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Real-time discrimination of earthquake 
foreshocks and aftershocks
laura Gulia1* & Stefan Wiemer1

Immediately after a large earthquake, the main question asked by the public and decision-makers is whether it was the 
mainshock or a foreshock to an even stronger event yet to come. So far, scientists can only offer empirical evidence from 
statistical compilations of past sequences, arguing that normally the aftershock sequence will decay gradually whereas the 
occurrence of a forthcoming larger event has a probability of a few per cent. Here we analyse the average size distribution 
of aftershocks of the recent Amatrice–Norcia and Kumamoto earthquake sequences, and we suggest that in many cases it 
may be possible to discriminate whether an ongoing sequence represents a decaying aftershock sequence or foreshocks 
to an upcoming large event. We propose a simple traffic light classification to assess in real time the level of concern about 
a subsequent larger event and test it against 58 sequences, achieving a classification accuracy of 95 per cent.

All crustal moderate-to-large earthquakes are followed by a decaying 
aftershock sequence that typically lasts for years. In some cases, this 
decaying sequence is interrupted by an even larger, and often more 
destructive, subsequent mainshock. One of the biggest unknowns 
in real-time seismic hazard assessment during an ongoing seismic 
sequence is whether the largest event—the mainshock—has already 
happened or is still to come. There are no scientific means yet to pro-
spectively distinguish between ‘classical’ aftershock sequences and a 
sequence of potential foreshocks to an upcoming larger event1,2—the 
latter being typically the biggest concern of the local population and 
civil protection authorities. So far, the only answer that science can 
offer to this first-order question is a purely statistical one, based on 
compilations of empirical observations: the chance that after a mod-
erate earthquake an even larger event will occur within five days and 
10 km is typically 5%3,4. These numbers are at the core of existing sys-
tems for operational earthquake forecasting5,6 using algorithms such 
as ETAS (epidemic type aftershock sequences)7,8 or STEP (short-term 
earthquake probability)9.

From the physics point of view, the probability of a subsequent larger 
mainshock must depend on the stress conditions set up by the previous 
events and the long-term tectonic stress conditions10,11. These condi-
tions, as well as the location of potential faults, are typically unknown, 
and physics-based approaches employing Coulomb stress transfer have 
so far not been successful in forecasting upcoming mainshocks any bet-
ter than statistical models12, whereas their information gain is typically 
too low to warrant action13,14. There have been a number of attempts 
to identify foreshocks using waveform analysis or other precursory 
phenomena15–17 but these have not yet resulted in improved earthquake 
forecasting abilities.

Here we use the fact that the time after a moderate or larger main-
shock is the most data-rich period during the earthquake cycle, with 
thousands of aftershocks (or potential foreshocks) occurring within 
hours. These events allow observing spatial and temporal transients at 
resolutions 1,000–10,000 times higher than during normal conditions. 
Measuring changes in the stress caused by the mainshock is possible 
only indirectly and with somewhat low precision. The average size dis-
tribution of earthquakes—that is, the b value of the Gutenberg–Richter 
law18,19 (logN = a – bM where N is the cumulative number of events 
above magnitude M, a describes the productivity and b the average 

size distribution of the earthquakes)—is sensitive to differential stress; 
its inverse dependence on differential stress has been confirmed many 
times in both laboratory20–22 and field23 studies. Recently, analysis of 
a stack of 58 aftershock sequences from California, Japan, Italy and 
Alaska—31 of them with data of good enough quality and sufficient 
abundance for subsequent stacking—showed that the b value of after-
shock sequences generally increases after the mainshock by 20%24. 
This study also presented a Coulomb stress-based model explaining 
the observed transients and their dependence on magnitude, distance 
and faulting styles.

We propose that sequences diverting from the generally observed 
increased b value after a mainshock are those of high concern, for 
which a subsequent larger event is likely to occur. Therefore, real-time 
monitoring of the b value in aftershock sequences can be used for real-
time discrimination between foreshocks and aftershocks, allowing us 
to use a posteriori awareness for a priori alerts. Evidence supporting 
our hypothesis comes from investigating time series of two recent 
sequences: the M = 6.6 Norcia and M = 7.3 Kumamoto sequences, 
which occurred in 2016 and were preceded by subsequently identified 
foreshocks reaching magnitude 6.

