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Omori Law p-value
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Strong to great earthquakes considerably weaken the structural strength of the
subsurface strata and civil constructions. The occurrence of Mw > 5 aftershocks
further contributes to the loss of human lives and damage to property.
Therefore, the estimate of the duration of such aftershocks occurring near a
metropolitan area is of major concern. In a previous study (Gupta et al., 2008),
aftershocks for the destructive Sichuan earthquake, China (12 May 2008 Mw 7.9)
for 23 days were used to estimate p-value and it was proposed that the M >
5 aftershocks may continue for 7 months. In the present study, we analyze
aftershock activity of Mwz> 5 for 2-year duration within an area of 300 km radius
from the epicenter, using modified Omori Law, which is well-known for
analyzing aftershock rate and duration. We compare our results with the
duration of aftershocks estimated using the exponential scaling law for the
M > 5 aftershock duration for major to great Himalayan earthquakes. Our
analysis suggests that a high p-value (>1) indicates a slow decay of
aftershocks as observed. As the p-value changes with time, the estimates of
the duration of the occurrence of aftershocks of M > 5 may change. Using a
dynamic approach, the data of the first 100 days has been used in this study and
the duration of occurrence of Mw > 5 earthquakes is estimated to be ~300 days,
which is found to be true. Our analysis suggests that the temporal variation of
the p-value from the onset of the mainshock and the slope of its variation are
the key elements in comprehending the duration of the occurrence of the
aftershocks of a certain magnitude. We infer that a high p-value (p>1) after the
main earthquake, indicates a longer duration of larger aftershocks, which has
been found in the case of the Sichuan earthquake. The p-value decreases with
time, however, an intermittent increase in the p-value could be an indicator of
an increased chance for the occurrence of a higher magnitude aftershock. The
proposed dynamic approach to estimating temporal p-values may help in
forecasting the occurrence of stronger aftershocks more effectively. We
believe that this is the first time, where the temporal variation of p-values is
estimated and related to the occurrence of aftershocks.
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Introduction

Earthquakes of magnitude >7 are commonly followed by M >
5 aftershocks, which are capable of damaging civil constructions
and cause injuries and even claim human lives (Hough and Jones,
1997; Di Sarno, 2013). Therefore, understanding the aftershock
pattern is of paramount interest for minimizing the damage. The
characteristics of the foreshock and aftershock sequence
associated with an earthquake depend on the properties of the
subsurface materials/fault and the magnitude of the main event
(Mogi, 1962; Kisslinger and Jones, 1991; Utsu et al., 1995).
Seismologists have been using the modified Omori Law for
modeling the aftershock sequence duration and probability of
occurrence of different magnitude events in a sequence (Omori,
1894; Utsu, 1961; Utsu et al., 1995). According to Utsu (1961),
the modified Omori Law for the number of aftershocks for unit
time interval t, after the main event, can be written as:

n(t)=K(t+c)F. (1)

Here K, ¢, p are the constants. The p and c values are the
sensitive parameters characterizing the individual mainshock and
aftershock sequence in the analysis (Utsu, 1961; Utsu, 1969).
Physically ¢ denotes the small fraction of time delay. Utsu et al.,
(1995) have analyzed more than 200 earthquakes from the published
literature and suggested 0.01t to 1.00t as the lower and upper
boundaries of ¢ and 0.6 to 2.5 as a reasonable range of p-value.

Eq. 1 can be written as follows for the cumulative number of
earthquakes until a time t after the mainshock:

Kicl-P — (¢ 1-p
N(t)zw(p#: 1). (2a)
p-1
When p > 1 N(t) reaches a constant level given by
K
Ny =+————(ast > 00), (2b)
{(p—1)c#}

and for p < 1 Ny — 00 (ast — 00).

Several studies have demonstrated a satisfactory prediction of
aftershocks from the modified Omori Law. However, most of the
studies use the p-value estimated from the first few days of data
and assume the aftershock process as a static process. In reality,
the aftershock activity is non-linear and hence is dynamic as the
structural strength or heterogeneity of the subsurface rock
material changes with time in the zones affected by major
earthquakes. Therefore, we attempt here to analyze the
p-value and its temporal variation to unveil its relationship
with the aftershock activity of the 2008 Sichuan earthquake.

Earthquake data used in this study

We have downloaded the earthquake catalog data from
International Seismological Centre (ISC) for the 12 May
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FIGURE 1

Location of the 12 May 2008 Mw 7.9 Sichuan earthquake

(white color star) and M > 5 earthquakes (white filled dots), and 4 <
Mw < 5 (black filled dots) till May 2010.
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FIGURE 2

Earthquakes of Mw > 7.0 that occurred within a 300 km
radius of the epicenter of the 12 May 2008 Sichuan earthquake of
Mw 7.9 since 1920.

