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Mainshocks are often followed by increased earthquake activity (aftershocks). According to the
Omori-Utsu law, the rate of aftershocks decays as a power law over time. While aftershocks typically
occur in the vicinity of the mainshock, previous studies have suggested that mainshocks can also
trigger earthquakes in remote locations, beyond the range of aftershocks. Here we analyze the rate of
earthquakes that occurred after mega-earthquakes (with a magnitude of 7.5 or higher) and show that
there is a significantly higher occurrence of mega-earthquakes that are followed by reduced activity
beyond a certain distance from the epicenter compared to the expected frequency; the results are
based on statistical tests we developed. However, the remote earthquake rate after the strongest
earthquakes (magnitude >8) can also be significantly higher than the expected rate. Comparing our
findings to the global Epidemic-Type Aftershock Sequence model, we find that the model does not
capture the above findings, hinting at a potential missing mechanism. We suggest that the reduced
earthquake rate is due to the release of global energy/tension after substantial mainshock events. This

conjecture holds the potential to enhance our comprehension of the intricacies governing post-

seismic activity.

Earthquakes pose a significant and perilous threat to humanity, given their
highly destructive nature. While they are complex spatiotemporal phe-
nomena, several empirical laws govern their behavior. Notable among them
are the Gutenberg-Richter law', which describes the exponential decay of
earthquake magnitude distribution, and the Omori-Utsu law >, which
elucidates the power-law decay of aftershock rates over time. Additionally,
various scaling and power laws have been established concerning the dis-
tribution of waiting times between earthquakes'™. Extensive research has
been conducted on these laws, providing insights into earthquake activity
models such as the Epidemic-Type Aftershock Sequence (ETAS) model’.
Researchers have been unable to identify definitive precursors that can
be utilized to forecast the occurrence of large earthquakes in advance.
However, the clustering of aftershocks suggests that earthquake timing is
not entirely random™''. Moreover, a previous study demonstrated that
consecutive interevent earthquake intervals exhibit correlated behavior
rather than randomness. Specifically, shorter (longer) interevent intervals
have a higher likelihood of being followed by shorter (longer) interevent
intervals'”. Furthermore, the application of the Detrended Fluctuation
Analysis (DFA) to interevent interval time series has revealed the presence
of long-range (power-law) correlations and other memory measures within
earthquake catalogs'™'". In their research, refs. 7,8 studied the lagged

interevent times and distances and found that there are significant corre-
lations for short-time lags, but weaker correlations for longer time lags.
From a different perspective, previous studies have indicated that the
occurrence rate of seismic events (foreshocks) tends to increase prior to a
mainshock'> ™, following the so-called “inverse Omori law” although this
observation is not as robust as the Omori-Utsu law.

Another crucial aspect of earthquakes pertains to the mechanisms
underlying their spatial propagation. Strong earthquakes often trigger a
series of subsequent aftershocks in their vicinity due to increased static
Coulomb stress™ . However, the phenomenon of remote triggering, where
seismic waves from a mainshock trigger earthquakes thousands of kilo-
meters away, has been observed and explained by dynamic stress
triggering ***". For instance, following the 8.6 Mw East Indian Ocean
mainshock on April 11, 2012 (accompanied by a powerful 8.2 Mw after-
shock), there was a significant global increase in the rate of earthquakes in
remote areas”. Nevertheless, other studies have found no evidence sup-
porting such remote triggering’>"'. Moreover, a different study noted a
decrease in earthquake activity in remote locations a few hours after a
mainshock, attributing this decline to reduced detection capabilities caused
by seismic waves”. From a physical standpoint, the global occurrence rate
beyond the immediate aftershock zone could decrease following large
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earthquakes due to energy and stress release. This relaxation effect can be
likened to the suppression of short waiting times observed in the Abelian
sandpile model during a massive avalanche™.

