9.10);

Vapp  @pparent velocity vector with its absolute valyg =1/s. v, = (v

Vv V

app,x? “app,y’ app,z)'
where (V1 Vam.y 1 Ve ) @r€ the single, apparent velocity components m/gk of

the wavefront crossing an array.

11
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The inverse of the apparent velocitys called slowness, which is a constant for a specific
ray. For local or regional applications the unistdwness is [s/km]. For global applications it
IS more appropriate to use the unit [s/°] and the/sess is then called the ray parameter. The
ray parameter of major seismic phases is usudiylaged for standard Earth models together
with the travel times as a function of distancenfrthe source. The following symbols are
used:

S slowness vector with its absolute valse1/v,, . s=(s,,s,,s,), where(s,,s,,s, )

X1y
are the single, inverse apparent velocity (= sl@sheomponents in [s/km]. Note,
because the vectaiis oriented in the propagation direction (in difee of ©, see Fig.
9.8), a plane wave with backazimuth 45° would haegative values for both
horizontal components;

S absolute value of the slowness vector in [s/kmd pfane wave crossing an array;
p ray parametemp = sl g, measured in [s/°], witlg = % 011119 [km/°].

The relation between the parameters of a plane wasidhe actual seismic signal is given by
the wavenumber vectdr

k wavenumber vector defined ask=«ls with the angular frequency
w=2[nlf =2[n/T measured in [1/s]T is the period and the frequency of the
seismic signal,

k absolute value of the wavenumber vedtatefined ask = wlu =2[nlf [s=2[n/A,
measured in [1/km]A is the wavelength of the signal and because ofatiedogy
betweerw andk, k is also called a spatial frequency.

A time delayg is the arrival time difference of the wavefrontween the seismometer at site

j and the seismometer at the reference site. Thetinieasurement is seconds with a positive
delay meaning a later arrival with respect to thienence site in the direction of the wave
propagatior®.

Assume a wavefront is propagating the distdrimetween time; and timet, (Fig. 9.9). Then,
if dis used for the horizontal distance between insémt 1 and 2 in [km], and if both
instruments are assumed to be at the same eleyvatomave:

I L . . -
r,=(,-t) :7, and the apparent velociyy, is then defined as a function of the incidence

c

anglei (Fig. 9.10):

d \Y
\Y; == 9.1
ot -t) sini ©.1)

12
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Fig. 9.10 A plane wave propagating with the velocityreaches the Earth’s surface. The
splitting of this velocity in a vertical componentand a horizontal componewy,, is directly
dependent on the incidence angldhe horizontal velocity component is only equaltiie
propagation velocity. for waves propagating parallel to the surfacealirother casesy, is
higher thanv. It is called the apparent velociy,, of the seismic wave.

Horizontal Plane

North
5 A

~

Direction of Propagation

Epicenter,
Direction of Approach

N N
.\\ d] \\

Wavefront at Time ]

Wavefront at Time 4

)

Fig. 9.11

lllustration (horizontal plane) of a plane waveoming from south-west

(backazimuth®d), crossing an array and propagating in a norttedgdirection®.

9.4.3 Plane-wave time delays for sites in the sarherizontal plane

In most cases, the elevation differences betweesitigle array sites are so small that travel-
time differences due to elevation differences aegligible (Fig. 9.9). We can assume,
therefore, that all sites are in the same horizgritane. In this case, we can not measure the
vertical component of the wavefront propagatione Mertical apparent velocity component

can then be defined ag,, , =infinite, and the corresponding slowness component becomes
s, =0. From Fig. 9.11 we see that the time detays] between the center sileand site4

with the relative coordinat€g,, ys) is

13
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d, r,tosh

Vapp app

T, = , with 1, =|r,|.

Now let us omit the subscrigt and evaluate further:

a+B+©=90°, rlico=d, ricosa=x, d= xlcosp
cosa
q= x[cos@0° —a - 0) _ x[(sina [cos@ + cosa [Sin©) _ x[-]wm:os@+xﬁ$in®
cosa cosa coza

d = x [£0sO + x [3inO = y[€0sO + x[$in©
X

With © =® +180C¢ (Fig. 9.8), we get for the horizontal distateeeled by the plane wave
d =-x[sin®-ylcosd.

Then, for any sitg¢ with the horizontal coordinate, y , but without an elevation difference
relative to the reference (center) site, we getithe delayz;:

d, -—X[sin®-y, [cosd
T, = = (9.2)

Vapp Vapp

These delay times can also be written in the ofsmdudormal vector syntax with the position
vectorr; and the slowness vectsias parameters. In this notation the delay timesdafined
as projection of the position vector onto the slesswvector:

T, =T, (s (9.3)

9.4.4 Plane-wave time delays when including the gkgion of sites

In some cases, not all array sites are locatechenpdane. Then the calculation of the time
delays becomes slightly more complicated. Riteas the relative coordinatés,,y.,,z,).

From Fig. 9.12 we see thatry+¢ =90°, z, =r, $inp, d, =r, [tosp, | =r, [€osy, and
I
T, :V—c.

z, [{sini [tosp + cosi [$ind)
sing

| =2 [tosy =

zZ, ey
sind o [€0s@0° —i —¢)

Omitting again the site number, we get:

14
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| = 205°%® (ini + zos = d (ini + z[os

sind

Using Eqg. (9.1) and Eq. (9.2), we get for the ttitak delay at sitg

. [sini [sin® -y, [sini [cos® + 7, [cod _ — x; [Sin® —y; [cosP 42 [cos (9.4)
v,

J
V. Vapp A

The time delays; now also depend on the local crustal velocitidsweg¢he given sitg and
not just on the parameters of the wavefrehtv,, ) . This is a clear disadvantage of an array
for which single sites are not located in one hmrtal plane and should be taken into account

during planning of an array installation. Writingese time delays in vector notation will
again result in Eqg. (9.3), but note, the vectoesraow three-dimensional.

Vertical Plane /7N

Horizontal Axis
in Direction of ©

Hypocenter, Wavefront at Time ]
Direction of Approach

Fig. 9.12 lllustration (vertical plane) of a plane wave ssimg an array at the angle of
incidence.

9.4.5 Beamforming

After deriving the delay times; for each station by solving Eq. (9.2) or Eq. (9fd) a
specific backazimuth and apparent velocity comlbomatwe can define a “delay and sum”
process to calculate an array beam. In the follgwue will use the shorter vector syntax of
Eqg. (9.3) to calculate time delays. The calculatelhy times can be negative or positive. This
is depending on the relative position of the sirgites with respect to the array’s reference
point and to the backazimuth of the seismic sighkdgative delay times correspond to a
delay and positive delay times correspond to amiackr of the signal.

15
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Let w,(r;,t) be the digital sample of the seismogram from jsaetimet, then the beam of
the whole array is defined as

b(t):ﬁiwj(tﬂj E‘B):ﬁiwj(Htj). (9.5)

This operation of summing the recordings of enstruments by applying the time delays
r [s is called beamforming.

Because we are using digitized data, sampled widkfmed sampling rate, we will always
need an integer number of samples in programming @®cp), that is, the term
t+r; (5=t+1, needs to be converted to an integer sample nurkloevever, to avoid alias
effects by following the rules of digital signalgeessing, it is sufficient for beamforming to
use the nearest integer sample, as long as thendting frequency is less than 25% of the
sampling rate.

If seismic waves were harmonic wav§$) without noise, with identical site responses, and
without attenuation, then a “delay and sum” with. E25) would reproduce the sign&(t)
accurately. The attenuation of seismic waves witdnnarray is usually negligible, but large
amplitude differences can sometimes be observedelet data from different array sites due
to differences in the crust directly below the si{see Fig. 4.34). In such cases, it can be
helpful to normalize the amplitudes before beamfogn

Our observations/(t) are, of course, the sum of background na{teplus signaKt), i.e.,
w(t) = S(t) +n(t) .

The actual noise conditions and signal amplitudter@inces will influence the quality of a
beam. However, because the noise is usually maaherent than the signal, we can try to
estimate the improvement of the signal-to-nois® @NR) due to the beamforming process.

Calculating the beam trace for M observations idiclg noise we get for the suBof all
traces with Eq. (9.5):

B(t):iwj(tﬂj E$):§:(Sj(t+rj (8) +n;(t+r, L$)).

j=1 j=1

Assuming that the signal is coherent and not a#ttad) this sum can be split and we get:

M
B(t) =M B(t) + Y \n, (t+r, ¥). (9.6)
j=1
Now we assume that the noise(r;,t has a normal amplitude distribution, a zero mean

value, and the same variancg at all M sites. Then, for the variance of the noise after
summation, we getr,”> = M [0 and the standard deviation of the noise in therbieace will

becomevVM 2. That means that the standard deviation of theenwill be multiplied only
with a factor of VM , but the coherent signal with the factdt (Eq. (9.6)). So, the
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9.4 Array beamforming |

improvement of the signal-to-noise ratio by thelégeand sum” process will bg¢ M for an
array containingM sites. The gain improveme@tof anM-sensor array can then be written as

G?’=M. (9.7)

9.4.6 Examples of beamforming

In Fig. 9.13 (top trace), we display a beam catealdby using the known apparent velocity
(Vap =100 km/s and backazimuth 158°) for the P-onset of wenein Greece recorded at

NORES at an epicentral distance of 21.5°. All 2Bigal sensors of the array have been used,
but only a few of the sensors in the NORES D-riagehbeen displayed. Note that the signal
on the beam is very similar to the individual sign&ut the noise changes both in frequency
content and amplitude level. The beam is made Wbguleing time delays for the given
slowness using Eq. (9.2), and in the summatiomefttaces, the individual traces have been
shifted with these delays.