Establishing transients in b values
Computing reliable time series of the b value in aftershock zones is 
especially difficult, mostly because the quality, consistency and com-
pleteness of the seismicity catalogue is typically strongly affected by 
changes in the recording seismic network and by limitations in detec-
tion25. Therefore, the first hours or even days of data after a magnitude 
6 event usually need to be excluded from the analysis, which is only 
feasible in areas with very good network coverage and advanced seismic 
data analysis procedures. In addition, it is often challenging to establish 
the local pre-mainshock b values because of the sparseness of seismic-
ity outside sequences and limitations in recording homogeneity. The 
detailed analysis procedure that we follow to compute the change in 
b before and after the mainshock is described in Methods. We select 
events within 3 km of the fault plane because these have been shown 
to be the most reactive to stress changes24.

The Amatrice–Norcia sequences. On 24 August 2016, an earthquake 
with moment magnitude Mw = 6.2 struck on Amatrice, central 
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Italy, killing about 300 people and severely damaging the town and  
neighbouring area. In contrast to most mainshocks in the region  
(for example, the 2009 Mw = 6.3 L’Aquila event14), the Mw = 6.2 
event was not preceded by noticeable foreshocks. “Was this the main-
shock?” is what the public, civil protection authorities and decision- 
makers were wondering at that time. It was not—two months  
later, on 30 October 2016, an Mw = 6.6 earthquake hit the town of 
Norcia, 20 km north-west of Amatrice, and neighbouring areas, 
revealing a posteriori that the Mw = 6.2 event and its ‘aftershock’ 
sequence were in fact foreshocks. This event was the strongest shock 
that occurred in the central–northern Apennines during the instru-
mental era26.

Assuming near-real-time conditions, we processed events from 2012 
from the Italian earthquake catalogue that is homogeneous in terms 
of moment magnitudes27. We estimated a reference b value for the 
background (b = 1.2 for the interval between 2012 and the last event 
preceding the Mw = 6.2 earthquake). Using an automated quality and 
completeness analysis (see Methods), cross-checked by visual inspec-
tion, we then removed the events in the first three days following the 
Mw = 6.2 event and computed the difference in b with respect to the 
background value (Fig. 1). After the 24 August 2016 Mw = 6.2 event, the 
b values near the Amatrice fault decreased by about 10%, from 1.2 to 1.1 
(Fig. 1a)—a behaviour very different from the 20% increase observed 
generally. The plot of the frequency–size distribution of the earthquakes 
(Fig. 1c) shows that the decrease in b is stable according to high-quality 
data and does not depend on the chosen magnitude of completeness. 

It also illustrates that the probability of a magnitude 6.6 event, inferred 
from the recurrence time28, has increased by about a factor of 30. An 
even stronger decrease in b value is observed in the rupture area of the 
subsequent Norcia earthquakes (Fig. 1b), where the drop in b value 
is closer to 20% and the probability of a subsequent event of magni-
tude 6.6 increases by a factor of 1,000 over the background (Fig. 1d). 
To analyse the spatial footprint of the change in b value, we map the 
percentage differences from the regional b value. We compute b values 
on a 2-km-spaced grid, sampling the nearest 250 events to each grid 
node and re-estimating the completeness in each node (see Methods). 
The mapping results are very consistent with the series analysis and 
frequency–magnitude distributions. In the time between the Amatrice 
and Norcia mainshocks, the b value decreased to the north of Amatrice 
by 20–50% (Fig. 1g).