2008 Mw 7.9 Sichuan earthquake, China, that occurred at 06:
28:02 UTC. Figure 1 depicts the location of the epicenter of the
Sichuan earthquake and the distribution of Mw 4 and larger
earthquakes that have occurred till May 2010 within a radius of
300 km of the epicenter of the Sichuan earthquake. The Sichuan
earthquake is located on the northeast-trending Longmenshan
fault bordering the Tibetan Plateau on the west and the Sichuan
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Basin on the east. The tectonics of the earthquake fault zone has
been addressed by Burchfiel et al., (1995). A shallow oblique
reverse faulting on the northwestern margin of the Sichuan
Basin is apparently responsible for several killer earthquakes
that occurred on the northwestern margin of the Sichuan
Basin during the past century (Figure 2). The M 7.5 Dixie
earthquake of 25 August 1933 is one of the strongest
earthquakes that claimed more than 9,300 human lives
preceding the 12 May 2008 Sichuan earthquake (Figure 2).
The other Mw ~ 7 in the vicinty of Sichuan earthquake include
24 May 1923 Renda earthquake claiming 4800 human lives;
28 May 1948 Litang earthquake claiming 800 human lives;
23 September 1955 Yuzha earthquake claiming 730 human
lives and the 6 February 1973 Luhuo earthquake claiming
2200 human lives. The Sichuan earthquake killed more than
95,000 people (Gupta et al., 2008; Hayes et al, 2017).
Kobayashi et al, (2009) have made use of SAR image
matching to address the locations and types of ruptures
caused by the 2008 Sichuan earthquake.

Methodology and analyses

For over a century now, Omori’s relation n(t) = K (¢ + o)t
and later modified to n(t) = K (¢ + ¢)"® have been used to study
the aftershocks (Utsu et al., 1995). The use has been continued till
date to estimate the aftershock duration. Studies in the last
5 decades or so have shown that Omori’s relations generally
provide a good estimate of the temporal variation of the
aftershock activity. The “p” value differs from one earthquake
sequence to another. However, for the first time, we are
presenting a temporal variation of the p-value from the day of
the earthquake to a finite duration of 1800 days to understand its
relationship with the aftershock duration. The p-value can be
estimated using the modified Omori Law using the number of
aftershocks observed within a unit time interval t after the main
event as

_ log(n(t)/K)

log(t +c¢) ®)

where n(t), K, and c are the same as mentioned earlier for Eq. 1.
We use the catalog data in discrete time intervals beginning from
the event time to the multiples of 1-day time steps to compute the
p-value time series. The first value of the p will be computed using
the data of the catalog spanning 1day from the time of
earthquake and the last p-value in the time series is obtained
from the complete catalog used in the study.

We have estimated the p-value using the modified Omori
Law for the cumulative number of aftershocks of Mw > 5.0 for
periods starting from day one to 1800 days that occurred within
300 km of the epicenter of the Sichuan earthquake. Figure 3
shows the temporal distribution of aftershocks and p-value
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estimates. It may be noted in this figure that the initial
p-value was high being 1.17. In the first hundred days, it
drops to 1.05 associated with a drop in Mw > 5 events. After
a rise, the p-value again drops to 1.05 after completion of
~300 days. From around the 300th day to the ~400th day
there are no Mw > 5 events.

Compared to the Muzafarbad earthquake of 2005, the
p-values noticed for the Sichuan earthquake are high as well
as the Sichuan earthquake had a larger number of aftershocks
(Gupta and Rekapalli, 2022). The number of aftershocks is high
and the decay of aftershocks is slow for the Sichuan earthquake.

The following is inferred through a comparison of the
temporal variation of p-values with the seismicity:

(i) The p-value shows a peak value within the first 2 days after
the main event following a sharp fall.

(i) The initial p-value >1 with a slow decay indicates a longer

duration of aftershocks (p-values are throughout over 1.0)

(iii) An intermittent increase in p-value following the main

event increases the possibility of the occurrence of larger

and a duration of

magnitude earthquakes longer

aftershocks.

