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Abstract

In the aftermath of a significant earthquake, seismologists are frequently asked ques-
tions by the media and public regarding possible interactions with recent prior events,
including events at great distances away, along with prospects of larger events yet to
come, both locally and remotely. For regions with substantial earthquake catalogs that
provide information on the regional Gutenberg-Richter magnitude—frequency relation-
ship, Omori temporal aftershock statistical behavior, and aftershock productivity
parameters, probabilistic responses can be provided for likelihood of nearby future
events of larger magnitude, as well as expected behavior of the overall aftershock
sequence. However, such procedures generally involve uncertain extrapolations of par-
ameterized equations to infrequent large events and do not provide answers to inquir-
ies about long-range interactions, either retrospectively for interaction with prior
remote large events or prospectively for interaction with future remote large events.
Dynamic triggering that may be involved in such long-range interactions occurs, often
with significant temporal delay, but is not well understood, making it difficult to
respond to related inquiries. One approach to addressing such inquiries is to provide
retrospective or prospective occurrence histories for large earthquakes based on global
catalogs; while not providing quantitative understanding of any physical interaction,
experience-based guidance on the (typically very low) chances of causal interactions
can inform public understanding of likelihood of specific scenarios they are commonly
very interested in.
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Introduction and an exponential aftershock productivity relation that counts

Earthquakes are complex phenomena, and the hazards they
pose generate keen media and public interest in their occur-
rence following events that receive attention because of their
location or societal impact. Although there is sustained interest
in generic questions such as “when will the Big One happen?”,
there is also widespread interest in specific earthquake inter-
action scenarios involving questions such as “did event A trig-
ger event B?” or “is event A a foreshock of a bigger event B to
come?”. The latter questions sometimes focus on very nearby
faulting interactions, but very often the question is directed at
remote, or even global interactions for which there is empirical
support (e.g., Velasco et al, 2008; Parsons et al., 2014). The
statistical nature of earthquakes observed over many sequences
in a given region enables an empirical probabilistic approach to
nearby faulting interactions that is now codified in operational
earthquake forecasting (OEF) methods (e.g., Jordan and Jones,
2010; Jordan et al, 2011, 2014; Field et al, 2016). This
approach draws upon observations of prior seismic sequences
parameterized by the Gutenberg-Richter (G-R) magnitude dis-
tribution (Gutenberg and Richter, 1944), the Omori law for
temporal decay of aftershock sequences (Utsu et al, 1995),
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all events in a sequence including secondary aftershocks (e.g.,
Ogata, 1988).

Parametric forecasting methods have become increasingly
sophisticated over time, building from the Reasenberg and
Jones (1989) approach and the epidemic-type aftershock
sequence (ETAS) models of Ogata (1988) to OEF models that
can include specific fault distributions and spatial information in
the aftershock forecast (e.g., Field et al., 2017). These approaches
are appealing in that they seek to incorporate as much informa-
tion about past earthquake behavior in a region as possible to
probabilistically forecast future behavior. In regions such as
California, Japan, Italy, and other well-monitored regions with
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robust earthquake catalogs, this is a sensible approach to
addressing local sequence evolution and likelihood of events
being foreshocks of future larger events.

Of course, the parametric approach has intrinsic limita-
tions. Individual sequences can deviate from prior tuned para-
metric behavior, and the forecasting of events that have not
been sampled in the recorded catalog is subject to large uncer-
tainties, particularly for large events for which observed G-R
relations must be extrapolated. The probabilistic framework
can convey a false sense of the degree of quantitative under-
standing underlying statements about possible future large
event activity. The same is true for alternate sophisticated
approaches based on tectonic strain-rate frameworks that seek
causal interpretations of global seismicity distributions (e.g.,
Bird and Kreemer, 2015; Kagan, 2017; Bayona Viveros et al.,
2019). Exploration of nonparametric approaches to mitigate
this concern have been explored (e.g., van der Elst and
Page, 2018) and are philosophically akin to the procedure dis-
cussed in this study. Practical difficulties in communicating the
prospects that larger events may follow a given event, as exem-
plified by the 2016 Kumamoto sequence in Japan, have
prompted changes in how information is communicated to
the public (e.g., Kamaya et al., 2017; Hashimoto and Yokota,
2019; Fukushima and Nishikawa, 2020). The OEF approach,
whereas now being extended to regional fault systems, also
intrinsically provides little information regarding long-range
interactions (where large events A and B in the questions above
are not within a region of OEF statistical calibration). Given
the state of knowledge of long-range interactions, one could
honestly answer the media inquiries with a vague “anything
can happen” response, or perhaps attempt a more nuanced
response grounded in cumulative observations. Here, we
explore the latter approach, providing convenient summary
catalog attributes, but avoiding probabilistic formality which
could convey a false confidence in physical understanding.

