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SUMMARY

We examine localization processes of low magnitude seismicity in relation to the occurrence of
large earthquakes using three complementary analyses: (i) estimated production of rock dam-
age by background events, (ii) evolving occupied fractional area of background seismicity and
(iii) progressive coalescence of individual earthquakes into clusters. The different techniques
provide information on different time scales and on the spatial extent of weakened damaged
regions. Techniques (i) and (ii) use declustered catalogues to avoid the occasional strong
fluctuations associated with aftershock sequences, while technique (iii) examines developing
clusters in entire catalogue data. We analyse primarily earthquakes around large faults that are
locked in the interseismic periods, and examine also as a contrasting example seismicity from
the creeping Parkfield section of the San Andreas fault. Results of analysis (i) show that the
M > 7 Landers 1992, Hector Mine 1999, El Mayor-Cucapah 2010 and Ridgecrest 2019 main
shocks in Southern and Baja California were preceded in the previous decades by generation
of rock damage around the eventual rupture zones. Analysis (ii) reveals localization (reduced
fractional area) 23 yr before these main shocks and before the M > 7 Diizce 1999 earthquake
in Turkey. Results with technique (iii) indicate that individual events tend to coalesce rapidly
to clusters in the final 1-2 yr before the main shocks. Corresponding analyses of data from
the Parkfield region show opposite delocalization patterns and decreasing clustering before
the 2004 M6 earthquake. Continuing studies with these techniques, combined with analysis of
geodetic data and insights from laboratory experiments and model simulations, might improve
the ability to track preparation processes leading to large earthquakes.

Key words: Earthquake interaction, forecasting, and prediction; Statistical seismology; Dy-

namics and mechanics of faulting.

1 INTRODUCTION

Laboratory fracturing experiments with heterogeneous materials not
dominated by a pre-existing failure surface indicate that large fail-
ure events are preceded by a long phase of distributed deformation,
followed by a complex progressive localization that culminates with
macroscopic instabilities producing the large events (e.g. Lockner
et al. 1991; Paterson & Wong 2005; Renard et al. 2019). Joint
analyses of acoustic emission and time-dependent tomography in
fracturing experiments document the development of damage zones
during the approach to macroscopic instabilities around the even-
tual system-size ruptures (Stanchits et al. 2006; Aben et al. 2019).
Active crustal regions have heterogeneous fabric and large faults
that evolved and localized in earlier deformation phases (e.g. Ben-
Zion & Sammis 2003; Schulte-Pelkum ez al. 2020). However, some
large earthquakes occur on faults without clear localized traces be-
fore the events, as exemplified by the M > 7 (1992 Landers, 1999
Hector Mine, 2019 Ridgecrest) earthquakes that occurred in the

last three decades in the Eastern California shear zone. In addition,
laboratory experiments (e.g. Dieterich & Kilgore 1996; Nakatani
& Scholz 2004; Johnson & Jia 2005) and in situ observations (e.g.
Wu et al. 2009; Yu et al. 2013; Pei et al. 2019) indicate that faulted
materials have rapid (partial) recovery of properties between fail-
ure events that is enhanced with increasing confining pressure (and
hence depth).

Creeping fault sections that move more-or-less continuously
rather than being locked in long interseismic periods remain local-
ized. However, such fault sections are rare, especially in continental
regions where large earthquakes pose significant societal hazard.
The progressive recovery of non-creeping seismogenic faults dur-
ing the interseismic periods implies partial delocalization, which
should be correlated with the restrengthening and relocalization be-
fore subsequent large earthquakes. Simulations of coupled evolution
of earthquakes and faults in a viscoelastic damage rheology model
produce localization of deformation before large events and related
results consistent with these expectations (e.g. Lyakhovsky et al.
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1997, 2011). The model results include long interseismic periods
with small events that occur in broad zones, localization of defor-
mation leading to large events, and subsequent interseismic peri-
ods with partial strength recovery and distributed deformation (e.g.
Ben-Zion et al. 1999; Ben-Zion & Lyakhovsky 2002; Lyakhovsky
& Ben-Zion 2009). Since the duration of large earthquakes is tens
of seconds to minutes, while interseismic periods last hundreds to
thousands of years (or more), large faults are generally in different
phases of interseismic periods during almost all times.

In the last few decades there were several M > 7 earthquakes
in Southern California (SoCal), but most major faults in SoCal
are in interseismic periods and are associated with seismicity (e.g.
Hauksson et al. 2012; Cheng et al. 2018) and geodetic deformation
(e.g. Wdowinski et al. 2001; Kreemer et al. 2014, 2018; Shen et al.
2015) in zones that are tens of kilometres wide. During the occur-
rence of large earthquakes, these deformation regions localize to
become large rupture zones with widths that range from submetre
(e.g. Chester et al. 1993; Rockwell & Ben-Zion 2007) to hundreds
of meters (e.g. Johnson et al. 1997; Fletcher et al. 2014; Milliner
et al. 2015). Analysis of geodetic and seismic data in the Western
United States shows progressive localization of deformation and
increasing rate of moderate to large earthquakes in the region (Zeng
et al. 2018). An improved ability to track the evolving localization
of deformation and seismicity might allow monitoring pre-rupture
processes and improved forecasting of large earthquakes.

In this paper, we attempt to develop refined techniques for
analysing localization of brittle deformation manifested by rock
damage production and seismic activity with a focus on the plate-
boundary region in SoCal (Fig. 1). We apply these techniques to
track and quantify preparation processes leading to large earth-
quakes using three complementary approaches: (i) Localization of
rock damage generated by ongoing background seismicity, (ii) Lo-
calization of seismic deformation manifested by evolving fractional
area with earthquake activity and (iii) Coalescence of earthquakes
into growing clusters. We examine seismic catalogues from SoCal,
Parkfield section of the San Andreas fault and region around the
1999 epicentre of the Diizce earthquake in Turkey. The study is part
of an effort to improve the understanding of processes leading to
large earthquakes and developing robust methods for analysing the
dynamics of seismicity.

There is a long history of efforts to forecast large earthquakes
with various methods including procedures related to localization
of deformation. These include the M8 and related algorithms (e.g.
Keilis-Borok & Kossobokov 1990; Keilis-Borok & Soloviev 2003),
analysis of cumulative Benioff strain (e.g. Bufe & Varnes 1993;
Mignan et al. 2006), the EEPAS (Every Earthquake a Precursor Ac-
cording to Scale) algorithm (e.g. Rhoades & Evison 2004, 2005) and
analyses of related patterns such as the Mogi doughnut (Mogi 1969).
These and other algorithms did not lead to significantly improved
ability for operational forecasting of large earthquakes, because of
the inherent complex dynamics of earthquakes combined with the
limited and noisy available data (e.g. Ben-Zion 2008). Procedures
that are robust to spatio-temporal fluctuations associated with af-
tershock sequences, data incompleteness and common catalogue
errors are needed to improve the monitoring of approaching large
earthquakes. The goals of this study are to develop and implement
such procedures.

Ben-Zion & Zaliapin (2019) used basic earthquake scaling rela-
tions and fracture mechanics results to estimate the production of
cumulative rupture volume (rock damage) by a population of earth-
quakes. This is done by converting the magnitude of each event
to the scalar seismic potency using the empirical scaling relation

of Ross et al. (2016), estimating the rupture area of the event as-
suming a circular crack following the solution of Eshelby (1957)
and average strain drop Ae = 10~*, assuming a width that is 1/500
the rupture length based on theoretical and simulation results (Ben-
Zion & Ampuero 2009), and summing over the examined event
population. Applying the methodology to SoCal indicated that on-
going declustered (background) low magnitude earthquakes gen-
erate zones of rock damage that are concentered around the San
Jacinto fault zone, the South Central Transverse Ranges, a NW—-SE
trending zone denoted in Fig. 3 as Eastern SoCal and several other
regions. The results also showed that the /7.3 1992 Landers and
several other moderate earthquakes were preceded by generation
of rock damage around their eventual rupture zones. The damage
estimates use only low magnitude background seismicity to pro-
vide comparative spatial results representing the long-term average
interseismic behaviour in all parts the study area.

Fig. 2 extends the space—time domain considered by Ben-Zion
& Zaliapin (2019) to include seismicity leading to the 2019 Ridge-
crest earthquake sequence in the Eastern California shear zone and
to have better coverage around the El Mayor-Cucapah 2010 earth-
quake in Baja CA. The regions around the rupture zones of the M7.1
Ridgecrest and M7.2 El Mayor-Cucapah main shocks are seen to
have elevated rock damage generated by the ongoing background
seismicity in the previous decade or so. The observations suggest
that progressive generation of rock damage in connected zones by
background seismicity may represent a regional weakening process
that allows large ruptures to occur. This is consistent with damage
rheology model results, where ongoing events increase the back-
ground damage and large earthquakes can occur only when the
background damage is high enough over large connected regions
(e.g. Lyakhovsky et al. 2001; Ben-Zion & Lyakhovsky 2002; Kur-
zon et al. 2019).

