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ABSTRACT

A significant seasonal modulation of seismicity, with a peak in
spring and summer, is evidenced in the Himalaya and the Alps,
two regions characterized by present day mountain building and
glacial retreat. In addition, a secular modulation of seismicity,

which can be correlated with surface atmospheric temperature

changes in the Northern Hemisphere, is found over the last ten

Introduction

Tectonic forces responsible for moun-
tain building must overcome gravity;
this suggests the possibility of com-
peting effects of tectonic forces and
the load due to snow and ice cover.
Heki (2003) shows that snow load,
along the western flank of the back-
bone range of the Japanese Islands,
causes seasonal crustal deformation,
perturbs the inter-seismic strain build-
up and may seasonally influence
seismicity in Japan. Intra-plate earth-
quakes in northeastern Japan occur
on reverse faults, striking parallel to
the snow-covered zone, while in cen-
tral and southwestern Japan, they
occur on strike-slip faults, either par-
allel or perpendicular to the snow
cover. The snow load enhances com-
pression at reverse faults, reducing the
Coulomb failure stress by a few kPa, a
value sufficient to modulate the build-
up of tectonic stress (few tens of
kPa a™'). The increment in the vertical
load in a compressive regime increases
the vertical while decreasing the devi-
atoric stress; consequently, the shear
stress remains below the critical value
and the faults are more ‘stable’.
Accordingly, the number of strong
earthquakes (M = 7.0) decreases dur-
ing snow loading. In regions covered
with snow in winter, inland earth-
quakes tend to be concentrated in
spring and summer; however, snow-
free regions do not show such behav-
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iour (Heki, 2003). Although the
statistical significance of this seasonal
correlation is not strong owing to the
limited time-span of available obser-
vations, it suggests that the spring
thaw enhances seismicity beneath the
SNOW cover.

We show that the same phenome-
nology characterizes the continent—
continent collision areas of the
Himalaya and the Alps, although the
main stress field is much more com-
plex than in ocean—continent collision
areas, such as Japan.

Ice is about three times denser than
snow; therefore, it is reasonable to
look for effects of secular variations in
glacial extension, which are naturally
associated with average global surface
atmospheric temperature variations,
on the seismicity of mountain ranges.

The arecas that can be reliably
investigated, in order to validate the
presence of the seasonal effect related
to spring thaw and to show that a
similar phenomenon, but on a very
different time-scale (1000 years), is
connected with the size variation of
permanent glaciers (secular thaw), are
located in the Northern Hemisphere.
For these regions, the following are
available: (i) reliable earthquake
catalogues, since at least 1100 (see
Table 1); (ii) reports of sizeable vari-
ations in permanent glacial extension;
and (iii) estimates of average surface
atmospheric temperature variations
over a sufficiently long period (Esper
et al., 2002; Hansen et al., 2002; Jones
and Mann, 2004 and references there-
in). In the Southern Hemisphere,
where estimates of the average surface
temperature variation are scarce, the
main mountain range (the Andes)
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centuries. Therefore, secular variations in permanent glacial
dimensions, naturally associated with long-term average surface
atmospheric temperature changes, and seasonal snow load may
cause crustal deformations that modulate seismicity.
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essentially strikes N-S, crossing very
different climatic zones, and the re-
ported secular thaw is scattered and
minor [Barletta, 2007; Dyurgerov and
Meier, 2005; GLIMS Glacier Data-
base; World Glacier Inventory (WGI);
R-hydroNET v1.0]. Therefore, a
quantitative study in the Southern
Hemisphere is not warranted.