The objective of this study is to examine how the earthquake rate varies as
a function of distance and time following mega-earthquakes. In order to
achieve our objective, we have developed a statistical approach that enables us to
measure the real occurrence of earthquakes after a mega-shock in comparison
to adistribution of earthquake rates starting from randomly selected times. This
is done while taking into account the same location, time window, and distance
from the epicenter as the mega-earthquake. We statistically find that the
earthquake rate proceeding mega-earthquakes and beyond a critical distance of
about 100 km from the epicenter is significantly lower than the mean rate at the
location of the mega-earthquakes. We propose that this critical distance can
serve as a measure for determining the extent of aftershocks. We also find that
the strongest mega-earthquakes are followed by reduced remote earthquake
activity or by enhanced remote earthquake activity.

Results

We utilized the comprehensive global earthquake catalog, between May
1979 and May 2023, setting a minimum magnitude threshold at 5.1 (for this
value, the catalog can be regarded as complete; for details, see the Methods
section). The distribution of earthquake magnitudes closely conforms to the
Gutenberg-Richter law, exhibiting a slope of —1.068 + 0.017 (Supplemen-
tary Fig. S1). The spatial distribution of the events included in the catalog is
depicted in Fig. 1a. Seismic events primarily occur along the boundaries of
tectonic plates, influenced by the movements and compression of the
Earth’s lithospheric plates.

We next consider earthquakes of exceptional magnitude, above or
equal to 7.5, the common definition of mega-earthquakes™. Figure 1b
depicts the geographical distribution of these mega-earthquakes, with
prominent active regions including South America, Indonesia, and Japan.
We demonstrate our analysis using the Chiapas earthquake, an 8.2 mega-
earthquake, which occurred on September 7, 2017; Fig. 1c shows its location.
We analyzed the global earthquake occurrences (with magnitude m >5.1)
subsequent to this mega-earthquake within a 5-day temporal window
denoted as T, while excluding earthquakes within a radius (R) of 500 km
from the mega-earthquake’s epicenter. We find a total of eight such
earthquakes that followed the Chiapas mega-earthquake; see Fig. 1c.

We next study whether the earthquake rate after this mega-earthquake
is larger, smaller, or equal to the mean earthquake rate associated with the
mega-earthquake’s location. We show the results in Fig. 1d, which depicts
the Probability Density Function (PDF) of the number of earthquakes that
occurred farther than 500 km from the epicenter of the 8.2 Chiapas mega-
earthquake and within a time window of 5 days from randomly selected
times. This PDF is utilized to create a null hypothesis concerning the rate
observed after a mega-earthquake. If the observed rate falls within the PDF’s
confidence interval, typically between the 10% and 90% quantiles, then the
null hypothesis is not rejected, and the rate is considered “normal.” How-
ever, if the observed rate falls outside the confidence intervals, it is classified
as either a low or high rate; see the Methods Section. Figure 1d depicts the
10% and 90% quantiles (the dashed black vertical lines), as well as the
observed rate (the solid red vertical line), indicating that the observed
subsequent rate of the 2017 Chiapas mega-earthquake is low, below the 10%
quantile.

We next consider all the mega-earthquakes and study the earthquake
rate that follows them. Figure 2a depicts, for each mega-earthquake, the
actual count of ensuing earthquakes spanning a 5-day window (T) and
exceeding a distance of 500 km (R) from the epicenter. Also plotted is the
10-90% interval, based on the surrogate data (Fig. 1d). Notably, certain
mega-earthquakes exhibit counts falling below the 10% quantile, indicating
reduced activity, while others surpass the 90% quantile, denoting increased
activity (Fig. 2a).

The spatial distribution of these statistically significant mega-
earthquakes is displayed in Fig. 2b. It is apparent that the majority of
these significant events are concentrated in the vicinity of active seismic
zones. Additionally, mega-earthquakes followed by reduced activity out-
number those followed by increased activity. Quantitatively, the ratio, r, of
mega-earthquakes followed by reduced activity is r=0.194 (with uncer-
tainty between 0.176 and 0.212 defined in Methods), while those followed by
increased activity hold a ratio of r = 0.078 (with uncertainty between 0.077
and 0.079). Within the context of the null hypothesis, we would anticipate a
ratio close to 0.1, as predicted by our chosen 10% and 90% quantiles. The
discernible departure from this expected ratio highlights the statistical sig-
nificance of the ratio pertaining to reduced activity.