In the next two sections we describe the data (Section 2) and meth-
ods (Section 3) used in our efforts to quantify evolving localization
of seismicity in the crust. The results are described in Section 4
and discussed in Section 5. Most analysed data are associated with
earthquakes recorded around large seismogenic faults capable of
producing large M > 7 events. For context we also examine seis-
micity from the area around the 2004 M6 Parkfield earthquake in
the creeping section of the San Andrea fault. The results from the
Parkfield area display contrasting tendencies to those associated
with the large seismogenic faults.

2 DATA

2.1 Earthquake catalogues

We analyse primarily seismicity of Southern California using the re-
located catalogue of Hauksson ef al. (2012, extended to later years).
A version of the catalogue for the time interval 1 January 1981-30
June 2019 used in this study is available at the SCEC data centre
https://scedc.caltech.edu/eq-catalogs/. The overall catalogue com-
pleteness magnitude is between 2 and 3 (Zaliapin & Ben-Zion 2013)
and may differ in space and time depending on the quality of the seis-
mic network. The catalogue includes three M > 7 earthquakes (M7.3
Landers 1992, M7.1 Hector Mine 1999, M7.2 El Mayor-Cucapah
2010) and 14 M > 6 events. The used catalogue ends five days
before the M7.1 Ridgecrest earthquake of 5 July 2019 (local time),
to focus on the preparation process leading to the event. We also
analyse the relocated Northern California catalogue of Waldhauser
& Schaff (2008) and Schaft & Waldhauser (2005) that covers the
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Figure 1. Map of the examined seismicity in Southern California according to the catalogue of Hauksson ef al. (2012), extended to 2019.5 and declustered
according to Zaliapin & Ben-Zion (2020). SCTR stands for South Central Transverse Ranges. See figure legend for other notations.

Parkfield segment of the San Andreas fault, updated for the period
1984-2010. The completeness magnitude in the examined region
is about M, = 2.5 and the catalogue includes one moderate event:
the M = 6.0 Parkfield earthquake of September 28, 2004. Finally,
we use a detailed local catalogue of Seeber et al. (2000) based on a
dense temporary near-fault network to examine seismicity around
the epicentre of the 12 November 1999, M = 7.2 Diizce earthquake
on the North Anatolian fault in Turkey. We consider earthquakes
with M > 1.5 (M > 1.0 for Diizce) and use epicentre locations since
the depth of events is less constrained than the horizontal locations.
The earthquakes in the examined catalogues are declustered using
the nearest-neighbour methodology of Zaliapin & Ben-Zion (2020).

2.2 Effects of location errors

The average horizontal location error for the estimated background
events in the catalogue of Hauksson ef al. (2012, extended to later
years) is 0.48 km, which exceeds almost fivefold the rupture length
of an M,, = 2 earthquake and is comparable to the rupture length of
an M,, = 3 earthquake (Ben-Zion 2008). The location errors change
systematically in time and space (Zaliapin & Ben-Zion 2015). In

particular, the average location error for background events de-
creases almost linearly from 0.54 km during 1981-1991 to 0.37 km
during 2010-2019, because of corresponding improvements in the
density of seismic stations (Fig. S1). Quasi-linear trends of the av-
erage location error are also observed in individual regions, each of
which is characterized by its own region-dependent average error
(Fig. S1).

The time-changing location errors have several effects relevant
for the analysis done in this study. Specifically, gradually improv-
ing locations may cause artificial localization of the spatial event
distribution. Indeed, if the actual spatial distribution of earthquakes
remains the same, but location error decrease with time, the event
distribution will become progressively a localized version of that
at earlier times. This effect is particularly strong if the events are
concentrated along low-dimensional structures (e.g. quasi-linear
faults), so the proportion of space occupied by events may decrease
with time solely because of improved locations. Other localization
metrics considered in our analysis (Sect. 3) are also affected by
changing location errors. In addition, Zaliapin & Ben-Zion (2015)
showed that decreasing location errors produce statistically smaller
spatial separation between parent and offspring events. This leads
to larger proportion of events that are identified as clustered and
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Figure 2. Estimated damage volume 7 in km> yr ~! (colour code) projected at the earth surface. The damage is estimated using background events with
magnitude 2 < M < 4 during 1981-2019.5 shown by dots. The damage values are clipped at 5 x 10> and values below 5 x 107° are transparent.

correspondingly smaller proportion of background events. This can
affect results discussed in this work based on the estimated back-
ground events.

To avoid these artefacts, we focus on local space—time fluctua-
tions of the background events that are not correlated with (or even
go against) the decreasing trend of the location errors. For con-
text we also show results associated with long-term changes in the
distribution of background seismicity, but emphasize that such re-
sults must be critically checked against location error artefacts. The
general complexity of the examined phenomena and existence of
artefacts related to evolving data quality motivate us to use a set of
complementary measures to assess earthquake localization (Section
3). The different measures are applied with a range of parameters
and only observations that are suggested robustly by several mea-
sures are interpreted as likely reflecting genuine processes.

3 METHODOLOGY

3.1 Absolute and relative localization of measures

We aim to quantify the absolute and relative localization in spatial
distributions of background earthquakes as a function of time. In-
tuitively, absolute localization measures the difference between a

given spatial measure and the uniform measure with the same sup-
port. The relative localization of measure P with respect to measure
Q reflects two simultaneous phenomena: (i) measure P is more lo-
calized in the absolute sense than Q (i.e. P is further away from the
uniform measure than Q), and (ii) both measures concentrate within
the same spatial areas.

We analyse localization using the receiver operating characteris-
tic (ROC) framework (e.g. Swets 1973; Molchan & Keilis-Borok
2008; Shcherbakov et al. 2010; Jolliffe & Stephenson 2012) for-
mally described and illustrated in Appendix A. Informally, consider
a discrete measure P (not necessarily normalized to unity) over a
given spatial grid and the uniform measure U with the same sup-
port. The ROC curve R(P|U,P) describes the proportion of P (y-axis)
contained within a given fraction of most active (i.e. having largest
P-weight) spatial cells (x-axis). According to this definition, any
ROC curve is contained within the unit square [0,1] x [0,1]. The
ROC curve R(U|U,U) for the uniform measure U coincides with the
diagonal of this square, and the curve for any non-uniform measure
P lies above the diagonal. The Gini coefficient Gp for the measure
P equals twice the area between the ROC curve R(P|U,P) and the
diagonal line (Breiman et al. 1984). The Gini coefficient Gp can
take values within the interval [0,1); Gp = 0 implies that P coin-
cides with the uniform measure U, and Gp increases toward unity as
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P becomes more localized (less uniform). These quantities are dis-
cussed further and illustrated in Appendix Al (Figs Al, A2a, A3a
and b). The Gini coefficient is used in Section 4 as a measure of
absolute localization of background seismicity (e.g. Figs 7b and 9).

A related quantity Gp|p measures the relative localization of
measure P with respect to measure Q. Informally, consider a ROC
curve R(Q|P,Q) that describes the proportion of measure Q (y-axis)
contained within its most active cells that correspond to a given
fraction of P (x-axis). This curve is contained within the square
[0,1] x [0,1] and in general may lie below the diagonal. The coeffi-
cient Gp)o is defined as the area above the curve within the square
(Appendix A2, Fig. A2b). The coefficient Gpp can take values
within the interval (0, 1). If measures P and Q are concentrated
within different regions, then Gpp < 1/2 (Figs A3c and d); P = QO
implies Gp)p = 1/2, and relative localization of P with respect to O
implies Gp|p > 1/2 (Figs A3e and f). The coefficient Gp|( is used in
Section 4 as a measure of relative localization of time-conditioned
spatial distribution of background seismicity with respect to the
time-averaged background distribution.

3.2 Localization of background seismicity

As mentioned, Ben-Zion & Zaliapin (2019) found that several large
earthquakes in SoCal are preceded by rock damage generation in
volumes around the rupture zones of the future events (Fig. 2). To
provide more details on this process, we analyse spatio-temporal
variations of declustered (background) earthquakes with a focus on
evolving localization of seismicity (and hence rock damage produc-
tion). Localization corresponds to a decrease in the spatial extent
that supports the earthquake-related damage with respect to a long-
term distribution, and may be analysed formally with the ROC
framework described in Section 3.1.
Specifically, consider a (background) earthquake catalogue

Co={x; =(¢i, Aizi), i, Mi}, i =1,...,m, (1)

where each event is specified by its spatial coordinate x;, occur-
rence time #; and magnitude M;. Introduce a square spatial grid at
the Earth surface with linear latitude cell size A¢. The cells may
be indexed by integer pairs (i,j) in the longitude and latitude co-
ordinates, respectively. The long-term space distribution S = S(i,7)
of earthquakes is estimated by counting the number of background
events that occurred in each cell (i,j) during the entire duration of the
examined catalogue. We also consider the time-conditioned space
distribution S(#) = S(#;7,7) that only counts background events within
the time interval (r — At, ]. Normalizing the measures S and S(¢) for
each time instant 7 to have a total count of unity provides results on
the relative spatial concentration of events rather than raw numbers.

