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Abstract Seismicity of the Earth (M > 4.5) was compiled
from NEIC, IRIS and ISC catalogues and used to compute
b-value based on various time windows. It is found that
continuous cyclic b-variations occur on both long and short
time scales, the latter being of much higher value and
sometimes in excess of 0.7 of the absolute b-value. These
variations occur not only yearly or monthly, but also daily.
Before the occurrence of large earthquakes, b-values start
increasing with variable gradients that are affected by
foreshocks. In some cases, the gradient is reduced to zero or
to a negative value a few days before the earthquake
occurrence. In general, calculated b-values attain maxima
1 day before large earthquakes and minima soon after their
occurrence. Both linear regression and maximum likelihood
methods give correlatable, but variable results. It is found
that an expanding time window technique from a fixed
starting point is more effective in the study of b-variations.
The calculated b-variations for the whole Earth, its hemi-
spheres, quadrants and the epicentral regions of some large
earthquakes are of both local and regional character, which
may indicate that in such cases, the geodynamic processes
acting within a certain region have a much regional effect
within the Earth. The b-variations have long been known to
vary with a number of local and regional factors including
tectonic stresses. The results reported here indicate that
geotectonic stress remains the most significant factor that
controls b-variations. It is found that for earthquakes with
M,, > 7, an increase of about 0.20 in the b-value implies a
stress increase that will result in an earthquake with a
magnitude one unit higher.
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1 Introduction

More than six decades ago, it was suggested by Ishimoto
and lida (1939) and Gutenberg and Richter (1944, 1954)
that the magnitude distribution of earthquakes in any
region follows the power law relationship of Eq. (1):

Log N = a —bM (1)

where N is the total number of earthquakes with magni-
tudes >M. The variable a describes the productivity of a
volume, while the slope b describes the relative size dis-
tribution of earthquakes. Both parameters a and b are of
vital importance in seismicity studies, including the esti-
mation of seismic hazard and the calculation of recurrence
time intervals of earthquakes with different magnitudes, as
well as in volcano-seismicity studies including mapping
subsurface magmatic chambers (Wiemer and Wyss 2002).
The variable b has, however, received much more attention
and was subjected to many statistical, analytical and
evaluation techniques within the last few decades, see
El-Isa and Eaton (2013) and references therein. Different
techniques have been suggested and tried to calculate the
b-value and its uncertainty. The most used are the Least-
Square Regression and the Maximum Likelihood Methods
(e.g. Aki 1965; Utsu 1965; Shi and Bolt 1982; Guttorp
1987; Wiemer and Wyss 1997). In general, there is a wide
agreement among seismologists worldwide that the b-value
displays both temporal and spatial variations; on a regional
scale and for the whole Earth its value is approximately
equal to 1, but on a local scale, it shows a relatively wide
range of variation (0.3-2.5) or more. Both increasing or
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decreasing b-values are documented before the occurrence
of major earthquakes during variable periods of time that
extend to many years in most cases and an immediate
decrease or increase soon after their occurrence (e.g. Mogi
1962,1967; Scholz 1968; Utsu 1971; Gibowicz 1973; Wyss
1973; Fiedler 1974; Udias 1977; Robinson 1979; Smith
1981, 1986; Wang 1988; Imoto 1991; Ogata et al. 1991;
Urbancic et al. 1992; Wiemer and Benoit 1996; Mori and
Abercrombie 1997; Amelung and king 1997; Wiemer and
Wyss 1997; Wyss and Booth 1997; Gibowicz and Lasocki
2001; Gerstenberger et al. 2001; Wiemer and Wyss 2002;
Cao and Gao 2002; Del Pezzo et al. 2003; Beauval and
Scotti 2004; Nuannin et al. 2005; Wyss and Stefansson
2006; Console et al. 2007; Ghosh et al. 2008; Ishibe et al.
2008; Amorese et al. 2010). Factors that contribute to
spatial and temporal b-variations include: an increase or a
decrease in effective stress, variations in crustal heteroge-
neity, subsurface geothermal and volcanic activities, tec-
tonic characteristics and focal mechanisms, petrological,
environmental, depth and some geophysical characteristics
of rocks, quality of seismicity data and magnitude types
and method of b-calculation and the process of application
(El-Isa and Eaton 2013).

The major objectives of this study are to confirm the
presence of b-variations, to describe their nature and to
interpret the major causes of their variations. In order to
eliminate much of the above mentioned factors that cause
the b-variations, it is intended to deal with the seismicity of
the Earth as a whole, its two hemispheres, four quadrants
and the epicentral regions of some selected large earth-
quakes. To this end, seismicity data were compiled during
the period January 1990 to December 2011 from three
major seismicity sources, namely NEIC, IRIS and ISC. The
seismicity data were subjected to detailed b-calculations
using both the least-square regression and the maximum
likelihood methods. In order to limit the effect of using
different calculation methods on the b-variations, the least-
square regression method was the principal technique used.
Calculations were performed in different ways, using var-
ious fixed and variable time windows, including expanding

and moving types. The fixed time windows had variable
lengths ranging from less than a month to a month,
2 months, 1 year, 2 years, 3 years, 10 years up to 21 years.
The expanding time windows had variable lengths ranging
from a few days up to about two months.

2 The seismicity data

The seismicity of the whole Earth, its two hemispheres and
four quadrants that occurred during the period January
1990 to December 2011 is utilized in this study as com-
piled from the catalogues of three major sources, namely
the International Seismological Center (ISC), the Incor-
porated Research Institutions for Seismology (IRIS) and
the National Earthquake Information Center (NEIC) of the
United States Geological Survey. It is found that the
compiled data show some differences between the three
sources with regard to the total number of earthquakes,
their magnitude types and occasionally their values, see
Table 1. The number of events in ISC catalogues is always
higher than those obtained from both NEIC and IRIS cat-
alogues, with the latter two generally exhibiting relatively
greater similarity.

For the NEIC catalogues, it is found that less than 2 %
of all earthquakes with M > 6 are reported with magni-
tudes other than the moment magnitude (M,,). For all
earthquakes with magnitudes in the range 5.5 < M < 5.9,
it is found that about 95 % of these are reported using M.
Only a small percentage of the earthquakes in the range
(4.5 < M <5) is expressed as moment magnitudes; within
this range, most events are reported with body wave
magnitude (my). Though the seismicity data of the above
mentioned three sources were subjected to b-calculations
(see Tables 1, 3 and Fig. 1), most of the calculations pre-
sented in this paper were made utilizing the NEIC data, due
to the global coverage of this catalogue and the prevalence
of moment magnitudes. Preliminary b-calculations showed
that magnitude 4.5 represents a critical threshold above
which the Earth’s seismicity appears to be reasonably

Table 1 The a and b values as
calculated from the seismicity

data M > 4.5 of the catalogues
of NEIC, IRIS and ISC which
occurred on the Earth and its
two hemispheres during the
period Jan. 1990-Dec. 2010

@ Springer

NEIC IRIS ISC
Eastern hemisphere Number of earthquakes 75,451 69,238 128,341
LAT. —90° to 90° a 9.82 9.44 9.99
Long. 00° to 180° b 1.084 1.025 1.047
Western hemisphere Number of earthquakes 35,846 30,220 179,001
LAT. —90° to 90° a 9.64 9.01 10.11
Long. —180° to 00° b 1.105 1.019 1.043
Whole Earth Number of earthquakes 111,297 99,458 307,342
a 10.14 9.83 10.36
b 1.109 1.067 1.045
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Fig. 1 The monthly b-values of the eastern hemisphere as calculated from the seismicity data of NEIC (blue), ISC (red) and IRIS (green) that
occurred during the years 2009-2011 with magnitudes 4.5 and above. Bars represent the calculated standard errors

complete. Only slight differences were noted when using a
cut-off magnitude at 5.

Four major sets of seismicity data were used in the present
analyses. These were subdivided into different categories
and subjected to b-calculations in different manners as pre-
sented in the following sections, see Tables 1, 2, 3,4, 5, 6.

3 b-Calculations

The linear regression method is principally the main
technique used in the b-calculations, though the maximum
likelihood method is also used for comparison. The b-value
calculations for the different study regions and sets of
seismicity data were made according to the following
criteria:

(1) The magnitude threshold is selected at M = 4.5,
though lower magnitudes were considered at an early
stage. It is found that the seismicity data of the Earth
as a whole appears to be incomplete for magnitudes
<4. A 5.0 magnitude cut-off was tried and gave only
very slight b-differences. In order to get as large a
number of earthquakes as possible in the selected
time windows, it was decided to keep the cut-off at
M = 4.5. In doing so, many possible man-made
explosions and induced earthquakes will be excluded.

(2) All studied seismicity data are considered as natural
events and were treated without any differentiation
with respect to sequences, swarms, foreshocks,
mainshocks, etc.