Data

For the Himalaya, following Heki
(2003), earthquakes with M > 7 are
considered. The catalogue is compiled
by merging that was used for seismic
hazard assessment in India (Parvez
et al., 2003) with the NOAA-NGDC
(1996) data collection, and integrated
and revised with information sup-
plied by recent publications. For the
Apennines, CPTI04 (Gasperini et al.,
2004) is used, whereas, for the Alps,
the catalogue is compiled by integrat-
ing CPTIO4 with the data provided
by Van Gils and Leydecker (1991).
The catalogues are updated using
global NEIC (PDE) data, and after-
shocks are removed according to
Keilis-Borok et al. (1980). The fre-
quency—-magnitude (FM) distribu-
tions for the main shocks in the
Alps and Apennines, for different
time intervals, are satisfactorily linear
for M > 5.3-5.4, and the overall level
of seismic activity increases over time
(Fig. 2a,b), in agreement with the
analysis performed for the entire
Italian territory by Vorobieva and
Panza (1993). An optimum magni-
tude threshold common to seasonal
and secular analyses, ensuring suffi-
cient statistics and completeness, is
M =>5.7.
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Fig. 1 Polygons defining the three investigated areas: the Alps, the Apennines and the

Himalaya.

The earthquake data sources con-
sidered are listed in Table 1. For the
analysis of seismicity, the catalogues
we have compiled are given as Sup-
porting information in Tables S1-S3.

As our source of average surface
atmospheric temperature data, we use
the data from the study of Esper et al.
(2002), which are based on tree-ring
chronologies (i.e. on the measure-
ments of growth-ring widths in trees;
e.g. see http://www.ncdc.
noaa.gov/paleo/treering.html) at 14
sites distributed over a large part of
the Northern Hemisphere outside the
tropics. The tree-ring temperature
proxy records preserve coherent
large-scale multi-centennial variability
at the different sites, thus reflecting
temperature changes over the past
1000 years in the Northern Hemi-
sphere.

Seasonal effect

Quantitative analyses of seasonal pat-
terns associated with stress modula-
tion and earthquake occurrence have
been published in several papers in the
past few years (Gao et al., 2000; Heki,
2003; Saar and Manga, 2003; Chris-
tiansen et al., 2005, 2007; Grapenthin
et al., 2006; Bollinger et al., 2007,
Bettinelli ez al., 2008). Snow load, in
comparison with other seasonal mete-
orological phenomena (e.g. rainfall),
is characterized by a much longer
residence time and a relatively more
homogeneous distribution over the
surface of the orogen.

As suggested by the theoretical
computations of Heki (2003), the
seasonal effect is analysed considering
only earthquakes that occurred within
the crust during the time interval
1850-2008, when for all events, the

Table 1 Earthquake data sources considered in the analysis.

origin time is specified at least to the
day.

As a measure of seismicity, we
consider the number of events (N)
and the normalized strain (X) released
by them. X is computed using Benioff
strain release S; (Benioff, 1951), cal-
culated for each earthquake i with
magnitude M, and normalized to the
strain Sy, of the minimum magnitude
M i considered in the analysis; that

18:
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where we use the value d = 1.5 given
by Gutenberg and Richter (1956).

The earthquakes have been grouped
according to the four meteorological
seasons: winter (WI: December, Jan-
uvary and February), spring (SP:
March, April and May), summer
(SU: June, July and August) and
autumn (AU: September, October
and November).

The seasonal (spring—summer) peak
is clearly visible in the Himalaya and
in the Alps (Fig 3a,b) and corrobo-
rates Heki’s (2003) findings for Japan.
In Fig. 3c,d two counter examples,
where the spring—summer peak is not
visible, are shown; they represent
earthquakes with M > 7.0 recorded
in the period 1900-2008 across the
whole Northern Hemisphere (see
Fig. 3c; Table 1) and earthquakes in
the Apennines with M > 5.7 recorded
in the period 1850-2008 (Fig. 3d). The
earthquakes (both N and X) in the