The degree of absolute events localization at time instant 7 is
estimated using two complementary measures. The first measure
is the normalized proportion P[S(#)] of cells with a value of S(7)
above a threshold Sy. The threshold is introduced to reduce the
influence of spatial cells with spurious low activity; it also reduces
the effects of magnitude cut-off selection. The normalization is
intended to account for threshold exceedance in time windows of
different lengths and is introduced in the following way. Assume
that the total duration of the examined catalogue is 7'yr and the time
window used to calculate the time-conditioned space distribution
S(¢) is At yr. Consider the number N[S,Sy] of cells that satisfy the
condition S > S, that is the number of cells such that the total
number of events during the examined time interval of duration T
in each cell exceeds Sp. Consider also the time series N[S(7),5]
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defined at each examined time instant ¢ as the number of cells that
satisfy the condition S(f) > Sy A¢T"!, that is the number of cells such
that the total number of events during the time interval (# — Az, 7]
in each cell exceeds SyA¢7T"'. We define the normalized proportion
as

PISO]=NI[S(@),S] /NS, So]. @)

In case of Sy = 0, we have P[S(f)] < 1 since only a fraction of
active cells (with at least one event during 7" yr) can be activated
within each time window. In case of a small non-zero threshold
So, the character of P[S(7)] is similar to the case Sy = 0. For suf-
ficiently large thresholds, the picture is more complicated. In an
idealized case of constant (in time) earthquake activity within each
cell, P[S(r)] = 1. In realistic cases, values below unity signify either
temporary localization of activity within selected cells, or migra-
tion of activity through the examined region (switching of activity
among subregions). These two scenarios are easily distinguishable,
since in the former case the drop of P[S(7)] below unity is tempo-
rary, while in the latter case P[S(#)] stays below unity all the time.
Values above unity indicate delocalization (spread) of activity, when
selected cells are only active within a limited period of time.

The second measure of the absolute localization is the Gini coef-
ficient Gy (Section 3.1, Appendix Al, Fig. A2a) that corresponds
to the ROC set R(S(7)|U,S(7)). This measure compares the level
sets of the time-conditioned measure S(7) with respect to S(¢) itself
(y-coordinate) and the uniform measure U (x-coordinate). Higher
values correspond to higher localization.

The relative localization of the time-conditioned measure S(¢)
with respect to the time-averaged measure S is quantified with the
coefficient G5 (Section 3.1, Appendix A2, Fig. A2b).

Cells with a small number of events are eliminated before com-
puting the localization coefficients Gg(;) and Gg(ys. Formally, we
assign zero values to cells that satisfy the condition S(i,7) < S;. We
also assign zero values to the time-conditioned cells with S(#;,7)
< SoAtT'. The uniform distribution U used in calculation of the
absolute localization is defined as the uniform distribution over all
cells such that S(i,j) > So.

The significance of the results is assessed via reshuffled catalogue
analysis. Specifically, for each examined catalogue C;, we consider
a set of N reshuffled catalogues Cy ;:

CO,/\.:{XU(,-)‘II-,M},izl,...,n,kzl,...,N. (3)

Each reshuffled catalogue C ; preserves the times of events from
C, and randomly permutes the locations according to a uniform
random permutation o4 on {1,...,n}. We skip the subindex & on
the permutations in the above equation to simplify the notation. The
magnitudes are left unchanged in the reshuffled catalogues. The
reshuffled catalogues refer to a situation when the spatial distribu-
tion of seismicity does not change with time, while preserving the
observed fluctuations of the spatial background rates. In the pre-
sented results we use N = 200. We checked that using any value N
> 100 leads to results very close to those reported in this work.

3.3 Evolving development of clusters

Formation of earthquake clusters is another important process ex-
amined in this work. To quantify earthquake clustering, we use the
nearest-neighbour earthquake proximity » introduced and discussed
in Baiesi & Paczuski (2004), Zaliapin ez al. (2008), Zaliapin & Ben-
Zion (2013) and others. The proximityn;; quantifies the space—time
separation of a given event j from an earlier event i. It considers
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the magnitude M; of the earlier event to account for the fact that,
because of the Gutenberg—Richter statistics, it is more probable to
observe a small-magnitude event than a large-magnitude event at
the same space—time separation from event j. The definition of the
proximity 7, is given in Appendix B.

The cluster analysis is done here using the original catalogues
with no declustering. We connect each event j in the examined
catalogue to all earlier events with proximities below a threshold
value 7y. Such events are called 7y-neighbours of event j. A cluster
is defined as an equivalence class with respect to the ny-neighbour
relation. This means that two events belong to the same cluster if
there is a path from the later event to the earlier one that consists
of no-neighbour links. Note that the two events that belong to the
same cluster do not have to be ny-neighbours.

The examined statistic is the average cluster size in a sliding
time window. The timing of a cluster is assumed to be that of its
first event. We focus on extreme clustering that corresponds to very
small values of the threshold 1, much smaller than those used to
separate the background and cluster modes in aftershock cluster
studies (e.g. Zaliapin & Ben-Zion 2013, 2020). Accordingly, the
duration of detected clusters is short and assigning the cluster time
to its first evet does not bias the analysis.

4 RESULTS

4.1 Long-term localization of seismicity in Southern
California

We examine evolving localization of background seismicity in So-
Cal over an observational period of 38 yr, using (Table 1) a sliding
window of A¢ = 10 yr, square spatial cells with A¢ = 0.1° and
Sy = 0, and several subregions defined in Fig. 3. As a general refer-
ence, Fig. 4 shows the long-term spatial distribution S of background
events with magnitude M > 3 using square spatial cells with A¢
= 0.5° (panel a) and the corresponding ROC set R(S|U,S) (panel
b). The Gini coefficient for this distribution is Gy = 0.82, indicat-
ing a high degree of absolute localization. The ROC set (Fig. 4b)
implies that 70 per cent of the background events in the analysed
space—time domain are contained within only 10 per cent of the
examined cells. This localization is related to the existence of major
fault zones, such as the San Jacinto Fault Zone, Eastern California
Shear Zone, etc. (Fig. 1). Since this analysis involves declustered
seismicity, the discussed localization is not affected by the occa-
sional occurrence of high-intensity and more spatially distributed
aftershocks. We note that the absolute values of the Gini coefficient
might depend on the used space (A¢) and time (Af) discretization.
However, our focus is on evolving values associated with decrease
and increase in time under fixed time and space resolutions.

Fig. 5 shows the proportion P[S(7)] of occupied cells in SoCal
and the subregions defined in Fig. 3. The proportion P[S(7)] for
the entire SoCal steadily decreases by about 0.1 from about 0.5 in
1991 (the earliest time instant that can be treated with the sliding
window of Az = 10 yr) to about 0.4 in 2005 (Fig. 5a). The occupied
proportion in the reshuffled catalogues also decreases during this
period. The general trend reflects an overall real and/or apparent
decreasing intensity of the background seismicity. As mentioned in
Section 2.2, it is possible that the decreasing P[S(7)] for the entire
SoCal may be partially an artefact of progressive improvement in the
quality of the derived locations. The proportion P[S()] somewhat
increases to 0.45 in 2019, as does the proportion in the reshuffled
catalogues. Notably, the proportion of occupied cells in the observed

catalogue always stays lower than its counterpart in the reshuffled
catalogues; it is also almost always below the respective 95 per
cent confidence interval (CI). This suggests that at each examined
time interval the seismic activity is concentrated in selected area(s)
that have high activity at different times. We illustrate this effect in
Section 4.2.

The corresponding evolving absolute localization coefficient
Gsy., relative localization coefficient Gy, s and ROC sets are
shown, respectively, in Figs S2, S3 and S4. The absolute localiza-
tion G, of the time-conditioned event distribution S(7) increases in
the entire SoCal during 1991-2005, with an average value of about
0.72, and then decreases to about 0.71 in 2019 (Fig. S2a). As in the
analysis of occupied cells (Fig. 5a), the localization curve for the
observed catalogue is always outside the simulated 95 per cent CI.
This strengthens the previous suggestion on alternating activation
of different areas. The observed increase of the absolute localiza-
tion is well aligned with the decrease of the proportion P[S(f)] in
Fig. 5(a), as expected since both are associated with the same ROC
sets R(S(¢)|U,S(¢)). Similar results are seen for the relative local-
ization Ggys of the time-conditioned distribution S(#) with respect
to the long-term distribution S for the entire SoCal (Fig. S3a). The
increased localization with time is visibly reflected by the evolu-
tion of the ROC curves in Fig. S4(a) to more convex curves with
transitions from blue (earlier times) to green and red (later times).

