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In this paper, a model of earthquake forecast is presented to assess the long-term
probabilities of future earthquakes with moderate magnitudes for a region includ-
ing Iran (latitude 25-40° and longitude 44-62°). The model estimates a coupled rate
of magnitude, space and time for future seismicity using a spatial-temporal Poisson
process. The smoothed spatial distribution of seismicity is measured by an adaptive
kernel using the locations of past M > 4.5 earthquakes listed in the ISC catalog in
the period of 1980 to 2014. The retrospective area skill score test has been carried
out to check the significant of the results, using a spatially uniformreference model.
At 95% confidence level, the model was not rejected by the test. Moreover, the results
show a meaningful correlation between anomalies of the forecasted map and the
epicenters of target events occurred from 2015 to 2016. Based on the results, it is
concluded that the areas characterized by high forecasted rates of seismicity could
be considered as the highly hazardous ones, most likely to seismic activation in the
Iranian plateau.

1. Introduction

The Iranian plateau is one of the most seismically
active regions in the world, and it frequently suffers
catastrophic earthquakes. They cause heavy loss of
human life along with lots of property damages
because of the poor quality of constructions in Iran
(e.g. [1-2]). One of the effective measures to
reduce the hazards of earthquakes is to do risk/
hazard-analysis studies. Earthquake forecast as an
important approach can be jointed in hazard and
risk management for decision-making problems of
emergency responses.

A number of techniques have been used for
making earthquake forecasts on parts of the Iranian
territory. These techniques consist of two main
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groups of studies, related to information from
earthquake catalogs. The first group includes the
studies of earthquake precursors such as seismic
anomalies (e.g. [3-4]), in which the findings mostly
associate with regional preparedness before the
happening of main shocks. The second group is
known as statistical approaches, which construct
models regarding the possible occurrence of
forthcoming target earthquakes (e.g. [5-6]). For
instance, Radan et al [6] assessed the pattern
informatics approach via retrospective tests for the
identification of the anomalous areas of high
earthquake risk in Iran and Italy. Maybodian et al [5]
also applied the CN methodology for the study of
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seismicity patterns in one of the most seismically
active areas in Iran, namely the Zagros mountain
belt. These studies can be categorized as alarm-
based earthquake forecasts.

In the current study, the occurred earthquakes
within Iran from 1980 to 2016 have been investigated
in order to estimate the probabilities of future
moderate magnitude events in a five-year period.
This study proposes a grid-based probabilistic
forecast for the study region, which do not in-
corporate tectonic information. This kind of
earthquake forecast is also performed in some
other regions, such as California (e.g. [7-8]), and
assessed in the Collaboratory for the Study of
Earthquake Predictability (CSEP) [9]. The findings
of such kinds of efforts could be valuable to discover
seismic anomalous areas of the study region. The
results can present useful information to measure
the seismic hazard not only in Iran, but also in other
active tectonic regions

2.Data

In this study, the regional dataset of the Interna-
tional Seismological Centre (ISC) is applied. This
catalog is available at http://www.isc.ac.uk/. The ISC
catalog lists a large number of magnitude scales,
which can be grouped into three main categories,
namely tele-seismic, complementary magnitude, and
local magnitude [5]. According to [10], here, the
local and body wave magnitude of M < 6 as well as
surface wave magnitude (M) of M > 6 are simply
considered as moment magnitude.

For the current investigation, earthquakes were
selected within a rectangular, latitude limits 23- 42°
and longitude limits 42-64°, extended by 2° from the
testing area in order to avoid the boarder effect [11].
The magnitude of completeness (Mc) of the dataset
was checked by the maximum curvature function
based on the study of Wiemer and Wyss [12].
Accordingly, the Mc is estimated as 4.5 at the 95%
confidence level since 1980 (Figure 1).

Figure (2) shows temporal distributions of
M=4.5 earthquakes in this catalog.

It is seen that the curve of the cumulative number
of earthquakes has an approximately constant slope
since 1980. Hence, this part of the catalog, i.e. from
1980 to 2016, was chosen for using in the current
study.
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Figure 1. Magnitude completeness (Mc) of the data-set as
a function of time. The Mc is estimated as 4.5
since 1980 by the maximum curvature method [12].
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Figure 2. Temporal distribution of M>4.5 earthquakes in
the raw and declusterd catalogs. The cumulative
number curve as a function of time has an
approximately constant slope since 1980. The
curve of the declusterd catalog has a smoother
slope compared with that of the raw catalog,
which illustrates that most of foreshocks and
aftershocks have been removed from the catalog
by the declustering procedure.

3. Declustering

In order to remove large fluctuations of seismic
activity, the applied catalog was declustered by the
Reasenberg's algorithm [13] as modified by
Helmstetter et al [11]. The parameters of this
algorithm are considered as given in [2]. The
declustering procedure found ~300 earthquakes (out
of ~2600 since 1980) within clusters.

