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We show that the Schuster test alone does not provide a sufficient condition to assert the existence of
a periodicity in an earthquake catalog. Such periodicities can be detected by computing a spectrum of
Schuster p-values (the probability to observe such a level of periodic variations in a catalog occurring
out of a constant seismicity rate). We show that the detection level is slightly period dependent, and we
provide an analytical expression relating the amplitude of seismicity-rate variations to the confidence
level at which the probability that the observed variations be due to chance can be discarded. The

Keywords: Schuster spectrum also provides information about the deviation from a sinusoidal function of the
earthquake catalogs periodicity of the seismicity rate, and identifies an eventual imperfect declustering of the catalog, making
periodicities it coincidently a potential tool to determine whether or not a catalog has been properly declustered.
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Schuster spectrum
Nepalese seismicity
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Applying this tool to the Nepalese seismicity, we demonstrate annual variations of the seismicity rate
of amplitude up to 40%, while no other periodicity appears. In particular, no variations of seismicity at
any of the tidal periods are observed, indicating that the relative amplitude response of the seismicity at
these periods is less than 18%.

Published by Elsevier B.V.

1. Introduction

A number of studies have investigated earthquake mechanics
by examining the response of seismicity to periodic stresses. The
investigation is regularly carried out under the assistance of the
Schuster test (Schuster, 1897; Heaton, 1975; Tanaka et al., 2002a,
2006). Arthur Schuster first developed this test in 1897 (Schuster,
1897), using the derivations of Rayleigh (1880), to quantitatively
refute the claim by Knott (1897) that earthquakes and tides were
correlated in Japan. Tanaka et al. (2002a, 2006) and Cochran et al.
(2004) revisited recently the question with modern catalogs, using
the same test to shed light on some actual cases of tidal triggering.

The test considers the timing of events relative to the time vari-
ations of a perturbation, and ciphers out a p-value corresponding
to the probability that the distribution of those relative times re-
sults from a uniform random process. It thereby provides the prob-
ability to discard the null hypothesis that events from a catalog do
not correlate with a given periodic perturbation, and is therefore
appropriate to investigate the correlation with any periodic forc-
ing beyond tides. For instance, Rydelek and Hass (1994) used it
to identify the presence of misidentified daily blasts in seismicity
catalogs, while Bettinelli et al. (2008) established the existence of
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annual variations of microseismicity in Nepal with it, which they
related to surface-water-load variations subsequent to the mon-
soon. Lockner and Beeler (1999) and Beeler and Lockner (2003)
also used the Schuster test to quantify the response of a fault sub-
mitted to periodic load variations during lab experiments. All these
studies thus used the Schuster test to determine seismicity varia-
tions related to a periodic perturbation.

In this study, we call for caution when using the Schuster test,
by pointing out that while a periodicity in an earthquake catalogue
may yield a low Schuster p-value, the reverse is not necessarily
true: a low Schuster p-value may not mean that the seismicity
rate is periodic at the period considered. To circumvent this am-
biguity, we propose an extension of the Schuster test, providing a
way to assert the existence of a periodicity in an earthquake cata-
log, which may also conversely be used to identify periodicities of
the seismicity rate in the catalog at unexpected periods. The idea
is to compute a spectrum of Schuster p-values at a proper subset
of periods within a given range, hereafter referred to as the Schus-
ter spectrum.

After briefly presenting the principle of the Schuster test, Sec-
tion 3 determines the appropriate method to build the Schuster
spectrum, as well as the confidence level at which a peak in the
spectrum can be regarded as significant. We then discuss the pe-
riod dependence of the detection and artifacts that can occur in
the spectrum in Section 4, emphasizing the fact that the claim
of periodic variations of the seismicity rate in a catalog requires
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the computation of a complete Schuster spectrum, rather than
an isolated Schuster test. Finally, computing Schuster spectra for
the midcrustal seismicity in Nepal in Section 5, we show that
annual variations of the seismicity rate are discernible for the
largest events of the catalogs, whereas they cannot be unequivo-
cally claimed for smaller events. These annual variations are the
only ones that come out of the spectra. In particular, we show
that no variations at the tidal periods are apparent, and derive
quantitative constraints on the maximum amplitude of the pos-
sible variations of the seismicity rate at tidal periods.

