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Abstract Probabilistic aftershock hazard assess-
ment (PAHA, Wiemer, Geoph Res Lett 27:3405–
3408, 2000), provided for California within the
frame of the STEP project, is based on a method-
ology, two features of which are addressed in
detail: (1) the parameters of Omori’s law and
(2) application of attenuation relations in evaluat-
ing peak ground velocity exceedence probability.
Concerning the first point, we perform a sim-
ple parametric study. We assume the generalized
Omori’s law by Shcherbakov et al. (Geoph Res
Lett 31:L11613, 2004), in which characteristic time
c scales with aftershock magnitude. The study
shows that, among all the parameters, the hazard
is most sensitive to the choice of m∗ (controlling
the overall aftershock productivity) and least sen-
sitive to the scaling of c. We also conclude that the
hazard is mainly due to very early (less than 1 day)
aftershocks. As regards the second point, we em-
ploy various attenuation relations from different
tectonic areas to study their effect on the hazard
analysis. We conclude that the resulting variations

F. Gallovič (B) · J. Brokešová
Department of Geophysics,
Faculty of Mathematics and Physics,
Charles University, V Holešovičkách 2,
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are relatively large, comparable to those obtained
for varying m∗.
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1 Introduction

In the seismic hazard assessment due to a possi-
ble aftershock, we encounter problems because
a number of faults are designated to produce
likely aftershocks, whose possible magnitudes are
unknown. Moreover, the seismogenic zone can
be capable of producing earthquakes due to slip
on blind faults. In all these cases, the question
arises of providing strong-ground motion predic-
tion maps for all possible scenarios, including var-
ious magnitudes and likely activated fault zones,
for responsible authorities. A possible approach is
to combine all the predictions into a single, easy-
to-understand map. Wiemer (2000) suggested
the so-called probabilistic aftershock hazard
assessment (PAHA), based on the classical prob-
abilistic seismic hazard approach (PSHA, Cornell
1968). Its special form has been, for example,
recently applied in the STEP program (avail-
able online since May 2005 at http://pasadena.wr.
usgs.gov/step) for California (Gerstenberger et al.

http://pasadena.wr.usgs.gov/step
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2005), which provides the probability of strong
shaking in California within the next 24 h. This
paper, however, deals with the PAHA approach
in a general sense.

PAHA intrinsically combines two main fea-
tures: (1) the statistical description of aftershock
occurrence and (2) the probability density func-
tion of the strong-motion characteristics under
study [peak ground velocity (PGV) in our case]
as a function of earthquake magnitude and station
location. The latter is used to translate the after-
shock probabilities to the probabilistic forecast of
strong-motion characteristics exceedence.

As regards the first point, recently, there have
been several attempts to assess aftershock occur-
rence. They are based either on physical mod-
els (e.g., using the rate-and-state friction law,
Dieterich 1994) or statistical models, in which
characteristics of the observed seismicity are
used to infer the nature of future seismicity
(Reasenberg and Jones 1989). One of the sta-
tistical models, used also in the STEP program,
combines nonstationary Poisson process and the
generalized Omori’s law describing the aftershock
mean occurrence rate (the time derivative of the
number of occurring aftershocks), namely, its tem-
poral decay and dependence on aftershock mag-
nitude. In this respect, the aftershock hazard is
intrinsically time-dependent in contrast to the
classical PSHA (based on stationary Poisson
process), where the hazard is time invariant.

Concerning PGV dependence on aftershock
magnitude and station position, empirical attenu-
ation relations are usually employed. Attenuation
relations vary with the area under study, data
employed, and method utilized by the author.
Alternatively, empirical strong ground motion
prediction can be substituted by simulations,
which is discussed in the paper by Gallovič and
Brokešová (2008) (further referred to as the com-
panion paper).

In this paper, the aim is to test the general
PAHA approach (not only its particular imple-
mentations, such as STEP). We first recapitulate
the equations used in PAHA. Then we present
a simple hazard parametric study (utilizing atten-
uation relations) focused on the parameters in
Omori’s law. Furthermore, we take into account

several attenuation relations to illustrate their
effect on the hazard.