1200.
Beam
1200.
NRD1
1200.
NRD2
1200.
NRD4
1200.
NRD5
1200.
NRD7
1200.
NRDS8
38, e AR
| | | T I T | | v T | | I | | | | | | I
30 35 40.

NRD9

25. . .
1995-234:01.03.25. NORES

Fig. 9.13 Selected NORES channels from an event in Grewtethe beam displayed as the
top trace (in red). All traces have equal amplitadale.

The next example in Fig. 9.14 shows the abilityaafays to detect small signals that are
difficult to detect with single stations. It show® tiny onset of a PcP phase recorded at the
GERES array from a deep focus event in the Tyrdreldea (h = 275 km) at an epicentral
distance of 9.6°. Note that although the signalecehce is low, the noise suppression on the
beam is clearly visible and the onset can be apdlyEZor the “delay and sum” process, data
from 20 sites of the GERES array were used, byt arslubset of the single traces is shown.
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Fig. 9.14 GERES beam (top trace in red) for a PcP onsereed at an epicentral distance of
9.6° from a deep focus event in the Tyrrhenian Sea.

9.5 Beamforming and detection processing

A major task in processing seismic data is thatetlecting possible signals in the data
samples collected from the seismometers. A “signaltefined to be distinct from the
background noise due to its amplitudes, differdrapg, and/or frequency contents; in other
words, the variance of the time series is increagieeh a signal is present. Statistically, we
can form two hypotheses: the observation is noisth@ observation is a signal plus noise.
The signal of a plane wave observed at differetessof an array should be more coherent
than random noise. If we assume that the time seeigorded are independent measurements
of a zero-mean Gaussian random variable, thennitbeashown that the hypothesis of the
recording being noise can be tested by measuri@gtwer within a time window. If this
power exceeds a preset threshold, then the hypstisealse, i.e., the recording is signal plus
noise. In practice, the threshold can not be catedl precisely and may vary with time as is
true for the background noise. But an approximatiorthis detector in seismology is to
estimate the power over a long time interval (LTA)d over a short time interval (STA).
Then the ratio STA/LTA, which is usually called s&i-to-noise ratio (SNR), is compared
with a preset threshold. If the SNR is larger ttfaa threshold, the status of detection is set to
“true” and we are speaking about a detected seisigial.

This kind of an STA/LTA detector was proposed bgiberger (1963), installed and tested
for the first time at LASA (van der Kulk et.al1965), and later installed at Yellowknife
(Weichert et al 1967) and at NORSAR (Bungum et, 41971). For complementary details on
STAJ/LTA trigger algorithm and parameter settingganeral see IS 8.1.
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9.5 Beamforming and detection processing |

At NORSAR we use a sum of the absolute values rathan squared values due to
computational efficiency; the difference in perfamee is minimal and the results are slightly
more robust. The definition of the short-term ageréSTA) of a seismic trace(t) is:

L-1
STA(t) :%DZ|W(t -j)| L =sampling rate[STAlength, (9.8)
i=0

the recursive definition of the long-term averalg€X) is:
LTA(t) =2 [BTA(t—¢€)+ (1-2°) LTA(t -1), (9.9)

whereg is a time delay, typically a few seconds, &ni$ a steering parameter for the LTA
update rate. The parameteis needed to prevent a too early influence ofatten-emergent
signals on the LTA. In the case of a larger sigttad, LTA may stay too long at a relatively
high level and we will therefore have problems ditg smaller phases shortly after this
large signal. Therefore the LTA update is forcedldewer the LTA values again by the
exponent.

The signal-to-noise ratio (SNR) is defined as:
SNR(t) = STA(t)/LTA(t). (9.10)

The STA/LTA operator may be used on any type adra signals or computed traces. That
means, the input time serie@gt njay be raw data, a beam, filtered data or a dittdreamL

is the number of points of the time seri@@ to)be integrated. The recursive formula for the
LTA means that the linear power estimate of thes@as based mainly on the last minute’s
noise situation, which is a very stable estimatee ihfluence of older noise conditions on the
actual LTA value and a weighting of the newest S/BAue can be defined by the factgrfor
which, e.g. at NORSAR, a value of 6.0 is useds Hlso advisable to implement a delay of

3 to 5 seconds for updating the LTA as compare8Té. A simpler implementation is to
estimate the LTA according to Eq. (9.8), but usamgintegration length that is 100 or 200
times longer for the LTA than for the STA. Howewehen detecting signals with frequencies
above 1 Hz, it is also recommended that the LTAukhoot be updated during the SNR is
above the detection threshold. This feature iseeasiimplement by using Eq. (9.9).

Fig. 9.15 and Fig. 9.16 demonstrate how the STA/Ldétector works for a single
seismogram. The direct P onset of this regionaheiesharp and clearly detected. However,
the P coda increases the background noise for pdtases and the SNR of these phases
becomes very small. In this case, the advantagesiofy an array to detect seismic signals
can be easily shown. The apparent velocities oPtlomsets and the S onsets are so different
that calculating the corresponding S beam will dase the P-phase energy and amplify the
S-phase energy (Fig. 9.17).

In Fig. 9.18, we display again the Greek event fiéign 9.13 with the “best” beanvi, =
10.0 km/s, backazimuth 158°) on top, together witams using the same apparent velocity
of 10.0 km/s but different backazimuths (0.0°, 90180.0° and 270.0°). Note the difference
in amplitudes of the beams for signal and noiseaBse the “best” backazimuth of 158° is
close to 180.0°, the top trace and the second franethe bottom differ only slightly.
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Fig. 9.15 The figure shows the LTA, STA and STA/LTA (= SNfRJces for a seismogram of

a regional event observed at the ARCES refereneeA&tAO0 (bottom). The seismogram was
bandpass filtered between 4 and 8 Hz. Note thgpstraset for the P phase with an SNR of
108.175.
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Fig. 9.16 As Fig. 9.15, but only for the time window aftee direct P onset. Note that due to
the P coda the noise and consequently the LTAdseased. Therefore the SNR of the S-
phase onsets becomes relatively small on thiseswettical trace.
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Fig. 9.17 As Fig. 9.16, but with LTA, STA and SNR calculdtier a beam optimized for the

first S onset. The beam is shown as the second fram the bottom. Compare the relative
amplitudes of the P-coda on the array beam andersihgle station seismogram at ARAQO,
which is shown at the bottom.
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Beam
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V 10. WMW\MW\A/VW/\,
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1200.
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1200.
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1200.
v 10, WMMW\WM\
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25. 30. 35. 40.
1995-234:01.03.25.

Fig. 9.18 NORES beams for the same event as in Fig. 9.118 different slownesses. All
traces have an equal amplitude scale and showarefil short-period data.
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Thus, Fig. 9.18 demonstrates fimaits of the slowness resolutiorfor small aperture arrays
like NORES. To find the “best” beam is, in prin@pla matter of forming beams with
different slowness vectors and comparing the aomgis or the power of the beams, and then
finding whichvagp-backazimuth combination gives the highest energshe beam.

In Fig. 9.19, the same beams as in Fig. 9.18 avenrshbut now filtered using a Butterworth
3rd order bandpass filter 2.0 — 4.0 Hz. When beamfay using Eq. (9.5), we can either filter
all the individual traces first and then beamfoonywe can beamform first, and then filter the
beam, which is faster by a factor given by the nemif sites minus one. Both procedures
should theoretically give the same result becaasebbdth beamforming and filtering the
superposition theorem of algebra is true. Howelamal noise conditions at single sites can
make it useful to filter the single traces first.the array detection process, several beams are
formed, and several different filters are used {Bale. 9.2). An STA/LTA detector is used on
each such beam, and as seen from Fig. 9.19, wegaiilla trigger on several beams. The
detector will compare the maximum STA/LTA (SNR) @rery beam within a (narrow) time
window, and usually report only the trigger wittethighest SNR. The influence of different
filters on the detectability of seismic signalsiso demonstrated in Fig. 9.35.

600.
Beam
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V 10.
BAZO0.
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V 10.
BAZ 90.
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V 10.
BAZ 180.

600.
V 10.
BAZ 270.

25. 30. 35. 40.
1995-234:01.03.25.

Fig. 9.19 This figure shows the same beams as in Fig. But8iltered with a Butterworth
bandpass filter 2.0 — 4.0 Hz. All traces have amégmplitude scale.

Fig. 9.20 (top trace) shows an incoherent beam,enigdfirst filtering the raw data, then
making STA time series of each trace and afterwandgismiming up the STA traces. The STA
traces can be time shifted using time delays fgivan slowness vector, but for detection
purposes when using a small aperture array, tmstimecessary since the time shifts will be
very small compared to the time length of the digAa incoherent beam will reduce the
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noise variance and can be used to detect signalsatk incoherent across an array. Such
signals are typically of high frequency.

200. b
Incoherent
Beam

200.
NRD1
STA

200.
NRD2
STA

200.
NRD4
STA

200.
NRD5
STA

200.
NRD7
STA

200.
NRD8
STA

200.
NRD9
STA

10. 20. 30. 40. 50.
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Fig. 9.20 lllustration of an incoherent beam (see text)alhhis shown on top (in red). The
other traces are STA time series. The selected NED&ttannels have been prefiltered with a
Butterworth bandpass filter 2.0 — 4.0 Hz. All tradgve an equal amplitude scale.

9.6 Array transfer function

The array transfer function describes sensitivitg eesolution of an array for seismic signals
with different frequency contents and slownessesieiVdigitizing the output from a
seismometer, we are sampling the wavefront of sngeisignal in the time domain, and to
avoid aliasing effects, we need to apply an ardisalg filter. Similarly, when observing a
seismic signal using an array, we obtain a spa#iaipling of the ground movement. With an
array, or a dense network, we are able to obsémwaevavenumbek =2n/A =2n[f [s of

this wave defined by its wavelength(or frequencyf) and its slowness. While analog to
digital conversion may give aliasing effects in time domain, the spatial sampling may give
aliasing effects in the wavenumber domain. Theeeftire wavelength range of seismic
signals, which can be investigated, and the seitgitat different wavelengths must be
estimated for a given array.

