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[1] We analyze seismicity rate immediately before and after 82 main shocks with the
magnitudes ranging from 3 to 5 using waveforms recorded by the Hi-net borehole array in
Japan. By scrutinizing high-frequency signals, we detect �5 times as many aftershocks
in the first 200 s as in the Japan Meteorological Agency catalogue. After correcting for the
changing completeness level immediately after the main shock, the aftershock rate
shows a crossover from a slower decay with an Omori’s law exponent p = 0.58 ± 0.08
between 20 and 900 s after the main shock to a faster decay with p = 0.92 ± 0.04 after
900 s. The foreshock seismicity rate follows an inverse Omori’s law with p = 0.73 ± 0.08
from several tens of days up to several hundred seconds before the main shock. The
seismicity rate in the 200 s immediately before the main shock appears steady with
p = 0.35 ± 0.50. These observations can be explained by the epidemic-type aftershock
sequence (ETAS) model, and the rate-and-state model for a heterogeneous stress field on
the main shock rupture plane. Alternatively, nonseismic stress changes near the source
region, such as episodic aseismic slip, or pore fluid pressure fluctuations, may be invoked
to explain the observation of small p values immediately before and after the main shock.
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1. Introduction

[2] Large shallow earthquakes are typically followed by
increased seismic activity, known as ‘‘aftershocks’’, which
diminish in rate approximately as the inverse of the elapsed
time since the main shock [Omori, 1894]. The aftershock
decay rate R(t) is well described by the modified Omori’s
law [Utsu et al., 1995]

R tð Þ ¼ K

t þ cð Þp ð1Þ

where t is the time elapsed since the main shock and K, p, c
are empirical parameters. In addition, earthquakes are
sometimes preceded by statistically accelerating seismic
activity, known as ‘‘foreshocks’’ [Jones and Molnar, 1979;
Abercrombie and Mori, 1996]. Recent studies have shown
that the increased rate of foreshocks can be described by an
inverse power law with the same functional form as the
modified Omori’s law for aftershocks, but the values of the

parameters are different [Jones and Molnar, 1979; Maeda,
1999; Helmstetter and Sornette, 2003].
[3] Among the three parameters in the modified Omori’s

law, the K value describes aftershock productivity, which
scales with main shock magnitude m [Felzer et al., 2004;
Helmstetter et al., 2005], and depends on the cutoff mag-
nitude of the events considered as aftershocks. Observed
value for the exponent p is, in general, around 1.0 [e.g.,
Reasenberg and Jones, 1989, 1994; Utsu et al., 1995],
although it varies for different aftershock sequences
[Wiemer and Katsumata, 1999]. The variation in the p value
has been related to crustal temperature [Mogi, 1962], heat
flow [Kisslinger and Jones, 1991], degree of heterogeneity
in the fault zone [Mikumo and Miyatake, 1979], and fractal
dimension of the preexisting fault system [Nanjo et al.,
1998]. However, it is still not clear which factors play the
major roles in controlling the p value. The parameter c is an
apparent time offset, commonly a fraction of an hour or a
day. It eliminates the singularity in the aftershock rate at zero
time.
[4] The c value is a controversial quantity [e.g., Utsu et

al., 1995; Kisslinger, 1996]. Although it is claimed to scale
with the main shock magnitude and the lower magnitude
cutoff for different aftershock sequences [Shcherbakov et
al., 2004], and the recurrence time of the main shock
[Narteau et al., 2002], the commonly accepted view is that
the c value is an artifact due to incompleteness of early
aftershocks in a catalogue [Kagan, 2004; Kagan and
Houston, 2005; Lolli and Gasperini, 2006]. Immediately
after a large earthquake, many aftershocks are missing in the
catalogue due to overlapping with coda from the main
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