2. The Schuster test

The Schuster test has been described in details in different
studies (Heaton, 1975; Rydelek and Hass, 1994; Tanaka et al.,
2002a, 2006) and we here only summarize its pertaining principles
in the case of sinusoidal variations of the seismicity rate. To com-
pute the probability that the timing of events in a catalog varies
according to a sine-wave function of period T, a phase is asso-
ciated to each event. Calling t; the time of event number k, its
associated phase 6y is:

tk

Oy =21 T (1)
The catalog of times can hence be converted into a 2D walk, made
of successive unit-length steps, in directions given by these phases.
Denoting by D the distance between the start and end points of
this walk, the probability p, that a distance greater than or equal
to D can be reached by a uniformly random 2D walk, is the prob-
ability of the null hypothesis that event-times distribution arises
from a uniform seismicity rate, and reads (e.g., Schuster, 1897):

p2
p=e PN (2)

where N is the number of events in the catalog. This probability is
what we refer to as the Schuster p-value. The lower this p-value,
the higher the probability that the distribution of the timings of
events stacked over the period T is non-uniform, which is usually
interpreted as the probability of a periodicity at period T.

If a catalog contains N events occurring out of a sinusoidally-
varying seismicity rate:

Rt _ 1 +acos<27;tk>, (3)

r

where r is the average seismicity rate, o is the amplitude of the
seismicity-rate variations, tj is the time of event number k, and
T is the period of the variations, the logarithm of the Schuster
p-value computed at period T follows (see supplementary mate-
rial, Section S.1 for derivation):

2 2
(—lnp>=<D—>=1+Ni,

%)) )

var(lnp) = var(
The Schuster p-value is therefore independent of the period tested
and only determined by both the number N of events in the cata-
log and the amplitude « of the seismicity-rate variations.
3. Building a spectrum of Schuster p-values

3.1. Schuster spectrum vs isolated Schuster test

The process of testing a periodicity at period T in an earth-
quake catalog always boils down to the same underpinnings: the
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Fig. 1. Figure showing why testing periodicities T and T 4+ AT can be redundant
or not, depending on the duration of the dataset. Upper plot: sinusoidal signal at
period T over a duration t, such that nT <t < (n+ 1)T. Grey dashed line shows
the signal while black dots represent hypothetical measurements. Errors have been
added to hypothetical measurements, but those are not required for the reasoning
to hold. Lower plots: from left to right, same signal stacked over different periods,
respectively T, T + ATy such that nAT; < T, and T + AT, such that condition
nAT, < T is not fulfilled any more. In this last case, the periodicity at T is scram-
bled during the stacking process. It is therefore redundant to test periodicities both
at T and T + ATy, but not at T and T + AT».

catalog gets stacked over the investigated period T, and the prob-
ability that the stacked catalog is non-uniform is subsequently
estimated with whatever test is chosen (the Schuster test, fitting
a sine-wave function to the stacked catalog, etc.). Therefore, any
non-uniformity of the seismicity rate that is preserved throughout
the stacking process might result in a low Schuster p-value. For in-
stance, both a seismicity rate with periodic variations at period T
or a sudden burst of seismicity of duration less than T may yield
a low p-value, indicating that a low Schuster p-value cannot alone
indicate unambiguously a periodicity of the seismicity rate. As we
show in the rest of this section and in Section 4, performing a set
of Schuster tests over a continuous range of periods enables one
to resolve this issue. The result of performing such a set of tests,
i.e.,, computing a Schuster spectrum, is twofold: it provides a way
to assert the existence of an expected periodicity, and a way to
detect any unknown periodicity in a catalog. In the following, we
first determine the subset of periods at which the Schuster test has
to be performed in order to build a comprehensive spectrum. We
then establish the confidence levels for the detection of periodici-
ties in the so-built Schuster spectrum.