A large volume of literature exists on the theofyaaray characteristics, e.g., Somers and
Manchee (1966), Haubrich (1968), Doornbos and Hyes¢b972), Harjes and Henger (1973),
Harjes and Seidl (1978), Mykkeltveit et §1983, 1988), and Harjes (1990). How the array
transfer function can be estimated will be showthafollowing.
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Assuming a noise and attenuation free signal, tifference between a signal at the
reference site A and the signa] at any other sensor,Ais only the onset time at which this
plane wave arrives at the sensors. As we know Bolachapter 9.4, a plane wave is defined
by its propagation direction and its apparent vgoor in short by its slowness vectsy.
Thus we can write:

w, (1) =w(t-r, [$).

Following Eq. (9.5) the beam of an array wiMhsensors for a seismic signal with the specific
slownesss, is defined as

b(t) =ﬁiwj (t+r, (5,) = wt). (9.11)

The seismic signal at sensof 8f a plane wave for any other slownessan be written as
w, (t) =w(t —r, [$) and the beam is given by

b(t) :ﬁiwj (t+r, 3. (9.12)

If we calculate all time shifts for a signal withet (correct) slowness (Eq. (9.11)) with the
(wrong) slownesss (Eq. (9.12)), we get the difference for the sigral site A

w(t+r, s, —r, [5) =w(t +r, (s, —s)) and the calculated beam can be written as
1 M
b(t) :MZWj (t+r, s, - 9)). (9.13)
i=

This beam is now a function of the difference be&mvéhe two slowness valug¢s, —s ahd
the geometry of the array, . If the correct slowness is used, the beam cdkdilaith Eq.

(9.13) will be identical to the original signekt). The seismic energy of this beam can be
calculated by integrating over the squared ampdisud

o0

E(t) = sz(t)dtz [ {ﬁiwj(twj E{so—s))} dt . (9.14)

—0co

This equation can be written in the frequency domai using Parzeval’s theorem and the
shifting theorem:

2

) .
E(ws, - 9) =2—1T[ [ wr Ijl Z;e"‘mim% 9 g (9.15)
—oo j=

with w(w) being the Fourier transform of the seismognaft). Using the definition of the
wavenumber vectok = «[s, we can also writd, = wls,;:
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E(wk, —k) = %{ i|v_v(w)|2 [T (k, —k)|"dw, where
(9.16)

2
1 i gtk k)

C(k, ~ k) = m (9.17)

=1

Eq. (9.15) or Eq. (9.16) defines the energy of amayabveam for a plane wave with the
slownesss, but calculating the applied time shifts for a sh@sss. If the difference between
S ands changes, the resulting beam has different amgguéiowever, this dependency is
not a function of the actual signals observed atdimgle sites but a function of the array
geometry weighted with the slowness differengé(k, —k . If)the slowness difference is

zero, the fact0||C(k0 —k)|2 becomes 1.0 and the array is optimally tuned figg slowness.

All other energy propagating with a different slegs will be (partly) suppressed. Therefore
Eq. (9.17) is called the transfer function of aragr This function is not only dependent on
the slowness of the seismic phase observed with atray, but is also a function of the
wavenumberk (i.e., wavelength or frequency) of the observeghal, and of the array
geometry.

Some general rules about transfer characteristiasays can be formulated as follows:

1) The aperture of an array defines the resolubibthe array for small wavenumbers. The
larger the aperture is, the smaller the wavenumf@mrslownesses) is that can be measured
with the array. The upper limit for the longest whngthA that can meaningfully be
analyzed by array techniques is about the apeduwkthe array. The array responds like a
single station for signals with » a.

2) The number of sites controls the quality of éineay as a wavenumber filter, i.e., its ability
to suppress energy crossing the array at the samentith a different slowness.

3) The distances between the seismometers defenpdsition of the side lobes in the array
transfer function and the largest resolvable wawdrer: the smaller the mean distance, the
smaller the wavelength of a resolvable seismic @lah be (for a given seismic velocity).

4) The geometry of the array defines the azimufieddence of points 1 — 3.

Some of these points can be seen in the followivgyéxamples of array transfer functions.
Fig. 9.21 shows the transfer function of the creisaped Yellowknife array (YKA). Fig. 9.22
shows as another example the array transfer funaifothe circular, small aperture array
ARCES. The geometry of this array (see Fig. 9.¢pgia perfect azimuthal resolution, and
side lobes of the transfer function are far awaynfthe main lobe. However, because of the
small aperture, this array can not distinguish leetw waves with small wavenumber
differences, as can be seen in the relatively widen lobe of the transfer function. In
contrast, in the case of Yellowknife, the main Iabevery narrow because of the larger
aperture of the array. This results in a higheoltg®n in measuring apparent velocities. But
the array shows resolution differences in differeaimuths, which are caused by its
geometry. The many side lobes of the transfer fancare the effect of the larger distances
between the single array sites.
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Details on array design for the purpose of maxingzihe gain achievable by beamforming
can be found in 9.8.1.

In the next sections we will introduce “f-k analysiand “beampacking” methods. In
principle, it is all a matter of forming beams wilifferent slowness vectors and comparing
the amplitudes or the power of the beams, and flmehing out which vap-backazimuth
combination gives the highest energy on the beam,to find out which beam is the “best”
beam. In f-k analysis the process is done in teguency domain rather than in the time
domain.
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Fig. 9.21 This figure shows the array transfer functiorit@ cross-shaped Yellowknife array
(see Fig. 9.3). Plotted is the relative power of trray response normalized with its
maximum.
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Fig. 9.22 This figure illustrates the array transfer fuontiof the circular ARCES array (see
Fig. 9.1). Shown is the relative power of the arragponse normalized with its maximum.
White isolines were plotted at -1, -3, -5, -7, arffldb below the maximum of the array
response.

9.7 Slowness estimation using seismic arrays

9.7.1 Slowness estimate by f-k analysis

A description of frequency-wavenumber analysis -k ‘dnalysis” — may be found in Capon
(1969). This method has been further developedhdttude wide-band analysis, maximum-
likelihood estimation techniques, and three-compobrtata (Kveerna and Doornbos, 1986;
Kveerna and Ringdal, 1986; ddegaard gt1&90).

The f-k analysis is used as a reference tool fomesing slowness; f-k analysis is done in the
frequency domain, and a time shift in the time dioma equivalent to a phase shift in the
frequency domain. The principle is beamforminghe frequency domain for a number of
different slowness values. Normally we use slowegs$som -0.4 to 0.4 s/km equally spaced
over 51 by 51 points. For every one of the 260h{saihe beam power is evaluated, giving an
equally spaced grid of 2601 power points.
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Such a power grid is displayed in Fig. 9.24 with ghowness ranging from -0.2 to 0.2 s/km;
the unfiltered data used are shown in Fig. 9.23 Ppbwer is displayed by isolines of dB
down from the maximum power. A process is used wiwdl find the maximum power in
the grid, and the corresponding slowness vectireisesulting estimated slowness.

The f-k plot in Fig. 9.24 also represents the caoloded relative power of the multichannel
signal for 51 by 51 points in slowness space. Beedhe f-k analysis is a frequency-domain
method, one has to define an interesting frequeacge. In our case the data were analyzed
in the frequency range between 1.2 and 3.2 Hz. gdek level is found at an apparent
velocity 20.3 km/s, backazimuth 83.4°. The nornedizelative peak power is 0.96. This
measure tells us how coherent the signal is betwedifferent sites and that a beam formed
with the corresponding slowness will give a signalver that is 0.96 times the average power
of the individual sensors. This means that tharegd beam signal will have practically no
signal loss for this slowness and in this filtendeas compared to individual sensors. The
isolines tell us that using any different slownesk give a signal loss of maximum 10 dB.
The equivalent beam total power is 84.22 dB.

An uncertainty of the estimated apparent velocitg Aackazimuth can be derived from the
size of the observed power maximum in the f-k plo& given db level below the maximum,
the SNR of the signal, and the power differencavbeh the maximum and an eventually
existing secondary maximum in the plot.

110000.0 I
NRAO_sz
110000.0
NRD1_sz
110000.0
NRD2_sz
110000.0
NRD4_sz
110000.0
NRD5_sz
110000.0
NRD6_sz
110000.0
NRDS8_sz
110000.0
NRD9_sz

0. 5. 10. [s]
1995-135:04.14.41.2 NORES

Lop Nor 1995-135:04.05.58.7 (origin time)

Fig. 9.23 NORES recordings (raw data) of a Lop Nor explosom May 15, 1995. Traces
from the center site AO and the D-ring instrumearessshown at the same scale.
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NORES (f-k analysis)

Isolines: dB below maximum

0.20
0.15
! . 10 R
0.10 1 s i 09 ¢
7 08
Z 0.05- ! 07 ¢
> i
V>J, 0.6 v
w 0.00 0.5
8 04 ©
q !
2 -0.05 0.3 g
7 % 0.2
w
-0.10 3 ! o1 ¥
015 | - 00 T

-0.20 m

-0.20-0.15-0.10-0.05 0.00 0.05 0.10 0.15 0.20
Slowness Sx (E-W)

Frequency band: 1.20- 3.20 Hz

Vel: 20.3 km/s, p: 5.47 s/deg, Azi: 83.4 deg
Pwr: 0.96, Abs. pwr: 84.22, Quality: 1
Time: 1995-135:04.14.462 +3.0 s

Fig. 9.24 Result from wide-band f-k analysis of NORES diatan a 3 second window
around the signal shown in Fig. 9.23. The isoliaes in dB from maximum peak and the
color-coded relative power is a measure of signhecence.