Figure 4 shows the observed and predicted cumulative
number of earthquakes. Figure 5 depicts earthquakes of Mw
4 and larger for the period 12 May 2008 through 12 May
2022 that occurred within 300 km radius of the 2008 Sichuan
earthquake. Significant events of Mw ~ 6.8 occurred in 2013
(20 April 2013), 2017 (08 August 2017) and 2022 (05 September
2022). As shown by the dotted black lines in Figure 5, it appears
that there are cycles of occurrence of Mw ~ 7 earthquakes at an
interval of 5 years within a 300 km radius of the 2008 Sichuan
earthquake epicenter. It may be noted in Figure 3 that there was a
drop in Mw > 5 earthquakes after ~100 days of the 12 May
2008 Sichuan earthquake. In Figure 4 cumulative number of the
aftershocks of Mw > 5 is plotted (red curve) as well as the
cumulative number of the Mw > 5 aftershocks computed using
the data of the first 100 days of Mw > aftershocks based on
modified Omori’s Law.

From the above Table 1, it is inferred that the number of the
aftershocks of Mw > 5 fell to 2 every hundred days after 300 days
and finally 1 every hundred days. A new cycle began with the
occurrence of the Mw 6.7 earthquake on 20 April 2013 (Figure 5).
It is further noted in Figure 4 that the cumulative number of
aftershocks forecasted using Omori’s modified law for the first
100 days matches quite well with the actual occurrence of Mw >
5 earthquakes for the following 1800 days. A change in the slope
of the theoretical curve is noticeable in Figure 4 after 100 days. So,
in hindsight it can be stated that using the data of the aftershocks
for the first 100 days, it could be forecasted that Mw>
5 aftershocks would continue for 300 days. A drop in the
number of aftershocks after 300 days is clearly visible in Figure 3.
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FIGURE 3
Mw > 5.0 earthquakes and the temporal p-value variation within the 300 km radius of the 12 May 2008 Sichuan earthquake.
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FIGURE 4

The cumulative number of Mw > 5 aftershocks observed and predicted. The red line shows the cumulative number of observed earthquakes and

the blue dashed line shows the aftershocks predicted using the modified Omori Law using the aftershock data of the first 100 days. The p, c and k
values obtained from the first 100 days of aftershock data of Mw> 5 are shown in the figure.

Davidsen et al., (2015) have also indicated that the p-value indication that aftershocks of significant magnitudes may occur
decreases with increasing M. In general, smaller p-values and the (Utsu et al., 1995). We can notice a similar situation for the M >
slope of the observed data being lower than predicted is an 5 predicted and observed curves in Figure 4. As the p-value,
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FIGURE 5

Earthquakes of 4<Mw«< 5 (green filled dots) and Mw > 5 (red filled dots) occurring within the 300 km radius of the 2008 Sichuan earthquakes for
the period 12 May 2008 through 05 September 2022. After the Sichuan earthquake, earthquakes of Mw ~ 6.5 occurred at an interval of ~4-5 years,

the latest being of Mw 6.5 on 5th September 2022.

TABLE 1 Time distribution of the Mw > 5 earthqaukes observed after the 12 May 2008 Sichuan earthquake for 1800 days with in 300 km radius of the

main event.

Period after the
main earthquake (in

days)

0 to 100 110
101 to 200 115
201 to 300 119
301 to 400 121
401 to 500 123
501 to 600 125
601 to 700 127
701 to 800 128
801 to 900 129
901 to 1000 130
1001 to 1800 139

computations using 2-year data in a single window show some
hints on the duration of the aftershocks, but we cannot
understand its temporal variation and its link with aftershock
duration and rate. Therefore, we have obtained the p-value using
the expanding window method with 1 day step from the 2nd day
to 740 days following the main event.

Discussions and conclusions

Omori’s “p-value” estimations have been extensively used to
study the aftershock sequences. In an important article Utsu
etal,, (1995), summarized the use of Omori relation to study the
decay of the aftershocks. They observed that the modified Omori
relation generally provides useful information on the temporal
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Cumulative number of
Mw 2 5 earthquakes observed

05

Number of earthquakes
occurring during the
period

110 in 100 days
5 in 100 days
4 in 100 days
2 in 100 days
2 in 100 days
2 in 100 days
2 in 100 days
1 in 100 days
1 in 100 days
1 in 100 days
9 in 800 days

variation of aftershocks. They further observed that there is no
systematic dependence of the p-value on the magnitude of the
main shock. Usually, the p-value varies from 0.9 to 1.5 (Utsu
etal., 1995). inferred that this variability is related to the tectonic
condition of the earthquake source zone, including structural
heterogeneity, temperature and stress. However, it is not clear as
to which of these factors influences the p-value most. In an
interesting study Shcherbakov et al., (2004), observed that the
aftershock satisfy  three
important scaling relations, namely the Gutenberg-Richter’s

earthquake sequences normally
frequency-magnitude relation, Bath’s law for the difference in
the magnitude of the main shock and its largest aftershock, and
the modified Omori’s law for the temporal decay of the
aftershock activity. Shcherbakov et al, (2004) developed a