Following the above, we study the dependence of the magnitude of the
mega-earthquake on the corresponding ratio, r. Our analysis

Fig. 1 | Demonstration of the proposed statistical
method. a Spatial distribution of global earthquakes
with a magnitude larger than or equal to 5.1 between
May 1979 and May 2023. b Same as (a) but for only
mega-earthquakes with a magnitude larger than or
equal to 7.5. ¢ An example of the 2017 Chiapas
earthquake with a magnitude 8.2 (red triangle) and
its following events (circles) above a certain distance
(i.e., 500 km, marked by the shaded dashed circle)
and within a time window of 5 days. d Probability
Density Function (PDF) of the number of events at
distances >500 km from the location of the Chiapas
earthquake and within 5 days for 10 realizations of
the surrogate data (i.e., 10* realizations of randomly c
selected initial times). The dashed black vertical lines
represent the 10% and 90% quantiles. The red line
shows the observed number of earthquakes follow-
ing the real 2017 Chiapas earthquake, which is below
the 10% quantile. The solid black vertical line o
represents the median.
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Fig. 2 | Significance of mega-earthquakes (m > 7.5) a
and their spatial distribution. a The number of

earthquakes n(T, R) in a time window of T'=5 days 3 , °
and beyond the distance R = 500 kilometers from the < 1071 Ar Pl e
epicenter, following mega-earthquakes (colors > %: W i X T S
‘rep?esent their magnitude-s). The gray shading § 0 ‘::75{; Xk
indicates the 10% to 90% interval of the PDF. of the g e Ty . ﬁ)»‘ $ .
number of events for the surrogate data (see Fig. 1d). S % -
b The spatial distribution of the mega-earthquakes 5 ¢
shown in (a) that fall below the 10% quantile (red 'g a
triangle) and above the 90% quantile (blue triangle). E o
(¢
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Table 1 | The significant mega-earthquakes with magnitudes m >8.0

Region/location Date (dd/mm/yyyy) Magnitude Activity n(T,R) Percentile

Kuril Islands 04/10/1994 8.3 Reduced* 10 9.2% (14.0%)
Antofagasta 30/07/1995 8.0 Reduced 9 5.7% (9.3%)
Colima-Jalisco 09/10/1995 8.0 Reduced 9 5.1% (8.7%)

New Ireland 16/11/2000 8.0 Reduced 7 2.1% (4.0%)

Solomon Islands 06/02/2013 8.0 Reduced 8 3.2% (5.6%)

lllapel, Chile 16/09/2015 8.3 Reduced 7 1.5% (3.0%)

Chiapas, Mexico 08/09/2017 8.2 Reduced 8 3.4% (5.4%)

Peru 05/26/2019 8.0 Reduced 9 4.9% (8.6%)

Bolivia 09/06/1994 8.2 Increased 29 93.6% (94.6%)

Tokachi 25/09/2003 8.2 Increased 29 94.6% (95.2%)

Tasman Sea 23/12/2004 8.1 Increased 176 100% (100%)

Sumatra, Andaman 26/12/2004 9.1 Increased 123 100% (100%)

Kuril Islands 15/11/2006 8.3 Increased* 25 89.2% (90.8%)

Peru 15/08/2007 8.0 Increased 28 93.1% (94.1%)

Fiji 19/08/2018 8.2 Increased 35 97.4% (97.7%)
Kermadec Islands 04/03/2021 8.1 Increased 30 94.9% (95.6%)

For atime window of T = 5 days and distance from the epicenter farther than R = 500 km. The last column shows the percentile of the number of events for the surrogate data smaller (smaller and equal) than

the real number.
“*” indicates marginal counts.