2 Probabilistic aftershock hazard analysis

Because we are not able to predict the aftershock
occurrence in terms of position and time exactly,
a probabilistic approach has to be employed. Let
us assume a region where a mainshock started
an aftershock sequence. It is common to assume
that the aftershock occurrence is a nonstationary
Poisson process, so that we can write the prob-
ability that an aftershock of magnitude m′ ≥ m
will occur within time interval T1 to T2 (after the
mainshock) as

P1(T1, T2) = 1 − exp

⎛
⎝−

T2∫

T1

r(m′ ≥ m, t)dt

⎞
⎠ , (1)

where r is the mean occurrence rate of aftershocks
with magnitude m′ ≥ m at time t. It is well known
that rate r in a given area can be approximated
by Omori’s law, which suggests its temporal decay.
Shcherbakov et al. (2004) introduce this law in the
following, general form:

r(m′ ≥ m, t) = N(m′ ≥ m)(p − 1)/c(m′ ≥ m)

(1 + t/c(m′ ≥ m))p
,

(2)

where c(m′ ≥ m) is the characteristic time depen-
dent on magnitude (see later). Parameter p con-
trols mainly the time decay slope, i.e. whether the
aftershocks tend to occur earlier after the main-
shock (higher p) or later (lower p). N(m′ ≥ m)

is the total number of aftershocks of magnitudes
m′ ≥ m, i.e., N(m′ ≥ m) = ∫ T

0 r(m′ ≥ m, t)dt in
the limit T → ∞. Note that convergency of this
limit is guaranteed only if p > 1.

Number N(m′ ≥ m) can be described by the
Gutenberg–Richter relation modified for after-
shocks (Shcherbakov et al. 2004):

N(m′ ≥ m) = 10b(m∗−m). (3)

Parameter b characterizes the number-size distri-
bution of events (smaller b indicates more large
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Fig. 1 Geometry for numerical testing of PAHA. The
aftershocks are assumed to occur in the very center of
the fault

events) and m∗ controls the productivity of the
area.1

Parameter c is the characteristic time for after-
shocks of magnitudes m′ ≥ m. Shcherbakov et al.
(2004) found a scaling relation for it,

c(m′ ≥ m) = c(m∗)10β ′(m∗−m). (4)

Quantity β ′ controls the ratio of characteristic
times between higher and lower m’s, β ′ > 0. If β ′
increases, the characteristic times for aftershocks
of magnitudes m < m∗ increase, while for those
of m > m∗ decrease. This, consequently, means
that (with increasing β ′) small aftershocks tend to
delay, while the large ones tend to occur earlier
after the mainshock. Note that β ′ = 0 implies the
characteristic time being independent of magni-
tude, which is assumed, e.g., in the STEP program
in California.

Parameters m∗, b , p, β ′, and c(m∗) are empir-
ically observed parameters that can be estimated
from previous or on-going aftershock sequences.
Their values are briefly discussed in the next sec-
tion, where we also study the influence of the
parameter variations on aftershock hazard.

Let us assume a mainshock followed by an af-
tershock sequence triggered on a given fault with

1In the paper by Shcherbakov et al. (2004), m∗ is intro-
duced as the magnitude of the “largest” aftershock inferred
from an extrapolation of the Gutenberg–Richter relation
because N(m′ ≥ m∗) = 1 (see Eq. 3). Note that m∗ is de-
fined formally and does not correspond to the magnitude
of the real largest aftershock of the sequence under study.

its center at position A. For the sake of simplicity,
let us assume that the aftershocks occur just in the
center of the fault (A). Furthermore, we consider
simple fault-station geometry as shown in Fig. 1.
Stations are located on the profile perpendicular
to the fault and passing through A. Their position
is measured by distance l, l = ||A − x||.

The quantity of our main interest in the PAHA
is the probability of exceedence of certain strong-
motion characteristics. Generally, any strong-
motion characteristic can be studied. In this paper,
for the sake of brevity, we restrict ourselves to the
PGV. The probability of PGV value v exceedence
at receiver at distance l during time interval T1 to
T2 can be written as

Pv(l, T1, T2) = 1 − exp

⎛
⎝−

T2∫

T1

�(v′ ≥ v, l, t)dt

⎞
⎠ ,

(5)

where � is the rate of v′ ≥ v occurrence. It can be
obtained by integration

�(v′ ≥ v, l, t) =
∫ mmax

mmin

dr
dm

λ(v′ ≥ v, l, m)dm, (6)

where r is given by Eq. 2, taking into account
Eqs. 3 and 4. Quantity λ(v′ ≥ v, l, m) represents
probability of v′ ≥ v occurrence at distance l from
magnitude m event. Note that a more general
formula taking into account spatial distribution of
possible sources can be found in our companion
paper.