Catalog Observations

We utilize the National Earthquake Information Center at U.S.
Geological Survey (USGS-NEIC) catalog (see Data and
Resources) for global activity from 1920 to 2020. The catalog
is likely nearly complete at magnitude 6.0 from 1965 to 2020
(e.g., Kagan, 2003; Michael, 2014; Dascher-Cousineau et al.,
2020), and with the International Seismological Centre-
Global Earthquake Model (ISC-GEM) catalog embedded in
it, is likely nearly complete at magnitude 7.0 from 1920 to
2020 (e.g., Michael, 2014). Thus, we extract from the USGS-
NEIC catalog from 1 January 1965 to 2 November 2020 events
with magnitude > 6.0, and from 1 January 1920 to 31
December 1964 events with magnitude > 7.0. There are
11,535 earthquakes in this selected catalog used in the follow-
ing analysis. As our focus is on the available catalog history of
events, the time-varying completeness level is just an added
level of caveat to summary catalog attributes. Time-varying
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precision of magnitude estimates, saturation and roundoff
of magnitude measures, and spatial inhomogeneity of catalogs
are additional caveats that must be kept in mind.

Suppose we have an earthquake with a magnitude 6.0 or
larger, then we call this a target earthquake E7 with magnitude
Mpgr. Let Ny, be the total number of events in the catalog with
the magnitude M = Mpgy. As one decimal place for the mag-
nitude is given by the USGS-NEIC catalog, such as 6.0, 6.1,
and so on, we use the magnitude interval of 0.1 for further
discussion which refers to the magnitude range of
Mgr —0.05 < M < Mgy + 0.05. Then, we have two questions:

1. What percentage of all events with M = My in the past
were followed by earthquakes with equal or larger magni-
tude in specified time AT and spatial range Ar?

2. What percentage of all events with M = M in the past
were preceded by earthquakes with smaller or equal mag-
nitude but M > 6.0 (i.e, cutoff magnitude used in this
study) in specified time AT and spatial range Ar?

We call (1) and (2), prospective and retrospective cases,
respectively.

In the prospective case (1), our objective is to find target
events with M = Mgy that were followed by at least one event
with M > Mgy within the prescribed time and space window.
Suppose we search the catalog for such a target event and find
one. If the target event is found to be an early aftershock of a
nearby event with M > Mgy, we do not want to include it in
the counting. This is because of possible dominant influence of
the earlier mainshock as well as the intense earthquake inter-
actions in the early portion of the aftershock sequence, which
obscure the possible role of the target event. For this early
aftershock screening, we use a simple time-space screening
method in which a time window of 30 days and a spherical
distance window with radius R (in km) equal to twice the
empirical rupture length (Wells and Coppersmith, 1994; i.e.,
R = 2 x 107244+059M 4 20) is used, in which M is the magni-
tude for a mainshock in the catalog. We only screen early large
aftershocks in our selected catalog (M = 7.0 since 1920 and
7.0 > M > 6.0 since 1965) instead of the full USGS-NEIC cata-
log, so it is different from full aftershock declustering. The
number of retained target events followed by events with M >
Mgy that passed the screening is Np.

More complex declustering methods (e.g., Zaliapin and Ben-
Zion, 2016) have been shown to give similar counts for early
large aftershock detection to fixed time and magnitude-depen-
dent space search windows (e.g, Dascher-Cousineau et al,
2020), so this simple procedure is sufficient for our purposes.
For Mgpr = 6.0, about 19% of all target events are found to
be aftershocks, and the screened event percentage becomes very
small by Mgy = 7.0 (Table S1, available in the supplemental
material to this article). Late (post-30-day) large aftershocks, par-
ticularly for very large mainshocks, can still contribute to the
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(a) Prospective cases: Followed by a comparable or larger earthquake in 10 days
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Figure 1. Historical prospective occurrence percentage for an earthquake (foreshock) followed by a
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Total number of earthquakes with Mg