3.2. Subset of periods for the spectrum

In order to determine the finite subset of periods to select
in order to test all the periods within a continuous range, one
should note that when testing a period T with the Schuster test,
the continuous range of periodicities around T that remain coher-
ent throughout the stacking process gets tested. Fig. 1 illustrates
this point. Let us suppose that we are searching for periodicities
in a signal of length t that has a periodicity at period T (up-
per plot). We define the number of complete cycles in the catalog
n(T) =Z(t/T), where Z(.) denotes the integer part of a real num-
ber. If the signal is stacked over the period T (lower left plot), then
the periodicity is detected and the statistical test performed will
quantitatively establish the existence of this periodicity. Instead of
testing the period T, when one tests a period T + AT, such that
nAT; < T, in this case again, a periodicity appears in the stacked
signal (lower middle plot), which is due to the periodicity at pe-
riod T. The test at period T + AT; is thus redundant with the one
at period T since both will bring up the same periodicity. But if
the period tested T + AT> is such that the condition nAT, < T is
not satisfied, then the periodic signal starts getting scrambled dur-
ing the stacking process (lower right plot) and no periodicity will
be detected.
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Fig. 2. Schuster spectrum over a uniformly random 1000-event catalog of length t, computed between T/t = 10~% and Tpax =t. The period-dependent “expected value”
dashed line represents the expected minimum Schuster p-value, and corresponds to Eq. (9), while “99% confidence level” corresponds to 1% of minimum expected values.

Based on these considerations, one can determine the appropri-
ate period sampling in order to be sure to test all periods within a
given range. Two consecutive tested periods T; and Tiy1 = T; + AT;
have to verify n(T;)AT; < Tj, or:

n(T)AT; =¢T;, (5)

where ¢ will be determined more precisely later. Noting that
n(T;) = Z(t/T;) < t/T;, the condition in Eq. (5) can be replaced by
the following condition for the period increment:

eT?
Noting v = 1/T the frequency, the frequency increment is thus
constant:

Av = o (7
as would be the case for the set of frequencies at which a discrete
Fourier transform would have to be evaluated for a classical time
series with even spacing of data, in which case ¢ =1 (e.g., Scargle,
1982; Hernandez, 1999).

Eq. (6) shows that the period increment is smaller at short
periods than at large periods. For instance, taking &€ = 1, for an
earthquake catalog of duration t = 10 yr, the period increment has
to be ATides & 7 x 107> days (&6 s) in order to detect any peri-
odicity around the main tides period (i.e., Tiges ~ 0.5 days), while
testing annual variations of seismicity only requires an increment
ATyear &~ 37 days.

Computing a spectrum between periods Tpj, and Tmax (i.e.,
between frequencies Vmjn = 1/Tmax and Vmax = 1/Tmin) requires
performing N Schuster tests, where from Eq. (7):

N=£<1—1)%t, (8)
€\Tmin  Tmax &Tmin
since in general Tpin < Tmax-

As is suggested by Eq. (6), the subset of periods at which the
spectrum will be computed depends on the choice of &. Choosing
a value too large, the spectrum will “miss” some periods, while
values too small will yield an oversampling of periods and conse-
quently an unnecessarily long computation time. The optimal value
of ¢ is determined in the supplementary material, Section S.2,
and is &, ~ 1. For safety, the results might be double-checked by
oversampling the spectrum, although e-values significantly smaller
than 1 do not bring any additional information and require longer
computation times. In practice, our experience is that g-values
smaller than 0.5 are certainly not useful.

3.3. Confidence levels for the detection of periodicities

With the value of &, in hand, it is possible to estimate the
expected threshold above which a Schuster p-value in the spec-
trum indicates with confidence that the seismicity rate contains
a periodicity. As is explained in the supplementary material, Sec-
tion S.2, the Schuster p-value for a catalog occurring out of a
uniform seismicity rate is uniformly distributed over the interval
[0; 1]. As a result, the expected value of the minimum Schuster
p-value in a spectrum containing N independent tests is (§y) =
1/N = &€, Tin/t & Tmin/t. Since throughout the spectrum, in gen-
eral T « Tmax, the expected value of the minimum Schuster prob-
ability for periods greater than T is simply:

(o) = (9)
t

A periodicity in the catalog will thus have a significant proba-
bility not to be due to chance if its Schuster p-value is significantly
lower than this expected value. Quantitatively, a periodicity can be
claimed to be detected above the 95% confidence level if the corre-
sponding Schuster p-value is lower than 0.05 x (§;;) = 0.05 x T /t,
rather than simply 0.05. The detection level is thus period depen-
dent, being better at larger periods. Fig. 2 shows the Schuster spec-
trum obtained for a 1000-event catalog of duration t, generated
out of a uniform seismicity rate. The spectrum is built between
Tmin/t = 107* and Tmax = t. Even though the catalog does not
contain any periodicity, the Schuster test returns smaller Schuster
p-values at short periods, consistent with Eq. (9).

As suggested by Eq. (7), a “flat” spectrum would be obtained
for a linear x-axis in frequencies. With such a representation, the
expected Schuster p-values line would not be a simple straight line
anymore.