The PGV distribution is usually assumed to be
log-normal in regression of attenuation relations,
being described by quantities v̄(l, m) and σ(l, m).
Therefore, we can write

λ(v′ ≥ v, l, m)

= 1√
2πσ(l, m)

×
∞∫

ln v

exp

[
−

(
ln v′ − ln v̄(l, m)√

2σ(l, m)

)2
]

d(ln v′).

(7)

In this way, ln v̄ and σ correspond to the mean
and standard deviation of logarithms of PGVs,
respectively.
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Table 1 Parameters obtained for five Californian earthquakes (Shcherbakov et al. 2004, 2006)

Earthquake mms m∗ b p β ′ c(m∗) [s]

Landers 7.3 6.20 ± 0.05 0.98 ± 0.02 1.22 ± 0.03 1.0 ± 0.4 33 ± 10
Northridge 6.7 5.95 ± 0.05 0.91 ± 0.02 1.18 ± 0.02 0.8 ± 0.7 23 ± 10
Hector Mine 7.1 5.75 ± 0.05 1.01 ± 0.01 1.21 ± 0.05 1.1 ± 0.6 32 ± 10
San Simeon 6.5 5.40 ± 0.05 1.00 ± 0.03 1.12 ± 0.02 0.8 ± 0.8 55 ± 10
Parkfield 6.0 5.00 0.89 ± 0.01 1.09 ± 0.02 0.7 ± 0.3 15 ± 1

Symbol mms denotes the mainshock magnitude

To obtain the probabilities as a function of fault
distance for given aftershock sequence statistic
parameters and attenuation relations, we insert
Eqs. 7 and 6 into Eq. 5. From the computational
point of view, the differentiation dr/dm and in-
tegration over t are performed analytically, while
the integration over m numerically, i.e., replacing
the integral by a sum. The bounds mmin and mmax

in Eq. 6 are such that the resulting probabilities
Pv do not change substantially if they are slightly
decreased or increased, respectively.

3 Numerical testing of PAHA sensitivity
to parameters of the generalized Omori’s law

In this section, we investigate numerically the sen-
sitivity of PAHA to the above-described statistical
parameters, namely dimensionless parameters m∗,
b , p, β ′, and characteristic time c(m∗), for several
time ranges after a hypothetical mainshock. We
assume a mainshock of magnitude mms = 6.5. We
discuss the sensitivity on plots (further referred
to as hazard plots), showing the probabilities of
exceeding v = 0.1 m/s with respect to the fault
distance. The 57 virtual receivers are distributed
with 1 km spacing over a range of 1–57 km; see
Fig. 1.

In this section, we employ the attenuation re-
lations by Si and Midorikawa (1999). Note that
this choice is arbitrary because our parametric
study is general, not specific to any region. In the
next section, we also investigate the effect of
the choice of particular attenuation relations on
the probabilities.

The variability of the above-mentioned sta-
tistical parameters may be relatively large. To

assume reasonable ranges of the parameters, we
utilize past aftershock sequences, for which the
statistical parameters have been determined in
previous studies. An extended review by Utsu
et al. (1995) has discussed p value variability of
instrumentally observed sequences, and they have
found the range between 0.8 and 1.4. Wiemer et al.
(2002) have found spatial variability of b and p
during the 1999 Hector Mine aftershock sequence
in the range of 0.7–1.5 and 0.9–1.4, respectively.
For Italy, Lolli and Gasperini (2003) have re-
trieved p = 0.93 ± 0.21 and b = 0.96 ± 0.18. The
other parameters, m∗, c(m∗), and β ′, have been
inferred for five Californian aftershock sequences
by Shcherbakov et al. (2004, 2006); see Table 1.