9.7.2 Beampacking (time domain wavenumber analysis)

An alternative to the technique described abotkaeseampacking scheme, i.e., to beamform
over a predefined grid of slowness points and nreathe power. As an example see Fig.
9.25, where we used the same NORES data as fdikthealysis in Fig. 9.24. All data were
prefiltered with a Butterworth 1.2 — 3.2 Hz bandpé#ter to make the results comparable
with the f-k result in Fig. 9.24. To obtain a siamiresolution as for the f-k analysis, the time
domain wavenumber analysis requires a relativedi Bample rate of the data. Therefore, we
oversampled the data in this example 5 times srpadation, i.e., we changed the sample
rate from 40 to 200 Hz.

One can see from the beamforming process that tyergetically the same slowness estimate
as for the f-k analysis in the frequency domaing(F.24). In the time domain case, the
relative power is the signal power of the beamthar peak slowness divided by the average
sensor power in the same time window. The total ggoof 91.45 dB in Fig. 9.25 is the
maximum beam power.

Compared to the f-k process used, the resultiraj pmwer is now 6 dB higher, which is due

to the measurement method, and not a real gaineMenwthe beamforming process results in
a slightly (about 10%) narrower peak for the maximpower as compared to f-k analysis.
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NORES (Beampacking)
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Fig. 9.25 Result from beampacking of the NORES data in Bi@4 in an equispaced
slowness grid. The data were prefiltered in thedbh2 — 3.2 Hz and were resampled to 200
Hz. The isolines represent power of each beam mvitie 3-second window analyzed.

9.7.3 Slowness estimate by time picks

Yet another way of estimating slowness is to cdlsefoick times of the first onset or any

other common distinguishable part of the same pksm®e cycle) for all instruments in an
array. Assuming again that the wavefront is plame,may use Eq. (9.18) to estimate the
slowness vectas by least squares fit to the observations.

Let t; be the arrival time picked at siteandt,¢ be the arrival time at the reference site, then
T, =t —t, is the observed time delay at sitdVe observe the plane waveMtsites. With

M =3, we can estimate the horizontal componésfss,) of the slowness vectarby using

least squares techniques.Mf > 4, the vertical component of the slowness vecgrcan also
be resolved. The uncertainties of the estimatedrpatrers can be calculated in parallel with
solving the equation system of Eq. (9.18).

i(ri -1, [3)> =min (9.18)

i=1

This method requires interactive analyst work. Hesveto obtain automatic time picks and
thereby provide a slowness estimate automaticabhniques like cross-correlation (matched
filtering) or just picking of peak amplitude withia time window (for phases that have an
impulsive onset and last two or three cycles) mnayded.
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Fig. 9.26 NORSAR recording of the Lop Nor explosion of MHy, 1995. Vertical traces (sz)
from the sites 02B0, 01B5, 02C4, and 04C5 of theRISAR array (see also Fig. 9.2) are
shown at the same amplitude scale. Note the lange delays as compared to the smaller
NORES array in Fig. 9.23. The figure illustratessimple time pick procedure of the
individual onsets. A plane wave fit to these 4 ¢risee measurements gives an apparent
velocity of 16.3 km/s and a backazimuth of 77.5°.

9.7.4 Time delay corrections

Calculating time delays using;, =r,[$ is a simplification, ignoring both elevation of
instruments and the fact that seismic waves arglaoe waves over an array of diameter of
e.g., 60 km. We have to introduce a correctitm. The deviation from plane-wave time
delays is caused by instrument elevation differerase inhomogeneities in the Earth.

Including elevation when calculating time delaysiase in section 9.4.4 may compensate for
the deviation due to elevation differences. Hismly, and for convenience, elevation
corrections have not been used for NORSAR arraynbmaning. Instead, time delays have
been calculated as plane-wave time delays plusraatmn:

T, =1 [$+AT,. (9.19)
A database with time delay corrections was estaddisthat corrected for both elevation
differences and inhomogeneities, and this datalsasgll in use (Berteussen, 1974). So, for

all beamforming, including each point in the beaakag process, the delays are corrected
according to Eq. (9.19). The corrections depend. on
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A method to determine velocity heterogeneities tyerting such deviations of observed
onset times from the theoretical plane wave wa®ldped at NORSAR, the so-called ACH
method (Aki, Christofferson, and Husebye, 1977).

9.7.5 Slowness corrections

When observing the backazimuth of an approachingewave find deviations from the
expected backazimuth. In addition, the observedoeagmeter will also be different from the
theoretical one. This observation is valid for @ejsmic station. If the deviation is systematic
and consistent for a given source location (or kregion), we can correct for this deviation.
If the predicted slowness g and the observed slownesssiqFig. 9.27), then the slowness
deviation is

As=s -s,. (9.20)

It is also common to use the ray parameter p gsit] the backazimuth BAZ [°] as slowness
vector components and to express the residuals as:

Ap = p, - p, andABAZ = BAZ - BAZ, . (9.21)

However, every array has to be calibrated withous corrections. Numerous studies have
been performed to obtain slowness corrections fifierdnt seismic arrays (see e.g.,
Berteussen, 1976 and for the reference lists ing&riand Weber, 1992 or in Schweitzer,
2001b). Usually the derivation of slowness cormwi for the whole slowness range
observable with one array needs a large amounbwwésponding data and therefore some
time.

)

As

Y Sy

Fig. 9.27 Slowness vector deviation in the horizontal plartee vectors. denotes theoretical
slowness. The vectax, denotes observed slowness. The vedier denotes the slowness
residual, also referred to as mislocation vectbe Tength of the slowness vector measured in
[s/°] is the ray parameter p, and the angle betwWémnth and the slowness vector, measured
clockwise, is the backazimuth BAZ.
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9.7.6 The correlation method used at the UKAEA arrgs

As discussed in 9.6, the array transfer functiothef UKAEA array YKA shows strong side
lobes along a rectangular grid (see Fig. 9.21)s Hffect can be observed at all orthogonal
linear or L-shaped arrays (Birtill and Whiteway659. To improve the lower resolution along
these principal axes, a correlation method has lh@eoduced. In a first step, theoretical
beams are separately calculated for each of the ssimometer lines; the geometrical
crossing point of the two linear subarrays is uaedhe common reference point for both
beams. If the actual signal has the same slowresiseaslowness used to calculate the two
beams, the signal must be in phase on both bearre.skcond step calculating the cross-
correlation between the two beams tests this cemdiThe correlator trace is calculated for a
short, moving time window. This non-linear proceassvery sensitive to small phase
differences and improves the resolution of suchyariespecially along the principal axes of
their transfer functions (for further details se&it®way, 1965; Birtill and Whiteway, 1965;
Weichert et al., 1967).

9.7.7 The VESPA process

A method to separate signals propagating with wlffe apparent velocities is the VElocity
SPectrum Analysis (VESPA) process. The principakidf this method is to estimate the
seismic energy reaching an array with differentvslesses and to plot the beam energy along
the time axis. The usual way to display a vespaggto calculate the observed energy for
specific beams and to construct an isoline ploth&f observed energy for the different
slowness values. The original VESPA process wasekdffor plotting the observed energy
from a specific azimuth for different apparent \oifi@s versus time (Davies et,al971). Fig.
9.28 shows as an example the vespagram for a niast im the Khibiny Massif (Kola
Peninsula) observed with the ARCES array. The wgrdend blasting of about 190 tons of
explosives occurred on December 21, 1992 at O7dtQufle 67.67°, longitude 33.73°) at
about 3.55° epicentral distance from ARCES. Allrhsavere calculated with the theoretical
backazimuth of 118°, and the seismograms were lzeasdfiitered between 2 and 8 Hz. Fig.
9.28 shows two of the filtered seismograms usechtoulate the vespagram. The energy for
the different slowness values was calculated faeB8onds-long sliding windows moved
forward in 0.5 s steps. The observed energy wasaaed with the maximum value and the
isolines were plotted as contour lines in [db] belbis maximum. Note that the first two P
onsets both have a slowness of about 0.125 s/kmadent to an apparent velocity of 8 km/s:
Pn and a superposition of onsets from several arygtases. The S phases are clearly
separated from the P phases in slowness; Sn watbvaness of about 0.225 s/km (apparent
velocity of about 4.44 km/s) and the dominatingdlgase with a slowness of about 0.28 s/km
or an apparent velocity of about 3.57 km/s.
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Fig. 9.28 Vespagram for a mining explosion (December 2B21®7:10; lat. 67.67°, lon.
33.73°) in the Khibiny Massif observed at ARCESo®h is the observed seismic energy for
different apparent velocities (slownesses) and restemt backazimuth of 118°. For further
details see text.

Later the concept vespagram was expanded by matti@ observed energy from different

azimuths using a specific apparent velocity. Fig99%hows an example for such a plot for
the same event in the Khibiny Massif as for Fi@¢89.Instead of a constant backazimuth, a
constant apparent velocity of 8 km/s was used lkeutze the beam energy from all azimuth

directions. Note also that the noise contains gnwith apparent velocities around 8 km/s,

but this noise approaches the array from a diftebackazimuth (310°), and the crustal P
phases show a slight shift in the backazimuth doacrelative to the first mantle P phase

(Pn).
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Fig. 9.29 As Fig. 9.28 but the energy is now calculateddf@onstant apparent velocity of 8
km/s (i.e., a slowness of 0.125 s/km) and diffettkazimuths.