(Supplementary Fig. S2) reveals that no definitive correlation exists between
the mega-earthquake’s magnitude and the resultant ratio. For most mag-
nitudes, the earthquake rate after mega-earthquakes is reduced, i.e., the ratio
of mega earthquakes that fall below the 10% quantile is significantly >0.1,
while the ratio of mega-earthquakes that fall above the 90% quantile is
significantly <0.1. Yet, the strongest mega-earthquakes (m = 8.0) result in
both ratios being significantly larger than the expected 0.1 ratio (Supple-
mentary Fig. S2), suggesting that such mega-earthquakes can either trigger
long-distance worldwide earthquakes or lead to reduced worldwide seismic
activity; see Table 1 for details regarding mega-earthquakes that were fol-
lowed either by significantly reduced earthquake activity or by significantly
increased earthquake activity. The limited number of mega earthquakes
with magnitude m > 8.0 (i.e., the full circles under the dashed line in Sup-
plementary Fig. S1) can increase the uncertainty of the reported results.
Next, we explore the dependence of the ratio of mega-earthquakes that
fall below (above) the 10% (90%) quantile as a function of both the distance
from the epicenter R (from 10 to 8000 km) and the time window T (from 3
to 60 days). We first show these ratios as a function of the distance from the
epicenter R of the mega-earthquakes for different time windows T
(Fig. 3a—d). The effect of aftershocks is noticeable close to the mega-

earthquakes’ epicenters (R $250) km, where the ratio is well off the
expected 0.1 ratio, indicating significantly increased earthquake activity after
the mega-earthquakes; i.e., the ratio of mega-earthquakes that fall below
(above) the 10% (90%) quantile is much larger (smaller) than 0.1. For
distances R > 500 km, the ratios are more or less stable, indicating reduced
earthquake activity after mega-earthquakes (ratio of ~0.15 for ratios that fall
below the 10% quantile in comparison to the expected 0.1 ratio). Notably,
the ratio of mega-earthquakes that fall below the 10% quantile (red symbols
in Fig. 3a-d) is more significant in comparison to the ratio of mega-
earthquakes that fall above the 90% quantile (blue symbols in Fig. 3a-d).
The ratios of mega-earthquakes that fall below the 10% quantile and
above the 90% quantile as a function of the distance, R, from the epicenter
and time window T are presented in Fig. 3e, f respectively. It is noticeable
from Fig. 3e that the ratio of mega-earthquakes that fall below the 10%
quantile is not so sensitive to the time window T—this ratio is <0.1 for
distances smaller than ~100 km and >0.1 otherwise, indicating enhanced
earthquake activity after mega-earthquakes close to their epicenters (after-
shocks) and reduced earthquake activity at farther distances. Notably, for
time windows spanning 10-20 days, the ratio appears relatively smaller
compared to both shorter and longer time windows, as depicted in Fig. 3e.
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Fig. 3 | The ratio of mega-earthquakes that fall a 3 days
below the 10% quantile (red) and above the 90% 061 .
quantile (blue) as a function of the distance from © Below 10% © Above 90% 0.5
the epicenter, R, and time window T. a T = 3 days,
b T'=5 days, ¢ T=25 days, and d T = 60 days. The 0.4 041
dashed black horizontal line represents the ratio of o
the null hypothesis 0.1 and its uncertainty (gray s 0:31
shaded area). The dashed red vertical line indicates o 02
the approximate transition distance of 500 km. The 0.21 ’
error bars are related to the uncertainty of the ratio 01l
as described in the Methods Section. The ratioof [ T =@ nnnan )
mega-earthquakes that e fall below the 10% quantile 0.0
and (f) above the 90% quantile as a function of the
distance from the epicenter, R and time window T.
The black contoured line represents the ratio 0.1.
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Fig. 3f depicts the ratio of mega-earthquakes that fall above the 90% quantile.
Here the ratio is far above the expected 0.1 ratio for close distances
(R £ 300 km) and short time windows (T' < 30 days), indicating aftershock
activity which decays with distance and time'"". For large distances
(R> 1000 km), the ratio drops below the expected 0.1 ratio, indicating
reduced earthquake activity after mega-earthquakes for distances greater
than ~1000 km. The transition across the 0.1 ratio is different for Fig. 3e
(~100km) and Fig. 3f (~1000 km), suggesting an aftershock extent for
mega-earthquakes of 100-1000 km.