From the above discussion, it follows that the
variability of the parameters may be relatively
significant and possibly site-dependent. For our
parametric study, we choose the ranges of the pa-
rameters as wide to cover all the above-discussed
typical ranges of the parameter values; see
Table 2. Note that, as regards the p value, in our
formulation we are restricted to p > 1 (due to
the finiteness of the integral of modified Omori’s
law, Eq. 2). In the hazard plots that follow, we
vary just one of the parameters while keeping the

Table 2 Ranges of aftershock statistic parameters under
study

Parameter Min Reference value Max

m∗ 5.1 5.4 5.7
b 0.8 1.1 1.4
p 1.05 1.25 1.45
β ′ 0.0 1.0 2.0
c(m∗)(s) 15 30 60
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Fig. 2 Probabilities
of exceeding PGV
v = 0.1 m/s as a function
of fault distance (l in
Fig. 1) in normal (black
curves) and logarithmic
scales (gray curves). The
four panels differ in time
range considered (see
labels). The solid line in
all the plots corresponds
to the reference setting:
m∗ = 5.4, b = 1.1,
p = 1.25, β ′ = 1.0, and
c(m∗) = 30 s. Parameter
m∗ is then varied, taking
the values 5.1 and 5.7
(dashed curves)

others constant at so-called reference values (cen-
ters of the parameter’s ranges), namely, m∗ = 5.4,
b = 1.1, p = 1.25, β ′ = 1.0, and c(m∗) = 30 s.
Note again that the choice of parameters is not in-

tended to be specific for any area. The integration
bounds in Eq. 6 are set mmin = 3.0 and mmax = 7.0.

In Figs. 2, 3, 4, 5, and 6, we show the probability
of exceeding v = 0.1 m/s as a function of fault

Fig. 3 Same as Fig. 2
but for parameter b
variations in the range
0.8–1.4
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Fig. 4 Same as Fig. 2 but
for parameter p
variations in the range
1.05–1.45

distance for the variations of the individual pa-
rameters (namely, m∗, b , p, β ′, and c(m∗)). Each
of the figures consists of four panels showing the
probabilities for different time intervals:2 the top
left corresponds to the first day after the main-
shock; the top right to the period 1–10 days; the
bottom left to 91–100 days; and, finally, the bot-
tom right to the whole period 0–100 days after the
mainshock. The plots are displayed on both nor-
mal (black) and logarithmic scales (gray). While
the first provides a better insight into the resulting
absolute variations of the probabilities, the last
enables us to see better their relative variations.

Let us first discuss the reference solution in
Figs. 2–6 (which is the same in all the figures)
for different time periods. As expected, the prob-
ability decreases with increasing fault distance.
Further, at any fault distance, the probability also
considerably decreases for later time ranges. This
is clearly due to the time decrease of the af-
tershock rate in Omori’s law that governs the
hazard. For example, 5 km away from the fault,

2The time intervals are chosen to best accomplish the
parametric study, regardless of our opinion of whether they
are reasonable from the practical point of view.

the probability drops from about 50% during
the first day to 5% during the period 1–10 days
(although being longer in time) and to 0.2% for
the late period 91–100 days. However, the tempo-
ral decay is different at different fault distances.
To get a better notion, Fig. 7 shows a 3D plot,
where differential probabilities for time intervals
of 1 day are plotted vs time delay T after the main-
shock and fault distance. By differential proba-
bilities, we understand difference �Pv(l, 0, T) =
Pv(l, 0, T) − Pv(l, 0, T − 1), with T being in units
of days. Note that, in this way, �Pv(l, 0, T) are not
probabilities of aftershock occurrence within the
given day. The graph of differential probabilities
�Pv in Fig. 7 shows that the temporal decay of
Pv is fastest for short fault distances, as well as for
smaller times after the mainshock.

Analyzing the probability behavior when
changing the statistic aftershock sequence para-
meters in Figs. 2–6, we see that the probabilities
are most sensitive, in the sense of the largest
scatter, to variations of parameter m∗ (see
Table 2) in Fig. 2. This is due to the fact that
this parameter controls the overall aftershock
productivity. Except for the closest distances, for
all the investigated time periods, the absolute
scatter decreases while the relative one (see
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Fig. 5 Same as Fig. 2
but for parameter β ′
variations in the range
0.0–2.0

the logarithmic plots) remains approximately
constant.