Figs 5 and S2—-S4 present corresponding results for the following
three selected subregions (Fig. 3): Eastern Seismicity Zone in SoCal
(panel b), San Jacinto and Elsinore fault zones (panel ¢), and Moun-
tains and Basins (panel d). The subregion results are consistent with
the observations made for the entire SoCal. We observe a steady in-
crease of localization (decrease of the area occupied by background
seismicity) during 1991-2005 in Eastern SoCal and San Jacinto &
Elsinore zones, and during 1991-2010 in Mountains and Basins.
Then the localization trends reverse, increasing to about the initial
levels by 2019. The proportion P[S(#)] values (Fig. 5) and absolute
localization Gg,) (Fig. S2) in the individual subregions stay within
the simulated 95 per cent CI almost all the time, briefly exceeding
those during the period of largest localization (approximately 2003—
2010). This indicates an absence of substantial switching of seismic
activity among parts of these individual subregions. In other words,
each subregion behaves generally as a coherent unit. The relative
localization Gy ;s shows more significant variability in Eastern So-
Cal (Fig. S3b) and Mountains & Basins (Fig. S3d), with a significant
upward trend during 1991-2007 and 1991-2010, respectively.

Overall, all three measures of localization show consistent infor-
mation that is well aligned with the corresponding ROC diagrams.
The presented results are stable with respect to (i) alternative ver-
sions of stochastic declustering, (ii) parameters Az (5 < At < 15)
and A¢ (0.05 < A¢ < 0.4) and (iii) examined range of magnitudes
(2 £ Mpyi, < 4.0). As mentioned, some aspects of these relatively
long-term results may be influenced by the improved earthquake
locations, but these do not affect changes associated with individual
large earthquakes that are the main focus of this study and described
in Sections 4.3—4.6. We note that the temporal scale of fluctuations
in Fig. 5 is of the same order as the time window (A7 = 10 yr)
used in this analysis. This may suggest the existence of temporal
fluctuations over shorter timescale (e.g. ~1-2 yr) of P[S(#)] that
are smoothed (time-averaged) by the used window. We focus on
detecting such fluctuations in Sections 4.3—4.5 and show that they
might be related to the preparation process of large earthquakes.
First, however, we discuss below occasional switching of activity
between subregions that should be recognized in analyses of data
from large space—time domains.
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Table 1. Parameters of localization analyses and related figures.
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Latitude step, A¢° (total # Time window A7z Magnitude  Threshold

# Region non-empty cells) yr range So Time interval Figures

1 Entire Southern California 0.1° (1491) 10 M=>3.0 0 1981-2019.5 Fig. 5, S2—S4 (panel
(38.5yr) a)

2 Eastern Southern California 0.1° (188) 10 M=>30 0 1981-2019.5 Fig. 5, S2—S4 (panel
(38.5yr) b)

3 San Jacinto & Elsinore 0.1° (96) 10 M=>3.0 0 1981-2019.5 Fig. 5, S2—S4 (panel
(38.5yr) c)

4 Mountains & Basins 0.1° (137) 10 M>30 0 1981-2019.5 Fig. 5, S2—S4 (panel
(38.5yr) d)

5 Eastern Southern California 0.5° (24) 2.5 M=>3.0 20 1981-2019.5 Fig. 7

(premonitory) (38.5yr)

6 Landers 0.2° (17) 2 M=>15 30 1981-1992.5 Figs 8-10, S5,S6
(11.5yr) (panel a)

7 El Mayor-Cucapah 0.15° (38) 3 M=>15 2 1995.3-2010.3 Figs 8-10, S5,S6
(15 yr) (panel b)

8 Ridgecrest 0.15° (69) 2 M=>15 40 2004.5-2019.5 Figs 8-10, S5,S6
(15 yr) (panel ¢)

9 Parkfield 0.06° (26) 3 M=>15 15 1989.7-2004.7 Figs 8-10, S5,S6
(15 yr) (panel d)

10 Diizce 0.05° (203) 0.07 M=>1.0 0 1999.65-1999.86 Figs S7-S9
(0.22 yr)
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events.
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4.2 Switching of regional seismic activity

As shown in Fig. 5(a), the proportion of spatial cells occupied by
background seismicity in a sliding time window in SoCal always
stays below the confidence intervals produced by the reshuffied cat-
alogues with fixed space and time marginal distributions taken from
the observations. This effect is caused by switching of seismic activ-
ity among different subregions. As an intuitive example, consider a
union of two regions of equal area, 4 and B. Assume that during the
first half of the examined time interval only region 4 is active while
during the second half only region B is active. The proportion of ac-
tive cells in such a case at any time is P = 0.5. However, a reshuffled
catalogue with fixed marginal space and time distributions (which
are both uniform over the examined space—time region) will have
all cells active at any time interval (P = 1).

Fig. 6 illustrates the switching phenomenon by showing results
for two regions: Eastern SoCal (red) and San Jacinto & Elsinore
fault zones (black). Fig. 6(a) displays the number of cells of lin-
ear size A¢ = 0.2° that contain more than 3 background events
with magnitude M > 3 in a sliding time window of At = 7 yr.
Fig. 6(b) shows the Z-score of the damage volume generated by
background events with magnitudes 2 < M < 4 in these two re-
gions. The Z-score for an array of values X is computed as Z = [X —
mean(X)]/std(X), where mean(X) and std(X) are the mean and stan-
dard deviation of the values, respectively. The number of events and
the corresponding damage volume are dominated by the smallest
and largest considered earthquakes, respectively. Despite this, and
the different magnitude ranges used in these analyses, the results
for each region exhibit similar trends. The Eastern SoCal region is
more active according to both measures during 2000-2007; while
the San Jacinto & Elsinore region is more active during 1991-1996
and 2011-2013. In other words, the activities in the two nearby
active regions tend to alternate. The alternating high/low activity
in a given region, and related switching of activity among differ-
ent regions, are general expected behaviour of heterogeneous fault
systems (e.g. Dahmen et al. 1998; Ben-Zion et al. 1999). This is

discussed further in Section 5. The results in Fig. 6(b) suggest that
the decadal variation of background activity of the Eastern SoCal
region may be a lagged version of that in the San Jacinto & Elsinore
fault zone, with a delay of 4-5 yr. Testing this hypothesis requires
additional efforts and is deferred to a future work. We now turn to
the main focus of this study—evolving localization of seismicity
before large earthquakes.

4.3 Premonitory localization of background seismicity in
Eastern SoCal

The Eastern seismicity zone of SoCal had the largest (M > 7.0)
earthquakes in SoCal in the examined time interval: 1992 M 7.3
Landers, 1999 M7.1 Hector Mine and 2019 M7.1 Ridgecrest. An-
other large event in the plate-boundary region is the 2010 M7.2
El Mayor-Cucapah earthquake in Baja CA (Fig. 1) that occurred
outside Eastern SoCal.

Fig. 7 shows the localization of background seismicity with M > 3
in Eastern SoCal using a sliding time window of Az = 2.5 yr, cells
with linear size A¢ = 0.5° and threshold Sy = 20. The occur-
rence times of the four large events mentioned above are marked by
vertical lines. The red lines mark the three large earthquakes that
occurred within the examined region and the El Mayor-Cucapah
event is marked with blue. Panel a displays the normalized pro-
portion P[S(#)] and panel (b) shows the absolute localization Gyy).
There are clear cycles of localization closely corresponding to the
occurrence time of the three large earthquakes in the Eastern SoCal
region. The normalized proportion P[S(¢)] fluctuates about unity
during 1984-2019 (Fig. 7a). Notably, it only exhibits substantial
decreases (below 0.8 indicated by green dashed line) in the vicin-
ity of the large events: 1-2 yr prior to Landers, Hector Mine and
Ridgecrest, and 23 yr after E1 Mayor-Cucapah event. In addition,
we observe that a rapid drop of P[S(7)], for over 0.5 units within 2
yr, is only seen within a year before the three largest earthquakes
in Eastern SoCal. Similarly, the absolute localization Gy, (Fig. 7b)
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increases above the level 0.5 (indicated by green dashed line) only
in the vicinity of the Landers, Hector Mine and Ridgecrest events,
giving no false alarm after E1 Mayor-Cucapah, and a rapid increase
of the localization for over 0.3 units within 2 yr is only seen prior
to these three large events.