(3) In all regression calculations of this study, the
magnitude bin width was selected to be 0.5, which
insures fitting best straight lines through a minimum

“4)

(&)

(6)

of five points in most b-calculations. Only a few cases
used a lower bin width, while most calculations used
more than five points.

In all b-calculations for the different considered
regions, fixed time windows were selected providing
that each window included a reasonable amount of
earthquake data that supply reliable results. The
lengths of these windows varied from 1 month to
2 months, 3 months and 1 year, 2 years, 11 years and
21 years. Variable time window calculations were
also made. For many selected large earthquakes, b-
values were calculated from a few days up to many
days before the occurrence of that particular earth-
quake and one day or more afterwards i.e. continu-
ously expanding time windows. Such variable lengths
of the time windows allow more detailed information
on the nature and the value of the calculated b-
variations, particularly their frequencies.

To ensure robust statistics, each selected time window
should contain a reasonable number of earthquakes.
For all the one-month windows, the minimum earth-
quake numbers for all studied regions varied in the
range 113-530, while the maximum numbers varied in
the range 207-3058, see Tables 2, 3. Combining the
datasets together increases the earthquake numbers
many times in most cases, i.e. when a one-year dataset
is considered, the earthquake numbers of Table 2 are
increased more than ten times in some cases.

All sets of seismicity data were subjected to regres-
sion analyses in different forms, including fixing the
time window length in some cases and expanding it in
other cases, i.e. calculating the b-values in continuous
steps.
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b-value No. of Earthqs.  b-value No. of Earthqs.  b-value No. of Earthgs.  b-value No. of Earthqs.  b-value No. of Earthqs.  b-value

No. of Earthgs.

and magn. range and magn. range and magn. range and magn. range and magn. range

and magn. range

1.064
+0.004

0.972 7,365
+0.021

14,070

1.034
+0.018 4.5-9.1

0.939 7,883
+0.058 4.5-8.6

1.056 6,187
+0.001

1.109 68,043

+0.001

111,297
4.5-9.1

Whole Earth

4.5-8.8

4.5-9.1

4.5-9.1

1.126
+0.002

5.0-9.1

0.961
+0.007

0.923 4,228

+0.027 4.5-7.8

10,252

0.993
+0.018 4.5-9.1

0.886 6,037
+0.056 4.5-8.6

1.029 4,215
+0.002 4.5-9.1

1.084 45,989

+0.002 4.5-9.1

7,5451
4.5-9.1

Eastern

hemisphere

1.094
+0.001

5.0-9.1

1.077
+0.005

1.107 3,137

+0.002 4.5-8.8

3,818

1.031
+0.009 4.5-7.8

1,846

1.115

+0.006 4.5-7.8

1,972

1.074
+0.002 4.5-7.2

1.105 22,054

+0.002 4.5-8.8

3,5846
4.5-8.8

Western

hemisphere

1.128
£0.002

5.0-8.8

4 Results of the b-calculations
4.1 Long time (>yearly) b-variations

Seismicity data from the three sources were utilized to
study the long time (1-2 years) b-variations. Results of the
b-calculations for the data of the time period 1990-2010
are presented on Table 1. These indicate that for the whole
Earth and its eastern and western hemispheres, the a-value
varies mostly in the range 9.5-10.1 and averages at about
10.0. Variations in the a-value between the three sources
are in the range 0.53-1.1, while a-variations between the
three regions are about 1.35. The results of the three
sources are generally correlatable and in agreement with
many previous results (e.g. Imoto 1991; Frohlich 1993;
Wiemer et al. 1998; Jackson and Kagan 1999; Jaume and
Sykes 1999; Stein 2003; Mishra et al. 2007; Wech et al.
2010; El-Isa and Eaton 2013). The overall average b-value
for the whole Earth and its two hemispheres is
1.06 £ 0.02. It also shows limited variations between the
three seismological sources, in the range (0.06-0.08) and
limited variations of about (0.09) between the three
regions.

Further long time b-calculations were made to the NEIC
seismicity data for the time intervals 2004, 2005,
2004 + 2005, 2010, 2000-2010 and 1990-2010. Results
are included in Table 2 and show some temporal and
spatial variations. The maximum differences in b-values
(Ab) are found to be 0.17, 0.198 and 0.084 for the whole
Earth, its eastern and western hemispheres, respectively.
These results confirm that the b-value for the whole Earth
and its two hemispheres averages around 1.0. They also
confirm that the derived b-values show clear temporal and
spatial variations, but with rather limited values. When
these results are compared with each other and with the
longer period of the previous section, it is noticed that the
shorter the period of observation, the larger the value of the
b-variations.

4.2 Short time (monthly and bi-monthly) b-variations

Seismicity data of the eastern hemisphere as reported in the
catalogues of the three sources during the years 2009-2011
were considered in the study of short time, monthly b-
values. The earthquake numbers varied in reasonable ran-
ges for the three sources, Table 3. For each set of data
source, 36 b-calculations were made representing the
months of the 3 years. Each calculated b-value is plotted
on the last day of its month, see Fig. 1. The b-results of the
three sets of data show good correlation particularly those
of NEIC and IRIS. Continuous cyclic b-variations are
observed on the three curves of Fig. 1. The b-differences
(Ab) as obtained from the NEIC data are 0.38, 0.33 and
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Table 3 Ranges of the monthly 2009 2010 2011 2009-2011
number of earthquakes and the
calculated b-values for the NEIC Earthq. no/month 236-479 228-698 342-2,220
eastern hemisphere of the Earth
utilizing the seismicity data Ablyear 0.38 0.33 0.62
(M > 4.5) of NEIC, IRIS & ISC Ab/3 year 0.83
for the period 2009-2011 IRIS Earthq. no/month 183-438 232-767 321-2,253

Ablyear 0.49 0.68 0.46

Ab/3 year 0.68

ISC Earthq. no/month 437-840 524-1,145 530-3,058
Ablyear 0.55 0.28 0.40
Ab/3 year 0.70

0.62 for the months of the three consecutive years in
respective order. The difference between the lowest and
highest b-values during the three years together is 0.83.
The b-results of the two other sets of data show also large
systematic cyclic variations and differences that vary
mostly in the range 0.40-0.70, see Table 3 and Fig. 1.

Each of the three NEIC seismicity datasets of the Earth
and its eastern and western hemispheres was divided into
twelve subsets representing the 12 months of the year 2010
and subjected to the same regression analyses. Results are
presented on Fig. 2; these show that during the months of
the year 2010, the b-value has varied in the ranges
0.79-1.24, 0.84-1.18 and 0.76-1.335 for the whole Earth
and its eastern and western hemispheres, respectively. Such
variations show some correlation with each other, see
Fig. 2. Their values represent about 34 %-58 % of the
average b-value of the Earth and are much higher than long
period b-variations as deduced for a full year, 2 years or
larger periods.

Further, monthly b-calculations were made to the NEIC
data that occurred within quadrant 1 during the 2 years
2004 and 2005. The data were subjected to regression
analyses in order to calculate the b-values in different
forms. In one, b-values were calculated from the data of
each month and each two successive months. In the second,
expanding time windows from fixed starting dates to 1 day
before and soon after some selected large earthquakes were
computed. The earthquakes of quadrant 1 were divided into
24 groups representing the months of the 2 years. The
numbers of earthquakes in these groups varied in the range
128-990. The b- results are represented by the blue line of
Fig. 3, where the calculated b-value of each month is
plotted on the last day of that month. The seismicity data of
December 2003 are also utilized in the b-calculation of the
first point of Fig. 3. The calculated b-values of quadrant 1
show a continuous cyclic variation through the months of
the two years in the range 0.68-1.43. During January and
February 2004, it increased from about 0.93 to 1.3-1.4. In
March and April of the same year, it decreased to about
0.97-0.98. During the following three months, it increased
to about 1.1 and to about 1.34 in August. A general

decrease is observed to have occurred during the last
4 months of 2004 to about 0.675. Further b-variations are
observed to have taken place during the year 2005 when
the maximum observed value (1.43) occurred in
September.

Some 22 earthquakes including all with magnitudes
>7.0, the largest two Sumatra (9.1 of 26 December 2004
and 8.6 of 28 March 2005) and some selected M6.0-M6.9
earthquakes are also marked on the graph according to their
times of occurrence. Further b-calculations were made to
(22 x 2) time windows that include the seismicity data of
each of these 22 earthquakes on its own; one window ends
a day before and the other on the day of occurrence of each
earthquake. The window lengths varied mostly in the range
25-35 days. Results are plotted in red on Fig. 3. These
results show that for all 22 earthquakes, each b-value
achieved a maximum one day before and a minimum soon
after the occurrence of the concerned earthquake and its
immediate aftershocks. Soon after that, the b-values con-
tinue to change either positively, e.g. the two largest
Sumatra earthquakes, or negatively as seen on some cases
of Fig. 3, e.g. the M7.4 earthquake of 6 September 2004
and the M7.2 earthquake of July 2005. The Ab values, i.e.
the differences between the maximum and minimum b-
values of each earthquake, vary in the range 0.05-0.61. The
largest Ab is associated with the 7.4 earthquake of Sep-
tember 2004, followed by the 7.6 earthquake of October
2005. In both cases the background b-values were rela-
tively high. In the case of the largest Sumatra earthquake
(M9.1), the calculated Ab is only about 0.38, but it occurred
in December 2004 when the background b was in one of its
lowest values, see Fig. 3. The same is observed for the
second largest Sumatra earthquake (Ab = 0.34). It should
also be mentioned that all calculated b-values show slight
changes with the lengths of the time windows, but the
maxima 1 day before and the minima after their occur-
rences are always observed irrespective of the lengths of
the time windows.