generalized Omori’s law for temporal decay of the aftershocks.
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It is observed that several factors, specific to an earthquake
source, influence the temporal decay of the aftershocks. They
further observed that “c” as originally stipulated to be a constant,
is not so, but depends on the magnitude of the main shock as well
as the cut-off value of the lower magnitude earthquakes. They
tested the modified Omori’s Law for aftershock sequences in
California, United States and found it to be satisfactory. Nanjo
etal, (2007) investigated the decay of aftershocks for four recent
Japanese earthquakes. One of their main conclusion is that the
“c” heavily depends on the aftershock dynamics. An estimate of
the spatio-temporal distribution of the Mw > 5 aftershocks of a
strong earthquake is an important aspect in minimizing the loss
as they cause severe damage to the structures previously
weakened by the mainshock. Here, we present the analysis of
the aftershock sequence of the Mw 7.9 Sichuan earthquake that
occurred on 12 May 2008 using the modified Omori Law for
aftershock decay. The p-value temporal changes obtained from
the 2-years seismicity data after the event in a 300 km radius
around the main event indicate that variations are associated
with the aftershock rate and magnitude. The estimated p-value
given by Gupta et al, (2008) from the first 23 days data,
immediately after the event, is comparatively low (p=0.87).
This may be due to the non-availability of the complete data
within 23 days of the occurrence of the earthquake. The analysis
of the temporal variation in p-value suggests that the rate of the
aftershocks depends on the slope of the p-value time series. As the
p-value is not constant over time, the estimates of aftershock
number and temporal durations estimated using the data of the
first few days may not be a valid approach for forecasting. The
past studies also pointed out that the p-value has no scaling with
either the magnitude of the mainshock or the cutoff magnitude
Mc (Kisslinger and Jones, 1991; Utsu et al, 1995). Despite
several attempts, no clear conclusion on the functional
dependency and sensitivity of the p-value on structural
heterogeneity, stress and temperature in the crust is
available (MOGI, 1962; Kisslinger and Jones, 1991; Utsu
et al,, 1995). In a recent study (Gupta and Rekapalli, 2022),
deduced a relationship of M > 5 aftershock duration with the
magnitude of the Himalayan earthquakes. This relation shows
a direct exponential scaling of aftershock duration with the
magnitude of the main shock. According to the relationship
developed by them, the M > 5 aftershock duration of the
Sichuan earthquake amounts to ~780 days. Compared to
Omori’s aftershock law, the recent exponential relationship
deduced for the Himalayan region has a scaling with the
magnitude besides being controlled by the regional
tectonics/fault settings.

Considering the relationship of p-value with aftershock
activity from the 2-years data, we noticed the temporal
variation of p-values after the earthquake. These changes
have been compared with the aftershock rate and magnitude
for future aftershock forecasts.

to derive relations

Interestingly, our analysis revealed that the slope of rising
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and falling p-values is the main indicator for the aftershock
duration and magnitude. If the p-value rises and decays very
sharply after the mainshock, there would be no -strong
aftershocks in the sequence. We have noticed a high
p-value (>1) after the Sichuan earthquake which shows
very slow decay (nearly 100 days) of aftershocks followed
by a slow recovery indicating the longer aftershock activity
with the occurrence of Mw >
that the
5 earthquakes, as estimated from the p-value of the first
100 days of Mw > 5 aftershocks is 300 days. In the first
100 days there were 110 Mw > 5 aftershocks; in the next
hundred days 5; and 4 in the subsequent hundred days. After

5 earthquakes. This study

reveals duration of occurrence of Mw >

300 days, only 2 or 1 Mw > 5 aftershocks occurred per
100 days. It has been also noted that earthquakes of Mw ~
6.7 occur every 4/5years within a 300 km radius of the
Sichuan earthquake, followed by an enhanced number of
Mw 5 aftershocks.

The present study provides an approach to estimating
temporal changes in p-value and forms the basis to estimate
the duration of occurrence of damaging Mw > 5 earthquakes.
In the case of the Sichuan earthquake data of the first
100 days provided a good estimate of the enhanced
5 aftershocks for 300 days, after
which the seismic activity fell to a background level of

occurrence of Mw >
occurrence of 1 or 2 Mw > 5 earthquakes every 100 days.
We hope that the combined analysis of the dynamical/
of the p-value the
exponential law of Gupta and Rekapalli, (2022) may be

temporal estimates as well as
useful in forecasting aftershock activity more effectively

(Nyffenegger and Frohlich, 1998; Tosi et al., 2010).
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