A periodicity in the seismicity rate thus requires a lower Schus-
ter p-value for the detection to be considered significant at shorter
periods. However, if Eq. (9) may suggest a drastic dependence of
the detection threshold on the period, combining it with Eq. (4)
leads to the following expression for the critical amplitude of seis-
micity rate variations necessary for a detection at the 95% confi-
dence level:

2
g5 = ——
VN
Eq. (10) indicates that the critical amplitude of the seismicity-rate
variations above which a periodicity can generally be detected is
only slightly sensitive to the period. For a 1000-event catalog cov-
ering 10 yr, ag5(T =1 yr) &~ 14%, while ags5(T = Tiiges) ~ 21%.

t
2+In—. 10
+nT (10)

Please cite this article in press as: TJ. Ader, J.-P. Avouac, Detecting periodicities and declustering in earthquake catalogs using the Schuster spectrum, application to
Himalayan seismicity, Earth Planet. Sci. Lett. (2013), http://dx.doi.org/10.1016/j.epsl.2013.06.032




EPSL:12087

4 TJ. Ader, ].-P. Avouac / Earth and Planetary Science Letters eee (eeee) soe—ooe
g . T
: R(t ; :
1056 5A) | N 7 7 ® . 2
@ 10452 1 d
= -
£ S , 1 :
& 7 A ‘I"‘~'Zﬂgagﬁ\éncui . s
= Heleyey :
7] TR
2 104EL ¢ G =
= Ty B, 1t
5 At i : . ThiaP FHUEH El
»n 2 2 % .s‘--i‘@geg@ue : i \~~‘~.~ 5
10_2‘;, *\\\;‘; Ll et taE
1 PR GA ! hEISIgE)
10+ 103 102 10" 1
Period tested (fraction of catalog length)
) 1 =T T ] R R
R(t)
—
10l b): AT R @ |
10-107 - 1 3
Y
BT T |
R. @
ot
2 100 2
[ Bl E R )
- e 99% °
32 .‘_W_Hfigegcg level .
L L : T el
Biabl et 1Rt ecteg yapyg I b6 D
102 QY op 205, 56 S0 S ey Mo I i ST IR B R ORI N W e 2 1 £
1 L€ S LR Sl |
104 103 102 10° 1
Period tested (fraction of catalog length)
t [ ]
o ©) ,___R® o ‘ -
: l @
@
o 10+ - H
=
s -
7
10
2
2} -~
ES
S 1o
K10 ] H
102 -

TS
Period tested (fraction of catalog length)

10+

102

Fig. 3. (a) Schuster spectrum for a 1000-event catalog generated out of a sinusoidal seismicity rate following Eq. (3), with variations of amplitude o = 0.35, and period
T/t =0.028, where ¢ is the total duration of the catalog. (b) Schuster spectrum for a 1000-event catalog generated out of a periodic, non-sinusoidal seismicity rate following
Eq. (11), with variations of amplitude o = 3, and period T/t = 0.04. (c) Schuster spectrum for a 1000-event catalog containing an aftershock sequence, which seismicity rate
is given by Eq. (12), and with characteristic aftershock decay time t,/t = 10~2. Other parameters are given in the main text. The inset at the top left corner of each spectrum

schematically represents the seismicity rate used to generate the catalog.
4. Application to synthetic catalogs

Now that we have exposed how to build a Schuster spectrum
and established the levels of confidence for the detection of pe-
riodicities, we apply it to three different synthetic catalogs. We
show that it allows detecting an unknown periodicity, and that it
actually is the only way to assess whether the catalog analyzed
contains a periodicity or not. Indeed, if variations of the seismicity
rate remain coherent throughout the stacking process, the Schus-
ter p-values are small, whether or not the variations of seismicity
rate are periodic at the period T. In particular, periodic variations
of the seismicity rate at periods that are an integer multiple of T,
or sudden outbursts of seismicity, will lead to low p-values.

We consider the three following types of catalogs: one gener-
ated out of a sinusoidal seismicity rate, one out of a periodic but
non-sinusoidal seismicity rate, and one out of a uniform seismic-
ity rate superimposed with an aftershock sequence. Supplementary
material Section S.4 describes in details how the catalogs have
been generated.

First of all, Fig. 3(a) represents the Schuster spectrum from a
1000-event catalog generated out of a sinusoidal seismicity rate
following Eq. (3), with T/t =0.029 and « = 0.35. In this case, the
spectrum clearly reveals the periodicity at period T /t, and no other
periodicity appears.