Earthquake data sources

Region Time interval Data source References
Global 1900-2008 Global Hypocenters’ Data Base cd-rom and its updates NEIC-USGS (1989), Healy et al. (1992)
and Shebalin (1992, 1997)
1900-2001 Centennial catalogue Engdahl and Villasefior (2002)
Himalaya 25 Bc to 2001 Earthquake catalogue of India and surroundings Parvez et al. (2003) and references therein
2150 Bc to 1995 Global Seismicity Catalog cd-rom, 2150 Bc to 1995 NOAA-NGDC (1996)
= Relevant publications Feldl and Bilham (2006), Kumar et al. (2006),
Lave et al. (2005), Bilham and Ambraseys (2005)
and Pandey and Molnar (1988)
Alps 217 Bc to 2001 Parametric catalogue of Italian Earthquakes (CPTI04) Gasperini et al. (2004)
342 Bc to 1990 Historical earthquake catalogues: central and Van Gils and Leydecker (1991)
southeastern Europe
Apennines 217 Bc to 2001 CPTIO4 Gasperini et al. (2004)

Historical information from different regional sources has been cross-checked and integrated. Global datasets are used both for the analysis of seismicity in the
Northern Hemisphere and to integrate and update information from regional catalogues.
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Fig. 2 Cumulative frequency—magnitude
distributions for earthquakes (main
shocks) that occurred (a) in the Alps,
(b) in the Apennines and (c) in the
Himalaya (Fig. 1), for the three consec-
utive time intervals considered for the
seasonal and secular analyses.

whole Northern Hemisphere are dis-
tributed rather homogeneously
throughout the year, whereas those
in the Apennines are concentrated in
the winter-autumn.

To account for the variability in the
meteorological seasons at different
sites, we considered different intervals,
shifting the beginning of each season
by up to one month (e.g. winter
starting on 1, 15 and 31 December
respectively, and the remaining sea-
sons being shifted accordingly): the

© 2010 Blackwell Publishing Ltd
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Fig. 3 Histograms of X (Benioff) and N (Number) for the crustal events that occurred
in (a) the Himalayan region, (b) the Alps, (¢) the Northern Hemisphere and (d) the
Apennines. The three columns correspond to winter starting on 1 December, 15
December and 31 December respectively. For the Northern Hemisphere, if the Alpine
and Himalayan events are removed, the flat shape of the histograms remains
unchanged. The histograms for two additional intervals (winter starting on |1
November and 15 November respectively) are provided as Supporting information in

Figure SI1.

evidenced seasonal effect is very stable
(Fig. 3).

A quantitative assessment of the
seasonal effect is performed by the
classical ° test applied to the number
of earthquakes N observed in each
season. N is compared with the aver-
age number of events expected within
a 3-month interval, assuming a
uniform distribution of the events
over time (Table 2). The y* test shows
that the fit to a uniform distribution is
appropriate in the Northern Hemi-

sphere, while it can be rejected in the
Himalaya and in the Apennines with a
confidence level above 90% for N and
above 99% for X. The deviation from
a uniform distribution in the Apen-
nines, where the snow load effect is
not significant, is due to a significant
peak of seismicity in the winter sea-
son. In the Alps, owing to the
relatively small number of earth-
quakes with M > 5.7, the uniform
distribution for N cannot be rejected,
while the difference turns out to be
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Table 2 4> test statistic obtained by
comparing the seasonal seismicity distri-
bution (£ and N) shown in Fig. 3 with a
uniform distribution.

+2 test statistic for seasonal distributions

Region 2 N

Himalaya 93.84 (<0.01) 2.95 (0.08)

Alps 2.98 (0.08) 1.20 (0.27)

Northern 1.21 (0.27) 0.18 (0.67)
Hemisphere

Apennines 19.98 (<0.01) 3.78 (0.05)

The test is performed with d.f. =1 degrees of
freedom (four classes). The P-value is given in
parentheses; low values of P indicate a poor fit to
the uniform distribution. The values reported in the
table were obtained for winter starting on 1
December; similar values apply to different sea-
sonal groupings.

significant at the 90% confidence level
for Z. In the Alps and Apennines,
where the catalogue is certainly com-
plete down to magnitude 5.3 since
1850, the statistical significance of the
test improves when a lower magnitude
threshold is considered; the observed
seasonal pattern is clearly visible and
stable with respect to variations in M
(Fig. 4), especially when strain release
X is considered.