Total number of earhquakes with Mgr Niotqr

larger event (mainshock) within different spherical radial distances (50-1000 km) over time ranges
of (a) 10 days and (b) 21 days. For target events with magnitude Mgr < 7.0, the National
Earthquake Information Center-U.S. Geological Survey (USGS-NEIC) catalog from 1 January 1965
to 2 November 2020 is used, whereas for Mg = 7, the USGS-NEIC catalog from 1 January 1920 to
2 November 2020 is used. Black lines indicate the total number of earthquakes (right scale) with
the given magnitude Mgy in the catalog time range. Colored symbols indicate the occurrence

percentage of foreshock—mainshock pairs (left scale) found for different search distances. The color

version of this figure is available only in the electronic edition.

counts, but such events tend to lie away from the rupture area of
the earlier mainshock and are reasonably treated as target earth-
quakes in their own right as they are separated from the early
intense aftershock activity. Screened event percentages for a
60-day aftershock window are shown in Table S1, with less than
0%-3% more target events for each magnitude being excluded.
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21 days and spherical windows
centered on each target event
with radii Ar varying from 50
to 1000 km. The ratios for
small radii represent cases for
which the target event would
conventionally be identified
as a foreshock (or doublet if
M ~ Mgr), whereas for large
radii the events could involve
dynamic triggering or they
could be physically indepen-
dent. For Mgy ranging from
6.0 to 7.1, the ratios are about
4% with small radii of 50-

® 50km 100 km, although they increase
©100km | 41000 5

A330km | ] for large radii due to more
v 1000 km independent background and

dynamic  triggering  cases.
Major to great earthquakes
were seldom followed by an
even larger event in the last
100 yr (Table 1), with the
most famous case being an
M 8.1 event on 21 May 1960
(10:02:57 UTC) in Chile which
was followed by the giant
M 95 event on 22 May
(19:11:20 UTC).

The total number of target
events decreases with Mgy,
as expected from the b-value
being ~1.0 for the G-R rela-
tionship for the global catalog.
There is a small jump in
number of target events at
Mpgr = 7.0 due to expanding
the duration of the catalog
search back to 1920, but the
slope of the expanded catalog
distribution is about the same
as for lower magnitudes. For

www.srl-online.org

events larger than ~7.5, there are relatively few events followed
by comparable size or larger events within the specified dis-
tance and time windows. This leads to small sample sizes
for large target magnitudes, and intrinsic fluctuations associ-
ated with the discrete magnitude intervals and the limited cata-
log duration.
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Retrospective cases: Preceded by an M 6.0+ earthquake in 10 days
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Figure 2. Historical retrospective occurrence percentage for an earthquake (mainshock) with the given
magnitude preceded by an M 6.0+ event (foreshock) within different radial distances (50-1000 km)
over time ranges of (a) 10 days and (b) 21 days. Colored symbols indicate the occurrence percentage
for foreshock—mainshock pairs (left scale) found for different search distances. Other symbols are the
same as Figure 1. The color version of this figure is available only in the electronic edition.

and is largely because larger
sampling of seismogenic areas
increases the event counts in
the space-time window. To
account for this
nature of Earth’s seismicity,
we perform the same pro-

intrinsic

In the retrospective case (2), let N, be the number of events
with M = Mgy that were preceded by at least one event with
6.0 < M < Mgy, after ruling out either event in the pair as
being an early aftershock or a selected event in the prospective
case defined previously. The ratio Nj;/Nyy, for the target
event with Mp; ranging from 6.0 to 8.3 is shown in Figure 2
for specified time windows AT of 10 and 21 days and spherical
windows centered on each target event with radii Ar varying
from 50 to 1000 km. In this case, the ratios increase with Mg,
as well as with the spatial range of the search. Events at larger
Number 5
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cessing on catalogs with 9999
realizations of randomized
timing of actual events for an interval £2.5 yr around each
target event. The event magnitude distribution is preserved,
as are locations, so this process eliminates any actual foreshock
or aftershock relationships, but preserves the basic spatial and
magnitude distribution of global seismicity. Corresponding
curves are shown in Figures S1 and S2 for the prospective
and retrospective cases, respectively. These curves demonstrate
the expected behavior of the measures with increasing search
radius and target event size intrinsic to global seismicity dis-
tributions devoid of actual foreshock and aftershock clustering.
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Figure 3. Comparison of (a,b) prospective and (c,d) retrospective occurrence percentages

with values from temporally randomized catalogs within radial distances of (a,c) 50 km and
(b,d) 1000 km. Colored symbols indicate percentage for foreshock—mainshock pairs within 10 days from the
USGS-NEIC catalog, whereas gray ones indicate corresponding average values from 9999 temporally ran-
domized catalogs. The color version of this figure is available only in the electronic edition.