Figure (1) shows temporal distribution of M>
4.5 earthquakes in the declusterd catalog. The
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cumulative number curve as a function of time for
the refined catalog has a smoother slope compared
with the raw catalog, which implies that the
declustering procedure has removed most of the
dependent events, i.e. foreshocks and aftershocks,
from the catalog. The Gutenberg-Richter relation
[14] for the declustered dataset was found with
b-value=0.93. The tectonic earthquakes are described
by the b-value in the range of 0.5 to 1.5, and the
b-value is commonly around 1.0 [15]. Hence, the used
dataset almost agrees with characteristic size
scaling b-value.

4. Methodology
4.1. Smoothened Spatial Distribution of Seismicity

Spatial density of seismicity was estimated by
smoothing the locations of M>4.5 earthquakes. An
isotropic adaptive kernel was used for smoothing
past earthquake locations. As used in several studies
(e.g. [11, 16]), a Gaussian type kernel was used as
follows:

1‘2

2d?

ky(r)=C(d)exp(——) (D)
where r is epicentral distance of i-th event for each
grid point, d is the adaptive scale parameter, and
C(d) is normalization constant set so that the
integral of the kernel over an infinite area equals
1.0.

Figure (3) illustrates the use of the isotropic
kernel to evaluate the smoothed rate of earthquakes.
It is seen that by increasing the distance from the
origin, here the point (0.5, 0.5), the smoothing
function decays in space so that the contribution of
an earthquake for a certain distance equals 0.0.

The bandwidth (d) of the kernel is adjusted
with regard to the horizontal distance of n-th nearest
neighbor of each earthquake. The number was an
adaptable parameter that was evaluated by
optimizing the model. The bandwidth of i-th
earthquake decreased if the spatial seismic distribu-
tion was large around the location of that earthquake,
so that the resolution was better where the density
increased than places with low seismic density.

The density (L) at each point was then calculated
by summing the portion of all past earthquakes ()
as follows:
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Figure 3. Schematic diagram of an isotropic Gaussian kernel.
By increasing the distance from the origin, here the
point (0.5, 0.5), the kernel decays in space so that
the contribution of an earthquake for a certain
distance equals 0.0..
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Finally, in order to present the number of earth-
quakes expected in each cell, the Eq. (2) was then
integrated over each cell.

4.2. Model Optimization

The model was optimized by computing the
likelihood of the model. Accordingly, a Jackknife-like
procedure [7] was used in which the dataset was
divided into 2 sub-catalogs. We applied the first
sub-catalog, as learning catalog, to forecast the
second sub-catalog, as test catalog. A large collec-
tion of catalog pairs is considered in this paper, by
changing the start- and end-time and magnitude of
each catalog.

In each cell (i, iy), the rate A is computed for
each of the learning catalogs. Using the Eq. (3) to
normalize the rates, one could estimate what part of
the future earthquakes belongs to each cell:

x‘(ixviy)Nt

v DI 3)

where N, is the number of target earthquakes.

A,

In order to assess the agreement between
observed numbers of events given the expectations
in each of the cells, the log-likelihoods of the models
were estimated as follows [11]:
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L= Zix Ziylog P[}\‘* (iX’ i}’ ’ ni] (4)

in which ni is the number of earthquakes happened
in the cell (i,,1)).

Poisson function can be considered as the
probability function (P) for the observation of n,
earthquakes in a cell with average rate A’ [11].
Assuming a uniform reference model, the perfor-
mance of each model is assessed by computing the
probability gain per target earthquake as follows:

Nt ©)

{L_ Lunif}
G=exp| ———
where L, is the log-likelihood of a spatially

uniform model.

4.3. Expected Number of Earthquakes

In order to estimate the expected number of
earthquakes in space-time-magnitude bins (E), the
spatial density (A) was scaled to the number of
expected earthquakes over a five-year period. We
have used the average number of target earthquakes
over a five-year period (N,) as the number of
expected earthquakes. N, was estimated as ~ 68

earthquakes, based on declustered catalog. Then,
to estimate a magnitude-dependent rate, the scaled
spatial density was multiplied by a tapered
Gutenberg-Richter magnitude frequency distribution
[14] as follows:

P(m)=
1 O—b(mfmmin ) eXp(l 01 S(my,, —m,) -1 0—1 S(m-m,) )

(6)

Indeed this function, with a uniform b-value and
corner magnitude mc, estimates the accumulative
probability of an earthquake in each of magnitude
bins. Based on [17] mc was considered to be 7.56
for Iran as an active continental region.