Concerning the b value of the Gutenberg–
Richter relation, this influences the hazard plots
much less (Fig. 3) than parameter m∗. While m∗

affects the probabilities in the same way at all
distances (i.e., the larger m∗, the higher the
probabilities), b does not. For all time intervals
considered, at distances smaller than about 5 km,
a higher b value provides higher probabilities

Fig. 6 Same as Fig. 2
but for parameter c(m∗)
variations in the range
15–60 s
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Fig. 7 Plot of 1-day differential probabilities with respect
to the fault distance (l in Fig. 1) and time T after the
mainshock. The term differential probabilities refers to the
difference between probabilities obtained for time periods
from 0 to T and from 0 to T − 1, T being in units of days

(as in the case of m∗), while at larger distances,
the opposite applies. We explain this as follows:
higher b means a larger portion of small earth-
quakes that influence, in terms of ground motions,
shorter distances. Beyond a particular distance,
the influence starts being dominated by larger
aftershocks. However, because there is a lower
number of such large aftershocks for higher b
(with respect to lower b), the probabilities at
larger distances are lower.

As regards the variations of the p value in
Omori’s law (see Table 2), we can see in Fig. 4
that, in the time interval 0–1 day, the probabilities
are higher for higher p, i.e., when aftershocks
tend to occur earlier after the mainshock. For the
intervals of 1–10 days, as well as 91–100 days,
p influences the probabilities in the opposite way:
the higher p, the lower the probabilities. The
explanation is analogous as above because the
aftershocks tend to occur earlier with increasing p;
the probabilities are lower for the later intervals.

Varying β ′ (Table 2, Fig. 5), the plots exhibit
a qualitatively similar behavior of the curves to
the plots in which the b value varies (Fig. 3)
including crossing of the curves. However, the
overall variations would be less significant if one
considers the first day after the mainshock. More-
over, looking closer to the case of the 0–1-day
interval and at distances larger than about 7 km,

the probabilities are higher for higher β ′, while for
later times, the opposite applies. This is so because
the scaling of the characteristic time (governed by
parameter β ′) also affects the ratio between large
and small aftershocks that change, however, with
time. Higher β ′ means shorter characteristic time
for larger magnitudes (see Eq. 4). Consequently,
for the 0–1-day hazard plot, large earthquakes
(affecting hazard at larger fault distances) tend to
occur earlier after the mainshock than the small
ones, which results in higher probabilities at larger
distances. Further, during 1–10 days, the occur-
rence rate of larger aftershocks (with respect to
the small ones) decreases, so that the hazard is
dominated by small aftershocks that increase the
probabilities at shorter fault distances.

Finally, the variations of parameter c(m∗) (see
Table 2) do not almost affect the probabilities
when considering the first day after the main-
shock; see Fig. 6 (upper-left and bottom-right pan-
els). For later periods, 1–10 and 91–100 days, the
influence of the variations is visible, but the scatter
is the least when considering variations of the
other parameters. In other words, the probability
of exceeding v = 0.1 m/s is least sensitive to c(m∗)
from all the other statistic parameters.

Comparing the hazard plots in Figs. 2–6 for the
interval of 0–100 days after the mainshock with
the plots for the interval of 0–1 day, we conclude
that the results are almost the same. Such similar-
ity suggests that the hazard is mainly due to very
early (less than 1 day) aftershocks.

4 Numerical testing of PAHA sensitivity
to attenuation relations

In this section, we test the sensitivity of PAHA to
the choice of attenuation relations derived by vari-
ous authors for various areas. We employ those by
Si and Midorikawa (1999), Atkinson (2006), and
Skarlatoudis et al. (2003). The coefficients describ-
ing the relations, such as those related to source
mechanism (strike-slip), soil type (hard rock), etc.,
are chosen in such a way to make the curves com-
parable. Figure 8 shows mean attenuation curves
for a given magnitude, namely for the reference
magnitude m∗ = 5.4 from the last section. As one
can see, the curves behave differently with dis-
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Fig. 8 An example of attenuation curves retrieved by
various authors for reference magnitude m∗ = 5.4

tance, which is mainly due to both different data
employed and regression techniques utilized.

Figure 9 displays hazard plots for the reference
values of the Omori’s law parameters (m∗ = 5.4,
b = 1.1, p = 1.25, β ′ = 1.0, c(m∗) = 30 s) employ-
ing the above mentioned attenuation relations. By
hazard plots, we again mean the probabilities of
exceeding v = 0.1 m/s plotted with respect to the
fault distance as in the last section (with the same
source-station geometry, see Fig. 1). The time

intervals are also the same as in the last section.
The probabilities are again shown on both normal
(black) and logarithmic scales (gray).