The picture changes markedly after the Mw = 6.6 Norcia event; the 
b values in the Norcia and Amatrice source areas increase by 20–30% 
(Fig. 1a, b). Although the Norcia aftershock sequence includes many 
small events (owing to its larger magnitude), the chance of a subsequent 
larger event is substantially smaller than in the intervening period, close 
to the tectonic background rate. The differential map (Fig. 1h) also 
reveals that the b values increase in most regions. Analysis of the b 
values thus suggests that after the Norcia mainshock, typical aftershock 
activity is taking place, in agreement with the generic model. Indeed, 
until now (February 2019), no secondary large mainshock or larger 
event has taken place, although this was a highly concerning scenario 
in the autumn of 2016.
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Fig. 1 | Time–space analysis of b values for the Amatrice–Norcia 
sequence. a, b, Time series of b values for the source regions of the 
Amatrice and Norcia mainshocks. The dashed blue lines indicate the 
background b values, and the vertical dashed grey lines represent the 
time of the Mw = 6.2 (Amatrice) and Mw = 6.6 (Norcia) earthquakes. 
The grey shaded areas show the uncertainty determined by 

bootstrapping (corresponding to one standard deviation). c, d, Frequency–
magnitude distributions for the two source regions in three different 
periods (uncertainties from Shi and Bolt47). e, f, Seismicity maps, colour-
coded by period (e) and pre-mainshock b value (f). g, h, Maps showing 
the change in the b value with respect to the background for the period 
between the two mainshocks (g) and the first two weeks of aftershocks (h).
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The Kumamoto sequence. On 15 April 2016, an Mw = 6.5 earth-
quake occurred in the Kumamoto region, Japan29, followed by a rich  
earthquake sequence considered to be aftershocks; 28 h later, an 
Mw = 7.3 earthquake revealed that these events were actually fore-
shocks. Both mainshocks caused severe damage. After the Mw = 6.5 
earthquake, the Japan Meteorological Agency (JMA) warned of the 
possibility of large aftershocks with further damages. However, no 
information on an increased probability of Mw = 7 or larger earth-
quakes was made public because, according to the Earthquake Research 
Committee30 protocol, the JMA had not considered the occurrence of 
larger earthquakes31,32.

The Kumamoto sequence allows us to test our hypothesis in a dif-
ferent tectonic region and with mainshocks much closer together in 
time. We analyse the b-value time series for the source regions inferred 
for the Mw = 6.5 foreshock and for the Mw = 7.3 mainshock (Fig. 1a, 
b). For the background estimation, we select events in the JMA cata-
logue29 starting in 2012 to avoid the first phase of the Mw = 9 Tohoku 
aftershocks. We divide the catalogue in three independent time peri-
ods: (1) from 2012 to the last event before the Mw = 6.5 earthquake 
(that is, the background), (2) from 1 h after the Mw = 6.5 earthquake 
to the last event before the mainshock and (3) from one day after the 
mainshock to the end of the catalogue (b-value time series) and the 
first two weeks of aftershocks (b-value map). The b values in the time 

interval between the two shocks are similar or below the background 
level (b = 0.7), a result confirmed in the frequency–magnitude distribu-
tions (Fig. 2c) and in the differential map (Fig. 2g). Once the Mw = 7.3 
event occurs, however, the b values of the subsequent events increase 
strongly by 20–40%. Consequently, whereas the annualized probability 
of an Mw = 7.3 event in the 28 h in period (2) increased by a factor of 
1,000, it decreased after the second mainshock to almost background 
levels (Fig. 1d). Again, no subsequent large event has occurred so far.

The 2011 Tohoku sequence
The 2011 Mw = 9 Tohoku event and its Mw = 7.3 foreshock, recorded 
just two days before the mainshock, represent a further case study 
from a very different tectonic regime. The b values before and after the 
Mw = 9 earthquake have already been mapped by Tormann et al.33. The 
limits of the seismic network in precisely localizing off-shore events and 
the resulting scatter in hypocentres do not allow us to apply our method 
to the Mw = 7.3 box without increasing the selection radius to 12 km in 
order to have a sufficiently large dataset. We estimate a background b 
value of 0.62 (Fig. 3a), the b value in between (0.44; a 73% decrease) and 
the aftershock b value on the Mw = 7.3 fault (0.9; a 150% increase over 
the background). Differential b-value mapping cannot be performed 
owing to the paucity of events above the magnitude of completeness, 
Mc, in the short interval between the Mw = 7.3 and Mw = 9 events.  
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Fig. 2 | Time–space analysis of b values for the Kumamoto sequence. 
a, b, Time series of b values for the source regions of the Mw = 6.5 and 
Mw = 7.3 events. The dashed blue line shows the background b values 
and the vertical dashed grey lines represent the time of the Mw = 6.2 and 
Mw = 7.3 earthquakes. The grey shaded areas represent the uncertainty 
determined by bootstrapping. c, d, Frequency magnitude distributions 

