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1. What is environmental seismology?

Seismology has long been considered to be the primary source of in-
formation on the structure of the Earth, and deep Earth studies have
raised a broad scientific interest. From the arrival times, amplitudes, po-
larizations of refracted and reflected waves, one can deduce the struc-
ture of the Earth, which relates to its geological composition (Astiz
et al., 1996; Shearer, 2009). Based on these observations, seismologists
have produced 1D, 2D and 3D cartographies of the Earth at various
scales. At the global scale, very deep and crustal studies offered key in-
dications for the geodynamics of the Earth's interior. At kilometric
scale, seismology yields to industrial application in reservoir exploration
and characterization, and at hectometric to metric scales seismology
offer application to geotechnical and civil engineering, including land-
slides and soil characterization.

Recent progresses in hardware technology (sensor sensitivity,
timing, concentration), computational power (massive data mining),
and methodology (use of ambient noise correlation, coda waves, data
mining, advanced signal processing) now allow observing of new
kinds of seismic waveforms obtained from continuous records. From
these new datasets, one can now track very tiny changes in the subsur-
face, or unveil very small and unconventional seismic sources out of the
ambient noise, yielding to the development of a new field in seismolo-
gy: environmental seismology.

Environmental seismology consists in studying natural seismic vi-
brations that are either triggered by processes occurring outside of the
solid Earth (the cryosphere, hydrosphere, atmosphere and beyond…),
or whose propagation in the solid Earth is perturbed by modifications
of environmental external parameters (temperature, hydrology…) or
human activity. Generally speaking, environmental seismology splits
into two fields. The first field aims at studying the modification of
wave propagation in the solid earth due to processes in relation with
the external environment, including hydro-meteorological phenomena,
thermal evolution, and erosion processes. The second field of environ-
mental seismology concerns the study of natural seismic sources that

are triggered by these external phenomena, including those developing
in the atmosphere (wind, storms…), the cryosphere (ice quakes), and
the hydrosphere (river noise, ocean hum…). The present paper pro-
poses to touch on these very broad research fields where seismology
has recently offered new perspectives, and which were not accessible
to traditional seismological techniques a few years ago.

In order to monitor a medium with seismology, one needs a repro-
ducible seismic signal propagating in themedium. This used to be exclu-
sively achievable with active sources (explosives, hammer blows, etc.)
or moderate repetitive earthquakes, but over recent years people have
figured out how to use passive recordings, only. These new techniques
use ambient noise records at seismometer pairs to reconstruct the seis-
mic response at one receiver as if an active sourcehad beenplaced at the
other. With this new approach, one can track for example tiny changes
in the Earth, especially those due to external perturbations (see Fig. 1).
These perturbations can be due to human activity (oil, gas and geother-
mal exploitation, mining, urbanization), environmental coupling (hy-
drology, temperature) or internal forcing (gravity, tectonics). The
main goal of the present paper is two-fold: to identify and quantify ex-
ternal forcing applied to the subsurface, with two objectives: first, learn
about environmental processes; and second, discriminate the effects
of environmental forcing on seismic waveforms from the effects of
internal changes (state of stress, change in rheology, damage and frac-
turing…). An important issue is also to discriminate reversible changes
from irreversible ones.

Environmental seismology also consists in diggingnew signals out of
the ambient noise. Thanks to their frequency signature, wave polariza-
tion, amplitude and duration, these signals sometimes reveal new
kinds of seismic sources, such as those observed in glaciers or on the
ice shelf, from river noise, and from the ocean. The discovery of these
sources shed a new light on the physical processes at work in these nat-
ural objects.

In the first section of this article, we recall the basics of processing
ambient seismic noise to obtain reproducible correlograms, and the
subsequent processing to track tiny changes in the material. These

Fig. 1. The Earth subsurface is subject to various mechanical solicitations, which likely change the seismic waveforms. On the left: sources of seismic vibrations originating from external
processes. On the right: example of mechanical changes either induced by environmental changes, or induced by telluric phenomena.
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6.2. From oceanic to fluvial ? seismology

The activity in the ocean has long been recognized to be a major
source of ambient noise. In their paper in 2006, Stehly et al. (2006)men-
tioned the following: “(…) the mechanisms of generation of seismic
noise are not the same in different period bands. At relatively short pe-
riods (b20 s), the two strongest peaks of the seismic noise, i.e., the pri-
mary and the secondary microseisms, are believed to be related to the
interaction of the sea waves with the coast (Gutemberg, 1951). The pri-
marymicroseism has periods similar to themain swell (10–20 s), while
the secondary microseism that is the strongest peak in the noise spec-
trum originates from the nonlinear interaction between direct and
reflected swell waves that results in half period (5–10 s) pressure vari-
ations (Longuet-Higgins, 1950).” At even larger periods (N100 s), Rhie
and Romanowicz (2004) suggested that seismic noise sources, the
Earth hum, is produced by some sort of atmosphere–ocean seafloor cou-
pling. The mechanical coupling between the solid Earth, the oceans and
the atmosphere remains subject to strong interest, and for sure observa-
tions based on the ambient seismic noise will yield to significant in-
sights. It is nevertheless beyond the scope of the present paper to
expand on these very low frequency signals. Interested readers could
for example refer to Webb (1998) and Ardhuin et al. (2011) for further
details.