Figure 3 compares actual catalog results with the random-
ized ensemble results for a search radius of 10 days for 50 and
1000 km search ranges for both prospective and retrospective
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cases. When actual catalog val-
ues give higher percentages of
observed counts than the ran-
domized distribution, one can
infer a corresponding gain in
likelihood of causal interac-
tion relative to random distri-
bution for the global seismicity.
Comparisons for the 100 and
330 km cases are provided in
Figure S3.

So, how could these distri-
butions be used to respond to
challenging inquiries
possible  earthquake
actions? If asked a prospective
question such as how likely it is
that a magnitude 6.4 earth-
quake (e.g., the 4 July 2019
Ridgecrest foreshock) which
has just occurred is a foreshock
of a forthcoming event of equal
size or larger within 100 km in
the next 10 days, one can refer
to Table 1 and the prospective
curve in Figure la to state that
“among 615 global occurrences
of earthquakes of this size from
1965 to 2020, 21 events (about
4%) that are not early after-
shocks have been followed by

about
inter-

a comparable size or larger
event within 10 days and
100 km” (Table 1; given in ital-
ics). Referring to Figure S1 and
Table 1, the caveat could be
given that “a random catalog
would give two such cases
(about 0.5%).” If a fully devel-
oped OEF result is available in
a well-calibrated region, a more
precise probabilistic answer for
prospective events of different
size can be provided, but the
simple statement earlier pro-
vides a reasonably understand-
able context of low, but
nonzero potential for a larger
event to happen based on his-
torical global observations,

qualified by nature of Earth’s overall seismicity distribution.
If the concern was with regard to possible occurrence of a large
event far from the first event (perhaps along southern Cascadia
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for an M 6.4 event in southern California), the catalog (Table 1)
shows that “41 (about 7%) of such size events that are not early
aftershocks have been followed by a comparable or larger event
within 10 days and 1000 km,” “but a random catalog would
predict about 38 such events on average” (Table 1). Whether
the range of values in the random catalog is valuable to convey
or not depends on the goal of the communication, and usually
is most important for long-range interactions. Typically, OEF
statistical results are not well calibrated for such long-range
interactions, so Figures 1 and 2 provide a catalog-based distil-
lation of historical earthquake occurrence that conveys the fact
that remote triggering interactions do occur but still have low
frequency of occurrence, whereas Figure 3 accounts for the
effects of Earth’s seismicity distribution.

Asked a retrospective question about causal connection
between a recent large event (say, of Mgy = 7.1) and prior
events within the last three weeks at various distances (nearby
or far away), Figures 2 and 3 provide a response that “the
catalog shows that among 210 events of this size from 1920
to 2020, 12 events (about 6%) that are not early aftershocks
have been preceded by an event larger than 6.0 within
50 km within 21 days (a random catalog would give two events
[about 1%] on average), and 41 events (around 20%) that are
not early aftershocks have been preceded by an event larger
than 6.0 within 1000 km (a random catalog would give 46 events
[about 22%] on average, Fig. S2)” (Table 2). Of course, the large
spatial scale samples a vast area, so the event count is larger due
to inclusion of more, probably unrelated events, and that is
accounted for by reference to the random catalog. However,
the reality is that each of the events could have involved some
dynamic interaction with the recent event. As we generally do
not have the ability to quantitatively define which events
dynamically interact, conveying the history of occurrences is
a reasonable approach that can be understood without a formal
statistical parameterization of earthquake sequences.