for the two source regions in three different periods (uncertainty from 
Shi and Bolt47). e, f, Seismicity maps, colour-coded by period (e) and pre-
mainshock b value (f). g, h, Map showing the change in the b value with 
respect to the background for the period between the two mainshocks (g) 
and the first two weeks of aftershocks (h).
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The b value within 50% of the maximum slip contour behaved similarly 
(from 0.68 to 0.45 to 1.1; Fig. 3b).

Possible physical mechanism
Currently, there are two schools of thought regarding foreshock mech-
anisms and prognostic value34,35: (i) the deterministic point of view, 
which supports that foreshocks represent a precursory process, for 
example, a response to precursory slip on the fault16,33,36, and (ii) the 
stochastic point of view, which considers foreshocks to be an indistin-
guishable part of earthquake clustering17, described through a statistical 
process such as the ETAS model7,8. According to the ETAS model, there 
is no difference between foreshocks, mainshocks and aftershocks; all 
foreshocks are mainshocks with aftershocks that happen to be bigger. 
The rupture process is not cyclic but epidemic.

We interpret the observed drop in b value documented in Figs. 1, 2 in 
a probabilistic framework of changes in the relevant stress conditions, 
which reconciles the aforementioned interpretations. Earthquakes of 
magnitude 6 and larger greatly perturb the stress field in the Earth 
crust. The amplitudes of the static- and dynamic-stress transfer decay 
with distance37, and can both encourage and inhibit rupture. Under 
most conditions, this stress change will decrease the differential stress 
on nearby faults, thus increasing the b value24. However, under certain 
conditions, the differential stress on nearby and already tectonically 
loaded faults can increase instead, leading to a drop in b value and a 
subsequent much larger chance of an even stronger event. Conditions 
that favour such drops in b value are probably the presence of critically 
pre-stressed faults and overall high stress levels, as well as a suitable 
orientation of the source and receiver faults. It is also possible that 
continued post-seismic slip, the impact of secondary aftershocks or 
precursory processes, such as deep precursory slip, may play a role. 

Considering the numerous unknowns, we are currently unable to 
model individual sequences with sufficient reliability even a posteri-
ori, and real-time modelling for warning purposes would be even more 
challenging. However, we can use the empirical observations of b-value 
changes as an input to improve earthquake risk mitigation.

Towards real-time risk mitigation
Our results (Figs. 1, 2) suggest that the evolution of b values, analysed 
as a proxy for the average stress conditions of faults in the regions, can 
act as a first-order discriminator between normal aftershocks and likely 
precursory sequences. In the large majority of aftershock sequences, 
the b value increases substantially after a mainshock of magnitude 6 or 
larger, typically by 20%24. This overall increase can be observed within 
hours of a mainshock, if indeed the seismic network is capable of reli-
able location and magnitude determination, and observing an increase 
in b lowers the probability of a subsequent larger event by maybe an 
order of magnitude (Figs. 1d, 2d). If, on the other hand, b remains the 
same or if it decreases considerably, then the probability of an even 
larger event is increased by several orders of magnitude.

We propose that our findings could be used to define a simple traf-
fic light system expressing the level of concern associated with earth-
quakes. Traffic lights have been used to manage risk behaviour in a 
number of settings, such as food38, health care39, induced seismicity 
risk40,41, volcanic eruption and in many other situations where deci-
sions must be made in real time. They are a tool for recognizing risk 
in a quantitative way and then initiating risk reduction measures. 
The concept of our foreshock traffic light system (FTLS) is shown in 
Fig. 4. A yellow FTLS setting indicates that the b value remains mostly 
unchanged in the aftershock sequence or is difficult to determine. 
We define yellow, somewhat arbitrarily, as a ±10% change from the 