9.7.8 The n-th root process and weighted stack methods

A non-linear method to enhance the SNR during geniforming is the so-called n-th root
process (Muirhead, 1968; Kanasewich et 4P73; Muirhead and Datt, 1976). Before
summing up the single seismic traces, the n-thisocdlculated for each trace by retaining the
sign information; Eq. (9.5) then becomes:

1/N

B, (t) = ﬁZ\wj (t+1 j)\ Sgnum{w, (t)} , (9.22)
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where the value of the functiomgnum{w; (t)} is defined as -1 or +1, depending on the sign

of the actual sampley, (t .)After this summation, the beam has to be raisatié power oN,
again retaining the sign information:

by (t) =[By (t)|" Egnum{B,, (t)} (9.23)

N is an integerN = 2, 3, 4, ....) that has to be chosen by theyahal'he n-th root process
weights the coherence of a signal higher than thglisudes, which results in a distortion of
the waveforms: the largeN, the less the original waveform of the signal reserved.
However, the suppression of uncorrelated noisetitebthan with linear beamforming.

Schimmel and Paulssen (1997) introduced anothedlinear stacking technique to enhance
signals through reduction of incoherent noise, Whsbows a smaller waveform distortion
than the n-th root process. In their method, thedr beam is weighted with the mean value of
the so-called instantaneous phase of the actuadlsihe phase term itself follows a power
law, which can be defined by the analyst. With hhsse-weighted stack all phase-incoherent
signals will be suppressed and small coherent Egmé be relatively enhanced.

Instead of the instantaneous phase, Kennett (300@psed the usage of the semblance of the
signal as weighting function. He applied this aggionot only on one (vertical) component
of the observed wave field but also jointly on thitee components. For this, he could also
take into account the cross-semblance betweenhtke tomponents of ground movement.
He achieved a similar resolution to the methodatfi®mel and Paulssen (1997).

An easy implementable weighted stack method wo@ddoweight the amplitudes of the
single sites of an array with the SNR of the sigmtathis site before beamforming, but this

does not directly exploit the coherence of the aigiacross the array. All described stacking
methods can increase the slowness resolution pageams (see 9.7.7).

9.8 Array design for the purpose of maximizing theSNR gain

Signal detection at array stations is governecheygiain that can be achieved in the signal-to-
noise ratio (SNR) through the process of beamfagmihhis subsection provides some

guidance as to how an array can be designed tonmmeithis gain. Other aspects of array
design have been dealt with elsewhere in this enapt

9.8.1 The gain formula

The SNR gairG by beamforming achievable from seismic array databe expressed by

GP=dl (9.24)
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whereCj; is the signal cross-correlation between senisanglj of an array angy; is the noise
cross-correlation between sensorand| (see 9.4.5). For ai-sensor array, this formula

collapses to the well-known relation & = N for perfectly correlating signals, =1 for
alli andj) and uncorrelated nois@(=0fori # j andp; =1fori = j).

For any array geometry it is thus possible to mtethe array gain if the signal and noise
cross-correlations are known for all pairs of sessd the array layout. The remainder of this
subsection describes how to design an array bas#teavailability of such correlation data.

- -

2000 m

Fig. 9.30 The figure shows the first layout for the expesnts eventually leading to the 25-
element NORES array in Norway in 1984.

9.8.2 Collection of correlation data during site srveys

Correlation data for use in the design phase shbaldollected in a carefully planned site
survey. The sensor layout during the survey shdiddplanned so to represent as many
intersensor distances as possible. The first lafgouhe experiments eventually leading to the
deployment in 1984 of the 25-element NORES arraManway utilized only 6 sensors, in a
rather irregular geometry, as shown in Fig. 9.30.

The deployment for the collection of the correlattata should be done in as simple a way as
possible and should take advantage of outcroppaagdezk where possible. The layout should
preferably comprise ten sensors or more. If, howefe@ example only six sensors are
available for the site survey, one could startwith a configuration something like that of
Fig. 9.30 and record data continuously for about areek. At the end of this one-week
period, one could redeploy four of the sensorsraadrd data for another week. Two of the
sensors would then occupy the same locations fethire two-week recording period and
would provide evidence (or lack thereof) of coresigly in the results between the two one-
week periods. The largest intersensor separatipresented in these data should be, if
possible, of the order of 3 km.

The experience from the design of the NORES artaywed that the signal and noise
correlation curves obtained from the early expentagwith six, and later twelve sensors)
possessed most of the characteristic features laun qualitatively resembled the curves
derived later on from configurations comprising mamore sensors (up to 25).
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9.8.3 Correlation curves derived from experimentabtata

In the processing of the data from the site sureeyss-correlation values must be computed
for all combinations of sensor pairs of the expental layout. Consider, for example, a

geometry of six sensors. This geometry comprisesnigue pairs of sensors. Consider also a
short interval of say 30 seconds of noise data ésake no signal is contained in this time

window) and compute the cross-correlation valuesfxh of the 15 unique pairs of sensors
(no time shifts are to be introduced for this cotagion). The time series are first bandpass
filtered so as to derive the correlation valuesmé particular frequency (or frequency band).
The 15 correlation values are then plotted in gndiagram, where the x-axis represents the
intersensor separation and the y-axis the coroglatalue (a figure between -1.0 and +1.0),
resulting in a plot as shown in Fig. 9.31.

Cross-correlation
[ J

O Q |
° Intersensor separation [km]

Fig. 9.31 Noise cross-correlation values for a test lay§lé sensors.

When plotting the cross-correlation values as ation of sensor separation only and thus
disregarding possible directional dependenciesjmaticit assumption is made of azimuthal

symmetry in wavenumber space, over a longer tirterval. This assumption is justified by

the NORES experience, which shows that only aivelgt small scatter is exhibited in the

correlation data.

Computations of the kind described above should bks done for signals, which for the
purpose of this section will be assumed to be Pewdalthough design strategies for the
detection of S-type phases will be similar to thdescribed here). A recording period of 14
days or so during the site survey hopefully shdaddsufficient to record a reasonable number
of representative P-wave arrivals. The time winddas these computations should be
relatively short (5 seconds or so) to capture thteecent part of the signal arrival. Signal time
series must be aligned in accordance with the bgjoaness (phase velocity and direction of
approach) before the cross-correlation is compuigdin, the time series must be filtered in
a relatively narrow band around the peak frequeridiie signal being considered. A plot like
the one shown in Fig. 9.32 would result from thigain assuming a six-sensor layout with 15
unique combinations of sensor pairs.

»

Cross-correlation
[ )
[ ]
[ J
[ J
[ J

|
Intersensor separation [km]

38



9.8 Array design for the purpose of maximizing the SNR gain |

Fig. 9.32 P-wave cross-correlation values for a test lagb@ sensors.

Computations as described above should be repéatedrious time intervals for the noise,
and for various P arrivals recorded during the siterey. Then, for each frequency interval of
interest, all data (both noise and signal correhatiata) should be combined in one diagram
for the purpose of deriving curves (based on imtlaon) that are representative of that
frequency interval, and that would provide coriielatvalues for all intersensor separations.
These diagrams might then appear as shown in B8, h which the upper curve represents
the signal correlation and the lower curve the eaisrrelation.

>

Cross-correlation

|
Intersensor separation [km]

Fig. 9.33 Signal (upper) and noise (lower) correlation esrvepresenting experimental data
collected for a test array.

For the noise correlation curve in Fig. 9.33 torbpresentative for 2 Hz, for example, the

noise data should be filtered in a band where 2sHiose to the lower limit of the passband,

due to the spectral fall-off of the noise. A pasgbaf 1.8 — 2.8 Hz might be appropriate for

the noise, but actual noise spectra for the sitquiestion should be computed and studied
before this passband is decided on. To generatmal €orrelation curve representative for 2

Hz, signals should be used that have their speptraks close to this frequency, and some
narrow passbands centered on 2 Hz should be applibe data. These curves would then be
used to predict gains for various array desigrdetsiled below.

It should be noted that the rather pronounced negatinima for the noise correlation curves
(as schematically represented in Fig. 9.33) arsistently observed for the NORES array. It

is the exploitation of this feature that provides fjains in excess of/N , commonly
observed at the NORES array (or subgeometriesdferé should also be noted that this
feature of negative noise correlation values isananhiversal one; e.g., Harjes (1990) did not
find consistently such pronounced negative miniordtie GERES test array in Germany.

9.8.4 Example: A possible design strategy for a€lement array

As an example of application of the design idealirmd above, let us consider practical
aspects of the design of a 9-element array. Semeralarrays to be built for the International
Monitoring System (IMS) for CTBT monitoring will coprise 9 elements. A useful design
for a new 9-element array would be one for whiokréhare 3 and 5 elements equidistantly
placed on each of two concentric rings, respectjvelus one element at the center of the
geometry, as shown in Fig. 9.34.
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Fig. 9.34 The figure shows a possible design for a 9-el¢rmeny.

The elements on the two rings should be placedssio avoid radial alignment. If the five
elements of the outer ring are placed at 0, 72, 248 and 288 degrees from due north, the
elements of the inner ring might be placed at 3&, 4nd 276 degrees, as shown in Fig. 9.34.
Within this class of design, the problem at hanthiss to find the radii of the two rings that
for a given site would provide the best overallagrgain. To constrain the design options
even further, one might consider adopting the NORESgn idea, limited to these two rings.
The radii of the four NORES rings are given by fibvenula:

R=R, [215',(n= 0123) (9.25)

For NORESRyi» = 150 m. For the design problem at hand, dfly, the radius of the inner
ring, remains to be determined from the correlatiata, whereas the radius of the outer ring
would then be 2.15 times the radius of the innag.ri

The final step in the procedure outlined here isdmpute expected gains for various array
designs within this class of geometries. To thisl,eone must determine which signal
frequencies are of the largest importance withnet¢@mthe detection capability of the array at
the site under study. Assuming that three P-waymasifrequencied;, f, andfs, (e.g., 1.8, 2.5
and 3.5 Hz) have been identified, these shouldakent into account in the computations to
derive the optimum array geometry. We would themehavailable from the site survey
empirically-based correlation curves in analytical tabular form that would provide
correlation values fomll intersensor separations of interest. The gains &snetion of
frequency for various values of the param&gf, could then be computed using the formula
for the array gain and the correlation values defisrom the correlation curves, for the
relevant intersensor separations. The results e$ethcomputations could be tabulated as
indicated in Tab. 9.1.
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Tab. 9.1 The table provides the gains by beamforming aelike by different values of the
parameteRmin.