The NEIC earthquakes that occurred in quadrant 1
during the years 2004-2005 were also subjected to b-cal-
culations using fixed windows of 2 months. The first

@ Springer
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Fig. 2 Calculated b-values from NEIC seismicity data (M > 4.5) for the whole Earth (green) and its eastern (blue) and western (red)
hemispheres during the months of the year 2010. Standard errors are represented by the vertical bars
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Fig. 3 The monthly b-values as calculated from the seismicity data of quadrant 1 that occurred during the 2 years 2004—2005 (Blue line), and the
calculated b-values one day before and soon after the occurrence of the 22 selected earthquakes (in red)
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Fig. 4 The b-values as calculated from the 2004 and 2005 NEIC seismicity data of Quadrant 1 utilizing 2 months time windows. The red lines
show the calculated b-values for some selected large earthquakes utilizing time windows that end 1 day before and after their occurrence

calculated b of the two months case utilized the seismicity
data of December 2003 in addition to that of January 2004.
The result is plotted in Fig. 4 to represent the b-value as on
31st January 2004. The next b-value is calculated from the
seismicity data of both January and February and is plotted
on 29 February 2004 and so on. The same window is
moved month-by-month thereafter. The final results are
presented by the blue lines in Fig. 4, where the calculated
b-value of each window is plotted on its last day. These
show that the b-values vary continuously with time in the
range 0.71-1.37. A general b-decrease is observed during
the period April-December 2004 and a general increase is
observed thereafter up to the end of June 2005, when it
starts decreasing again. Further b-calculations were made
to the seismicity data 1 day before and after the occurrence
of ten selected earthquakes. Results are plotted (in red) on
Fig. 4. For both windows, nine of these earthquakes
showed the b-values attain local maxima one day before
each earthquake and local minima soon thereafter. The
Ab values varied in the range (0.05-0.34), the highest being
that value associated with the M9.1 earthquake of 26
December 2004. The second largest (Ab = 0.3) is that
associated with the second largest Sumatra M8.6 earth-
quake of 28 March 2005. The only earthquake whose b-
value increased after occurrence is a M7.1 earthquake that
occurred on 5 February 2005. The b increased from 0.773
to 0.7756, i.e. only 0.0026, i.e. small enough to be within
the range of accuracy. Furthermore, this earthquake
occurred during the period when the b-value was showing a
general increase as mentioned above, see Fig. 4.

4.3 Short time (daily) b-variations
To study the short time daily b-variations, the largest three

earthquakes of the year 2010 were selected for further
analyses. These include the M,,8.8 Chile earthquake of

February 27, with its epicentre at 36.12°S, 72.9°W in
Quadrant (3) of the Earth; a M, 7.8 Sumatra earthquake that
occurred on April 6, with its epicentre at 2.38°N, 97.05°E
(Quadrant 1); and a M,7.8 earthquake that occurred on
October 25 with an epicentre located at 3.49°S, 100.08°E
(Quadrant 2). Calculations were made to the b-values from
the NEIC seismicity data of the whole Earth, its two
hemispheres and four quadrants separately. For the Chile
earthquake, the b-value was calculated twice, the first used
the seismicity data for the period February 1 to February
26, while the second used one more day to the first set, i.e.
February 1-February 27. For the Sumatra earthquake, the
two b-calculations utilized the data of the periods March 1-
April 6 and 7. For the third earthquake the two time periods
started October 1-October 24 and 25. Results are sum-
marized in Table 4. These examples clearly indicate that
for each of these earthquakes, the b-value of its quadrant
increased to a maximum on the previous day of its
occurrence. Immediately after the earthquake, the b-value
dropped to a minimum. The total drop in the b-value of
quadrant 3 where the Chile earthquake occurred is 0.350.
Considering the two hemispheres of the Earth, the b-value
of the concerned hemisphere also increased to a maximum
before the earthquake and dropped to a minimum thereaf-
ter. Before the Chile earthquake, the b-value of the western
hemisphere increased to 1.146. On its occurrence, it
dropped down to 0.73, a difference of 0.416, see Table 4.
The same phenomenon is observed for the whole Earth
whose b-value decreased in the Chile earthquake case from
1.063 to 0.769, i.e. a difference of 0.294. In the Sumatra
case, the b-value of the whole Earth dropped by 0.122 from
1.133 to 1.011. In the third case, it dropped down by 0.351
from 1.286 to 0.935, see Table 4.

Further b-calculations were made to the seismicity data
of the Chile earthquake utilizing the expanding and the
moving time window techniques. In the first, b-values were

@ Springer
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Fig. 5 Calculated b-values for a Quadrant 3 of the Earth during a period of 39 days before and 14 days after the Chile, 2010 earthquake
(M,, = 8.8) and b Quadrant 1 of the Earth for a period of 41 days before and 14 days after the largest 2010 Sumatra earthquake (M,, = 7.8).
Large earthquakes are marked with their times and magnitudes. Bars represent the calculated standard errors

calculated 54 times utilizing the seismicity data of the
western half of the Earth and 54 time windows that
expanded one day at a time. The first time window includes
8 days representing the period January 12-19, the second
window includes the same 8 days plus one, i.e. January
12-20 and the last includes 61 days that cover the period
from January 12 to March 13. Results are plotted in red
colour on Fig. 5a, which also shows the times and mag-
nitudes of the earthquakes that occurred during the same
period with magnitudes M,, > 5.6. For those days which
include two or more earthquakes, only the largest magni-
tude is marked. In the second, two time windows were
selected with 15 and 20 days. The b-values were calculated
from the seismicity data of the first window, which
includes the period January 5-19, 2010 whose result is
plotted on January 19. The window is moved 1 day and its
result is plotted on January 20, and so on to many days

after the 8.8 earthquake. The same process is repeated with
a 20 days window. Results are presented on Fig. 5a in blue
and black colours, respectively.

The expanding-window results (red colour) show that
the b-value has varied in the range 1.366-0.739 during the
54 days, spanning a range of 0.627. An overall increase in
the b-value is observed during the 39 days before the
occurrence of the earthquake. Between January 19 and 24,
the b-value increased from 1.005 to 1.203 at an average
gradient of about 0.04/day. Two earthquakes that occurred
on January 25 with magnitudes 5.9 and 5.6 are associated
with a b-value drop to 1.143. A gradual increase is
observed thereafter, which continued to February 8 with a
gradient of about 0.016/day. During this period, seven
earthquakes occurred within this quadrant with magnitudes
5.6-5.9. Each of these is seen on Fig. 5a to reduce the b-
gradient on its day of occurrence. On February 9, a 6.0
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magnitude earthquake resulted in lowering the b-value to
1.191, beyond which it started increasing again at a lower
gradient of 0.003/day. On February 13, another 6.1 mag-
nitude earthquake resulted in lowering its value to 1.102.
During the following 8 days, the b-value increased con-
tinuously at an average gradient of about 0.006/day. On
February 22, three earthquakes (M = 6.0, 5.7 and 5.6)
resulted in b- reduction to 1.093. During the following
4 days, the b-value increased to 1.124 at an average gra-
dient of 0.008/day. It should be noted that none of the
above mentioned earthquakes is located within the epi-
central region of the February 27 Chile earthquake. On the
occurrence of this major earthquake and its immediate
aftershocks, the b-value of quadrant 3 was lowered down to
0.739. During the following 14 days, its value is observed
to increase continuously, but at variable gradients, being
largest within the first 1-2 days. All marked earthquakes of
these 14 days period occurred within the epicentral region
of the Chile earthquake. Most of these are clearly observed
to have resulted in lowering the b-gradient, see Fig. 5a.

The moving-window results (blue and black curves) also
show large variations. Differences between the highest and
lowest b-values are 0.55 and 0.626 for the 15 and 20 day
windows, respectively. Both curves show a gradual b-
increase during the first 12—-17 days. The sharp jump on
both curves on January 20 and 25 is simply caused by
dropping off the 6.8 earthquake of January 5 from the
windows. Around February 8-9, the b-value of both win-
dows and that of the expanding method show maximum
values. Beyond that and up to February 26, the values of
the three curves are reduced due to the occurrence of the
marked earthquakes. On the occurrence of the major 8.8
Chile earthquake, the b-value of both windows dropped
down to about 0.7. During the following 2 weeks, the b-
value of both windows started increasing at the same gra-
dient, which is the highest during the first 2 days.