Finally, we provide an additional prospective case scenario
based on the 13 February 2021 M,, 7.1 Fukushima earthquake
(we use the USGS-NEIC estimate). Given a media or public
inquiry about the possibility of a subsequent larger earthquake
happening within 10 days and 100 km, our suggested response
would be as following: “Among 210 global occurrences of
earthquakes of this size (M,, 7.1) from 1920 to 2020, five events
(about 2.4%) that are not early aftershocks of larger events have
been followed by a comparable size or larger event within
10 days and 100 km” (this information is directly taken from
Table 1). More detailed information can also be provided from
the output of the code provided in the supplemental material, if
asked for specific cases:

1. an M,, 7.1 in 11 April 2014 in Papua New Guinea followed
by an M,, 7.5 at ~26 km and 8 days;

2. an M, 7.1 in 17 May 1992 in Mindanao followed by an
M,, 7.3 at ~14 km and ~30 min;
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3. an M,, 7.1 in 16 April 1963 in Indonesia followed by an
M,, 7.1 at ~9 km and ~25 min;

4. an M 7.1 in 24 April 1957 in Greece followed by an M 7.3 at
~15 km and ~7 hr; and

5. an M 7.1 in 14 April 1928 in Bulgaria followed by an M 7.1
at 50 km and 4.4 days.

From Table 1 and Figure 1, the occurrence percentage is about
2%-3% for the time windows of 2-3 weeks and distance ranges
of 50-300 km, and it increases to be about 5% if we consider a
larger distance range up to 1000 km. From a large ensemble of
randomized catalogs, on average about 0.3 events of the total
210 events (about 0.1%) with M,, 7.1 are followed by a larger
earthquake within 10 days and 100 km, and 5.7 events (about
2.7%) for 21 days and 1000 km. Again, the specific question
from the media and public determines how much of this infor-
mation would be provided. Our procedure provides simple
access to the catalog basis for reliably answering such a ques-
tion with ready flexibility as to the specific catalog, magnitude,
time, and spatial extent. It is very important to give the public a
general sense for the total sample size and background seismic-
ity level underlying any response to their inquiry for them to
develop a general understanding of the numbers and occur-
rence percentages provided.

Of course, providing this information in response to typical
initial inquiries may form only the starting basis of a longer
discussion with the media, and they may well ask many fol-
low-up questions, but the intent is for them to have a take-
home message based on the typically low occurrence percent-
ages of seismological experience. Clarity in initial response will
prevent the follow-up questions from focusing on technical
complexities and confusion over probabilistic vernacular,
and this will help the overall communication. For the 2021
Fukushima event, important additional information in a fol-
low-up discussion may be that the event can be considered
to be a late (~10 yr) aftershock of the 2011 M,, 9.1 Tohoku
earthquake, based on sustained elevated seismicity rates rela-
tive to the interval before that event. The event was only the
second event since 11 March 2011 to produce greater than
Japan Meteorological Agency intensity VI shaking levels in
the epicentral area of the 2011 M,, 9.1 event. The strong
ground shaking from the 2021 Fukushima is probably due
to the combination of energetic process from the intraplate
rupture and less attenuation of seismic waves along the path
upward to the surface, similar to the 7 April 2011 M, 7.1
Tohoku intraplate earthquake (e.g., Ye et al, 2013). Even if
viewed as a late aftershock, there is no reason that this event
could not trigger another event, so our procedure is valid for
providing a response to the public.

Another caveat in this analysis is raised from the sparseness
of large event pairs in our 100 yr catalog and uncertainty in
magnitude determination over time. For example, based on
the recent 4 March 2021 M,, 7.4 and 8.1 Kermadec Islands
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events, with separation of 47 min in time and 105 km in dis-
tance between two large earthquakes, we consider prospective
and retrospective questions for target magnitudes of M,, 7.4
and 8.1, respectively, within 10 days at distance range of
100 km. For the total of 89 M, 7.4 earthquakes in the
USGS-NEIC catalog from 1920 to 2 November 2020 used
in this study, none (that are not early aftershocks) were fol-
lowed by an equal or larger event. For the total of 21
M,, 8.1 events, none were preceded by an M 6.0+ foreshock
in 10 days and 100 km. Against to deal with the small sample
size for these large magnitudes, one could smooth the fre-
quency over adjacent magnitude bins. For example, three of
121 M,, 7.3 events and four of 84 M, 7.5 events that are
not early aftershocks were followed by an equal or larger event
in 10 days and 100 km, so for a reference magnitude of M., 7.4,
one might say that seven events out 294 events (about 2.4%) with
M,, 7.3-7.5 that are not early aftershocks are followed by an
equal or larger event. Retrospectively, we can sum up with
the three of 22 M, 8.0 events and one of 12 M,, 8.2 events pre-
ceded by an M 6.0+ foreshock, to get state that four events out of
55 M, 8.0-8.3 events had at least one M 6.0+ foreshock. Of
course, numbers of target events and foreshock-mainshock pairs
will be updated gradually with time, so this caveat will diminish.