Ruin[M] |Gain () [dB] |Gain () [dB] |Gain (5) [dB]
200 3 6 8
300 4 8 9
400 5 9 7
1000 |9 7 4

Note that for the lowest frequency considergl, (t might pay in terms of array gain to
exclude the elements of the inner ring from thengaamputations (since noise correlation
values for low frequencies may be high for manysseipairs involving sensors of the inner

ring).

The optimum geometry would correspond to the valul., that gives the best overall gain
in Tab. 9.1. This judgment would be based on soppFopriate weighting scheme for the
frequencies considered.

The procedure outlined here could be generalizeaddlass of designs for which the radii of
the two rings are varied independently. Gain valuesld then be tabulated as shown in Tab.
9.1, but there would now be a sequence of tabksh(@ble would represent a fixed radius of
one of the two rings). The search for the optimwargetry would then be performed across
all these tables.

9.9 Routine processing of small-aperture array datat
NORSAR

9.9.1 Introduction

By way of example we will explain now the main ig@&s of the automatic routine processing
of data from the regional arrays at NORSAR (Fye&912001).

The array processing is divided into three steps:

» Detection Processing (DP), i.e., perform STA/LTAgdgering on a number of
predefined beams;

» Signal Attribute Processing (SAP), i.e., perforgnsil feature extraction of detected
signals; and

« Event Processing (EP), i.e., perform phase assmtjaklocation processing and
event plotting.

We have earlier pointed out the importance of beamihg and filtering for signal
enhancement. Fig. 9.35 shows ARCES data with orteeoseismometer outputs filtered in
different filter bands. An important feature seeont this figure is that the regional seismic
phases Pn and Lg have their best SNR in diffenagfuency bands. So to be sure to detect
both phases, we should use several filter band#endetector recipe. Fig. 9.18 showed
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different beams for the same P-wave signal. Therathportant lesson is that we need beams
for various slowness vectors to detect the signalMykkeltveit et al (1988) and in Kvaerna
(1989), it is shown that different combinationsseinsors, for example, within the NORES
array give different noise reduction for variousduency bands. The lesson is that it is not
always optimal to use all seismometers of the atoajorm a beam; rather one should in
general use different sub-configurations, tailaethe signal frequencies.

ARAY _sz 548,50

977.63

ARAD_=s=7

1437 . B

ARAD =z

ARAY _sz 465,20

ARERO_=z F79.60
ARAO_== 917,67
ARAY =z 1872.0

J3.240 03,40 04,94 04.20 04,40 0&5.00 035.20 540 D&.00

Fig. 9.35 The bottom trace of the figure shows raw datanfrostrument AO at the center of
the ARCES array. The next traces from bottom to dop data from the same instrument
filtered with 3rd order Butterworth bandpass fitersing frequency bands 0.5 - 1.5 Hz, 1.0 —
3.0Hz,2.0-4.0Hz,4.0-8.0 Hz, 6.0 — 12.0&ix] 8.0 — 16.0 Hz, respectively.

Now we have three parameter sets that make upnthé for the STA/LTA detector: the
specific array configuration to use for the bedme, slowness vector to use for the beam, and
the filter band to use for the beam. Note that coeld also use just a single seismometer
instead of a beam. Based on experiments, a lithede parameters has been compiled at
NORSAR that constitute a “detector recipe” withg.e.numerous beams using different
slownesses, different configurations, and diffefdtér bands. For a large signal, the detector
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program will trigger on many beams, and the progwéathuse a detection reduction process
to report only one detection for each signal.

As an example, a detector recipe listing the erte@am set composed of 254 beams for the
online processing of data from the SPITS arrayt iasn use at NORSAR, is included in Tab.
9.2. The complete process is illustrated by usidgta example from the ARCES array.

Tab. 9.2 The detection beamset for the SPITS array as asBDRSAR. THR is the SNR

threshold used to define a detection and “all” nsetimat the whole SPITS array (SPAO,
SPAl, SPA2, SPB1, SPB2, SPB3, SPB4, and SPB5)dad ts form this beam (from

Schweitzer, 1998).

BEAM | VELOCITY BACKAZIMUTH FILTER THR SITES
NAMES| [km/s] [deq] (verticals only)
bandpass [Hdrder
S001 99999.9 0.0 0.8-2.0 4 4.5 SPAQO SPB1 SPB3SiPB4 SPBY
S002 99999.9 0.0 0.8-2.0 4 4.5 all
S003 99999.9 0.0 1.0-3.0 3 4.5 SPAQO SPB1 SPB3SiPB4 SPBY
S004 99999.9 0.0 1.0-3.0 3 4.5 all
S005 99999.9 0.0 2.0-40 3 4.0 SPAQO SPB1 SPB3SPiB4 SPBY
S006 99999.9 0.0 2.0-40 3 4.0 all
S007 99999.9 0.0 3.0-5.0 3 4.0 SPAQ SPB1 SPB3SPiB4 SPBY
S008 99999.9 0.0 3.0-50 3 4.0 all
S009 99999.9 0.0 0.9-35 4 4.5 SPAQO SPB1 SPB3SiPB4 SPBY
S010 99999.9 0.0 0.9-35 4 4.5 all
S011 99999.9 0.0 1.0-4.0 3 4.5 SPAQO SPB1 SPB3SiPB4 SPBY
S012 99999.9 0.0 1.0-4.0 3 4.5 all
SAQ1 — SA04 10.0 090 180 270 1.0-3.0 3 4. SBRB1 SPB2 SPB3 SPB4 SPB5
SAQ5 — SA08 10.0 45 135 225 315 1.0-3.0 3 4. all
SAQ9 — SA12 10.0 090 180 270 25-4.5 3 4. SBRB1 SPB2 SPB3 SPB4 SPB5
SA13 — SA16 10.0 45 135 225 315 25-45 3 4. all
SAL7 — SA20 10.0 090 180 270 4.0-8.0 3 4. SBRB1 SPB2 SPB3 SPB4 SPB5
SA21 — SA24 10.0 45 135 225 315 4.0-8.0 3 4. all
SA25 — SA28 10.0 090 180 270 3.0-6.0 3 4. SBRB1 SPB2 SPB3 SPB4 SPB5
SA29 — SA32 10.0 45 135 225 315 3.0-6.0 3 4. all
SBO1 — SB04 7.0 090 180 270 1.0-4.0 3 4. SHABISSPB2 SPB3 SPB4 SPH5
SBO05 — SB08 7.0 45 135 225 315 1.0-4.0 3 4.5 all
SB09 — SB12 7.0 090 180 270 3.0-6.0 3 4. SHABISSPB2 SPB3 SPB4 SPH5
SB13 — SB16 7.0 45 135 225 315 3.0-6.0 3 4.p all
SB17 — SB20 7.0 090 180 270 5.0-10.0 3 4. SEPB1 SPB2 SPB3 SPB4 SPB5
SB21 - SB24 7.0 45 135 225 315 5.0-10.0 3 4p all
SCO01 — SC04 5.0 090 180 270 1.0-4.0 3 4.p SHRILSSPB2 SPB3 SPB4 SPH5
SC05 — SC08 5.0 45 135 225 315 1.0-4.0 3 456 all
SC09 — SC12 5.0 090 180 270 3.5-5.5 3 4.p SHRLSPB2 SPB3 SPB4 SPH5
SC13 — SC16 5.0 45 135 225 315 3.5-55 3 40 all
SC17 — SC20 5.0 090 180 270 5.0 -10.0 3 4.p SFB1 SPB2 SPB3 SPB4 SPR5
SC21 — SC24; 5.0 45 135 225 315 5.0-10.0 3 410 all
SC25 - SC28 5.0 090 180 270 8.0-16.0 3 4p SH781 SPB2 SPB3 SPB4 SPB5
SC29 — SC32 5.0 45 135 225 315 8.0-16.0 3 410 all
SD01 — SD08 4.0 045 90 135 180 225 270 315 0.8-3 4 4.5 all
SD09 — SD16 4.0 045 90 135 180 225 270 315 3.0-6 3 4.0 all
SD17 — SD24 4.0 0 45 90 135 180 225 270 315 4.0-8 3 4.0 all
SE01 — SE08 3.3 0 45 90 135 180 225 270 315 1.5-3 3 4.5 all
SE09 — SE16 3.3 045 90 135 180 225 270 315 3.0-6 3 4.0 all
SE17 — SE24 3.3 045 90 135 180 225 270 315 5@M0- 1 3 4.0 all
SF01 — SF08 2.5 045 90 135 180 225 270 315 1.0-4 3 4.5 all
SF09 — SF16 2.5 045 90 135 180 225 270 315 20-4 3 4.0 all
SF17 — SF24 2.5 045 90 135 180 225 270 315 3.0-5 3 4.0 all
SNO1 8.4 97.6 2.0-4.0 3 3.7 all
SNO2 8.4 97.6 3.0-5.0 3 3.7 all
SNO3 8.4 97.6 4.0-8.0 3 3.7 all
SNO04 8.4 97.6 6.0-12.0 3 3.7 all
SNO5 8.4 97.6 8.0-16.0 3 3.7 all
SNO6 4.7 97.6 2.0-4.0 3 3.7 all
SNO7 4.7 97.6 3.0-5.0 3 3.7 all
SNO8 4.7 97.6 4.0-8.0 3 3.7 all
SNO09 4.7 97.6 6.0 -12.0 3 3.7 all
SN10 4.7 97.6 8.0 -16.0 3 3.7 all
SGO01 - SG12 2.0 0 30 60 90 120 150 180 210 24BATB3I 1.5-3.5 3 4.5 all
SG13 — SG24 2.0 030 60 90 120 150 180 210 24BATB3I 25-45 3 4.0 all
SG25 — SG36 2.0 030 60 90 120 150 180 210 24BATB3I 35-55 3 4.0 all
SM01 — SM12 1.7 030 60 90 120 150 180 210 2403R0033( 1.0-3.0 3 4.5 all
SM13 — SM24 1.7 030 60 90 120 150 180 210 2403R0033( 2.0-4.0 3 4.0 all
SM25 — SM36 1.7 030 60 90 120 150 180 210 240300033 3.0-6.0 3 4.0 all
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9.9.2 Detection Processing — DP

The DP process continuously reads data off a disk br any other continuous database and
uses beamforming, filtering, and the STA/LTA detedb obtain detections (triggers). The
DP program produces, e.qg., for the array ARCES (AR@I for the day of the year (DOY)
199, 1996, the file ARC96199.DPX.