Similar calculations were made for the Sumatra earth-
quake of April 6, for a period extending from 41 days
before its occurrence to 14 days after. The first b-calcula-
tion was made for the seismicity data of Quadrant (1) of the
Earth for the period February 17-24, including some 36
earthquakes (4.5 < M < 6.9). The second was for the same
period plus 1 day and included 40 earthquakes. The last
was for a 70-day time window that expanded between
February 17 and April 20, 2010. This window included 352
earthquakes (4.5 < M < 7.8). Results show that the b-
value varies in the range 0.66—0.955 as indicated by the red
curve in Fig. 5b. On February 25, a M7 earthquake and
three others of magnitude 5.5-5.7 resulted in lowering the
b-value of Quadrant (1) from 0.821 to 0.66. Within the
following 4 days, it increased to 0.797 with a gradient
0.034/day. Within the following 11 days it increased
gradually at a lower gradient (0.011/day) to become 0.916

@ Springer

on March 13. It then dropped down to 0.892 the following
day, which correlates with the occurrence of a M6.5
earthquake. Within the following 10 days, the b-value
continued to increase at a variable gradient with an average
0.005/day. Within the following 5 days it continued
increasing at a lower gradient of 0.002/day. On 30 March
2010, a M6.7 earthquake resulted in lowering its value
from 0.955 to 0.936. Within the following 6 days, it con-
tinued its increase to 0.951 with a gradient 0.0024/day. On
the occurrence of the M7.8 Sumatra earthquake of April 6
and its immediate aftershocks, the b-value dropped down to
0.81. During the following 14 days, the b-value of Quad-
rant (1) began to increase at an average gradient of 0.0023/
day. The occurrence of three earthquakes (M, 6.9, 6.1 and
5.6) during this period is seen in Fig. 5b to have affected
this gradient.

Similar calculations were made using same seismicity
data with moving windows of 15 and 20 days. Results are
plotted on Fig. 5b in blue and black colours and show
variations in the ranges 0.543-1.2 and 0.642-1.09. Both
curves clearly show that the b-value increases gradually
from February 26, when a M7 earthquake occurred, to
March 30 when a M6.7 foreshock occurred. Two sharp
jumps are observed on March 13 and 18. These are caused
by the removal of the magnitude 7 earthquake of February
26 from the window of calculation. Two similar jumps are
also observed on March 29 and April 3. These are caused
by the removal of the M6.5 earthquake of March 14. The
M®6.7 foreshock and a few more foreshocks with magni-
tudes less than 5 as well, as a few others that occurred
elsewhere in quadrant 1, result in lowering of the b-value
during the period March 29-April 5 to 0.898 and 0.966 for
both windows. Upon the occurrence of the M7.8 Sumatra
earthquake of April 6, the b-values are reduced for both
windows to 0.596 and 0.651, respectively. Beyond that
date, the b started increasing again with relatively low
gradients. Large aftershocks are seen to have affected its
increase.

The b-results as obtained from the 2010 seismicity data
of the whole Earth show that in the three largest earthquake
cases, the b-values of the concerned quadrants, hemi-
spheres and whole Earth have gradually increased to
maxima immediately before each earthquake and dropped
to minima soon thereafter. Calculations of the b-values for
the other three quadrants and hemisphere indicate that it
mostly increased very slightly or remained unchanged. The
October 25 earthquake that occurred in quadrant 2 resulted
in a reduction in b-value by 0.546, while it increased by the
amounts 0.009 in quadrant 1, 0.009 in quadrant 3 and 0.006
in quadrant 4. In the case of the Chile earthquake, the b-
value of quadrant 3 dropped by the amount 0.385. It also
dropped 0.087 in quadrant 4, remained unchanged in
quadrant 2 and increased 0.021 in quadrant 1. In general,
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Fig. 6 Calculated b-values for quadrant 1 during a period of 29 days before and after the occurrence of a The largest Sumatra earthquake of 26
December 2004 and b The second largest Sumatra earthquake of 28 March 2005

the b-variations of the other three quadrants appear to be
incoherent and small, mostly within the accuracy of the b-
calculations. Contrary to this, the b-variations of the con-
cerned quadrants, hemispheres and the whole Earth remain
systematic and of relatively large values approaching in
some cases more than 50 %—-60 % of total b.

The two largest Sumatra earthquakes of 26 December
2004 (M9.1) and 28 March 2005 (M8.6) were selected for
further b-calculations to quadrant 1 of the Earth, utilizing
expanding time windows. In the case of the M9.1 earth-
quake, 29 b-values were calculated utilizing the seismicity
data of 29 time windows that have the same starting point,
December 1. The first window ends on December 6, the
second on December 7, thus adding 1 day to each suc-
cessive window, with the last window ending on 3 January
2005. Final results are presented on Fig. 6a. On December
6, a M6.8 earthquake resulted in lowering the b-value to
about 0.612, beyond which it started increasing at a

gradient of about 0.05/day up to December 11. At this time
a few earthquakes occurred with M < 5.5 which resulted in
lowering the gradient to about 0.02/day. On December 18,
a M6.2 earthquake occurred and resulted in lowering the b-
value from 0.939 to 0.925 and a reduction in the gradient to
about 0.011/day. On December 25, the b-value increased to
a maximum of 0.999. Upon the occurrence of the M9.1
earthquake and its immediate aftershocks, the b-value was
reduced to 0.612, see Fig. 6a. Soon after December 26, the
b-value started increasing again at variable gradients that
appear to correlate well with large aftershocks. These
results demonstrate quite clearly how the b-value of
Quadrant 1 of the Earth increases gradually for some time
before major earthquakes. Before each large earthquake it
attains a maximum and it is reduced to a minimum sub-
sequent to occurrence of the earthquake. Other smaller, yet
relatively significant earthquakes, also reduce the b-values
or at least reduce their rate of increase.
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Similar analyses were carried out on the seismicity
data of quadrant 1 for the period March 1 to April 3, 2005
in order to study the b-variations before and after the
occurrence of the second largest Sumatra earthquake of
28 March 2005. Final results are presented on Fig. 6b
which also displays the mainshock, eight possible fore-
shocks and six aftershocks. The b-value shows a general
increase up to March 27 with variable gradients, 0.039/
day for the first week, 0.017/day during the second week,
0.047/day during the third week and a smaller gradient of
only 0.002/day during the last two days before the
earthquake. On March 27, the b-value reached a maxi-
mum of 1.142 and subsequently dropped to 0.628 on
March 28, i.e. Ab = 0.514. During the following 6 days,
the b-values started increasing again at a rate of 0.014/
day. Similar to the previous earthquake, the b-values and
their gradients are reduced with foreshock and aftershock
occurrences, see Fig. 6b.

4.4 b-Values of the largest earthquakes of the earth
during the period 1990-2010

Search in the NEIC bulletins showed that during the period
1 January 1990-31 December 2010 some 77 earthquakes
occurred in the eastern hemisphere of the Earth with
magnitude >7.5 and only 27 earthquakes occurred in its
western hemisphere within the same period and magnitude
range. All these earthquakes and 10 more that occurred in
the western half with magnitudes 7.3 < M,, < 7.4 were
subjected to b-calculations utilizing two time windows that
start at fixed date and end one day before the earthquakes
for one window and a day after for the second. The time
periods of most windows varied in the range 35-45 days.
In these b-calculations, both the least-square regression and
the maximum likelihood methods were used. Results are
included in Tables 5, 6. The total number of earthquakes
used in these calculations varied in the range 200-565.
Only 9 b-values were calculated using less than 100
earthquakes, see Tables 5, 6. These show that b-values as
calculated for each earthquake are not equal from both
methods. There is always a difference that reaches, in a few
cases, a value close to 0.6 or slightly more, but differences
vary for most cases in the range 0.1-0.4. Excluding only
one earthquake (number 30 of Table 5), all calculated b-
values from the regression method show a maximum one
day before and a minimum soon after the occurrence of
each earthquake. This earthquake was preceded by five
large earthquakes with magnitudes in the range 6.5-7.2 and
followed by other three with magnitudes in the range
6.5-7.3. The maximum likelihood method also shows the
same maxima and minima for all earthquakes of both tables
excluding only six cases, numbers 28, 36, 47 and 64 of
Table 5, and numbers 5 and 20 of Table 6.