The seasonal effect found in the
Apennines may be explained by a
mechanism similar to that proposed
in a recent local study of Nepalese
seismicity by Bollinger et al. (2007) for
the period 1995-2000. During this
period, only moderate earthquakes
(M £ 6.3) have been recorded, and a
marked reduction in the number of
events (V) is observed in summer. This
phenomenon is attributed to the stress
loading accompanying monsoon rains
in the Ganges and northern India.

Our findings, based on both N and
%, show that on a much longer time
series and along the whole Himalaya
chain, in spite of the monsoon rains
effect, there is a clear spring—summer
seasonal peak in seismicity with
M >7.0. Thus, the reduction in seis-
micity in summer seems to be limited
to the number N of moderate events
(M £ 6.3), which mostly occur in the
upper crust, whose contribution to the
seismic strain release X is minor com-
pared with that of the necessarily
deeper M > 7.0 crustal events, which
are modulated by the snow load. In
fact, snow and monsoon induce sim-
ilar sized stress variations and have
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Fig. 4 Histograms of X and N for the crustal events that occurred in 1850-2008, in the
Alps and in the Apennines. Five magnitude thresholds are considered, from 5.7 down
to 5.3. The shapes of the histograms remain very stable, especially when X is
considered. The deviation from a uniform distribution is significant for M = 5.3,
both for T (Alps: ¥> = 6.20, P = 0.01; Apennines: > = 45.2, P < 0.01) and for N
(Alps: ¥ = 2.82, P = 0.09; Apennines: y° = 7.53, P < 0.01).

the same periodicity (e.g. Heki, 2003;
Bettinelli ez al., 2008), but different
spatial extensions and residence times.
Snow load is distributed on the
Earth’s surface and affects the whole
chain rather homogeneously, while
the rain load from the monsoon is
more scattered within the various
drainage basins and water storage
depositories in the uppermost crust.
Fluid diffusion should have rela-
tively modest effects at large depths,
implying depth dependent seismic
triggering. Depth  determinations,
however, are not available with the
necessary precision or do not exist at
all in the considered periods of time;
therefore, the effect of fluids compared
with that of ice and snow cannot be
sorted out by assessing the depth
dependence of the seasonal modula-
tion. If the analysis is limited to the

period for which statistically sufficient
data are available, i.e. to the last fifty
years, the seasonal distributions of
moderate and large earthquakes in
the Apennines turn out to be depth-
independent.

Secular effect

The histograms of £ and N vs. time in
the Alps and Himalaya and the average
surface atmospheric temperature vari-
ations over the past millennium in the
Northern Hemisphere, expressed as an
index value inferred from tree-ring
records (Esper et al., 2002), are re-
ported in Fig. 5. The histograms point
towards the existence of a secular
modulation of seismicity due to size
variations of the permanent glaciers, as
mirrored by the average surface atmo-
spheric temperature variations.

© 2010 Blackwell Publishing Ltd
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Fig. 5 Histograms showing £ and N, in 50-year bins for the considered areas, and
average surface atmospheric temperature. A quantitative estimate of the statistical
significance of the correlation between seismicity and temperature variation is given in

Table 3.