Future efforts could involve developing a convenient app or
webpage for making specific responses to the public. Of course,
given information about the source dynamics, more quantita-
tive approaches such as observing or computing ground shak-
ing at the target site and the history of seismicity rate increases
at corresponding shaking levels may be pursued (e.g., van der
Elst and Brodsky, 2010), but this is not typically readily avail-
able. It would also be valuable to engage in the future with
social scientists in the most effective dissemination of seismo-
logical information about large earthquake interactions from
all technical procedures in response to public inquiries.

Data and Resources

Earthquake information is based on the catalog from National
Earthquake Information Center at U.S. Geological Survey
(USGS-NEIC; https://earthquake.usgs.gov/earthquakes, last accessed
November 2020). The supplemental material includes scripts to
search and plot foreshock-mainshock pairs, along with necessary
databases, and the sequence plots of all M 6.0+ mainshocks preceded
by an M 6.0+ events in 10 and 21 days within the distances of 50, 100,
330, and 1000 km. All figures were made using Generic Mapping
Tools (GMT; Wessel et al., 2013).
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There are three parts in the supplementary material:

1) This supporting file provides additional 3 figures and 1 table to support the discussions in
the main text and the print version of Fortran codes for “foreshock-mainshock” searching

and randomization which help understand the data processing in the main text.

2) Electronic supplement: A package of scripts to search and plot foreshock-mainshock pairs,
along with necessary databases, which can be downloaded from the following link:
https://www.dropbox.com/s/3u5h81851p2ta2f/FYKL searching scripts.zip?dI=0
Fortran code on the searching procedure for the M6.0+ foreshock-mainshock pairs is
provided as a PDF file.

3) PDF files for sequence plots of all M6.0+ mainshocks preceded by an M6.0+ events in 10
and 21 days within the distances of 50 km, 100 km, 330 km and 1000 km, respectively.
They can be downloaded from the following link:
https://www.dropbox.com/s/cy530eqlzffibsu/Search M6.0 M6.0 sequences.zip?dI=0




Table S1. Searched Aftershocks with given magnitude Mer

Mer Nor(30)" | Nur(30)/ Niotar | Nar(60)" | Nar (60) Niorar
6.0 316 0.19 349 0.21
6.1 237 0.18 270 0.21
6.2 157 0.16 175 0.18
6.3 125 0.15 148 0.18
6.4 94 0.15 101 0.16
6.5 80 0.16 88 0.18
6.6 59 0.15 67 0.17
6.7 37 0.11 46 0.14
6.8 27 0.11 31 0.12
6.9 10 0.05 15 0.07
7.0 23 0.08 26 0.09
7.1 17 0.08 18 0.09
7.2 9 0.05 13 0.08
7.3 8 0.07 9 0.07
74 8 0.09 8 0.09
7.5 1 0.01 1 0.01
7.6 3 0.04 3 0.04
7.7 7 0.10 8 0.12
7.8 7 0.11 7 0.11
7.9 4 0.13 4 0.13
8.0 0 0.00 0 0.00
8.0 0 0.00 1 0.05
8.2 1 0.08 1 0.08

" Time windows of 30 days (Nys (30)) and 60 days (Nos (60)) after large events and a spherical distance
window with radius R (in km) equal to twice the empirical rupture length from Wells & Coppersmith
(1994), i.e., R=2x1024+*0-5M, 120 are used to screen aftershocks with given magnitude Mer. For target
events with magnitude Mer < 7.0, the USGS-NEIC catalog from 01/01/1965 to 11/02/2020 is used,