@ Springer

5 Discussion

The b-value is a quantitative measure of the earthquake
size distribution within a certain period of time in any
region. The occurrence of small magnitude earthquakes
increases its value, while it decreases with the occurrence
of only one large magnitude earthquake or more. As the
occurrence of earthquakes is unpredictable in both time and
space, the b-value should, therefore, vary accordingly. The
detailed calculations on the seismicity data of sections I, II,
IIT and IV including both long time and short time sets of
seismicity data clearly indicate that the b-value appears to
vary continuously with time in a cyclic manner. Long time
variations are of relatively low amplitudes; the longer the
period, the lower the amplitude. Short time sets of data (1
or 2 months or shorter) show that the b-variations of the
whole Earth, its two hemispheres and four quadrants as
well as the epicentral regions of some selected large
earthquakes attain b-variations with amplitudes as high as
0.6-0.7 of its absolute value. Such variations are continu-
ous and cyclic and occur not only on a yearly or monthly
basis, but also daily for many days before and after large
earthquakes.

These calculations also confirm that the b-variations are
also affected by the selected calculating technique and how
it is applied. Differences are observed between the results
of both regression and maximum likelihood methods.
Tables 5, 6 confirm this and show that in some cases, the
difference between the calculated b for the same dataset is
as high as 0.6, or slightly more, though in most cases the
differences are less than 0.3. Both the regression and the
maximum likelihood methods are sensitive to small num-
bers of earthquakes in the time window. This is particularly
true for the maximum likelihood method which may result
in highly anomalous results. Nevertheless, the results of
Tables 5, 6 clearly show that: (i) a reasonable correlation is
observed between the results of both methods, as long as
the numbers of earthquakes in the analyzed windows are
large, (ii) considering the results of each method on its
own, b-variations before and after each of the tabulated 111
earthquakes are clearly documented. The b-values of 110,
ie. 99 % of all earthquakes as calculated from the
regression method show maxima 1 day before and minima
soon after their occurrence. The only case which gave a
contrary result is a 7.5 magnitude earthquake which was
followed by three large aftershocks with magnitudes in the
range 6.5-7.3. Only six earthquakes gave contrary results
from the maximum likelihood method, i.e. more than 94 %
of these earthquakes show b-maxima and b-minima before
and after their occurrence, (iii) the calculated b-value is
also affected, albeit slightly, by the length of the time
window. This is evident for the b-values of the Chile 2010,
Sumatra 2004, 2005 and 2010 as presented on Figs. 3, 4
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Table 5 The b-values for all earthquakes that occurred within the eastern hemisphere during the period 1990-2010 with magnitudes >7.5 as
calculated 1 day before and after their occurrences, utilizing both the least-square regression and the maximum likelihood methods. The total
number of earthquakes used in each b-calculation and their magnitude ranges are also tabulated. Most numbers varied in the range 222-565. Only
two earthquakes had N = 100. Standard deviations for all b-calculations varied mostly in the range +0.004 to £0.098

Number Date M,, Quadrant Number of earthquakes (N), magnitude range Number of earthquakes, magnitude range (MR) and
(MR) and the b-value one day before each the b-value on the same day after each earthquake as
earthquake as calculated through calculated through
N MR Regression Max likelihood N MR Regression method Max likelihood

method method method

1 3.3.1990 76 2 257 4.5-6.9 0.9890 1.1761 276 4.5-7.6 0.8523 1.1140

2 18.4.1990 7.6 1 464 4.5-6.7 0.9001 1.0188 506 4.5-7.6 0.8309 0.9780

3 16.7.1990 7.7 1 355 4.5-74 09113 1.0509 429 45-77 0.8677 1.0316

4 30.12.1990 75 2 244 45-6.7 12018 0.8973 261 4.5-7.5 0.9007 0.8862

5 20.6.1991 75 1 208 4.5-6.3 1.2689 1.2425 222 4.5-75 0.8526 1.1977

6 22.12.1991 7.6 1 213 4.5-6.8 0.9335 0.9696 245 4.5-7.6 0.8537 0.9509

7 12.12.1992 7.8 2 293 4.5-64 1.0752 1.0586 328 4.5-7.8 0.9522 1.0160

8 15.1.1993 7.8 1 377 4.5-6.8 09191 0.9828 383 4.5-7.8 0.8209 0.9631

9 12.7.1993 7.7 1 290 4.5-7.5 0.8874 1.0460 325 4.5-7.7 0.7943 1.0125

10 8.8.1993 78 1 308 4.5-7.7 0.8891 1.0761 331 4.5-7.8 0.7876 1.0656

11 8.6.1993 75 1 269 4.5-7.0 0.9944 1.0421 277 4.5-7.5 0.8348 1.0195

12 2.6.1994 78 2 273 4.5-6.6 0.9271 1.0328 292 4.5-7.8 0.8786 1.0293

13 4.10.1994 83 1 268 4.5-6.8 0.9980 1.0639 369 4.5-8.3 0.8141 0.9388

14 28.12.1994 7.8 1 172 4.5-6.5 1.1653 1.0332 209 4.5-7.8 0.8548 0.8960

15 16.5.1995 7.7 2 192 4.5-7.1 0.8860 1.2596 229 4.5-7.7 0.7796 1.1742

16 16.8.1995 7.7 2 58 4.5-6.7 0.8860 1.4151 87 4.5-7.7 0.6356 0.8849

17 3.12.1995 79 1 249 45-72 0.9289 1.0934 336 4.5-7.9 0.8582 0.9906

18 1.1.1996 79 1 431 4.5-63 0.8949 1.0635 451 4.5-79 0.8064 1.0391

19 17.2.1996 82 2 139 4.5-7.2 0.8057 1.3180 223 4.5-8.2 0.6834 1.2182

20 17.6.1996 79 2 107 4.5-7.1 0.7700 1.1279 115 4.5-79 0.6640 1.0604

21 2141997 17 2 175 4.5-6.5 1.1285 1.4587 224 4.5-77 0.8416 1.2115

22 8.11.1997 75 1 295 4.5-6.5 1.2096 1.2954 310 4.5-7.5 0.8910 1.2859

23 5.12.1997 78 2 321 4.5-7.5 0.7944 1.3667 441 45-7.8 0.7581 1.3412

24 4.1.1998 78 2 492 4.5-7.2 0.9002 1.3133 500 4.5-7.8 0.8076 1.2979

25 253.1998 8.1 2 128 4.5-6.7 0.9109 1.3363 145 4.5-8.1 0.6460 1.2041

26 3.5.1998 75 1 170 4.5-7.0 0.9706 1.4620 181 4.5-7.5 0.7455 1.4163

27 29.11.1998 7.7 2 215 4.5-7.0 0.9266 1.3591 229  4.5-7.7 0.7646 1.3190

28 17.8.1999 7.6 1 125 4.5-6.4 1.1838 1.4286 150 4.5-7.6 0.7647 1.4606

29 20.9.1999 7.7 1 124 4.5-63 1.0652 1.2641 158 4.5-7.7 0.7859 1.0241

30 26.11.1999 75 2 185 4.5-72 0.7196 1.0828 210 4.5-75 0.7274 1.0044

31 28.3.2000 7.6 1 177 4.5-6.6 1.1284 1.1826 190 4.5-7.6 0.8116 1.1589

32 4.5.2000 76 2 251 4.5-63 1.2623 1.4651 274 4.5-7.6 0.8780 1.4082

33 4.6.2000 79 2 305 4.5-7.6 0.8958 1.3558 346 4.5-7.9 0.7799 1.2767

34 18.6.2000 7.9 2 294 45-72 0.8754 1.0631 304 4.5-7.9 0.7670 1.0486

35 16.11.2000 8 2 122 4.5-6.2 0.9458 1.2322 246  4.5-8.0 0.7096 0.8686

36 17.11.2000 7.8 2 246 4.5-7.0 0.7096 0.8686 311 4.5-7.8 0.7016 0.9257

37 1.1.2001 75 1 287 4.5-7.0 0.9740 1.2208 304 4.5-7.5 0.8248 1.1673

38 26.1.2001 7.7 1 188 4.5-7.5 0.7589 0.9969 209 4.5-7.7 0.6813 0.9802

39 19.10.2001 7.5 2 138 4.5-7.0 0.8580 1.2671 150 4.5-7.5 0.7077 1.1887

40 14.11.2001 7.8 1 96 4.5-6.0 1.4578 1.6223 119 4.5-7.8 0.6919 1.3893

41 5.3.2002 75 1 259 4.5-74 0.9470 1.2849 274 4.5-7.5 0.8065 1.2434

42 19.8.2002 7.7 2 123 4.5-6.5 1.0050 1.3875 135 4.5-7.7 0.7509 1.2164

43 8.9.2002 77 2 287 4.5-6.7 0.8820 1.2439 332 4.5-7.7 0.7886 1.2066
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Table 5 continued