A suitable (counter) example, capa-
ble of addressing questions about the
possible lack of completeness in the
catalogues before 1850 for events of a
size relevant to our analysis, is sup-
plied by the seismicity recorded in the
Apennines. There, the melting of
perennial glaciers, due to global warm-
ing, is negligible [Dyurgerov and Me-
ier, 2005; GLIMS Glacier Database;
World Glacier Inventory (WGI)], and
the seismicity (N and X) remains al-
most constant or, in the last century,
even decreases. Although we cannot
exclude the possibility that the increase
in seismicity rate in the last three
centuries, reported by Caputo (2000)
and Vorobieva and Panza (1993) and
clearly visible in Fig. 5, can be related
to improved earthquake detection, the
catalogue completeness threshold for

© 2010 Blackwell Publishing Ltd

the Alps and Apennines (Fig. 2) is
M = 53-54 for the period 1100-
1850, which is well below the
M = 5.7 considered for our analysis.

Owing to the limited amount and
type of data, a very suitable tool for

statistical analysis of the correlation
between average surface atmospheric
temperature (Esper et al., 2002) and
seismicity (N and X) is Spearman’s rank
correlation  coefficient (Spearman,
1904), which is a robust and resistant
nonparametric measure of correlation.
It assesses how well an arbitrary func-
tion (not necessarily linear) describes
the relationship between two variables,
with no assumptions about the fre-
quency distributions of the variables.
Spearman’s rank correlation coeffi-
cient, rp,ni, 18 computed as follows:

63 >
ran :1_717 | =
Frank n(n?—1) !

L,n, (2)
where d; is the difference in rank
between the ith pair of data values in
the two datasets.

The correlation coefficients, com-
puted using time bins of 50 years, are
given in Table 3 and corrected for tied
ranks according to Siegel and Castel-
lan (1988).

From the results summarized in
Table 3, the statistical significance of
the correlation between changes in
average surface atmospheric tempera-
ture and seismic activity (N and X) is
evident in the Alps and Himalaya,
while in the Apennines, where glacia-
tion and subsequent glacial shrinking
have been minor over the past millen-
nium, the correlation is certainly miss-
ing. The use of Spearman’s test, even
when applied to a small dataset such
as the Alps, shows features that could
be missed by a simple visual inspec-
tion of the data.

Our findings generalize to different
seismotectonic regions and to long
time-scales the observations made
about the effect of deglaciation on
magmatism (Jull and McKenzie,
1996) and recent seismicity in volcanic
areas (Pagli and Sigmundsson, 2008).

Table 3 Spearman’s correlation coefficient between seismicity (X and N) and average
surface atmospheric temperature estimated for different time intervals.

Spearman’s correlation coefficients

Region ¥ since 1100 N since 1100 ¥ since 1500 N since 1500
Himalaya 0.79 (<0.01) 0.69 (<0.01) 0.79 (0.01) 0.78 (0.01)
Alps 0.56 (0.01) 0.56 (0.01) 0.65 (0.03) 0.68 (0.02)
Apennines 0.20 (0.41) 0.34 (0.16) —0.14 (0.69) 0.32 (0.34)

The confidence level is >95% (P-value, given in parentheses, is <0.05) in the Alps and Himalaya. The
strength of the Spearman’s test, even when applied to a small dataset, is evident when comparing the
results of the Alps and the Apennines, which are much more different from that one would expect from a

simple visual inspection of the data.
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Conclusion

The seasonal (spring—summer) peak in
the seismicity recorded in the Alps and
Himalaya since 1850 confirms Heki’s
(2003) findings for Japan, thus adding
statistical significance to the spring
thaw enhancement of seismicity be-
neath snow cover.

The mini-glaciation from about
1350 to about 1850, well documented
in the Northern Hemisphere (Esper
et al., 2002; Jones and Mann, 2004
and references therein; Imbrie and
Imbrie, 1979), correlates well with a
low level of seismicity. Seismic activity
increases very rapidly after 1850, in
correspondence with the beginning of
the ongoing warm period (Esper et al.,
2002; Jones and Mann, 2004; Ward,
2009 and references therein).

We can thus conclude that secular
and seasonal thaw may cause crustal
deformations that modulate seismicity
in the active mountain ranges of the
Alps and Himalaya.
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