5. Results and Discussion
5.1. Model Parameter

The results of the model optimization are shown
in Table (1), which are used to choose the model
parameter k. For each model, the smoothing
parameter k was varied in the range of 1 to 40
(Figure 4), and the optimal value of this parameter
was selected by maximizing the likelihood of the
model. A model that associates with the biggest gain
has the best efficiency, and the spatially uniform
model has the probability gain of 1.0. For some of

Table 1. The results of the model optimization that are used to choose the model parameters. ¢.and ¢, are first year and last year
used to select input events, respectively; m and N are the minimum magnitude threshold and the corresponding
number of events in the catalog; G is the probability gain per target earthquake over a spatially uniform model; L is the
log-likelihood of the model; b _represent the average adaptive bandwidth. The smoothing parameter k ranges between

1 and 40.
Model Learning Catalog Target Catalog Result
No Catalog te t m N te t m N L G k by, (km)
1 Raw 1980 1999 45 1289 2000 2004 5 89 -4348 181 22 83
2 Raw 1980 2004 45 1570 2005 2009 5 72 -382.5  1.58 40 109
3 Raw 1980 2009 45 1802 2010 2014 5 142 -6141 254 6 33
4 Raw 1980 1999 5 527 2000 2004 5 89 -436.0 179 23 178
5 Raw 1980 2004 5 616 2005 2009 5 72 -383.6 155 20 147
6 Raw 1980 2009 5 688 2010 2014 5 142 -638.7 213 6 58
7 Raw 1980 1999 55 97 2000 2004 5 89 -5082 079 5 195
8 Raw 1980 2004 55 114 2005 2009 5 72 -407.5 112 3 117
9 Raw 1980 2009 55 126 2010 2014 5 142 -833.0 054 4 130
10 Declustered 1980 1999 45 1088 2000 2004 5 33 -402.5 2.01 40 141
11 Declustered 1980 2004 4.5 1339 2005 2009 5 63 -322.7  2.06 40 125
12 Declustered 1980 2009 4.5 1533 2010 2014 5 93 4152 278 5 34
13 Declustered 1980 1999 5 249 2000 2004 5 33 -403.4 199 13 198
14 Declustered 1980 2004 5 332 2005 2009 5 63 -3215 210 4 72
15 Declustered 1980 2009 5 395 2010 2014 5 93 -432.77 230 12 141
16 Declustered 1980 1999 55 57 2000 2004 5 33 -503.0 0.60 7 330
17 Declustered 1980 2004 5.5 73 2005 2009 5 63 -374.6 090 190
18 Declustered 1980 2009 5.5 83 2010 2014 5 93 -556.8  0.61 231
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Probability Gain per Target Earthquake
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Figure 4. The selected results of the model optimization,
which were used to choose the model parameter
k. The optimal smoothing parameter k results in the
biggest gain, and the model that associates with
the biggest gain has the best efficiency. The median
value of the parameter k that is used to make the
final forecasts is 7.

the models, the smoothing parameter k reached the
maximum value of 40. For those, further long-range
increasing the amount of smoothing results in a
uniform density [18]. Some of the models, i.e. the
models 7, 9, 16, 17, and 18, provide a gain smaller
than unity. All of them are related to the learning
magnitude threshold of 5.5, which has small sample
size less than that of target catalog. In other words,
in this condition, the smoothed seismicity forecast by
the Gaussian kernel does not outperform the uniform
forecast.

According to Werner et al [16], the median value
of the optimized parameter k (i.e. k= 7) has been
used to make the final forecasts. Figure (5) depicts
the diagrams of the probability gains per target
carthquake as a function of learning magnitude
threshold of the non-declustered and declustered
catalogs in three different 5-year target periods
(2000-2004, 2005-2009, and 2010-2014).

It is seen that there is a systematic trend for the
gain versus magnitude, so that the gain decreases
regularly by increasing the magnitude threshold of
the learning catalogs. It means that there is a benefit
on including small size events in learning catalogs. It
may be due to the fact that using the largest
earthquakes to train the model reduces the statistics,
which can lead to ignore the location of past
earthquakes with the target magnitudes. In fact,
the results get very poor.
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Figure 5. Model parameter choices; effects of declustering
and learning magnitude threshold on the results of
three different 5-year target periods (2000-2004,
2005-2009, and 2010-2014). Each curve presents
the values of the probability gains obtained for the
target periods.

For the cases that the gain is higher than unity,
it is seen that models from the declustered catalog
have more gains than those made by the raw
catalog. This can imply the effects of too spatial
localizations of seismicity in the raw catalog on the
forecast. In what follows, the declustered catalog
has been used, as it has higher gains.

As mentioned previously, the average number
of M > 5 events in target catalogs is ~ 68 over a
five-year period. Werner et al [18] performed a
similar study on two Italian catalogs. The gain values
of that study fluctuate strongly as a function of
input magnitude threshold in most of the target
periods. In contrast to Italy with average number of
~8 events per a five-year period, the big sample size
of the target earthquakes in the Iranian plateau can
describe the robustness of the results of the present
study.