Mw

10–2

10–1

100

101

102

103

104

105

Mw

A
nn

ua
liz

ed
 c

um
ul

at
iv

e 
nu

m
b

er
 

1 2 3 4 5 6 7 8 91 2 3 4 5 6 7

Events in between
Events before Mw = 7.3

Events after Mw = 9

b = 0.62 ± 0.03

b = 0.9 ± 0.09
b = 0.44 ± 0.05

b = 0.68 ± 0.02

b = 1.1 ± 0.07
b = 0.45 ± 0.03

a b
Tohoku Mw = 7.3, 12 km Tohoku Mw = 9, 50% maximum slip

b = 0.62  

b = 0.68

b = 0.44 
b = 0.45  

b = 0.9 

b = 1.1  

Fig. 3 | Frequency–magnitude distributions for the Tohoku case study. 
Frequency–magnitude distributions for three different periods of events 
within 12 km of the rupture plane of the Mw = 7.3 event (uncertainty from 

Shi and Bolt47). b, As in a, but for the events contained within 50% of the 
maximum slip contour of the Mw = 9 mainshock.

1 9 6  |  N A t U r e  |  V O l  5 7 4  |  1 0  O c t O B e r  2 0 1 9



Article reSeArcH

background. Yellow represents the concern level according to present 
knowledge, with no additional discriminating information. A green 
FTLS setting corresponds to an aftershock sequence with an increase 
in b value of 10% or more, and we postulate that more than 80% of all 
sequences will fall into this category. The ability to declare a green status 
would represent an important contribution to earthquake resilience, 
because it would greatly reduce uncertainty and concern and would 
allow a quicker return to normality, for example, by initiating rebuild-
ing efforts. Finally, a red FTLS setting would be declared if the b value 
decreased substantially, by 10% or more. In such situations, emergency 
managers should be especially concerned and consider actions such as 
continuing evacuations. In the future, it may be possible to refine the 
thresholds that we propose here on the basis of additional data, risk–
cost–benefit analysis and by considering the uncertainty in b values. 
We also suggest that spatially mapping relative changes in b value may 
help us to define the most likely area of a subsequent large event. In the 
case of the Norcia event (Fig. 1), we note that the event did occur to the 
north of Amatrice, in the areas of the strongest decrease of b.

We tested our FTLS retrospectively on 58 sequences24. We calculated 
the percentage difference between the background and the b value of 
the aftershocks, selecting all events within 3 km from the rupture area. 
This allowed us to obtain a robust value for 25 sequences, in addition 
to the values obtained for the foreshocks of the Norcia and Kumamoto 
sequences, resulting in a total of 29 sequences. Of these, 18 were classi-
fied as a green alert, 8 as yellow and 3 as red (Fig. 5). Only two of these 
mainshocks were followed by subsequent larger ones (Amatrice–Norcia 
and Kumamoto), which is in line with the 5% probability of a secondary 

larger event3,4. We also added the values of the 2011 Mw = 9 Tohoku 
sequence (red alert after the Mw = 7.3 event, green after the Mw = 9 
earthquake); however, we did not use them in the statistical analysis 
because, as discussed above, the method had been adjusted for larger 
hypocentre uncertainties.

For a first-order assessment of the performance of FTLS, we count 
in a binary classifier system the successful alerts (true positives), false 
alerts (false positives), missed events (false negatives) and correct neg-
atives (true negatives). We consider yellow alerts as neutral. In this 
metric, we score two successful alerts, one false alert, no missed events 
and 18 correct negatives. Using confusion matrix analysis, we compute 
an accuracy of 0.95. If we assume that the chance of a subsequent 
larger event is 5%, then the random chance of correctly identifying 
two out of two mainshocks, with only one false alert and no missed 
events is below 1%.

The one false-positive red alert follows the Mw = 6.2 event in Morgan 
Hill (1984). Because it occurred 35 years ago, we speculate that the data 
quality may be inferior. The performance of the forecasting method 
can be further improved if we also analyse the spatial footprint of the 
b-value changes, as indicated in Figs. 1g, h, 2g, h. We perform FTLS 
classification also for the Norcia and Kumamoto (Mw = 7.3) source 
regions (which are known only a posteriori) of these mainshocks. 
Before the mainshock, b decreases most sharply, by 55% in Norcia and 
68% in Kumamoto (Mw = 7.3), resulting in two red alerts.