To strengthen the robustness of our findings, we repeat the analysis
based on the 5% and 95% quantiles (in addition to the analysis of the 10%
and 90% quantiles) and obtained similar results; see Supplementary Fig. S3
in comparison to Fig. 3. We also explore alternative metrics such as the
median, average, and multiples of the average, as detailed in Supplementary
Figs. S4-S7. Notably, all analyses consistently indicate a reduced earthquake
activity after the occurrence of mega-earthquakes. Moreover, the results for
different magnitude thresholds, 5.0 and 5.2, also show similar behavior in
Supplementary Figs. S8 and S9.

The global ETAS model™'"**** was proposed to model the statistical
properties (the spatiotemporal clustering) of the global earthquake catalog;
see the Methods Section. We next compare the results described above, which
are based on the real global catalog, to the synthetic catalog of the ETAS
model. As expected, the spatial distribution of earthquakes generated by the
ETAS model is similar to the spatial distribution of the observed earthquakes
(Supplementary Fig. S10)—the earthquakes are mainly distributed along the

plates’ boundaries. The ETAS model reproduces the generation of a sequence
of aftershocks following a major seismic event, which serves as the foundation
for interlinking earthquakes in the model. Notably, from a mechanistic
standpoint, the ETAS model lacks any intrinsic processes that model
instances of reduced seismic activity. In Fig. 4a and c (Fig. 4b and d), we
juxtapose the ratio of mega-earthquakes that fall below (above) the 10%
(90%) quantile, for the real global earthquake catalog and for the synthetic
global ETAS model catalogs. As seen, the global ETAS model does not
reproduce the reduced earthquake rate after mega-earthquakes for distances
beyond several hundreds of km; see Fig. 4. This disparity arises due to the
ETAS model’s inability to replicate long-distance suppression of earthquake
activity. However, for distances <500 km, the results based on the ETAS
model synthetic catalogs align more closely with the results based on the real
global catalog, attributed to the ETAS model’s proficiency in representing
aftershock clustering dynamics. The ETAS model’s ratio of mega-
earthquakes that fall above the 90% quantile slightly surpasses the 0.1 ratio
for distances greater than several hundreds of km, particularly for T'= 5 days.
This discrepancy arises due to the possibility of long-distance triggering in the
ETAS model as outlined in Eq. (4) in the Methods Section; see™""***.

We quantify the fraction of ETAS model realizations with a ratio
exceeding that of the real data in a spatiotemporal context, as depicted in
Fig. 4e and {. This ratio should be around 0.5 when the ETAS model results are
comparable to the results of the real earthquake catalog. At short distances,
nearly 90% of the ETAS realizations exhibit a ratio of reduced activity after
mega-earthquakes, surpassing that of the real data (Fig. 4e). This discrepancy

Communications Earth & Environment| (2024)5:297
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Fig. 4 | Comparison of the ratio based on the real
global earthquake catalog and the synthetic ETAS
model catalogs. The ratio of mega-earthquakes that
fall below the 10% quantile for aT = 5 days and
cT =25 days as a function of distance from the epi-
center R, for the real catalog (red symbols) and for
the ETAS model synthetic catalog (cyan symbols).
The ratio of mega-earthquakes that fall above the
90% quantile for (b) T=5 daysand dT = 25 daysasa
function of distance from the epicenter R. The
dashed black horizontal line represents the ratio of
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signifies that the ETAS model underestimates the rate of aftershocks in the
proximity of the mega-earthquakes’ epicenter. However, this underestimation
does not significantly impact the results at greater distances. For extended
distances, the fraction below 10% in Fig. 4e underscores the substantial dif-
ference in the ratio of reduced activity between the real data and the ETAS
model. In contrast, the ratio of mega-earthquakes that fall above the 90%
quantile for real data is considerably lower than the corresponding ratio from
the ETAS model, as shown in Fig. 4f. Following the above, it is evident that the
ETAS model fails to replicate the finding of reduced seismic activity following
mega-earthquakes; this is since the model (Eq. (1)) does not include any
mechanism of reduced activity after mega-earthquakes. It is possible that some
discrepancies in the background rate (seismic activity in the absence of
aftershocks) could be used to modify the ETAS model to better capture the
observed reduced seismic activity following mega-earthquakes (see Supple-
mentary Fig. S11).