In order to do the forecast for the predictability
experiment, we decided to get advantages from as
much data as possible by using all the reliable data in
the dataset. Therefore, the magnitude of complete-
ness (Mc) was taken as the magnitude threshold of
the learning catalogs for the final forecast.

Figure (6) illustrates the forecasted seismicity
rate (M > 5) map of Iran over the five-year period
from 1 January 2015. By visual inspection, it seems
that the forecast is consistent with most of the target
events (squares whose face colors are white), which
occurred in the forecast horizon until 2016.

259



Mohammad Talebi, Mehdi Zare, and Anooshiravan Ansari

Latitude

log 10 (Expected Number of M =5 Events Over 5 Years)

Figure 6. The base 10 logarithm of expected number of earth-
quakes with M > 5 over the five-year period from
January 1, 2015 based on smoothing the locations
of earthquakes of M > 4.5 listed in the ISC catalog
from 1980 to 2015. Black line shows Iran border and
squares are M >5 earthquakes that occurred
between January 1, 2015 and January 1, 2016.

5.2. Retrospective Tests

In order to test whether the forecast are compat-
ible with observational data, the area skill score
retrospective test was used [19, 20]. In order to do
the test, the events used to estimate the spatial
density were not included in the testing catalogs.

The method is basically designed for testing
alarm-based earthquake forecasts and is closely
related to the error diagram test [21], which is based
on measuring the fraction of space volume occupied
by alarm T against the number of target earthquakes
occurred outside T (miss rate v). The water level
technique [19] was also applied to change the
results in a format that is suitable as the input of
the area skill score test. Accordingly, by supposing a
spatially uniform distribution of seismicity, a target
earthquake is considered as a miss if it does not
occur in an alarm cell.

The area skill score method measures the nor-
malized space above the error diagram. The higher
score of the test, the better performance of the
model, so that a completely non-skilled alarm
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function achieves a score of 0.0, and a completely
skilled one obtains a score of 1.0.

Figure (7) shows the average trajectory of the
area skill scores test in three non-overlapping
periods (2000-2004, 2005-2009, and 2010-2014).
The shaded area displays the 95% confidence
region (or oo = 5% critical region), and the dashed
line shows the expected values in a long run of a
random guessing process. The confidence limit is
estimated from the average number of target events
happened in the three target periods.

It is seen that the forecasts based on the ISC
catalog obtain area skill scores that are satisfactorily
greater than the critical bound of area o =5% at all
the points. Therefore, this test cannot reject the
proposed forecasting models.
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Figure 7. Average results of the retrospective area skill
score test on the model in three non-overlapping
periods (2000-2004, 2005-2009, and 2010-2014).
The dashed lines show the long term trend of the
values corresponding to random guessing. The
filled area show acceptable scores at above 95%
confidence (or the critical area of o = 5%).

6. Conclusion

A grid-based earthquake-forecasting model
have been used to assess the probabilities of future
moderate earthquakes within the Iranian territory.
The model estimates a coupled rate of magnitude,
space, and time for future seismicity using a
spatial-temporal Poisson process. The data of ISC
catalog was used in the period of 1980 to 2016.
The magnitude of completeness (Mc) was estimated
as 4.5 by the maximum curvature function. Based on
optimization processes, the smallest learning
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magnitude threshold of the declustered catalog was
selected to make the final forecast. The area skill
score retrospective test has been performed to
check the consistency of the observed seismicity
with the forecast. The water level method [19] has
been used to adapt the format of the results with
one, which is suitable for the test. Using a reference
model of uniform spatial distribution, the test could
not reject the forecasting model at 95% confidence
level and showed that the model can serve well as a
good forecast strategy.

Due to the insufficient data available, it is difficult
to draw a conclusion about the possible occurrence
of a big-size earthquake in the region. Moreover, a
five-year forecast horizon is too short to conclude
about the reliability of a large-size earthquake
forecast, and a much longer time span is needed to
assess the significance of related results, particularly
in view of the very low forecasted rates. In other
words, more than five years are necessary to check
the reliability of a large-size earthquake forecast.

In total, the used model defined the most likely
candidate spaces for upcoming moderate events over
the five-year period from January 1, 2013. Most of
these areas are found in the western and southern
parts of Iran, namely Zagros zone. By passing about
2 years of forecast horizon, it is seen that there is a
meaningful correlation between anomalies of the
forecasted rate map of seismicity and the epicenters
of target events. Based on the results and as the
earthquake forecast could be an important part of
hazard and risk estimations, e.g. for making decisions
in risk management and emergency response, it is
concluded that the anomalies of the forecasted map
could be considered as highly earthquake hazardous
areas that are most likely to seismic activation in the
Iranian plateau.
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