As expected, the variations in the probabilities
for different attenuation relations vary consid-
erably due to relatively large differences among
the attenuation curves (see Fig. 8). This holds
for all selected time intervals. Their scatter is
comparable to that for variations in m∗ (Fig. 2).
Notwithstanding the large scatter, the decay of
the probabilities with distance (see the logarithmic
scale) is similar for the attenuation relations by
Si and Midorikawa (1999) and Skarlatoudis et al.
(2003). The probabilities for the attenuation re-
lations of Atkinson (2006) are characterized by
considerably faster decay at short epicentral dis-
tances. Despite the fact that the hazard curves
are influenced by the attenuation relations’ depen-
dence on magnitude, this clearly reflects the fast
distance decay of the attenuation curve itself at
short distances (Fig. 8).

The dependence of attenuation relations on
magnitude is manifested also by the different be-
haviors between probabilities obtained by the use
of attenuation relations by, e.g., Atkinson (2006)
and Skarlatoudis et al. (2003). Due to β ′ > 0,

Fig. 9 Same as Fig. 2
but for variations of
attenuation relations
employed (see also Fig. 8)
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the ratio between the number of large and small
aftershocks depends on time interval selected. In
this way, for time intervals 1–10 and 91–100 days,
the curves (accidentally) touch each other, while,
for time intervals 0–1 and 0–100 days, they do not
(see also the discussion about the effect of β ′ in the
last section). If we plot the hazard plots for β ′ = 0,
the relative behavior among the curves would be
the same for all time periods. Finally, note that,
similarly to Figs. 2–6, the plots for the interval
of 0–100 days after the mainshock are almost the
same as for the interval of 0–1 day, suggesting
dominance of very early (less than 1 day) after-
shock hazard.

5 Discussion and conclusions

Statistical occurrence of aftershocks is repre-
sented by the nonstationary Poisson process.
This implies that the aftershock hazard is time-
dependent, in contrast to the classical PSHA by
Cornell (1968), based on the stationary Poisson
process, where the hazard is time-independent.
Note that, locally, at a given time, the nonsta-
tionary Poisson process corresponds to the sta-
tionary Poisson process, however, with its mean
rate decaying with time according to Omori’s law.
Generally speaking, any Poisson process is based
on the assumption that, locally in time, the occur-
rence of an event is independent of other events.
From the physical point of view, this is not true,
but we assume that, from the statistical point of
view, the interactions among aftershocks are so
complex that aftershock occurrence appears to be
independent and stochastic.

Note that Omori’s law describes the after-
shock rate decay well when stacked over many
aftershock sequences. Rather, it does not re-
produce the complex details of the individual
sequences. Large aftershocks can, for example,
significantly perturb this decay by increasing the
seismicity rate on local faults. A more general
approach to the probabilistic seismicity estima-
tions is the epidemic-type aftershock sequence
model proposed by Ogata (1988). This more
sophisticated approach, however, relies on a num-
ber of parameters, the estimates of which are not
always robust. This is particularly critical if the

model is to be used as a forecast tool. Therefore,
our studied PAHA (employing Omori’s law) have
to be understood as a forecast for a “typical” se-
quence (averaged over an ensemble of sequences)
because the governing Omori’s law is just a
very good first-order approximation of a “typical”
aftershock rate decay. After a strong aftershock
(possibly close in magnitude to the mainshock)
that significantly disturbs the aftershock rate,
the PAHA can be reconsidered with updated
Omori’s law parameters (using actual aftershock
seismicity data).

We provide a simple parametric study varying
the parameters of the generalized Omori’s law
(Eq. 2), governing the time decay of the Pois-
son process mean rate. The ranges are chosen in
such a way to cover typical values found by var-
ious authors for different aftershock sequences;
see Table 2.

Regarding the p parameter (time decay expo-
nent of the aftershock occurrence rate), we have
limited it to p > 1 in our study. The p values
lower than 1 are hard to be justified physically
because this would lead to an infinite total number
of aftershocks when time grows to infinity. One
can of course object that the Omori’s law controls
the aftershock sequence only for a limited time.
However, this would require the introduction of
an additional temporal damping parameter for
larger time intervals. Note that p values lower
that 1 can be caused just by a bias during the
regression of the seismicity data (due to the pres-
ence of background seismicity). Reformulation of
the formulas related to the Omori’s law would
be straightforward.