However, if the seismicity rate is periodic, but not sinusoidal,
harmonics of the main period may appear in the spectrum.
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Fig. 3(b) shows the spectrum for a catalog generated out of the
following periodic seismicity rate:

1, ift[T]/T €[0;0.1],
o, ift[T]/T €[0.1;0.2], (11)
1, ift[T]/T €[0.2; 1],

where t; is the time of event number k, T is the period of the
seismicity-rate variations, t,[T] is the modulus of t; after divi-
sion by the period T, and o > 1 a manually chosen parame-
ter. A schematic of this seismicity rate is shown as an inset in
Fig. 3(b). The seismicity rate used to generate the catalog ana-
lyzed in Fig. 3(b) was obtained for T/t = 0.04 and « = 3. In this
case, the periodicity at T/t = 0.04 appears clearly, but harmonic
periodicities can also be noticed in the spectrum at T,/t = 0.02,
T3/t =0.0133 and T4/t = 0.01. It is easy to understand how such
periodicities show up in the spectrum from the way the Schuster
test works: when stacked over the period T, the seismicity rate is
o = 3 times higher at times between 0.1 x T and 0.2 x T. When
stacked over the period T/2, it is 3 times higher every other cycle
for times between 0.2 x T/2 and 0.4 x T/2, and is thus on average
2 times higher on that interval of times. When stacked over the
period T/3, it is 3 times higher every 3 cycle for times between
0.3x T/3 and 0.6 x T/3, and is thus on average 1.667 times higher
on that interval of times. This reasoning can be applied to all suc-
cessive harmonics, until the time span over which the seismicity
rate is higher becomes of the order of the harmonic’s period. Those
harmonics should thus be disregarded when looking for indepen-
dent periodicities in the catalog, although the smallest harmonic
appearing in the spectrum provides an estimate of the duration of
the higher seismicity rate within one period.

Another important configuration of catalog that might lead to a
bad period detection is the case where some events are not inde-
pendent from each other and cluster in time, as is the case, for in-
stance, if the catalog contains an aftershock sequence. In this case,
keeping these aftershocks in the catalog might conceal some peri-
odic variations in the background seismicity rate. This is illustrated
by the spectrum in Fig. 3(c): the simulated catalog has a uniform
background seismicity rate r with an aftershock sequence super-
imposed to it, and its seismicity rate is described using Dieterich
(1994) aftershocks model:

R(ty) 1
r 14~ —De~t—tm)/a(t, — ty)’

where t; is the time of event number k, the background seismic-
ity rate r is supposed to be identical before and after the after-
shock sequence, e? is the normalized seismicity rate right after
the mainshock, t;; is the time of the mainshock and t, the char-
acteristic duration of the aftershock sequence. The function H(.)
is the Heavyside function (H(x) =0 for x <0 and H(x) =1 for
x > 0). We suppose that t; <t — t in order to make sure that
the aftershock sequence is over before the end of the catalog. The
catalog used to generate Fig. 3(c) contains a background of 1000
events and an aftershock sequence containing 100 events, with
ta/t = 1072, ty/t = 0.2 and Q = 10. In this case, for all peri-
ods of the order of or larger than the characteristic duration of
the evolution of the seismicity rate in the aftershock cluster, the
“Schuster walk” progresses in one direction by a large distance dur-
ing the aftershock sequence, systematically resulting in artificially
low Schuster p-values, that might conceal existing periodicities of
the background rate. Note that the same type of spectrum will re-
sult from the presence of earthquake swarms in a catalog or any
combination of increases of the seismicity rate over durations less
than the period tested. This misinterpretation of clusters into pe-
riodic variations is not inherent to the Schuster test itself, it only
comes from the stacking of event times over the period considered.

R(ty) _

(12)

Deriving the entire spectrum thus provides a mean to detect if a
low Schuster p-value might be due to clusters, since in this case,
the spectrum contains many peaks above the 95% confidence level
for periods above a given period. Conversely, the Schuster spec-
trum might also be used to assert if the catalog contains clusters,
whatever their nature, in which case the spectrum will systemati-
cally display low p-values at large periods.