Our results demonstrate that changes in b can act as a discriminant. 
Our hypothesis is also consistent with a physical framework in which 
stress influences the relative size distribution, and hence the probability, 
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Fig. 5 | Performance analysis of the proposed foreshock traffic 
light system. Difference between the b values of aftershocks for 27 
sequences recorded in California, Japan, Alaska and Italy (circles) and 
the background. Events are colour-coded by their FTLS class. The values 
obtained for the Amatrice and Kumamoto (Mw = 6.5) source regions 
(in between mainshocks and after the second mainshock) are shown as 

red squares; green squares indicate the values obtained for Norcia and 
Kumamoto (Mw = 7.3). The plotted events are listed in Table 1. The  
green star shows the extrapolated value for Tohoku, 2011, from figure 3  
in Tormann et al.33, and the red star represents the Mw = 7.3 Tohoku 
foreshock shown in Fig. 3.
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of a subsequent large event. However, there are several limitations to 
FTLS. First, the number of cases that we are able to investigate is still 
limited, because magnitude-6 or greater earthquakes are rare in areas 
with excellent network coverage. Especially lacking are more cases of 
true positives. An important implication of our work is, therefore, that 
seismic networks around the globe must substantially upgrade and 
further automate their processing procedures and increase in station 
density. Being able to detect and process magnitude-2 and larger events 
consistently and almost in real time during a vigorous ‘aftershock’ 
sequence is a major challenge that very few networks master today. 
The imprint of a mainshock on the size distribution of aftershocks 
decays away within a few kilometres of the rupture plane24, so it is 
critically important to achieve relative hypocentre accuracies of around 
1–2 km. This requirement currently limits, for example, the analysis 
of the Mw = 7.3 foreshock preceding the Tohoku Mw = 9 mainshock, 
or the compilation of an analysis-based global earthquake catalogue 
for systematic testing. However, promising improvements in seismic 

networks are on the way because, for example, template matching of 
all waveforms recorded against a large set of template events42,43 is 
becoming computationally feasible. The Kumamoto case is especially 
important because it highlights that the FTLS approach can be applied 
within a few hours of the mainshock.

A further limitation is that we lack a better physics-based under-
standing and predictive modelling capability of precursory sequences. 
However, our hypothesis presents a new angle in which aftershock 
sequences can be understood and modelled. In addition, stimulated 
by our findings presented here, new laboratory-based, numerical and 
field-data-based studies will advance our understanding in the near 
future. There is also a clear need to test our hypothesis in a fully pro-
spective sense—the gold standard of earthquake forecasting44,45. Such 
tests have been initiated and will take many years to complete with 
meaningful statistical power. We would advocate, however, that in 
regions of the world with sufficient network coverage, seismologists 
and energy managers should consider adopting our FTLS as additional 
information for decision-making during seismic crises.
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MeThods
The method that we propose for real-time discrimination between foreshock and 
aftershock sequences and that we apply to the Kumamoto and Amatrice–Norcia 
sequences is composed of the following steps.
Selecting events near the rupture plane of the initiating event. (1) The focal 
mechanism48,49, which is available within minutes to hours after the origin time 
of a moderate-to-large initiating earthquake (here we consider a magnitude of 6 or 
larger), provides the information required to build a first-order source model: the 
magnitude, strike, dip and rake of the two possible nodal planes. Here we use the 
focal mechanism provided by the global centroid moment tensor solution because 
it is harmonized and available for all events studied (but other solutions are equally 
possible). Using the empirical formulas of Wells and Coppersmith46, we model the 
two nodal planes: the length and width are derived directly from the magnitude 
and the rake, the three-dimensional orientation is given by strike and dip (see ref. 46  
and our code presented here for the relevant equations for normal, strike-slip and 
reverse regimes or the general case).

(2) We then adjust the hypocentre of the initiating event to the one reported by 
the local network, because global centroid moment tensor hypocentres are much 
less accurate and we need to ensure consistency between after- and foreshocks 
and the initiating event.