The following list gives some example lines fronstfile. The file contains the name of the
detecting beam (e.g., FO74), the time of detecti®9:16.03.49.3), the end of the detection
state (199:16.03.53.1), the maximum STA (242.4,ltA at the time of detection (10.27),

the SNR (STA/LTA = SNR = 23.601), and the numbeb@ims detecting (37). The detecting
beam reported (here FO74) is the one beam, norraatlypf many beams, that detected this
signal with the highest SNR.

FHO4 199@16,02,18,6 - 02,19,9 106,52 32,15 3,313 1
FHO4 199316,02,39,1 - 02,39,6 116,09 435,91 2,644 1
FHO4 199:;16,02.44.4 - 0Z2,48.6 296,52 G6,63 5,236 5
F10l 199:;1e,02.55,5 - 02,596,3 175,40 335,59 9.221 3
Ford 199:16,035,49,3 - 03,53,1 242,40 10,27 23,601 37
FHOZ 199:;16,04,32,9 - 04,35,9 291,46 73,01 43,992 5
FHOZ 199:l1e,.04.46,.4 - 04,50,9 297,87 75,23 A.960 24
FHO4  199:16,09.57,6 - 09,58.9 80,86 24,07 5,359 2

The key parameters reported are the beam codéigher time, and the SNR = STA/LTA.
The beam code points to a file (see Fig. 9.36)ainimg information on beam configuration,
slowness and filter used. The format of a detectiotput is not important. The important
thing is to create a list of detections that cam$ed for further analysis.

THR = 4.000
BF1 = 3.500
BF2 = 5.500

BMVEL = 11.100

BMAZI= 150.000

REFLAT = 69.535

REFLON = 25.506

REFELE = 403.000

REFSIT = ARAO_sz

SELECTED CHANNELS : ARAO_sz ARB1_sz ARB2_sz ARB3_sz ARB4_sz ARB5_sz
ARC1_sz ARC2_sz ARC3_sz ARC4_sz ARC5_sz ARC6_sz ARC7_sz

Fig. 9.36 Example of the contents of a file with the parterethat characterize beam F074.
THR is the SNR detection threshold, BF1 and BF2tlagelower and the upper limits of the
bandpass filter applied, BMVEL and BMAZI are thepapent velocity and the backazimuth
for this beam, REFLAT, REFLON, and REFSIT define tieference site of the beam, and
SELECTED CHANNELS lists the site configuration.

9.9.3 Signal Attribute Processing — SAP

This process sequentially reads detections from .BRX file and performs for every
detection an f-k analysis to estimate apparentcitglcand backazimuth. The estimated
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velocity and backazimuth is referred to as “obsérsi®ewness”. Waveform segments for the
analysis are again read from a disk loop or angraflatabase.

A special version of the EP program is used andyres, e.g., for array ARC, DOY 199,
1996 the file ARC96199.FKX. The key parameters regubin the .FKX files are the signal
onset time, the beam code, the SNR, the estimdteunsss, the signal amplitude and
frequency, and the phase identification based erslitwness estimate.

Some lines from ARC96199.FKX are listed below. En¢ries are the arrival id number (e.qg.,
25), the estimated onset time (199:16.03.48.408), difference between trigger and onset
time (0.89), the beam name (F074), the SNR (282&),apparent velocity from f-k analysis

(7.4), the preliminary phase name by automaticatiysidering apparent velocity and three-
component polarization analysis (Pgn, which meaiteere Pg or Pn), the estimated

backazimuth from f-k analysis (122.5°), the relatpower from f-k analysis (0.72, a number
between 0.0 (no coherence) and 1.0 (perfect cobereorrelation)), the f-k analysis quality

indicator (2, 1=best, 4=poor), the estimated domtirfieequency in Hz (4.85), the maximum

amplitude in counts (476.9), the maximum STA of tletection (242.4), the polarization

analysis IP, IS (0 and -3, respectively), the poddion analysis rectilinearity (0.69), the

horizontal/vertical ratio (0.49), the inclination(41.26°), and the polarization inclination 3

(73.94°).

H 199:16.02.18.314 0.29 FHO4 3.3 2,4 nois 256.5 0.33 4 9,22 336.2 106.5 1 -3 0.77 0,68 22,88 B83.77
10 199:16,02, 36,964 2,14 FHO4 2.6 2,4 nois 247.8 0,38 3 9,93 439.5 116.1 1 -3 0.79 0,25 4,92 83,30
15 199:16,02, 43,039 1,36 FHO4 5.2 2,4 nois 243,3 0,59 3 9,80 931.2 296,5 1 -3 0,56 0,49 14,66 88,32
20 199:16,02,54, 915 0,58 F101 5.2 2,4 nois 236,7 0,861 3 9,85 1019.8 175,4 0 0 -1,00 -1,00 -1,00 -1,00
25 199:16,03,48,409 0,89 FO74 23,6 7,4 Pgn 122,05 0,72 2 4,85 476,9 242,4 0 -3 0,69 0,49 41,26 73,94
30 199:16.04.32.160 0.74 FHO3 4.0 5.4 Lk 117.7 0.32 3 6.38 596.6 291.5 Dd_sz 0.57 1.07 61.00 74,64
35 199:16,04,45,785 0.61 FHOZ 4,0 4.1 LG 127.4 0,27 3 5,07 531.9 297,9 Dd_sz 0.48 1.36 58,36 54.76
40 199:16,09,55,770 1,83 FHO4 3.4 2,4 noisg 197.7 0,44 4 9,33 227.5 80,9 -1 -2 0,70 1,23 85,50 72,81
45 199:16,10,38,771 1.73 Floe 4.8 2,5 nois 222,0 0,52 3 8,38 230.,4 59,7 o 2 0,88 2,38 81,32 28,00

Fig. 9.37 shows raw data for the detection repoatetme 199:16.03.49.3 (see detection list).
The signal attribute process will use this detectime to select a 3 second wide time window
starting 0.5 second before the detection time. ddta from all vertical seismometers within
this time window will then be used for f-k analystsobtain the true apparent velocity of the
signal. The result from the f-k analysis is showrig. 9.38. This process is repeated for all
detections and Fig. 9.39 shows the data intervéctsl for the Lg detection. The
corresponding f-k analysis results are shown in 8ig0. In automatic mode, of course, the
EP program will not display any graphics. The fegirare only produced for illustration
purposes. However, the capability of displayinguhssgraphically at any step of a process is
essential to be able to develop optimum recipespanadmeters. The EP program may output
results into flat files or a database.

For a large array like NORSAR we can, on the bakthe phase identification and measured
slowness, get a distance by screening a slownbks dad thereby a location using distance
and backazimuth. This is a relatively minor openmatin terms of CPU power, so with every
detection a corresponding location is providechand¢ase of NORSAR processing.

For the large array NORSAR, we may choose betwemamborm f-k analysis and the

beampacking process. The benefit of using beampgaidther than frequency domain f-k
analysis is that for every point in slowness spaee,can use time delay corrections and
obtain a calibrated slowness.
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Selected F/K time window 23,58 to 26,58 prefiltered highpass 0.6 Hz order 1
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Fig. 9.37 The figure shows raw data from all the verticabsiometers of the ARCES array.
The time interval contains the Pn phase of a redi@vent. The vertical bars define a 3
second time window that is used for the f-k analysi

ARCES (Pn-phase window)

Isolines: dB below maximum

O <= —0 "

Slowness Sy (N-S)

= oo

-0.4
-04 -03 -02 -01 00 01 02 03 04
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Frequency band: 3.50- 5.50 Hz

Vel: 7.44 km/s, p:14.93 s/deg, Azi: 122.5 deg
Pwr: 0.72, Abs. pwr: 39.46, Quality: 2

Time: 1996-199:16.03.47.9 +3.0 s

Fig. 9.38 Result of the broadband f-k analysis from thadat~ig. 9.37, pertaining to the Pn-
phase interval.
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Selected F/K time window 23,10 to 26,10 prefiltered highpass 0.6 Hz order 1
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Fig. 9.39 The figure shows raw data from all the vertibsiometers of the ARCES array.
The time interval contains the Lg phase of a regli@vent. The vertical bars define a 3
second time window that is used for the f-k analysi
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Pwr: 0.27, Abs. pwr: 35.56, Quality: 3

Time: 1996-199:16.04.44.5 +3.0 s

Fig. 9.40 Result of the broadband f-k analysis from theadatFig. 9.39, pertaining to the
Lg-phase interval.
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9.9.4 Event Processing — EP

This process sequentially reads all detections fitwen.FKX file. Whenever a detection with
an apparent velocity greater than, e.g., 6.0 km/$ound, it is treated as P. Additional
detections are searched for, and if additionalaetes are found with backazimuth estimates
not more than, e.g., 30° from the first detectiod a detection time not more than 4 minutes
from the first detection, they are used as assettidetections. If detections with an apparent
velocity less than 6.0 km/s are found, then theyterated as S (Sn, Lg). If phases within 4
minutes and backazimuth deviation of less thanv@@i a first P and an S later are found,
then they are treated as observations from a rabewent. A location routine, which uses the
backazimuth information, is used to locate the aegi event. More details on these topics

here are given in Mykkeltveit and Bungum (1984).