These tests on synthetic catalogs show that the Schuster spec-
trum proves to be an efficient tool to detect unknown periodicities
in the seismicity rate of an event catalog, but also outline the
paramount benefit of the whole Schuster spectrum over an iso-
lated Schuster test. It provides an unambiguous diagnostic on
whether a catalog contains a periodicity, or if low Schuster p-val-
ues are due to different non-uniformities of the seismicity rate.

5. Application to the seismicity of Nepal

A large fraction of the Nepalese seismicity clusters along the
down-dip end of the locked part of the Main Himalayan Thrust
fault (MHT) (Cattin and Avouac, 2000; Bollinger et al., 2004;
Ader et al,, 2012). Most of the activity comes from thrust events
induced by north-south compression related to the ongoing con-
vergence across the Himalaya, forming a belt of seismicity at the
front of the Himalayan chain (Pandey et al., 1995), well recorded
by the National Seismological Center (NSC) in Kathmandu, Nepal.
Analysing events from this midcrustal cluster from 1995 to 2000,
Bollinger et al. (2007) reported seismicity rates 30% to 60% higher
during the winter than the summer months, although the test was
only performed at the period T =1 yr. This seasonal modulation
of the seismicity rate is attributed to surface load variations fol-
lowing the hydrological cycle, which induce fluctuations of the
Coulomb stress in the zone of seismicity, with a peak-to-peak am-
plitude of 2 to 4 kPa, whereas the interseismic stress builds up
within the seismicity cluster at a rate of 10 to 20 kPa/yr (Bollinger
et al., 2004, 2007; Bettinelli et al., 2008). Bettinelli et al. (2008)
also noted that, although the variations of stress due to solid-Earth
tides are of similar amplitude as those caused by the hydrological
loading, the Nepalese seismicity does not seem to correlate with
tides. However, no constraints on the possible maximum ampli-
tude of variations at the tidal periods were determined.

The Schuster spectrum applied to the NSC seismicity cata-
log, which now extends until the end of 2008, allows placing
quantitative constraints on the amplitude of the variations of the
seismicity rate on the MHT at the annual and tidal periods. In
parallel, we corroborate our results by also analyzing the ISC cat-
alog (International Seismological Centre, 2010) from 1965 to 2008.
Events from both the ISC and NSC catalogs in the midcrustal clus-
ter are selected using the same contour in map view as in Bollinger
et al. (2007). Both catalogs are declustered with the algorithm de-
scribed in Reasenberg (1985), with the same set of parameters as
in Bollinger et al. (2007) (P =0.95, 1 < 7 < 10 days, D < 20 km,
Uy =5 km and U, = 10 km). Fig. 4 shows the temporal evolution
of M| > 3 selected events from both the raw (i.e., not declustered)
and the declustered NSC catalogs, together with a map showing
their spatial distribution (the map showing the position of ISC
events is available in the supplementary material, Fig. S3).

Burtin et al. (2008) showed that the seismic noise at the record-
ing seismic stations, largely imputable to friction of pebbles at the
bottom of rivers, is higher in the summer, due to higher water
stream power and discharge. In order to avoid any contamination
of our results by these seasonal variations of seismic noise, we
consider only events with local magnitude M; > 3, which is above
the detection level at all time (Bollinger et al., 2007). The Schus-
ter spectrum of the non-declustered catalog used in the study by
Bollinger et al. (2007) (Fig. 5(a)) displays a prominent peak at 1 yr,
but it also contains numerous peaks at larger and smaller periods,
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indicating, as has been showed in the previous section with syn-
thetic catalogs, that the observed annual periodicity may as well
be due to clusters present in the catalog, such as aftershock se-
quences or other abrupt changes of seismicity rate (Fig. 4). There
is, for instance, a global increase of seismicity rate by a factor of
more than 2 during the winter months of 1998-1999 (see also
Fig. S4, supplementary material), that remains even after decluster-
ing, and which would induce low p-values at periods larger than
about a year. Once the NSC catalog is declustered and extended
until the end of 2008, most of the previous periodicities disap-
pear from the spectrum (Fig. 5(b)), but peaks at periods larger than
2.5 yr consistently remain, suggesting that clusters are most likely
still present in the catalog, and were not properly removed by
the declustering. For periods around 1 yr and above, the Schuster
p-values therefore cannot be interpreted in terms of periodicities
in the catalog. The same conclusion persists when looking at the
declustered catalog from Bollinger et al. (2007) (supplementary
Fig. S5). This outlines the main drawback of working with small
magnitude events: although they come in a statistically significant
number, they easily violate the independence hypothesis, owing
to their sensitivity to local perturbations, such as larger seismic
events, slow slip events, sub-surface hydrology, mining, etc. The
Schuster spectrum for NSC M; > 3 events thus shows that no rig-
orous claim can be made for periods of 1 yr or more because of
clusters present in the catalogs, which characteristic duration is
less than 1 yr.