whereas for Mer > 7, the USGS-NEIC catalog from 01/01/1920 to 11/02/2020 is used.
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(b) Prospective Cases: Followed by a comparable or larger EQ in 21 Days
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Figure S1. Average prospective occurrence percentages from 9999 temporally randomized
catalogs. For each realization, the origin time of every M6.0+ earthquake in the USGS-NEIC
catalog since 1900 is perturbed in the time window of 2.5 years before to 2.5 years after its actual
origin time with a precision of one second. Error bars indicating one standard deviation. Other
symbols are the same as in Figure 1.
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Figure S2. Average retrospective occurrence percentages from 9999 temporally randomized
catalogs. For each realization, the origin time of every M6.0+ earthquake in the USGS-NEIC
catalog since 1900 is perturbed in the time window of 2.5 years before to 2.5 years after its actual
origin time with a precision of one second. Error bars indicating one standard deviation. Other
symbols are the same as in Figure 1.
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Figure S3. Comparison of prospective (a-b) and retrospective (c-d) occurrence percentages with
values from temporally randomized catalogs within radial distances of 100 km (a & c) and 330
km (b & d). Colored symbols indicate percentage for foreshock-mainshock pairs within 10 days
from the USGS-NEIC catalog, while gray ones indicate corresponding average values from 9999
temporally randomized catalogs.



For the i-th event with magnitude Mgr
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Flow diagram of the searching procedure for the M6.0+ foreshock-mainshock pairs.



File: /home/lingling/Global_seismic...inp_files/search_pairs_seq.f90 Page 1 of 3

program search _foreshocks
parameter (nn=101000,pi=3.141592653,RR=6371.0)

character*50 tim(nn),inpfile,oupfilel,oupfile2,nam(nn)

real(kind=4) :: lat(nn),lon(nn), dep(nn),mag(nn),magl,mag2

real(kind=8) :: dat(nn)

integer :: iel(2000,10)

xlen=2.0

dtr=pi/180.0

iel=0

I dd1 = aftershock search time window in days;

I spatial range for aftershock is given by radius R=xlen x 107(-2.44+0.59*mag)+20 km

dd1=30

print *, "dist range, time window, and min magntiude for the aftershock (El) and
mainshock (E2): "

read(*,*) dist@,dd0®,magl,mag2

read(*,*) inpfile,oupfilel,oupfile2

read(*,*) nevt

open(5,file=inpfile)

open (65, file=oupfilel)

open (66, file=oupfile2)

open(67,file="'Aftershocks"')

do i=1,nevt
read(5,*) tim(i),lat(i),lon(i),dep(i),mag(i),dat(i),nam(i)
enddo

ii=0

111=0

ka=0

do i=1,nevt ! 1 = index for the mainshock
if(mag(i).ge.mag2.and. ( (mag(i).1t.6.95 .and. dat(i).ge.23741.0) &

.or.(mag(i).ge.6.95 .and. dat(i).ge.7304.0 ) ) ) then

x1=lat(i)*dtr
yl=lon(i)*dtr

Il Evaluate if the i-th event is a foreshock or an aftershock. If yes, stop

I Evaluate if it is an aftershock
I The spatial range of aftershock is given by the radius R = xlen x
107(-2.44+0.59*mag) + 20 km
k2=1i
jj=i-1
do while((dat(i)-dat(jj)).le.ddl.and.jj.ge.1)
x2=lat(jj)*dtr
y2=lon(jj)*dtr
dist=sqrt((acos(sin(xl)*sin(x2)+cos(x1l)*cos(x2)*cos(yl-y2))*RR)**2+(dep(jj)-
dep(i))**2)
distl=xlen*10**(-2.44+0.59*mag(jj))+20.0
if(mag(jj).gt.mag(k2).and.dist.le.distl) k2=jj
ji=ji-1
enddo
I If yes (k2<i), stop searching, i->i+l
if(k2.1t.1) then
ka=ka+1
write(67,'(i4," ",A24,2f8.3,2f7.1,f16.8," ",6A20,A24,2f8.3,2f7.1,f16.8)"') ka,
&

tim(i),lat(i),lon(i),dep(i),mag(i),dat(i),nam(i),tim(k2),lat(k2),lon(k2),dep(k2),mag(k2),dat(k2)
endif