Number Date M,, Quadrant Number of earthquakes (), magnitude range Number of earthquakes, magnitude range (MR) and
(MR) and the b-value one day before each the b-value on the same day after each earthquake as
earthquake as calculated through calculated through
N MR Regression Max likelihood N MR Regression method Max likelihood

method method method

44 10.10.2002 7.6 2 445 4.5-6.7 0.9563 1.2698 491 4.5-7.6 0.8493 1.2109

45 15.7.2003 7.6 2 236 4.5-6.9 0.9403 1.2030 257 4.5-7.6 0.8352 1.1542

46 25.9.2003 83 1 220 4.5-6.6 1.1707 1.2929 245 4.5-83 0.7054 1.1783

47 17.11.2003 7.8 1 349 4.5-7.0 1.0351 1.2434 402 4.5-7.8 0.8791 1.2461

48 11.11.2004 7.5 2 338 4.5-6.9 1.0071 1.2472 369 4.5-7.5 0.9096 1.1621

49 23.12.2004 8.1 2 194 45-6.8 1.1816 1.6296 209 4.5-8.1 0.6800 1.4953

50 26.12.2004 9.1 1 238 4.5-8.1 0.6934 1.5335 480 4.5-9.1 0.6128 0.9416

51 28.3.2005 8.6 1 319 45-7.1 1.0186 1.4431 420 4.5-8.6 0.6731 1.3363

52 9.9.2005 76 2 359 4.5-7.2 1.0851 1.4920 375 4.5-7.6 0.8579 1.4593

53 8.10.2005 7.6 1 445 45-6.6 1.3278 1.5972 565 4.5-7.6 0.9707 1.4746

54 27.1.2006 7.6 2 226 4.5-6.7 1.1550 1.7943 234 4.5-7.6 0.7925 1.7224

55 2042006 7.6 1 314 4.5-6.5 1.1948 1.2829 336 4.5-7.6 09118 1.2191

56 17.7.2006 7.7 2 329 4.5-63 1.2034 1.5514 434 45-7.7 09742 1.2787

57 15.11.2006 83 1 366 4.5-6.7 1.1050 1.3846 532 4.5-83 0.8491 1.2329

58 13.1.2007 8.1 1 336 4.5-7.1 0.9912 1.3841 413 4.5-8.1 0.7646 1.3435

59 21.1.2007 8.1 1 477 4.5-7.5 0.7870 1.3522 545 4.5-8.1 0.7668 1.2630

60 1.4.2007 81 2 346 4.5-7.1 1.0130 1.3010 395 4.5-8.1 0.7844 1.1353

61 8.8.2007 75 2 378 4.5-7.2 1.0096 1.2638 396 4.5-7.5 0.8652 1.2390

62 12.9.2007 85 2 397 4.5-7.2 1.0581 1.3512 446 4.5-8.5 0.6551 1.2718

63 28.9.2007 7.5 1 507 4.5-7.2 09917 1.0997 556 4.5-7.5 0.8684 1.0588

64 12.5.2008 79 1 369 4.5-7.1 1.0175 1.3146 505 4.5-7.9 0.9088 1.3332

65 5.7.2008 7.7 1 369 4.5-69 1.1382 1.3827 382 4.5-7.7 0.9052 1.3543

66 3.1.2009 77 2 343 45-64 1.2027 1.1692 388 4.5-7.7 0.8902 1.1086

67 15.7.2009 7.8 2 239 4.5-6.7 1.1900 1.2643 273 4.5-7.8 0.8710 1.1988

68 10.8.2009 7.5 1 281 4.5-7.1 1.0791 1.2415 293 4.5-75 0.8353 1.1804

69 30.9.2009 7.6 2 232 4.5-7.0 1.0206 1.2198 245 4.5-7.6 0.8168 1.1603

70 7.10.2009 7.8 2 267 4.5-7.6 0.8615 1.1893 303 4.5-7.8 0.6827 1.0091

71 6.4.2010 7.8 1 256 4.5-6.7 0.9668 1.2735 264 4.5-7.8 0.8468 1.2249

72 12.6.2010 75 1 266 4.5-7.1 0.9618 1.3671 280 4.5-7.5 0.7978 1.3118

73 2372010 7.6 1 332 4.5-73 0.9945 1.2955 354 4.5-7.6 0.7977 1.1946

74 25.10.2010 7.8 2 222 4.5-63 1.3670 1.5626 249 4.5-7.8 0.8504 1.4136

and their recalculated values in Tables 5, 6 and (iv) b-
results also show some variations between the use of
moving and expanding time windows utilizing the same
technique, though correlatable results are mostly obtained,
see, for example, Figs. 5 and 7.

The minimum values obtained after the occurrence of all
major earthquakes of this study cannot be debated, as the
occurrence of one or more large earthquakes leads to a
reduction of the b. Nevertheless, several questions remain.
Was this value a maximum before the earthquake occur-
rence? The answer is evidenced from the results of both the
expanding (cumulative) and the moving time window
analysis of Sects. 4.1, 4.2 and 4.3. Detailed b-calculations
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for many days before and after four major earthquakes
shown in Figs. 3, 5 and 7 demonstrate how the b-value
starts increasing many days before the date of occurrence.
Small foreshocks generally result in increase of the b-
value, while relatively large foreshocks result in reducing
it, accompanied by small amounts and/or a reduction in
their rate of increase, depending on their numbers and
magnitudes. Thus, the rate of b-increase also shows a clear
variation with time. Up to only a few days before the major
earthquake, the rate appears to decrease to a minimum; in
other cases its value is reduced to zero or attains a small
negative number. On the occurrence of the major earth-
quake, it drops down to a minimum and starts increasing
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Table 6 The b-values for all earthquakes that occurred within the western hemisphere during the period 1990-2010 with magnitudes >7.3 as
calculated 1 day before and after their occurrences, utilizing both the least-square regression and the maximum likelihood methods

Number Date M,, Quadrant Number of earthquakes (V), magnitude range Number of earthquakes, magnitude range (MR)
(MR) and the b-value one day before each and the b-value on the same day after each
earthquake as calculated through earthquake as calculated through
N MR Regression Max likelihood N MR Regression Max likelihood