However, as the application to synthetic catalogs shows
(Fig. 3(c)), for periods much less than the typical duration of clus-
ters of seismicity, the spectrum is not affected by the clusters. In
the case of the 1995-2008 declustered NSC catalog, the Schuster
spectrum at the diurnal and semi-diurnal tidal periods does not
seem affected by the clusters still present in the catalog (Fig. 5). At
these periods, the fact that no Schuster p-value exceeds the 95%
confidence level is not an artifact of an improper declustering of

the catalog. The lowest Schuster p-value in this region of the spec-
trum is 10~%°, which corresponds to an amplitude o = 15% + 3%,
according to the system of Egs. (4). At these periods, the rela-
tive variations of the seismicity rate o must therefore be less than
18%.

In order to circumvent the declustering issue at the annual pe-
riod, we look at events of larger magnitude, which tend to cluster
less. This is now possible thanks to the longer time span of the
NSC declustered catalog, which contains 16 events of M; > 5.5
from 1995 to 2008 (up to M; = 6.3), only 3 of which happen
around the summer months (decimal year between 0.25 and 0.75,
see blue stars in Fig. 4), a misbalance that only has a 2% binomial
probability to happen out of a uniform seismicity rate. Some of
the NSC M| > 5.5 events may appear to cluster in time in Fig. 4,
but a longitude-time plot of the seismicity shows that these events
are sufficiently far apart in space that they are not related to each
other (supplementary Fig. S8). On the Schuster spectrum computed
for these events (Fig. 6(a)), the annual periodicity appears as the
only one above the 95% confidence level, suggesting indeed that
peaks at other periods on the spectrum for M; > 3 events were
mostly due to isolated variations of the seismicity rate rather than
true periodicities. Besides, here again, no variations at the tidal pe-
riod stand out.

The Schuster spectrum computed over the 210 My > 4 events
from the declustered ISC catalog taken from 1965 to 2008
(Fig. 6(b)) backs up these observations: the periodicity at 1 yr still
emerges alone above the 95% detection level. Eq. (4) indicates that
the Schuster p-value at 1 yr corresponds to seismicity-rate varia-
tions of amplitude oo = 27% + 7%, a value close to the one claimed
in Bollinger et al. (2007). The My = 4 magnitude selection thresh-
old may seem low, especially in the earlier years of the catalog,
but since the completeness magnitude does not vary in a periodic
way for the ISC catalog, this would not affect the detection of pe-
riodicities. Annual variations of the seismicity rate thus prevail for
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at the 95% confidence level. The grey lines show the expected Schuster p-value for the ISC catalog given the number of events in the catalog, assuming annual variations of

the seismicity rate of amplitude o = 40%, using Eq. (4).

larger events, and stand alone as the only periodic variations of
the midcrustal seismicity in Nepal.

Using Eqgs. (4) and (9), together with current seismicity rates
from the NSC catalog, indicates that 6 yr of the declustered M; >3
NSC catalog should be enough to detect variations of the seismic-
ity rate of amplitude o greater than 20% above the 95% confidence
level, and that the 14 available years should actually be sufficient
to detect variations of amplitude as low as 15% (or 22% when
looking at M| > 3.5 events). Supplementary Fig. S6 more com-
prehensively indicates the minimum theoretical catalog duration
necessary to detect annual variations of seismicity at the 95% con-
fidence level, for different cutoff magnitudes of the NSC catalog.
Were the annual variations of the seismicity rate of the M; > 3
NSC events as intense as those of the My > 4 ISC events (i.e., 27%
+ 7%), they should thus clearly come out in the spectra. But as
showed earlier, once the NSC catalog is declustered, annual vari-
ations of the seismicity rate might appear when considering the
catalog up to 2001 (6 yr of data, Fig. 5(a)), although they can-
not be told apart from the presence of clusters of seismicity, and
they clearly do not show up anymore in the 1995-2008 catalog
(Fig. 5(b)).