The result is written in the file ARC96199.EPX farray ARC, DOY 199, 1996. The key

parameters reported are the origin time, the hymeceand the magnitude for each located
event, and onset time, amplitude and frequency, ,38m code, and apparent velocity for
all associated detections. For each declared eaengvent plot may be created (see Fig.

EPX 10 1996-199:16,02,51,231 Lat 67,37 Lon 33,48 Azi 122,73 Dst 404,25 A 602,77 . 0,327 £ 5,07 ML 1,01
FKX 25 Phasze PN at 1996-199:16,03.48.409 vel 7.40 azi 122,50 rpw 0.720 9 2 & 0,268 f 4,85 fhand 3.50 5,50
I T T T T T T | T T T T T T T T T T T T | T T T T T T T
PH SN[ Ll | | [ |
ARAD_=z m 7B, 91
AFBl1_=s=z m 682,23
ARE3_=sz m o L atspioniole £99, 54
ARB4_sz if et
o m o
ARC1_sz m e v 842,54
ARC3_sz st I b fas b o 818,59
Im
ARCS_sz '||. lll - ot lisonnly ol " oo, 14
ARCE_=z m 670,85
ARC7 _sz 702,00
N : - o
FHOZ tbpdiiariapad - 388,66
| | | | | | | | | | | | | | | | | | | | | 1 | | | | | | | 1 | 1 1 1 | 1
16.04 16.05 16.06 16.07 16.08 16.09

Fig. 9.41 Regional event plot for final documentation.
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Some lines from ARC96199.EPX are listed below. \Wdven an event is declared, a location
is performed and reported with two lines (HYP arfelXit that contain event number (10),

origin time (199:16.02.51.2), latitude (67.369Yn¢itude (33.479°), ML (1.01), distance in

[km] (404.3), backazimuth (122.7°), fixed depth YOFhe associated phases are listed
thereafter, and for the Pn phase we have the idbau25), the arrival time (199:16.03.48.4),

the station name (here FRS, the old NORSAR intecnde for ARCES), the phase name
(PN), the maximum amplitude in [nm] (0.268), theresponding dominant frequency in [Hz]

(4.8), the SNR (23.6), the beam name (F074), tiparanmt velocity (7.4), the backazimuth

(122.5°), and an explanatory code from the locapimtess. LOCATE means that this phase
was used for location, ASSOC means that this omastassociated but not used in location,
Tele means that this phase is interpreted as aetstaic onset, Noplot3ci means that this
phase was not used for any event definition. Theafi-name” aVG means that the

corresponding arrival time is used for measuring #mplitude for ML, and the apparent

velocity is the group velocity in that case.

5 199:16,02,18,3 FRS nois 0,145 9,2 3.3 FHO4 2,4 256,5 Moplot3ci
10 199:16,02,37,0 FRS nois 0,194 9.9 2,6 FHO4 2,4 247,8 Moplot3ci
15 199:16,02,43,0 FRS nois 0,409 9.8 5,2 FHO4 2,4 243.3 Moplot3ci
20 199:16,02,54.9 FRS nois 0,448 9.9 5.2 F101 2,4 236,7 Moplot3ci
10 HvP 724 EUROPEAM USSR
10 199:16,02,51,2 EPX 67,369 33,479 1,01 404,3 122,7 oF
25 199:16,03,48,.4 FRS FH 0,268 4.8 23.6 FO74 7.4 1225 LOCATE
30 199:16,04,32,2 FRS SH 0,278 6.4 4,0 FHOZ 5.4 117.7 LOCATE
10 199:16,.04, 44,6 MAG ML 0,327 5.1 B02.8 avhk 3.6 122,7 LOCATE
35 199:16,04,45,8 FRS LG 0,288 5.1 4,0 FHOZ 4.1 127.4 LOCATE

The above example identifies one group of phasdls backazimuth around 123° that are
within 4 minutes. The first phase within the grdwgs regional P-wave apparent velocity, and
it is followed by a phase with regional S appanezibcity. Those are the criteria for defining

an event.

9.10 Operational or planned seismic arrays

Tab. 9.3 below lists operational or planned seisani@ys as of September 2002. The
following symbols have been used:

U array, which is part of the International Monitayi System (IMS) to monitor
the Comprehensive Nuclear-Test-Ban Treaty (CTBT) Huoclear tests as a
primary or auxiliary station;

* circular array of NORES type design;

b array of UKAEA type design.

Free fields in Tab. 9.3 indicate that values aretgebe determined or are unknown to the
authors of Chapter 9. Fig. 9.42 shows a map witaredys listed in the table.
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Tab. 9.3 List of operational or planned seismic arrays @September 2002)

CODE LAT [°] LON [°] | HEIGHT | NUMBER OF| APERTURE| NAME
[km] ELEMENTS [km]

ABKT 37.9304 58.1189 0.67¢ Alibek [
AKASG 50.4 29.1 26 Malin O
ALAR 65.0653 -147.5639 0.626 6 Alaska Long-Period
APAES 67.606[1 32.9931 0.20( 9 1 Apatity *
ARCES 69.5349 25.5058  0.403 25 3 ARCESS[O *
IASAR -23.6664 133.9044 0.607% 20 10 Alice Springs(]
BAO -15.6349 -47.9915 1.211 12 Brasilia **
BCAR 63.0656 -141.785 0.847 5 Beaver Creek
BMAR 67.4289 -144.58Q7 0.75¢ 5 Burnt Mountain
BMO 44,8489 -117.30%6 1.18¢4 Blue Mountains
BRLAR 39.7 33.6 1.4 8 Keskin Long-Period
BRSAR 39.7250 33.6389 1.44( 7 Keskin
BRVK 53.0581 70.2828 0.315 Borovoyel
CBAR 69.1266 -105.1120 0.04( 23 Cambridge Bay
CM1 45,933y -93.3527 0.324 6 Central Minnesota
CMAR 18.457% 98.9429 0.307% 24 56 Chiang Maill
EKA 55.3317 -3.1592 0.263 20 9 Eskdalemuii] **
ESDC 39.6755 -3.9617 0.753 26 40 Sonsecd]
FINES 61.4436 26.0771 0.15( 16 2 FINESSO *
FLAR 54,7188 -101.99%8 0.224 19 Flin Flon
GBA 13.6042 77.4361 0.68¢ Gauribidanur **
GERES 48.8451 13.7016  1.137 25 4 GERESS] *
GRF 49,6900 11.2200 0.50( 13 100 Grafenberg
HFAO 60.1420 13.6850 0.274 10 1 Hagfors[]
HILR 49.5440 119.7450 0.4 9 4 Hailar O
HLBN Haleban
ILAR 64.7714 -146.88d6 0.414 20 Eielson[] *
IMAR 65.983" -153.7491 0.377 5 Indian Mountain
IR1 35.4164 50.6888 1.347 7 Iran Long-Period
JAVM 48.¢ 106.8 Javhlant]
KSAR 37.4211 127.8844 0.104 37 Wonju [
KURK 50.7153 78.6203 0.184 21 Kurchatov
KVAR 43.9557 42.6952 1.196 4 0.3 Kislovodsk[]
LSU1 30.073B -91.9821  -0.0243 5 -0.023 Parcperdue
LUXOR 26.( 33.0 Luxor O
LZDM 36.09] 103.8¢4 1.4 9 4 Lanzhou
MKAR 46.7937 82.2904 0.614 10 4 MakanchiOl
MJAR 36.541y 138.2088 0.427 7 10 Matsushiro[]
MMAI 33.0 35.4 0.4 Mount Meron (Parod] *
NSD 65.1944 18.8185 2 5 1 Nasudden (Mald)
NOA 61.039Y 11.2148 0.717% 42 60 NORSAR[O
NORES 60.7358 11.5414 0.307 25 3 NORESS *
NTA 37.2788  -116.4367 1.99¢6 Nevada Test Site
NVAR 38.429¢ -118.3036 2.047 14 Mina [
PARI 33.6% 73.252 Parill
PDAR 42,766 -109.5579 2.214 14 4 Pinedale (Boulder)!
PDYAR 59.6553 112.44(08 0.484 Peleduy
PETKA 53.02 158.65 0.15 Petropaviovsk]
PKF 35.881B -120.4185 0.464 Parkfield
RCO1 61.0894 -149.73p7 0.374 Rabbit Creek
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SB1 31.2]1 -105.4378 1.57( Sierra Blanca
SONM 47.8083 106.4167 Songong
SPITS 78.1777 16.37p0 0.323 9 1 Spitsbergeri] *
TXAR 29.3338  -103.6670 1.013 9 4 Lajitas *
USK 44.28 132.08 0.3 UssuryiskO
'VNA2 -70.9252 -7.3927 0.350 16 2 Neumayer-Watzmanin
WRA -19.9426 134.3394 0.419 24 25 Warramungd] **
YKA 62.4937 -114.6053 0.197 20 25 Yellowknife [0 **
ZAL 53.94 8480 0.2 Zalesovall
(Niger) O
(Saudi Arabia)]l
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Fig. 9.42 The map shows locations of operational and pldnseismic arrays (as of
September 2002).

Acknowledgments

The authors thank John B. Young (Blacknest) forineép of contributions from the old days
of array seismology in Great Britain, and PeterrBamn, Brian Kennett, Frank Scherbaum,
and Lyla Taylor for critical reviews of the manugtr This is NORSAR contribution No.

685.

51



|9. Seismic Arrays

52