Discussion

In this present study, we investigated the earthquake rate after the
occurrence of mega-earthquakes (with a magnitude larger than or
equal to 7.5). We developed several statistical methods to investigate
whether mega-earthquakes are followed by reduced earthquake
activity beyond a few hundred kilometers from the epicenter. Our
analyses showed that there are significantly more such cases than
expected. For smaller distances, increased earthquake activity is

observed after the occurrence of mega-earthquakes and is attributed to
aftershocks. The transition distance of 100-1000 km is suggested to be a
length scale of aftershocks following mega-earthquakes with a mag-
nitude larger than or equal to 7.5. We compare the results based on the
observed global catalog to the results obtained based on the global
ETAS model artificial catalogs and find that the ETAS model fails to
reproduce the results based on the observed earthquake catalog. Our
results are different for magnitudes above 8.0 (for which we observed
both increased and decreased activity after the earthquakes) and below
8.0 (for which we find significantly more mega-earthquakes that are
followed by reduced activity). This should be verified more thoroughly
as the total number of such mega-earthquakes (=8.0) is not large (37
events).

The stress of faults could be transferred to remote areas along tectonic
plate boundaries or fault systems after a mega-earthquake occurs”. We
conjecture that the stress transfer can change the stress state of remote faults,
either promoting or inhibiting seismic activity in remote areas. These areas
may experience a period of seismic quiescence, characterized by reduced
seismic activity, following a mega-earthquake. This quiescent period can be
a natural response to the redistribution of stress. Our findings provide
researchers with an opportunity to study the geological processes between
remote areas responsible for stress accumulation and release in greater
detail. This can enhance our understanding of seismic hazards and improve
earthquake forecasting models.
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Table 2 | Estimated parameters of the global ETAS model

Mo(day') A o P c(days) q D (km) ym
138 1.70 1.06 0.0083 2.03 92 0.50

Parameters 2.8

Methods

Data

We analyzed seismic events with a magnitude of 5.1 or higher (Mw, Mb, and
Ms) from May 1979 to May 2023 (44 years), using the United States Geo-
logical Survey (USGS) catalog”. There were 57,085 earthquakes within a
depth range of 0-700 km, with 193 events having a magnitude of 7.5 or higher,
and 37 events with a magnitude of 8 or higher. An earthquake catalog is
considered to be complete when the histogram of the magnitudes of the
earthquakes within the catalog follows closely the Gutenberg-Richter law.
According to this law, the number of events with a magnitude greater than or
equal to the magnitude threshold M, is proportional to 100, where b is ~1.
Figure S1 illustrates the Gutenberg-Richter law for magnitude threshold M,
of 5.0 and 5.1. The results affirm the catalog’s completeness for both mag-
nitude thresholds, 5.0 and 5.1 (see also ref. 39). To strengthen the results, our
investigation is based on events with a magnitude equal to or >5.1.

Significance test

It is widely recognized that mega-earthquakes have the potential to initiate a
cascade of aftershocks within a condensed temporal window and spatial region.
Here we examined post-mega-earthquake seismic activity, focusing specifically
on regions located beyond a defined distance from the epicenter, and within a
designated time interval. The metric utilized is the count of earthquakes,
denoted as (T, R), occurring within a time window of T'days and at a distance
exceeding R km from the epicenter. Notably, earthquakes occurring within the
spatial confines of the immediate aftershock region are disregarded.