The discussed results are robust with respect to reasonable varia-
tions of parameters associated with sufficient data quality and quan-
tity. To examine further changes associated with large earthquakes,
we analyse in the next section data from the space—time vicinity of
the events.

4.4 Localization before individual large earthquakes

This section documents several localization processes that occur
within the spatial vicinity of large (M > 7) main shocks. The ex-
amined regions are illustrated in Fig. 8 and are selected based on
the rupture zones and aftershocks of the main shocks. Figs 9 and 10
show the absolute localization measure Gg(,) and corresponding
ROC diagrams for the examined regions. The results illustrated in
Fig. 9 for the absolute localization Gy, are strongly corroborated
by those for the normalized proportion P[S(#)] and relative localiza-
tions G s (Figs S5 and S6). The parameters of the data analyses
are listed in Table 1.

Two years prior to the Landers A/7.3 main shock of 28 June 1992
(Fig. 9a), there is a rapid localization of the background seismicity;
Gg(; increases from 0.15 to about 0.5 within 1 yr (late 1990 to

late 1991) and stays at a high level above 0.35 for a year prior to
the Landers event. We also note that the values of Gg(,) > 0.4 are
only observed in the examined area within 2 yr prior the Landers
main shock, and the only period when the observed values exceed
the simulated 95 per cent CI upper limit is within 2 yr prior to
the Landers event. A similar pattern is observed around the El
Mayor-Cucapah M7.2 earthquake of 4 April 2010 in Baja California
(Figs 9b, 10b, S5b and S6b). We examine data starting in 1995, 15 yr
prior to the event. The absolute localization of S(7) steadily increases
from 0.52 to 0.67 during 2005-2009 and exceeds the 95 per cent
upper CI within the last 1.5 yr prior to the main shock.

Figs 9(c), 10(c), S5(c) and S6(c) illustrate localization patterns
around the Ridgecrest M7.1 earthquake of 5 July 2019 (note that the
examined catalogue ends 5 d before the event, on 30 June 2019). The
analysis is done within the 15 yr interval prior to the main shock.
The only time when the absolute localization exceeds the level of 0.7
and is above the upper 95 per cent CI is observed within 1 yr prior
to the Ridgecrest event. To have an example from another tectonic
domain, we also examine seismicity from the region around the
Diizce M7.2 earthquake of 12 November 1999 in Turkey. This case
study utilizes a detailed catalogue around the space—time domain of
the Diizce event, derived from data of local deployment around the
eastern end of the rupture zone of the earlier M7.4 Izmit earthquake
(Seeber et al. 2000). The available catalogue covers 0.21 yr prior
to the Diizce main shock. During this time, we observe a steady
and strong localization with Gy, increasing from 0.74 to over 0.78
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Figure 7. Premonitory localization of background events within Eastern SoCal. The times of the three largest (M > 7) earthquakes in the region are shown by
vertical red lines. The time of the El Mayor-Cucapah event outside the examined region is shown by the vertical blue line. The analysis uses M > 3 background
events, sliding time window of A7 = 2.5 yr, spatial cells with A¢ = 0.5°, and threshold Sy = 20. (a) Normalized proportion P[S(?)]. (b) Absolute localization
Gs(r). Green horizontal lines emphasize increased (panel a) or decreased (panel b) values of the examined statistic prior to the large earthquakes.

and staying above the upper 95 per cent confidence limit for several
days prior to the main shock (Figs S6-S9).

4.5 Delocalization of seismicity before the 2004 M6
Parkfield earthquake

A reversed effect is observed during the time interval leading to the
Parkfield M6 earthquake of 28 September 2004, based on data in
the relocated catalogue of Waldhauser & Schaft (2008). Figs 9(d),
S5(d) and S6(d) display the three localization measures considered
in this work for the Parkfield section of the San Andreas fault for the
15 yr prior to the Parkfield earthquake. During this period, each of
the three examined measures roughly follows the simulated CI and
only exceeds the 95 per cent limits once—a year and a half prior to
the M6 event. In the Parkfield area (Fig. 8d), the normalized pro-
portion of occupied cells increases, while the absolute and relative
localizations decrease. The respective ROC diagrams are shown in
Fig. 10(d). The seismicity along the creeping section of the San An-
dreas fault is generally highly localized (e.g. Thurber et al. 2006).
The observed delocalization of seismicity prior to the M6 event
may reflect the development of increasing stress level around the
Parkfield asperity that produces failures over progressively wider re-
gion. This pattern is in marked contrast to the observations around
locked fault sections of distributed seismicity that localize toward
the rupture zones of main shocks before the events.

4.6 Evolving earthquake clusters before large events

This section documents changes in the size of tight earthquake
clusters that occur in the spatial vicinity of large (M > 7) main
shocks and the M6 Parkfield event in the final year before they
occur. The analysis is based on the full (rather than declus-
tered) catalogues and the same spatial regions used in Sections
4.4-4.5 (Fig. 8). We use a small value of the proximity thresh-
old 7o to focus on highly tight clusters formed by abnormally
close groups of events (closer than what would be used for af-
tershock detection). The parameters of analysis are reported in
Table 2.

The available data prior to the 1992 M7.3 Landers earthquake
span 11.5 yr. In the spatial vicinity of this event, the average cluster
size of events with M > 3 and 1, = —6 stays below 2 during 1983—
1991, and exhibits a steady increase to above 3 within 2 yr prior to
the Landers main shock (Fig. 11a). The only period when the average
cluster size stays above 2.5 is in the year prior to the Landers main
shock. Before the 1999 M 7.1 Hector Mine earthquake the available
data separated from the Landers aftershocks is not sufficient to
perform the coalescence analysis.

In the spatial vicinity of the 2010 M7.2 El Mayor-Cucapah earth-
quake, the average cluster size of events with M > 3.5 and ny =
—4 stays below 6 for over two decades during 1984-2008, and then
rapidly increases to over 13 1.5 yr prior to the main shock (Fig. 11b).
Within the examined interval of 29.3 yr, the only time period when
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Figure 8. Regions examined for localization of background seismicity before large earthquakes in Figs 9 and 10. (a) Landers, M7.3. (b) El Mayor-Cucapah,
M7.2. (c) Ridgecrest, M7.1. (d) Parkfield, M6. The analysis parameters are listed in Table 1.

the average cluster size stays above 6 is within 2 yr prior to the main
shock.

In the vicinity of 2019 M7.1 Ridgecrest earthquake, we examine
clustering during 19.5 yr prior to the main shock or since 2000.
The earlier period is excluded to avoid contamination of results
by (i) the aftershocks of Landers event, which triggered significant
activity within the Ridgecrest area during 1992 including a series of
M4 earthquakes and the associated compound aftershock sequence
and (ii) a triplet of M5 earthquakes that occurred between 1995.6
and 1996.1 and triggered strong compound aftershock sequences.
The average cluster size of events with M > 1.0 and 1, = —8 stays

below 1.12 during the decade 2004-2013 and steadily increases
during 2012-2019 to 1.2 (Fig. 11c). The only time interval when
the average cluster size exceeds 1.15 is within 3 yr prior to the
Ridgecrest main shock. The low values and small absolute increase
in the cluster size in this analysis is related to the very small value
of the threshold.

A similar increase of the average cluster size is documented
for the 1999 M7.2 Diizce earthquake (Fig. S10). Here, the average
cluster size of events with M > 2.0 and o = —7 stays below 1.3 since
the beginning of the examined catalogue, and rapidly increases to
above 2 several days prior to the main shock.
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Figure 9. Absolute localization, Gs(;), of background events

before large earthquakes. Red—observations, black—reshuffled catalogues with simulated 95

per cent confidence interval. (a) Landers, M7.3. (b) El Mayor-Cucapah, M7.2. (¢) Ridgecrest, M7.1. (d) Parkfield, 6. Note the opposite trend (delocalization)

prior to the M6 Parkfield event. Table 1 lists the analysis parameters.

In contrast to the above results on generally locked faults, in the 5 DISCUSSION
vicinity of the 2004 M6.0 Parkfield earthquake the average clus-
ter size of events with M > 2.0 and 5y = —5 remains above 1.5
(and most of the time above 2) during 1984-2003, and decreases to
1.25 prior to the main shock (Fig. 11d). In particular, we empha-
size the steady, almost linear, decrease of the average cluster size
from 3.5 to 1.15 during the decade 1994-2004 prior to the main

shock.

The problem of earthquake prediction is at the core of earthquake
science, but has remained unrealizable because of the complex in-
volved (only partially understood) dynamics and limited available
data (e.g. Turcotte 1997; Keilis-Borok 2002; Ben-Zion 2008; Jordan
et al. 2011). In the absence of prediction capability, the seismolog-
ical community adopted a more limited approach associated with
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Figure 10. Localization of background events before large earthquakes—ROC set R(S(7)|U,S(¢)). Different colours correspond to different time windows—
from blue to red as time passes (see colourbar). (a) Landers, M7.3. (b) El Mayor-Cucapah, M7.2. (c) Ridgecrest, M7.1. (d) Parkfield, 1/6.0. In panels (a,b,c) red
lines lie further away from the diagonal; this indicates progressive localization. The opposite trend—red lines lie closer to the diagonal—is observed prior to
the M6 Parkfield event in panel (c); this indicates delocalization. Table 1 lists the analysis parameters.