Our study shows that the hazard is affected
mainly by parameters m∗ (extrapolated maximum
aftershock magnitude), b (decay exponent in the
Gutenberg–Richter relation), and p. Therefore,
these parameters have to be precisely determined.
This requirement is, however, difficult to meet
very early after the mainshock because seismol-
ogists collect sufficient seismicity data within at
least the first 3 days (Wiemer et al. 2002). On
the other hand, as we have found, the absolute
probabilities for later times are not so sensitive
to the variations of statistical parameters, which
makes the PAHA (for later times) very promising
for real applications.
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In areas without strong-motion networks and
related infrastructure dense enough to analyze
seismicity in real time, a preliminary spatial vari-
ation of the seismicity parameters can be found
from available historical instrumental data (Lolli
and Gasperini 2003). They can be then used to
assess the hazard in the first few days after the
mainshock before a reliable model of the ongoing
sequence is available.

Generally, the hazard computation is usually
based on empirically observed statistical parame-
ters, which may be biased due to an incomplete
data set. For example, values of c are derived
based on a data set missing a number of after-
shocks immediately after the mainshock, so that
it is found larger than it should be. Kagan (2004)
suggests a value of c close to zero. However, Utsu
et al. (1995) conclude from high-resolution and
corrected observations that actual c values are
positive. Shcherbakov et al. (2006) argue that the
positive c value depending on magnitude is a phys-
ical property. However, if the apparent c value
results from incomplete aftershock detection, it
should be decreased to obtain a more realistic
hazard. Accordingly, the value of m∗ has to be
adjusted simultaneously to take into account the
increased number of undetected aftershocks. The
corresponding change in the hazard would then be
governed mainly by the change in m∗, i.e., in the
way shown in Fig. 2.

Regarding the detailed quantitative analysis of
the hazard plots in Figs. 2–6, it depends, of course,
on the reference values chosen in our study. We
have made a lot of numerical tests with other
reference values. According to our experience,
for example, the crossing of probability curves in
Figs. 3 and 5 would appear at larger distance when
considering larger b and p values. However, the
qualitative behavior of the curves in the hazard
plots would remain the same.

The parametric study presented in this pa-
per can be useful, for example, in other PAHA
implementations, such as the STEP program. It
has started operating in California as a real-time
hazard forecast for the next 24 h (Gerstenberger
et al. 2005). In that program, generic California
attenuation relations and, in its first stage,
generic California aftershock sequence parame-
ters are considered. Our present study shows how

sensitive the hazard is to the particular choice
of the attenuation relations and the aftershock
sequence parameters. Further, in the later stage of
the STEP program, spatial variations of Omori’s
law parameters determined from the ongoing se-
quence are considered (Wiemer and Katsumata
1999). Our parametric study, showing the sensi-
tivity of the PAHA probabilities to the seismicity
parameters, suggests that such variations could
be important for the hazard analysis. Moreover,
Omori’s law with constant characteristic time c
(i.e., β ′ = 0) is employed in STEP. The value of
β ′ is hard to determine because it requires a large
amount of aftershock seismicity data. Our study
shows that the choice β ′ = 0 is acceptable because
the hazard is affected much more by the other
parameters (m∗, b , p).

Another question in our study regards the use
of attenuation relations for the translation from
occurrence probabilities to the probabilities of ex-
ceedence. We have tested the sensitivity of PAHA
to the choice of various attenuation relations and
found that the influence is relatively large, be-
ing comparable to variations for different choices
of m∗. On the other hand, attenuation relations
employed in our study (Si and Midorikawa 1999;
Atkinson 2006; Skarlatoudis et al. 2003) are
perhaps rather diverse because they have been
derived for different areas (Japan, USA, and
Greece, respectively). Presumably, various atten-
uation relations for the same area (e.g., assuming
a slightly different data set) would yield less dif-
ferent curves in the hazard plots. An alternative
approach would be to utilize strong ground mo-
tion simulations to substitute the attenuation rela-
tions. This could be important especially in areas
where the aftershocks are likely to occur at a given
known fault and/or attenuation relations are not
available (e.g., due to low data coverage). Such an
approach is tested in our companion paper.
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