The null hypothesis posits that the count #(T, R) and the timing of the
mega-earthquake are statistically independent. Consequently, surrogate
data is generated under the framework of this null hypothesis. For each
mega-earthquake, a random initial time is selected from within the time
span of the global catalog, while the geographical coordinates remain as for
the original mega-earthquake; the latter constraint is aimed at avoiding
possible spatial biases and geographic biases. The random selection of times
is repeated many (10%) times, yielding the surrogate earthquake count
denoted as #'(T, R). We then construct the PDF characterizing the dis-
tribution of #'(T, R). Using this PDF, we establish the significance levels at
10% for the lower bound and 90% for the upper bound. Should the actual
count #n(T,R) fall below (above) the 10% (90%) quantile, the mega-
earthquake is considered to be a significant event, signifying that it was
followed either by reduced or increased seismic activity, respectively.

The ratio of significant events

In the context of a sequence of mega-earthquakes, we determine the ratio
r = Ny/N,,,, where N corresponds to the count of significant mega-earthquakes
(i.e., mega-earthquakes that fall below/above the 10%/90% quantile), and N,,,
denotes the overall count of mega-earthquakes. Notably, the quantile values of
10% and 90% may not be integral, necessitating the utilization of either the
floor or ceiling integer values of these quantiles for comparison with the actual
counts. Consequently, the count N may exhibit variability when these floor or
ceiling integers are applied, thus introducing uncertainty into the derived ratio.
This uncertainty is especially large for short time windows that result in a low
number of counts after the mega-earthquakes. To mitigate this uncertainty, we
adopt the average of the counts obtained using both the floor and ceiling
integers for the calculation of the ratio. The associated error bar is established
as the difference between these two counts.

The global ETAS model

The ETAS model, a space-time stochastic point process, is employed to
simulate synthetic earthquake catalogs™". This model simulates seismic
activities based on a rate function A, defined at a location (x, y) and time ¢,

conditioned on the prior history Hy:

Mx,y, t|H,) = u(x,y) + Z kMgt — t)f (x =%,y =i M) (1

ti<t

Here, t; indicates the time of past events, and M; represents their magnitude.
The magnitude of each event (= M, where M,=5.0 is the magnitude
threshold of the catalog; the catalog can be truncated to get the higher
magnitude threshold) is generated independently following the
Gutenberg-Richter distribution with a magnitude-frequency parameter of
b=1. The background intensity pu(x,y) = pou(x, y) at location (x,y) is
governed by the spatial PDF of background events denoted by , estimated
using the approach outlined in refs. 35,36. o stands for the background rate
of seismic events on a global scale. We employ the thinning method of point
process, as proposed by ref. 40, to generate the synthetic ETAS catalogs. By
construction, the occurrence times of background events follow a Poisson
process with the mean rate y,. Their spatial locations are independently
sampled according to the spatial PDF u(x, y)*.
The magnitude-dependent triggering capability is formulated as

k(M;) = A exp(a(M; — M), (2)
where A represents the rate of earthquakes at zero time lag, and « denotes the

productivity parameter. The temporal decay of triggered events is described by
the Omori law,

st—1)=(1+=1)7, @)

where c and p are Omori law parameters. Spatial clustering of aftershocks is
introduced through the spatial kernel function f{x — x;, y — y;, M;)*,

—1 _ i2+ _ i2 —-q
f(x_xivy_yi’Mi):qﬂcz (1+(X < Cz(y y)> . @

Here, { = Dexply,,(M; — M,)] signifies that the distances between trig-
gering and triggered events depend on the magnitudes of the triggering
events. Parameters g, D, and y,,, are estimated parameters. We note that the
ETAS model exhibits minimal long-range spatial correlation (>> D). The
parameter values are estimated through the expectation-maximization
algorithm, as detailed in refs. 39,41 and summarized in Table 2.

Data availability
The global earthquake catalog can be downloaded from the United States
Geological Survey (USGS) (https://earthquake.usgs.gov/earthquakes/search/).

Code availability

The code is available on request from the authors.
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