Table 2. Parameters of earthquake cluster analyses and related figures.

Proximity Proximity =~ Time window Az Magnitude  Threshold
Main shock parameter, d parameter, w yr range 1o Time interval Figure
Landers, M7.3 1.6 1.0 2 M=>3.0 —6 1981-1992.5 (11.5 yr) Fig. 11a
El Mayor-Cucapah, M7.2 3 M=>35 —4 1981-2010.3 (29.3 yr) Fig. 11b
Ridgecrest, M7.1 4 M=>1.0 -8 2000-2019.5 (19.5 yr) Fig. 11c
Parkfield, M6.0 4 M=>20 =5 1984-2004.7 (20.7 yr) Fig. 11d
Diizce, M7.2 0.02 M=>20 -7 1999.65-1999.86 (0.22 yr) Fig. S10

forecasting expected ground motion hazard over given time inter-
vals and locations (e.g. Peterson et al. 2014; Field et al. 2018).
In this paper, we attempt to contribute to both hazard estimations
and prediction by using seismicity to map the possible existence of
large connected zones of ongoing brittle deformation, not necessar-
ily coinciding with large fault structures at the surface, and to track
evolving processes that may precede large earthquakes. This is done
by estimating the cumulative rock damage generated by background
seismicity using scaling relations from earthquake phenomenology
and fracture mechanics (Fig. 2), analysing the evolving fractional
area occupied by the background earthquakes with parameters of
ROC diagrams (Figs 7, 9, 10, S5 and S6) and examining coales-
cence of individual events into clusters according to an earthquake

proximity parameter (Fig. 11). The different techniques provide in-
formation on different timescales and on the spatial extent of weak-
ened damaged crustal regions. We develop and test the techniques
using the detailed relocated southern California seismic catalogue
(Hauksson et al. 2012) with earthquakes reflecting brittle defor-
mation around faults that are locked in the interseismic periods,
augmented by data recorded around the 1999 Diizce earthquake
rupture on the North Anatolia fault (Figs S7-S10). To have an ex-
ample of faulting where deformation remains localized during the
entire examined period, we also analyse data from the Parkfield
section of the San Andreas fault (Figs 7d, 9d, 10d, S5d and S6d).
The results of the present paper and the earlier study of Ben-Zion
& Zaliapin (2019) show that several M > 7 earthquakes in Southern
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Figure 11. Evolving earthquake clustering before large earthquakes. The black line shows the average cluster size in sliding time windows. The vertical red
lines at the right of each panel indicate the time of the main shock. Green horizontal dashed lines emphasize changes of the average cluster size prior to the large

events. (a) Landers, M7.3. (b) El Mayor-Cucapah, M7.2. (c) Ridgecrest, M7.

1. (d) Parkfield, 6.0. Note the opposite trend—decrease of the cluster size—prior

to the M6 Parkfield event; this indicates delocalization. The analysis parameters of analysis are listed in Table 2.

and Baja California (1992 Landers; 1999 Hector Mine, 2010 El
Mayor-Cucapah; 2019 Ridgecrest) were preceded in the previous
decades by generation of rock damage around their eventual rupture
zones (Fig. 2). The rock damage by the ongoing background seis-
micity produces a progressive regional weakening, which enables
small events to become large ruptures, with main shock size outlined

by the elevated rock damage. Model simulations with a brittle dam-
age rheology indicate that the growth of small instabilities to large
events requires the existence of relatively high background damage
(e.g. Lyakhovsky et al. 2001; Ben-Zion & Lyakhovsky 2006; Kur-
zon et al. 2019). This condition is achieved by the numerus smaller
events that generate collectively, during the intervals between large
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events, zones of elevated damage that facilitate the occurrence of
the large events. A similar process of progressive generation of el-
evated rock damage before large events is observed in laboratory
fracturing experiments (e.g. Lockner ef al. 1991; Reches & Lock-
ner 1994; Goebel ef al. 2014; Renard et al. 2018; Aben et al. 2019;
McBeck et al. 2019).

Induced seismicity contributes to the rock damage production
and is relevant for our results around the Brawley seismic zone and
the Coso area. We note that the estimated rock damage in Fig. 2
includes several connected regions with high damage (primarily the
San Jacinto fault zone and south central transverse ranges) that can
allow propagation of large earthquake ruptures. However, the es-
tablishment of such zones provides a necessary but not a sufficient
condition for the occurrence of large earthquake. The instabili-
ties producing large earthquakes involve positive feedback between
damage-weakening and localization of deformation, and an even-
tual hypocentre where the stress-strength conditions allow failure
to cascade over large-scale damaged region. The final triggering
hypocentre at the right place remains essentially a stochastic event.

To provide additional information on the preparation processes
leading to large earthquakes we analyse localization of background
seismicity into narrower zones by calculating the evolving fractional
area in a given region with seismic activity (Appendix A, Figs 5
and S5). We use declustered (background) seismicity to avoid the
strong fluctuations associated with aftershocks that can mask more
gradual and less pronounced evolutionary processes. Switching of
activity among different regions (Fig. 6) adds difficulties to anal-
yses of earthquake processes. This type of behaviour represents
a general dynamic regime of seismicity in heterogeneous systems
and may be present commonly in earthquake data (e.g. Ben-Zion
et al. 1999; Lyakhovsky et al. 2001; Dolan ez al. 2007; Rockwell
et al. 2015). Analysis of low magnitude background earthquakes
in Eastern SoCal reveals signatures of progressive localization in
data of this entire region 2-3 yr before the M > 7 earthquakes in
the region (Fig. 7). Analysis of background seismicity in more fo-
cused areas around the rupture zones of these M > 7 earthquakes,
along with those of the 1999 Diizce and 2010 El Mayor-Cucapah
main shocks, shows progressive localization ~2 yr before the events
(Figs 9, 10, S5, S6 and S8—S9). In contrast, corresponding analysis
for the space—time domain associated with the 2004 M 6 Parkfield
earthquake displays (Figs 9d, 10d, S5d and S6d) an opposite delo-
calization behaviour (background seismicity occupying a broader
zone) before the M6 main shock.

The coalescence of individual events into clusters provides infor-
mation on the final stage of the localization process and is analysed
using entire (rather than declustered) catalogues (Figs 11 and S10).
The results for regions around the rupture zones of the M > 7
earthquakes show that individual events tend to coalesce rapidly to
clusters of growing size ~1 yr before the main shocks. In contrast,
corresponding analysis from the Parkfield region indicates decreas-
ing average cluster size before the M6 event (Fig. 11d). We note
that the evolving fractional area and coalescence results include the
combined effects of multiple foreshock sequences in the examined
regions. These analyses can be performed operationally over en-
tire selected regions, in contrast to typical foreshock studies that
are done retrospectively around the space-time regions of given
main shock hypocentres. An example of such regional analysis is
given in Section 4.3, Fig. 7. The statistics used in this work not
only show premonitory signals several years prior to the target large
events, but also do not produce false signals (false alarms) in the
decades before and spatial proximity of the large events (e.g. Figs 9
and 11). These properties are promising for developing further the

used techniques into operational forecasting algorithms. This being
said, more work and testing is needed before concluding that the
techniques provide robust operational procedures. In particular, it
is important to evaluate the rate of false alarms in regional applica-
tion of the methods and develop uniform (standardized) selection
of parameters for analysis in different regions.