method method method method

1 253.1990 73 4 96 4.5-6.4 1.0616 1.2085 104 4.5-7.3 0.8493 1.0805

2 2241991 7.6 4 101 4.5-6.9 0.7601 0.9683 113 45-7.6 0.7163 0.9173

3 23.6.1991 73 3 102 4.5-7.0 0.7031 0.9171 107 4.5-7.3 0.6421 0.8751

4 28.6.1992 73 4 107 4.5-6.5 0.8898 0.9503 116 4.5-7.3 0.8037 0.9093

5 2.9.1992 77 4 102 4.5-69 0.8538 0.8113 150 4.5-7.7 0.7920 0.8686

6 9.3.1994 76 3 90 4.5-6.7 1.0397 0.9845 94 45-7.6 0.7196 0.9153

7 9.6.1994 82 3 133 45-69 0.9183 0.9891 137 45-82 0.6703 0.9196

8 7.4.1995 74 3 93 4.5-63 0.9097 1.0987 99 45-74 0.8580 1.0383

9 30.7.1995 80 3 106 4.5-7.2 0.8586 1.2647 159 4.5-8.0 0.6457 1.1885

10 149.1995 74 4 171 4.5-6.6 0.9340 0.9875 177 4.5-7.4 0.8981 0.9621

11 9.10.1995 8.0 4 177 4.5-7.4 0.7878 0.9830 188 4.5-8.0 0.6738 0.9617

12 21.2.1996 715 3 158 4.5-6.6 0.9010 1.2684 165 4.5-7.5 0.7703 1.2207

13 10.6.1996 79 4 110 4.5-7.0 0.8213 1.3344 166 4.5-7.9 0.6988 1.1722

14 5.8.1996 74 3 99 4.5-6.8 0.8335 1.4574 108 4.5-74 0.7438 1.2183

15 12.11.1996 7.7 3 170 45-69 1.0972 1.2346 188 4.5-7.7 0.8194 1.1731

16 14.10.1997 7.8 3 165 4.5-7.0 0.9096 1.1558 179 45-7.8 0.7494 1.1266

17 30.9.1999 75 4 85 4.5-64 0.9592 1.4945 92 45-7.5 0.6887 1.3590

18 13.1.2001 7.7 4 161 4.5-7.0 0.8939 0.9765 165 4.5-7.7 0.7527 0.9379

19 23.6.2001 84 3 77 4.5-7.2 0.7501 1.1816 104 4.5-84 0.6071 0.8944

20 7.7.2001 84 3 286 4.5-8.4 0.7422 1.0139 318 4.5-8.4 0.7055 1.0222

21 19.8.2002 7.7 3 145 4.5-6.5 1.0376 1.2180 152 45-7.7 0.7746 1.1561

22 3.11.2002 79 4 147 4.5-6.9 0.8099 1.2253 178 4.5-7.9 0.7800 1.1435

23 22.1.2003 7.6 4 118 4.5-6.5 0.8972 1.0458 126 4.5-7.6 0.7508 0.9406

24 4.8.2003 76 3 136 4.5-6.6 1.0443 1.2382 164 4.5-7.6 0.7861 1.2196

25 13.6.2005 7.8 3 244 45-6.6 0.9420 1.4301 253 45-7.8 0.8272 1.3838

26 26.9.2005 7.5 3 110 4.5-6.6 1.3028 1.5166 114 45-75 0.7246 1.4105

27 2.1.2006 74 3 182 4.5-6.7 1.0864 1.3511 197 4.5-7.4 0.7968 1.2656

28 3.5.2006 80 3 266 4.5-6.7 1.1140 1.0776 289 4.5-8.0 0.7616 1.0691

29 15.8.2007 8.0 3 278 4.5-6.7 1.1635 1.0857 293 45-8.0 0.7766 1.0639

30 14.11.2007 7.7 3 261 4.5-63 1.3083 1.3526 283 4.5-7.7 0.8863 1.2870

31 29.11.2007 7.7 4 217 4.5-7.7 0.8509 0.9716 230 4.5-7.7 0.8091 0.9632

32 9.12.2007 7.8 3 277 4.5-7.7 0.8393 0.9958 287 4.5-7.8 0.7480 0.9892

33 19.3.2009 7.6 3 240 4.5-7.0 0.9897 1.0723 258 4.5-7.6 0.8195 1.0681

34 28.5.2009 73 4 144 4.5-6.5 1.0926 1.1069 154 4.5-7.3 0.9098 1.0616

35 29.9.2009 81 3 98 4.5-6.4 0.9665 1.1989 178 4.5-8.1 0.7038 1.0475

36 2722010 88 3 171 45-6.1 1.1457 1.1496 418 4.5-8.8 0.7298 0.9196

37 4.4.2010 72 4 692 4.5-69 1.1170 1.3286 706 4.5-7.2 1.1038 1.3075

The total number of earthquakes used in each b-calculation and their magnitude ranges are also tabulated. Most numbers varied in the range
100-293. Only seven earthquakes had N = 100. Standard deviations for all b-calculations varied mostly in the range £0.008 to £0.098

again at a relatively high and variable rate thereafter. The
moving fixed-time window results also show the temporal
b-variations, reductions in their values caused by fore-
shocks and aftershocks and minimum values upon the

occurrence of major earthquakes. In this calculation tech-
nique, more b-variations are noticed not only due to the
length of the time window and the number of earthquakes
within it, but also due to dropping off of events from the
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Fig. 7 Calculated b-values for Quadrant 1 (red) and the epicentral area (black) of the Sumatra 2005 M,, = 8.6 utilizing 1 day expanding time
windows. The first window expands between Feb. 8 and Feb. 15, while the last expands between Feb. 8 and April 11 2005. The green and blue
curves represent the calculated b-values for both regions utilizing a 15 day window that moves 1 day at a time. All epicentral earthquakes M > 5
are marked. Only 4 earthquakes (M, > 6) occurred outside Sumatra epicentral region, but within Quadrant 1 are marked with their magnitudes

moving windows. Dropping a large earthquake when the
window passes by it results in a high jump in the b-value.
The process of relatively large foreshocks coming into and
out of moving windows and the occurrence of foreshocks
appears to explain the noticeable b-reductions days before
some large earthquakes. In every case, the b-value drops
down to a minimum on the occurrence of large earthquakes
and their immediate aftershocks. Expanding the length of
the window from a fixed starting time helps to avoid this,
as all past earthquakes within the successive windows will
remain within it and thus the b-changes will be mainly
affected by the incoming earthquakes as the window
expands.

The calculated b-values strongly demonstrate the local
and regional nature of variations; see Tables 4 and 5. The
Chile earthquake of 2010 resulted in b-reduction in quad-
rant 3, the left hemisphere and the whole Earth by the
amounts Ab = 0.350, 0.416 and 0.293, respectively. The
25 October 2010 earthquake that occurred in quadrant 2
resulted in a reduction in b-value by 0.546, the right
hemisphere by 0.515 and the whole Earth by 0.351. Both
cases demonstrate the regional nature of b-variations. The
b-variations of the epicentral area of the Sumatra 2005
earthquake are plotted on Fig. 7 together with those of
quadrant 1 for a period of about 45 days before and
10 days after its occurrence utilizing moving and expand-
ing (cumulative) windows. The two expanding curves (red
and black) appear to correlate with each other showing the
local and regional nature of these variations. These results
indicate that the b-values of quadrant 1 and their variations
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were mainly controlled by the same factors as those in the
Sumatra epicentral area during this period of time. Upon
the occurrence of the major earthquake (M8.6), the b-value
of the epicentral area got reduced by 0.546 and that of
quadrant 1 by 0.331. The M6.8 foreshock that occurred on
February 26 resulted in a reduction of the b-value of the
epicentral area by 0.260 and that of quadrant 1 by 0.119.
The M6.6 earthquake (33.8°N, 130.13°E) that occurred on
March 20 outside the Sumatra epicentral area resulted in
lowering the b-value of quadrant 1 by 0.085. A small
deviation is observed in the b-curve for the Sumatra
earthquake showing that the b-gradient was reduced on that
day. A possible relation may be inferred as two small
foreshocks occurred in Sumatra region that day with
magnitudes 4.5 and 4.6. Note that during the last 2 days
before the 8.6 major earthquake, the rate of b-increase of
quadrant 1 got reduced to less than 0.001/day, while that of
the epicentral area reduced to about 0.0013/day.

The blue and green curves of Fig. 7 represent the b-
variations as calculated for both epicentral region and
quadrant 1, utilizing a 15-day window that moves daily
starting 15 February 2005. Both curves show a reasonable
correlation and large b-variations. The epicentral values
(blue) vary from a maximum of 1.732 on March 13 to a
minimum of 0.517 on March 28 soon after the occurrence
of the M8.6 earthquake. Between March 13 and 27, the b-
value appears to reduce almost continuously to 1.054 one
day before the major earthquake. On March 13, its value
jumped from 0.871 the day before, simply because on that
day the M6.8 foreshock of February 26 dropped off the
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moving window. The continuous decrease beyond March
13 appears to correlate with the marked foreshocks, where
the M6.6 foreshock of March 20 shows the largest effect.
The following three days exhibit a b-increase. A sharp
decrease is observed soon after, which might be caused by
the M5.8 earthquake of March 25 and other smaller mag-
nitude events. The quadrant 1 curve (green) shows the
same behaviour with the removal of the 6.8 event and the
addition of the M6.6, M5.8 and other foreshocks. The b-
value reduced to 0.991 on March 27 and to 0.563 on the
occurrence of the M8.6 earthquake. Following that, both
curves show gradual increase, good correlation and some
deviations that correlate with the occurrence of aftershocks.

The b-variations with time and region as deduced from
this study are largely agreed upon amongst seismologists.
Various factors that influence b-value have been suggested,
including tectonic environment, data quality and com-
pleteness, magnitude type, stress conditions, fluid and pore
pressure, crustal heterogeneity, geothermal conditions,
depth and other geophysical and geotectonic characteristics.
The b-variations of Sects. 4.1, 4.2 and 4.3 represent mainly
the Earth as a whole, its two hemispheres and four quadrants
as well as epicentral regions of some selected large earth-
quakes. Thus, the b-variations based entirely on tectonic
region are excluded on the basis of the size of the region
considered. Furthermore, the regional character of the cal-
culated b-variations eliminates most of the above mentioned
factors. Fluid and pore pressure have been claimed to affect
the b-variations mainly in volcanic regions (e.g. Wiemer and
Wyss 1997, 2002; Wiemer et al. 1998; Wyss et al. 2004;
Wyss and Matsumura 2006; Wyss and Stefansson 2006; Lin
et al. 2007; Murru et al. 1999, 2005, 2007). Such volcanic
regions, however, represent only small parts of the Earth.
Considering the two hemispheres and the four quadrants of
the Earth, no clear heterogeneity occurs between these
mentioned units that may account for the b-variations.
Geothermal, geophysical and other geological factors are
also eliminated as the variations of these factors are mostly
of local character and are much reduced when the Earth is
considered as one unit or two hemispheres or even four
quadrants. The seismicity data used in these calculations are
taken from three reliable seismicity sources and the majority
of earthquakes are reported with M.

To eliminate the possible b-variations caused by using
different calculation methods, the results of the least-square
regression method were mainly considered. Using the same
method may result in different b-values for the same seis-
micity data depending on the length of the time window, fixed,
moving or expanding and the way of moving it. To eliminate
much of these effects, it is found to be more suitable in the
study of b-variations to take equal time windows in succession
and/or expanding time windows that have a common starting
point rather than overlapping moving windows.