(3) To determine the actual fault plane automatically, we select all events 
recorded in the sequences within three kilometres of each of the nodal planes and 
then choose the plane where most of the supposed aftershocks are located in. This 
we assume to be the source volume, referred to from here on as ‘the box’. Typically, 
one to several hours of aftershocks are sufficient to select the right plane, and rapid 
source-inversion approaches can also deliver a finite fault model within 1–2 h.
Constructing the time series. (4) We divide the dataset into two parts: a pre- and a 
post-initiating-event catalogue. The start time of the pre-event catalogue depends 
on the quality and completeness of the local network and sometimes on avoiding 
overlap with past sequences (in our case, we choose 1 January 2012 for both Japan 
and Italy; in Italy, to avoid overlap with the L’Aquila aftershocks and in Kumamoto 
to avoid the influence of the 2011 Tohoku Mw = 9 megathrust event). The pre-event 
period should ideally contain several years of seismicity for a robust estimate. The 
post-event catalogue is then updated as new events emerge; in our case we analyse 
the subsequent two years of aftershocks.

(5) The two sub-catalogues are cut at magnitude 1, and then we compute the 
overall Mc using the maximum-curvature method50. This defines the overall min-
imum Mc level needed to make the sample-specific Mc assessment more robust.

(6) Next, we estimate a pre-event reference b value. We distinguish two cases, 
depending on the abundance of the events within the box:

(a) If more than a user-defined minimum number of events (Npre) are availa-
ble, we compute a time series. This is done by first re-assessing completeness for 
the first sample of 250 events using the maximum-curvature method but adding 
a correction factor of +0.2 (as recommended by Woessner and Wiemer51). As 
additional quality assurance steps, we require at least 50 events above completeness 
and also check if the sample passes the linearity test described in Tormann et al.52. 
The b and a values and their respective uncertainties are computed using a max-
imum-likelihood assessment47. The window is then moved forward by one event 
and the background reference b value is computed as the median of all individual 
b values in this time series.

(b) If fewer than Npre events are available, we use the Npre events that are near-
est to the epicentre and then compute a single regional background b value as  

reference, following the computational approach defined in (a). This procedure 
was used for the Mw = 6.5 Kumamoto event (Fig. 2a), sampling a distance of up 
to 17 km from the epicentre.

(7) We estimate the post-event time series of b values. We first remove the events 
recorded in the initial part of the sequence, which is typically highly incomplete 
and heterogeneous. This exclusion period depends on the quality of the seismic 
network and is an expert’s choice. We then compute a time series of b values again 
by the approach described in (a); however, we use a sample size of Npost = 400 to 
increase robustness and because aftershock sequences are very data-rich. We plot 
the time series and its uncertainty in Figs. 1, 2 and compute the per cent change 
with respect to the reference b value. If the difference exceeds +10% or −10%, 
we assign a traffic light colour of green or red, respectively; otherwise we assign 
orange (Fig. 3).

(8) The procedure described in (7) is repeated after the second mainshocks.
The main free parameters in our analysis are Npre and Npost. We tested that the 

results of our analysis do not critically depend on the choice of these parameters 
within reasonable ranges (for example, Npre = 150–300, Npost = 250–500).
Mapping b-value changes. As additional information, we assess the spatial foot-
print of b-value changes (Figs. 1, 2g, h). The b-value maps are computed using 
ZMAP 7.0 (available at http://www.seismo.ethz.ch/en/research-and-teaching/
products-software/software/ZMAP/) and post-processed using Matlab and 
Generic Mapping Tool. The relevant input parameters are:

(I) Background b-value map. On a regularly spaced grid of 2 km, the closest 250 
events above the pre-cut Mc of 1.0 are sampled, up to a maximum radius of 15 km. 
The node-specific Mc is then estimated by the maximum-curvature method51, by 
adding a 0.2 correction50. The b values are computed using the maximum-likeli-
hood method47 (Figs. 1, 2f).

(II) Post-initiating-event maps. The same procedure is applied, but we use 400 
events and add a correction of 0.4 to account for the more heterogeneous data. For 
these two intervals, we plot the per cent difference in b value with respect to the 
background (Figs. 1, 2g, h).
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