The presented results are associated with several types of analy-
ses that have different goals and use different data sets with varying
quality and quantity. More specifically (i) the initial analysis of
Fig. 5 aims to get a regional background information. This is done
by analysing the entire SoCal and each of the three examined sub-
regions with the same sets of parameters (cell size A¢p = 0.1°,
time window A¢ = 10 yr, magnitude cut-oft 3.0, and threshold
So = 0; Table 1, lines 1-4). As discussed in Section 4.1, varying
these parameters within fairly wide ranges does not change the re-
ported aspects of the observations. (ii) The analysis of individual M
> 7 events (Table 1, lines 6-9) focuses on premonitory localization
around impending ruptures. This requires using shorter time win-
dows related to the timescale of the premonitory process (found to
be 2-3 yr). To ensure a sufficient number of events in the exam-
ined cells, we use lower magnitude cut offs and somewhat larger
spatial cells. There is a general consistency among the parameters
used in different regions. The same magnitude cutoff M > 1.5 and
time window of 2-3 yr are used in all regions. The spatial reso-
lution used to analyse all events in the SoCal catalogue (Landers,
El-Mayor Cucapah, Ridgecrest) is within 0.15-0.2°. The Parkfield
section of the San Andreas fault is associated with a well-defined
linear zone (Fig. 8d), which is very different from the diffuse seis-
micity examined in SoCal (Figs 8a—c), so a smaller cell size (0.06°)
is used in the Parkfield analysis (Table 1, line 9). The Diizce cata-
logue covers a very short time interval and smaller spatial domain,
which requires its distinct set of parameters (Table 1, line 10). (iii)
The intermediate analysis of seismicity in the entire Eastern SoCal
(Table 1, line 5) aims to find premonitory signals to multiple M > 7
events in data of a single large region (Fig. 3). This is done with the
same time window (2.5 yr) as in (ii), related to the timescale of the
premonitory process, but larger cell size and larger magnitude cut-
off. We believe that the discussed patterns reflect genuine physical
processes, and that the results provide a background for continuing
research including the development of more general techniques and
parameter selection criteria. These will be the subject of follow up
studies.

‘We note that the ROC-based localization statistics used in this pa-
per are closely related to the Shannon information entropy (Shannon
1948) of the background spatial distribution. This can be illustrated
as follows. The counts S(#7,/) of events in spatial cells indexed by
pairs (i,j) during the time interval (f — At, f] are the main objects of
our analyses. Let p; denote the normalized counts (so the total count
is unity), indexed arbitrarily over all non-empty examined cells. The
corresponding entropy function can be defined as H(z,S) = —X p;In
p:- This entropy measure decreases with increasing localization, so
the properties of H(z;S) resemble closely those of our localization
functions.

The results of the present paper should be augmented by analyses
of data from other regions with large active faults and detailed seis-
mic catalogues, such as the San Francisco bay area, Alaska, New
Zealand, Turkey and Japan. Analysis of geodetic data can provide
important complementary information to the discussed seismic sig-
nals by monitoring space—time evolution reflecting both seismic and
aseismic deformation in a region (e.g. Craig et al. 2017; Socquet
etal. 2017; Zeng et al. 2018). Aseismic signals detected in geodetic
data might drive seismic deformation, and can be used to define
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space—time regions to monitor for localization of seismicity. Model
simulations of localization of deformation in heterogeneous mate-
rials (e.g. Finzi et al. 2009; Lyakhovsky et al. 2011; McBeck et al.
2017) and analysis of data recorded in laboratory experiments (e.g.
Reches 1988; Lockner & Baylee 1995; Davidsen et al. 2017; Za-
liapin & Ben-Zion 2018) can help refining expected target signals.
Monitoring temporal changes of seismic velocities in fault zones
(e.g. Niu et al. 2008; Brenguier et al. 2019; Baccheschi et al. 2020)
and evolving susceptibility of fault regions to triggering of seismic-
ity in response to tidal, seasonal and passing seismic waves (e.g.
Peng et al. 2010; Tanaka 2012; Brinkman et al. 2015) can provide
additional useful signals on approaching times of large earthquakes.

The coalescence-type representation of seismicity seems to be
a promising approach in various earthquake analyses (Zaliapin &
Ben-Zion 2018). In this paper, we focused on a simplest coales-
cence statistic—the number of events in clusters defined by the
nearest-neighbour proximity (Section 3.3). Future work can explore
more general coalescence structures, represented by time-oriented
graphs, whose vertices correspond to individual earthquakes and
edges to pairwise proximity between earthquakes. Densifying seis-
mic and geodetic networks in the immediate vicinity of large fault
zones can provide additional key information on the final stages of
localization and other processes associated with large earthquake
ruptures (Ben-Zion 2019). Since reliable forecasting of large earth-
quakes is unlikely to be operational soon, it is essential to continue to
develop improved community preparedness and improved building
codes (e.g. Bilham 2009; Detweiler & Wein 2017).
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SUPPORTING INFORMATION

Supplementary data are available at GJI online.

Figure S1. Horizontal location errors in km, averaged over back-
ground events with M > 3.0 within a sliding time window of 10 yr.
Different colours correspond to different regions: Entire Southern
California (blue), Eastern Southern California (red), San Jacinto &
Elsinore fault zones (black) and Mountains & Basins (green).
Figure S2. Absolute long-term localization Gy, of background
events. Red—observations, black—reshuffled catalogues with sim-
ulated 95 per cent confidence interval. (a) Entire Southern Califor-
nia. (b) Eastern Southern California. (¢) San Jacinto and Elsinore
fault zones. (d) Mountains and Basins. The analysis parameters are
reported in Table 1.
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Figure S3. Relative long-term localization Gg;s of background
events. Red—observations, black—reshuffled catalogues with sim-
ulated 95 per cent confidence interval. (a) Entire Southern Califor-
nia. (b) Eastern Southern California. (¢) San Jacinto and Elsinore
fault zones. (d) Mountains and Basins. The analysis parameters are
reported in Table 1.

Figure S4. Long-term localization of background events—ROC
set R(S()|U,S(¢)). Different colours correspond to different time
windows (see colourbar). (a) Entire Southern California. (b) Eastern
Southern California. (¢) San Jacinto and Elsinore fault zones. (d)
Mountains and Basins. Table 1 lists the analysis parameters.
Figure S5. Localization of background events before large
earthquakes—normalized proportion P[S(7)] of occupied cells.
Red—observations, black—reshuffled catalogues (with simulated
95 per cent confidence interval). (a) Landers, M7.3. (b) El Mayor-
Cucapah, M7.2. (c) Ridgecrest, M7.1. (d) Parkfield, /6. Note the
opposite trend (delocalization) prior to the M6 Parkfield event. Ta-
ble 1 lists the analysis parameters.

Figure S6. Relative localization Gy s of background events be-
fore large earthquakes. Red—observations, black—reshuffled cata-
logues (with simulated 95 per cent confidence interval). (a) Landers,
M7.3. (b) El Mayor-Cucapah, M7.2. (c) Ridgecrest, M7.1. (d) Park-
field, M6. Note the opposite trend (delocalization) prior to Parkfield.
Table 1 lists the analysis parameters.

Figure S7. Map of seismicity examined for localization of back-
ground events prior to the 1999 M7.2 Diizce earthquake. The anal-
ysis parameters are listed in Table 1.

Figure S8. Localization of background events before the 1999
M7.2 Diizce earthquake. Red—observations, black—reshuffled cat-
alogues (with simulated 95 per cent confidence interval). (a) Nor-
malized proportion P[S(#)] of occupied cells. (b) Absolute localiza-
tion Gg(y. (c) Relative localization Gy s. Table 1 lists the analysis
parameters.

Figure S9. Localization of background events before the 1999 M7.2
Diizce earthquake—ROC set R(S(7)|U,S(¢)). Different colours cor-
respond to different time windows (see colourbar). Table 1 lists the
analysis parameters.

Figure S10. Evolving earthquake clustering before the 1999 M7.2
Diizce earthquake. Black line shows the average cluster size in
sliding time windows and the vertical red line on the right marks
the time of the main shock. Green horizontal dashed line emphasizes
changes of the average cluster size prior to the main shock. Table 2
lists the analysis parameters.

Please note: Oxford University Press is not responsible for the con-
tent or functionality of any supporting materials supplied by the
authors. Any queries (other than missing material) should be di-
rected to the corresponding author for the paper.

APPENDIX A: CONDITIONAL
RECEIVER OPERATING
CHARACTERISTIC (ROC)

The conditional ROC of a probability measure (e.g. Swets 1973;
Molchan & Keilis-Borok 2008; Shcherbakov ef al. 2010; Jolliffe &
Stephenson 2012) is a key tool of our localization analysis. Here we
only use discrete measures, which simplify the setup, but similar
results can be obtained also for continuous measures. Consider
a set X (which can be multidimensional) partitioned into a finite
collection of m non-overlapping subsets

X={X.,i=1,....,m}. (Al)
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Figure Al. ROC analysis: illustration for measures on the real line. (a)
Level set Lp(a) of measure P(x) is a real interval (in general—collection of
intervals). (b) Mass Ip|p(a) of the level set Lp(a) with respect to measure
O(x) equals the area of the shaded region. Measure P(x) is shown by dashed
line. (¢) ROC diagram R(P|Q,H): a parametric plot of Ip|y(a) vs Ip|p(a) for
a > 0. The set R(P|Q,0) always lies on the diagonal (grey).