Tectonic stress thus appears to be the most important
factor that controls b-variations. The question remains: does
the b-value increase or decrease with the applied stress? An
increase in the applied stress or effective stress is believed
by many researchers to result in a b-decrease and vice versa
(e.g. Wiemer and Wyss 1997; Wiemer et al. 1998; Zuniga
and Wyss 2001; Gerstenberger et al. 2001; Wiemer and
Wyss 1997; Wiemer and Wyss 2002; Schorlemmer 2004,
Schorlemmer et al. 2005; Wyss et al. 2004; Wyss and
Matsumura 2006; Wyss and Stefansson 2006). This is also
evidenced by some limited laboratory experiments (e.g.
Mogi 1962; Scholz 1968). Other studies, however, report
that the b-value increases with stress before a major earth-
quake and decreases thereafter (e.g. Fiedler 1974; Robinson
1979; Smith 1981, 1986; Wyss 1990; Sahie and Saikia
1994). The b-variations as deduced in sections (I, IT and III)
strongly suggest that the b-value increases with stress. Many
days before major earthquakes, the b starts increasing at
relatively high rate, which varies with time and gets reduced
with the occurrence of large foreshocks. In some cases this
gradual b-increase continues to the time of occurrence of the
major earthquake. In others, the rate of b-increase appears to
be reduced within the last few days before the mainshock,
and in some cases it gets reduced to zero or less. On the
occurrence of a large earthquake the b-value gets reduced to
a minimum i.e. minimum stress as much of it was accom-
modated by the breaking and displacement of the subsurface
rocks (earthquake) and through releasing the seismic
energy. Soon after that the b-value starts increasing again at
a relatively high gradient, i.e. stress buildup again at a high
rate and at variable rates thereafter, depending on the tec-
tonic situation.

As stresses causing large earthquakes are of regional
character, such stresses will act on huge volumes of sub-
surface rocks that extend over many 10-100 s km or more.
The involved rocks at such scale are not homogeneous and
are thus of different characteristics and shear strengths.
Those weak rocks will start breaking, resulting in small
magnitude and local foreshocks that result in increases in
the b-value. The higher the stress buildup, the more fore-
shocks with variable sizes one would expect depending on
the inhomogeneity of the rocks and the stress nature. But
why did the limited laboratory results (Mogi 1962; Scholz
1968) show that with the stress increase b decreases? A
possible answer is that the rock specimen does not neces-
sarily represent the rocks in nature in their inhomogeneity.
Rocks in nature are much more heterogeneous than small
laboratory rock samples; furthermore, the stress direction,
complexity and other characteristics are mostly different.

The regional tectonic stresses acting on the subsurface
rocks add to their original heterogeneity by affecting their
porosity and deforming them by faulting, folding, cracking,
fracturing and micro fracturing which will also affect their
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liquid contents and physical properties. Geothermal and
volcanic activities also affect the physical properties of the
rocks as well as the stresses acting on them and will ulti-
mately add to their inhomogeneity. In general, geotectonic
stresses tend to increase the heterogeneity of rocks with
time as it does to the b-value. This is in agreement with the
results of many previous studies (e.g. Mogi 1962; Wiemer
and Wyss 1997; Wiemer et al. 1998; Power et al. 1998;
Mishra et al. 2007; Singh et al. 2008; Amorese et al. 2010).
Accepting the inference that stress increases the b-value
requires a quantitative measure to the relation between the
applied stresses, the rate of b-increase and the resulting
seismic energy. To this, the seismicity data were reinvesti-
gated in search for those large earthquakes which had
magnitudes (1.0-1.5-2.0) units larger than the largest
foreshock. Some fifteen earthquakes were selected, all with
magnitudes M,, > 7.0, representing different quadrants and
hemispheres of the Earth as well as epicentral regions. For
each earthquake, the b-value was recalculated three or four
times as follows: the Sumatra 9.1 earthquake of 2004
occurred in Quadrant 1. During the period 1-26 December
2004, some 332 earthquakes have occurred in quadrant 1
with magnitudes >4.5. Only 2 earthquakes occurred with
My, > 7 and only one had M, > 7.5 which is the 9.1
earthquake. In the regression analysis, 10 points are
involved whose x-values start with M,, = 4.5, 5, 5.5,...9,
their y-values represent log (N), where N is the number of
earthquakes which is equal zero for the last 4 points in this
case. Considering the 10 points gives a b-value of 0.6124.
Onmitting the 10th point, i.e. assuming the magnitude of this
earthquake 8.5 gives a b-value of 0.7005. Omitting the 9th
and 8th points gives b-values of 0.7985 and 0.8944,
respectively. This implies that if the magnitude of this
earthquake was 8 instead of 9.1, the b-value will be reduced
to 0.7985 instead of 0.6124, a difference of (0.186/1 mag-
nitude unit). The same process was repeated for the other 14
selected earthquakes. It is found that all results gave b-
variations in the range (0.18-0.27/1 magnitude degree).
Most values are in the range (0.18-0.23/1 magnitude
degree). These results may, therefore, be taken to indicate
that an increase in the b-value of about 0.20 implies a stress
increase that may produce a one unit higher magnitude
which will increase the seismic energy some 28-30 times.

6 Conclusions

Detailed b-calculations for the seismicity data of the Earth,
its two eastern and western hemispheres and four quadrants
and the epicentral regions of some selected large earth-
quakes that occurred during the period 1990-2011 with
magnitudes >4.5, as obtained from NEIC, IRIS and ISC
catalogues reveal the following:

@ Springer

(1) Continuous cyclic b-variations of the whole Earth, its
two hemispheres and four quadrants are clearly
evidenced from studying long time (1 year—-many
years) and short time (days—weeks) seismicity data.
These variations are observed to occur not only on
yearly or monthly basis, but also daily, particularly
before and after the occurrence of large earthquakes.
The short time b-variations may exceed £ (0.6-0.7)
of its absolute value within a few weeks or less, while
the long time variations are less. The b-value always
attains maxima and minima before and after the
occurrence of all large earthquakes irrespective of the
used method of calculation and how it is applied. The
b-values of the whole Earth, its two hemispheres, four
quadrants and the epicentral regions start increasing
many days before each large earthquake at variable
gradients. In proximity to the day of occurrence,
mostly within a few days, the rate of increase reduces
gradually. In some cases, it is reduced to zero or to
small negative values in others. This is largely
influenced by the occurrence of foreshocks, particu-
larly the relatively large ones.

(2) Though reasonably correlatable b-variations are
obtained from both the regression and the maximum
likelihood methods, it is found that b-variations are
not only influenced by the different calculation
techniques, but also the way of using the same
technique. Use of moving, fixed or expanding time
windows influences not only the number of earth-
quakes, but also their size distribution. Use of an
expanding time window that starts at a fixed time
appears to be a more effective technique to study the
b-value and its variations, as this retains all concerned
earthquakes and their time distribution within the
studied time. In the moving-window technique,
adding and dropping off large foreshocks and after-
shocks results in relatively high b-variations.

(3) In the case of large earthquakes, the deduced b-
variations appear to be of both local and regional
character as deduced from the observed correlation
between the b-curves of the epicentral area and
quadrant 1 of Fig. 7, particularly the expanding-
window results. The moving-window results also
show a reasonably high correlation. Further, correla-
tion is observed between the b-variations of the whole
Earth and its two hemispheres, Figs. 1 and 2. This
may be taken to indicate that in the case of large
earthquakes, the geodynamic processes acting within
an epicentral region appear to influence the concerned
quadrant, hemisphere and the Earth as a whole.

(4) Many factors have been reported to influence the b-value
and its temporal and spatial variations. These include
stress, heterogeneity, depth, fluid and pore pressure, latent
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heat, regional geological and geotectonic factors. As the
calculated b-variations represent the Earth as a whole, its
two hemispheres and four quadrants, the regional factors
are excluded and the effects of much of the others are
eliminated. Stress is inferred to be the most important
factor to affect the b and its variations as firstly, stress
causes deformation of rocks including brittle failure i.e.
earthquakes, and secondly, all other factors are directly
related to and influenced by the stress.

(5) The results of this study indicate that the b-value
appears to increase with the regional stress buildup.
The epicentral rocks with lower shear strength will
start breaking giving local small and intermediate
magnitude foreshocks, which will result in increasing
the b-value and changing its gradient. Though, on the
occurrence of relatively large foreshocks an immediate
reduction in the b-value occurs. As the stress buildup
continues, the b-value continues to increase at a rate
that is controlled by the stress itself. This will lead to
more foreshocks with variable magnitudes. The higher
the heterogeneity of the rocks of the epicentral region,
the more small and intermediate foreshocks one would
expect, which implies a b-increase and some variation.
It is unfortunate that in many cases these small
foreshocks are not recorded, which keeps the calcu-
lated b-values in error. Such small foreshocks are
mostly missed in laboratory experiments as the rock
samples do not represent the actual heterogeneity of
the true Earth. On the occurrence of every major
earthquake, the b-value gets reduced noticeably. Soon
after that it starts increasing once again at variable
rates depending on the stress conditions.

(6) It is found that for earthquakes with magnitudes
M,, > 7.0, an increase of about 0.20 in the b-value
implies a stress increase that will result in an
earthquake with a magnitude one unit higher, i.e.
increasing the seismic energy some 28-30 times.
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