As has been discussed before, an incomplete declustering of
the catalog might be responsible for biased Schuster p-values at
the annual period, interfering either constructively or destructively
with the periodicity at 1 yr. Moreover, if the seismicity rates of
both larger and smaller events follow similar periodic trends, the
declustering process might smear out the seismicity-rate variations
of smaller events, as smaller events resulting from the periodic
seismicity-rate increase might be mistaken for aftershocks of the
larger events, and thereupon removed from the catalog through
declustering. This would explain in retrospect why annual varia-
tions of seismicity appear so clearly in the undeclustered catalog
(Fig. 5(a)), although, once again, this is rigorously not possible to
assert it with this spectrum. More than a data-processing artifact,
the neutralization of seasonal variations of smaller events by the
seasonal variations of the rate of larger events could also be a
real process. Large winter events may in fact trigger surround-
ing faults close to failure as part as their aftershock sequences,
whereas these faults would have otherwise ruptured later in the
winter, following the gradual increase of seismicity rate subsequent
to the periodic variations. In other words, these small events occur
all at once as aftershocks of a larger event instead of as the result
of a slow increase of the rate of occurrence of independent events.

It is also possible that the amplitude of the seasonal varia-
tions varies with time, which could be due to an actual change
of the response of Nepalese seismicity to seasonal perturbations
of stress, but could also be a simple statistical illusion. The oc-

currence of a large event has been inferred to be able to impact
the sensitivity of microseismicity to periodic stress perturbations
(e.g., Tanaka et al., 2002b). More generally, any gradual change of
faults properties in Nepal could result in a change of the sensitiv-
ity on the local seismicity to annual stress perturbations. However,
the change of amplitude of the response of Nepalese seismicity to
seasonal perturbations of stress remains within its expected sta-
tistical deviation, given the number of events considered. Fig. 7
shows the evolution of the Schuster p-value at the 1-yr period
when years are successively added to the M}, > 4 declustered ISC
catalog. When compared to the expected evolution of the Schus-
ter p-value, yielded by the system of Eqs. (4) with variations of
amplitude o = 40%, the computed p-values remain within one
standard deviation from the expected values. Note that the value
o = 27%+ 7% specifically corresponds to the Schuster p-value con-
sidering the entire 1965-2008 catalog (rightmost value of the black
curve in Fig. 7), whereas the value o = 40% seems to better follow
the gradual trend of evolution of the annual Schuster p-value in
Fig. 7 throughout this time span. This plot therefore indicates that
the decrease of measured « after 2000 might simply be a statis-
tical effect rather than a true loss of the seasonal modulation of
the seismicity rate. The amplitude of annual variations of the seis-
micity rate may globally be around 40%, but may appear to be
less when looking at a shorter time range. This decrease seems to
also appear in the M; > 3 declustered NSC catalog (supplemen-
tary Fig. S7), although Fig. S7 can be misleading since, as has been
explained earlier, the Schuster p-value at 1 yr is also affected by
isolated and clustered variations of the seismicity rate at such low
magnitudes.

6. Conclusion

We propose a way to extend the Schuster test by building an
entire spectrum of Schuster p-values. The obtained spectrum pro-
vides an efficient tool to detect unknown periodicities in an earth-
quake catalog, and also to determine whether or not variations of
the seismicity rate in a catalog are actually periodic, which cannot
be stated with confidence by an isolated Schuster test.

Applying this Schuster spectrum to earthquake catalogs from
the midcrustal cluster of seismicity in Nepal suggests that inter-
mediate events (M; > 5.5 or My > 4) exhibit seasonal variations
of seismicity, with an increase of seismicity in the winter as high
as 40%. The complete spectrum shows that seasonal variations of
seismicity at lower magnitudes cannot be established with the
same confidence, as aftershock sequences are more numerous in
the winter and might therefore cover an increase of background
seismicity rate. No other periodic variations of seismicity rate ap-
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pear in the catalog. In particular, no periodicity at any of the
tidal periods is detected, indicating that variations of the seismicity
rate at tidal periods, if they exist, cannot be of amplitude greater
than 18%.

The implementation of the spectrum is straightforward. Our im-
plementation, written in Matlab, can be found on the Tectonics Ob-
servatory’s website (http://www.tectonics.caltech.edu/
resources). The code Schuster_test_log.m computes the
logarithm of the p-values for a given catalog at a given array of
periods, while the code Schuster_spectrum.m computes and
plots the whole Schuster spectrum of a catalog between two given
periods.
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