A measure P on X is a non-negative additive function on these
subsets and their unions, so that P(X;) > 0 and P(X;) + P(X;) =
P(X;U X;). We define upper level set Lp(a) of measure P (Fig. Ala)
to be

Lp(a)=1{X;: P(X;) > a} forany non-negative a. (A2)

The proposed methodology is based on measuring the level sets
of one measure with respect to another measure. Specifically, for
any pair of measures P and Q, the measure of the level set Lp(a)
with respect to Q is denoted by Ipp(a) and defined (Fig. Alb)
as

Inp@=3 0. (A3)

Consider now three measures P, Q and H on the same set X.
Any pair of measures (or all of them) may coincide. The condi-
tional receiver operating characteristic of measure P with respect
to the ordered pair of measures Q and H, denoted by R(P|Q,H),
is the 2-D parametric set (Ip|g(a), Ip|n(a)) with parameter a > 0
(Fig. Alc). In words, every point in the set R(P|Q,H) corre-
sponds to a particular level set Lp(a). The x and y coordinates

of the point equal the measure of the level set Lp(a) accord-
ing to the measures Q and H, respectively. In this work, we use
normalized (probability) measures that satisfy P(X) = QX) =
H(X) = 1. This definition then implies the following properties
(Fig. Alc):

(1) The set R(P|Q,H) is contained within the unit square [0,1] x
[0,1].

(2) The set R(P|Q,H) includes the points (/p|p(0), Ip|n(0)) =
(0.0) and (Zp; 0(0), Zp4(0)) = (1,1).

(3) The set R(P|Q,H) consists of a finite number of points; the
number of points is one more than the number of distinct values of
PX),i=1,...,m.

(4) The set R(P|Q,H) is monotone non-decreasing: Ip|p(a) <
Ip)o(b) implies Ip|y(a) < Ip y(b) for any non-negative pair a, b.

(5) For any pair of measures P and Q, the set R(P|Q,0) lies on
the diagonal line between the points (0,0) and (1,1).

(6) For the uniform measure U that assigns the same value to
each subset X;, and any pair of measures Q and H, the set R(U|Q,H)
consists of the two points: (0,0) and (1,1).

A1 Quantifying absolute localization of a measure

The ROC diagram is a useful tool to compare measures on the
same domain and to quantify the degree of localization (concentra-
tion) of a given measure. Toward this goal, we notice the following

property:

(1) For any measure P and the uniform measure U, the set
R(P|U,P) lies on or above the diagonal line between the points
(0,0) and (1,1). Moreover, the set R(P|U,P) contains at least one
point above the diagonal line, unless P = U.

This property is explained by inhomogeneities in P—existence
of subsets X; with higher measure than in other subsets. This results
in accumulation of a higher value over the level sets of P when
integrated with respect to P itself rather than with respect to U. The
amount of deviation of R(P|U,P) from the diagonal line may serve
as a measure of absolute localization of P. Indeed, if there exists a
level set L such that P(L) = y and U(L) = x, then the set R(P|U,P)
contains the point (x,y). Concentration of a large fraction of P within
a small region L results in the point (x,y) being located close to the
corner point (0,1), far from the diagonal line.

We use here a particular measure of absolute localization—twice
the area between the convex envelop of R(P|U,P) and the diagonal
line, known as the Gini coefficient (Breiman et al. 1984) and de-
noted by Gp (Fig. A2a). The coefficient Gp assumes values within
the interval [0,1); Gp = 0 implies P = U, and Gp increases toward
unity when P becomes more inhomogeneous (more localized). The
Gini coefficient can be made as close to unity as desired, by con-
structing a measure that is completely concentrated in one of the
m subsets of X. This corresponds to the point (n~!, 1) on the ROC
diagram. Fig. A3(a) shows three measures with different levels of
absolute localization; their ROC diagrams and Gini coefficients are
illustrated in Fig. A3(b).

A2 Quantifying relative localization of a measure

The absolute localization of Appendix Al compares a measure
P with the uniform measure U on the same support. It is also
important to examine relative localization of a measure P with
respect to another non-uniform measure Q. Informally, the rel-
ative localization means that measure P concentrates within the
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Figure A2. Statistics used to quantify localization of measure P(x). (a) Absolute localization of P(x) is quantified by the Gini coefficient Gp (twice the shaded
area) calculated for the set R(P|U,P), which is shown by the curve above the diagonal. (b) Relative localization of P(x) with respect to measure Q(x) is quantified
by the coefficient Gp¢ (the shaded area) calculated for the set R(Q|P,0), which is shown by the curve that wanders about the diagonal.

same domain as Q and is more localized in the absolute sense
of Appendix Al (i.e. has more pronounced peaks). This concept
is illustrated Figs A3(c) and (e). Here, panel (c) shows two mea-
sures, P (blue) and Q (red), that are concentrated within differ-
ent areas—this is not relative concentration, despite the fact that
P has larger absolute localization (higher Gini coefficient) than
Q. Panel (e) shows two measures such that P (blue) is a lo-
calized version of Q (red). In this panel, not only P (blue) has
larger absolute concentration than Q (red), but also it is located
within the same domain. Our goal is to quantify this effect. A
naive substitution of Q in place of U in the absolute localization
framework of Appendix Al is not useful, since a non-zero value
of the Gini coefficient for the set R(P|Q,P) may simply reflect
the fact that measures P and Q are concentrated within different
subdomains of X. This situation is illustrated in Figs A3(c) and
(d).

To focus on the relative localization, we consider the set R(Q|P,Q)
that operates with the level sets of measure Q. This set may include

points below the diagonal line; such points indicate that the corre-
sponding level sets of measure Q accumulate a higher mass with
respect to measure P than with respect to Q itself. We interpret
this as relative localization of P with respect to Q. This situation is
illustrated in Figs A3(e) and (f). In panel (e), the measure P (blue)
is a localized version of measure Q (red). This relative localization
places the set R(Q|P,Q), which operates with level sets of O(x),
below the diagonal. Notice also that the set R(P|Q,P), which oper-
ates with the level sets of P(x), is above the diagonal and does not
reflect the information about relative localization (cf. panels ¢ and
d). Hence, we quantify the relative localization of a measure P with
respect to a measure Q by the area above the convex envelop of
R(Q|P,0), this parameter is denoted Gp o (Fig. A2b). The param-
eter Gp|p assumes values within the interval (0, 1). If measures P
and Q are concentrated within different regions, then Gp|p < 1/2
(Figs A3c and d); P = Q implies Gpp = 1/2 (but not vice versa,
since R(Q|P,0Q) may cross the diagonal); and localization of P with
respect to Q implies Gpjp > 1/2 (Figs A3e and f).
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Figure A3. Localization metrics: an illustration. (a) Three measures with different levels of absolute localization (blue is the most localized). (b) ROC sets
R(:|U, -) for the measures of panel (a) and their Gini coefficients. The axis labels use generic name F for an examined measure, which can be one of P, O, R.
(c) Measures P(x) and Q(x) concentrated within different regions. (d) ROC sets R(P|Q,P) and R(Q|P,Q) for the measures of panel (c). Note that both sets are
located above the diagonal line. (¢) Measure P(x) (blue) is a localized version of measure Q(x) (red). (f) ROC sets R(P|Q,P) and R(Q|P,Q) for the measures of
panel (e). Note that R(Q|P,Q) is below the diagonal line.
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APPENDIX B: NEAREST-NEIGHBOUR
EARTHQUAKE PROXIMITY

We use a simplified version of the nearest-neighbour earthquake
proximity to examine the development of earthquake clustering
(Sections 3.3 and 4.6). The proximity is defined below, closely fol-
lowing Baiesi & Paczuski (2004), Zaliapin ez al. (2008) and Zaliapin
& Ben-Zion (2013, 2020). We refer to these works for further details
and references regarding the applications of this proximity in anal-
yses of earthquake catalogues and acoustic emission experiments.

Consider a catalogue of earthquakes where each event i is char-
acterized by its occurrence time #;, hypocentre x; = (¢;, A; z;) and
magnitude M;. The proximity of earthquake j to previous earthquake
i is asymmetric in time and is defined as

_ {l‘ij(rij)d107WMi, t,j > 0,
Nij =

Bl
oo, t,'j < 0. ( )
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Here, t;; = t—; is the event intercurrence time, which is positive
if event j occurred after event i; r; > 0 is the spatial distance be-
tween the earthquake hypocentres (or epicentres); d is the fractal
dimension of the hypocentres (or epicentres) and w is the param-
eter that introduces exponential weight of the earlier event i by its
magnitude. In cluster analyses, this parameter usually equals the b-
value of the Gutenberg—Richter law that approximates the observed
number N(m) of events with magnitude above m:
log,,N(m)=a—bm, b=1, m=>me. (B2)

In this study, we work with epicentres of events.

Intuitively, the earthquake proximity (B1) is the expected num-
ber of events within the space—time region ‘between’ the exam-
ined pair of earthquakes in a stationary marked point process
with independent space and time components and exponential
magnitudes; see Zaliapin & Ben-Zion (2016, eq. 4) for further
discussion.
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