I If it is not an aftershock (k2=1i); then evaluate if it is a foreshock?
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I If it is a foreshore == Any event larger in dd0 (days) within the radius of dist0O
(km)?
if(k2.eq.i) then
kl=1
jj=i+1
I If yes (kl1>i), it is a foreshock; stop searching, i->i+l
do while((dat(jj)-dat(i)).le.dd0.and.jj.le.nevt)
x2=lat(jj)*dtr
y2=lon(jj)*dtr
dist=sqrt((acos(sin(x1l)*sin(x2)+cos(x1l)*cos(x2)*cos(yl-y2))*RR)**2+(dep(jj)-
dep(i))**2)
if(dist.le.dist@.and.mag(jj).ge.mag(i)) kl=jj
ji=jj+1
enddo
I'l Next, search for its foreshocks
if(kl.eq.i) then
j=i-1 ! j = index for foreshocks
k=0
ddt=dat(i)-dat(j)
do while(ddt.le.dd0.and.ddt.ge.5.8e-5)
x2=lat(j)*dtr
y2=Tlon(j)*dtr
dist=sqrt((acos(sin(x1l)*sin(x2)+cos(x1)*cos(x2)*cos(yl-y2))*RR)**2+(dep(j)-
dep(i))**2)
if(dist.le.dist@.and.mag(j).le.mag(i)) then ! foreshock can have same
magnitude as the mainshock
! evaluate if this potential foreshock is an aftershock of other mainshock?
ji=j-1
k3=j
do while((dat(j)-dat(jj)).le.ddl.and.jj.ge.1)
x3=lat(jj)*dtr
y3=lon(jj)*dtr
dist=sqrt((acos(sin(x3)*sin(x2)+cos(x3)*cos(x2)*cos(y3-y2))*RR)**2+
(dep(jj)-dep(j))**2)
distl=xlen*10**(-2.44+0.59*mag(jj))+20.0
if(dist.le.distl.and.mag(jj).gt.mag(j)) k3=jj
ji=jj-1
enddo
I if it is not an aftershock, count it as the foreshock we want
if(k3.eq.j) then
k=k+1
I k - index of foreshock for each mainshock:
I k=1 if only one foreshock and
I k=2 if two foreshocks with gradually increasing magnitudes (otherwise the 2nd EQ is
just aftershock of the 1st EQ).
kk=j
1i1=iil+1
if(k.eq.1) ii=ii+l
I i1 - index of mainshocks with foreshock(s), ii=1, 2, 3,
x1=lat(i)*dtr
yl=lon(i)*dtr
x2=lat(j)*dtr
y2=lon(j)*dtr
dist=sqgrt((acos(sin(xl)*sin(x2)+cos(x1)*cos(x2)*cos(yl-
y2))*RR)**2+(dep(j) -dep(1i))**2)
ddt=dat(i)-dat(j)
write(65,'(i4,i4," ",A24,2f8.3,2f7.1,"
“,A24,2f8.3,2f7.1,f8.1,f11.6,f16.8," ",A30)" ) &

ii,k,tim(i),lon(i),lat(i),dep(i),mag(i),tim(j),lon(j),lat(j),dep(j),mag(j),dist,ddt,dat(i),nam(1i)
write(*,'(i4,i4," ",A24,2f8.3,2f7.1,"
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", A24,2f8.3,2f7.1,f8.1,f11.6,f16.8," " A30)" ) &
ii,k,tim(i),lon(i),lat(i),dep(i),mag(i),tim(j),lon(j),lat(j),dep(j),mag(j),dist,ddt,dat(i),nam(1i)
iel(ii,k)=j
endif
endif
j=j-1
ddt=dat(i)-dat(j)
enddo
endif
endif
endif
enddo
close(65)
close(5)
nel=ii
do i=1,nel
do j=1,10
k1=0
do k=j+1,10
if(iel(i,k).ge.1l) then
1=iel(i,j)
m=iel (i, k)
if(mag(l).ge.mag(m)) then
ii=ii+1
kl=k1+1

ddt=dat(1l)-dat(m)

x1=lat(1l)*dtr

yl=lon(1)*dtr

x2=lat(m)*dtr

y2=lon(m)*dtr

dist=sqrt((acos(sin(xl)*sin(x2)+cos(x1)*cos(x2)*cos(yl-y2))*RR)**2+
(dep(j)-dep(i))**2)

if(dist.le.dist0) then

write(66,'(i4,i4," ",A24,2f8.3,2f7.1,"
",A24,2f8.3,2f7.1,f8.1,f11.6,f16.8," ",A30)" ) &
ii,k1l,tim(1l),lon(1l),lat(1l),dep(1l),mag(l),tim(m),lon(m),lat(m),dep(m),mag(m),dist,ddt,dat(l),nam(1l)
endif
endif
endif
enddo
enddo
enddo
close(66)
close(67)

end
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