At higher frequencies that are more relevant to shallower structure
studies, another kind of seismic sources should be considered, which
corresponds to rivers. As anyone can easily experience, rivers generate
audible noise. What about seismic noise? Depending on river flow con-
figurations, sound and/or seismic waves may be generated by complex
river processes such as the transport of sediments, the turbulent flow of
water, the explosion of air bubbles, and the propagation of gravity
waves or breaking waves at the river surface (see sketch in Fig. 12(a)).
In recent years, numerous field and theoretical investigations have
been conducted to understand which fluvial processes are mainly

responsible for ground shaking,what are their specific seismic signature
and how can the seismic signal be used to characterize themechanics of
the source and potentially provide new insights into the physics of flu-
vial processes.

By instrumenting the main stream of a small basin in northwestern
Italy (theGallina valley), Govi et al. (1993) reported a direct relationship
between ground motion amplitude and water discharge. Later on,
Burtin et al. (2008) provided solid evidences that a significant part of
the seismic energy is attributed to bedload. By analyzing groundmotion
power at various places along the Trisuli River (Himalaya), they report-
ed a seasonal variation of seismic response for a given discharge, termed
hysteresis (see Fig. 12(b)). Clockwise hysteresis in ground motion
power has been widely observed along various rivers and at various
timescales (Hsu et al., 2011; Schmandt et al., 2013; Roth et al., 2014;
Diaz et al., 2014), while counter-clockwise hysteresis ismore exception-
al (Diaz et al., 2014). In all cases, hysteresis in groundmotion has always
been attributed to hysteresis in bedload transport (see Fig. 12c), and has
often been argued to result from the limited sediment supply character
of the investigated rivers (Nanson, 1974; Reid et al., 1985;Whiting et al.,
1999), even though other mechanisms could be at play (Roth et al.,
2014).

Together with the growing interest of geomorphologists to better
understand the physical processes that drive river erosion and thus
landscape evolution, the appealing capability of using seismology to ob-
serve and constrain the bedload physics is undoubtedly the central mo-
tivation at the origin of the growing field of fluvial seismology. While
bedload is generally the most efficient erosion mechanism (Whipple
et al., 2000), bedload mechanics is poorly known. No dedicated field-
measurement devices exist to monitor the key parameters used as in-
puts in physically-based bedload-erosion models (e.g., Sklar and
Dietrich, 2004). In addition, the use of conventional techniques to esti-
mate bedload sediment budgets (e.g., mainly sediment traps) remains
very limited. These devices provide measurements with limited

a)

b) c)

Fig. 12. (a) Cartoons showing (left) the deployment technique used to monitor rivers from seismic observations and (right) selected fluvial processes potentially generating ground
motion. (b) Schematics of the clockwise hysteresis commonly observed in the river-induced ground power as a function of flow depth. (c) Illustration of the relative contribution of
bedload-induced noise versus turbulent-flow-induced noise into the resulting hysteresis curve shown in (b). The theory proposed by Gimbert et al. (2014) allows extracting
turbulent-flow-induced noise from the total river-induced noise, so that reliable estimates on the bedload flux can be obtained (Tsai et al., 2012; Gimbert et al., 2014).
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6. Identifying new seismic sources in the cryosphere and in the
hydrosphere

6.1. Vibrations in the ice

With the advent of digital and portable instrumentation, analysis of
seismic sources in glacial ice has moved into the focus of environmental
seismology. Perhapsmost importantly, seismicmonitoring has revealed
that at least part of glacier and ice stream sliding occurs as sudden stick-
slip events, analogous to earthquake faulting (Allstadt and Malone;
Wiens et al., 2008). Whereas seismic source studies have dominated
the cryosphere component of environmental seismology, investigations
of seismic wave propagation from natural seismicity are playing an in-
creasing role, as well (Wittlinger and Farra, 2012; Harland et al.,
2013). A sketch of seismic sources in the ice is proposed in Fig. 11. Re-
cently, this has allowed us to estimate thicknesses of floating ice, such
as sea-ice (Marsan et al., 2012) and ice shelves (Zhan et al., 2014)
from ambient noise.

The magnitude range of seismic sources is testimony to the wide
spectrum of seismogenic processes in glaciers and ice sheets. Whereas
formation and extension of surface crevasses manifests itself as events
with negative magnitudes (Walter et al., 2009), iceberg detachment
can produce magnitude M5 “glacial earthquakes”, which can be detect-
ed at thousands of kilometer distances (Nettles and Ekström, 2010). Slip
events beneath Antarctic ice streams are even equivalent to M7 events,
however their source duration of about half an hour is responsible for
relatively low seismic amplitudes (Wiens et al., 2008). Many other
englacial source types of intermediate magnitudes exist, including
water resonances (West et al., 2010; Röösli et al., 2014a), stick-slip
tremor (MacAyeal et al., 2008; Winberry et al., 2013) and
hydrofracturing (Walter et al., 2010). However, their seismic signals
are often complex and embedded in strong background noise leaving
many questions about source processes unanswered.

The detachment of icebergs, so-called “calving” events, has received
particular scientific attention. Seismology offers newperspectives on re-
mote detection and monitoring of dynamic ice discharge to the ocean.
Such monitoring is desperately needed, as dynamic discharge remains
the largest uncertainty in predictive ice sheet modeling (Pfeffer et al.,
2008). Glacial earthquakes are typically generated when the largest ice-
bergs detach from a grounded terminus in Greenland or Antarctica and
subsequently capsize (Nettles and Ekström, 2010). Their long-period

seismic surface waves can be modeled with single forces, in contrast
to force couples describing tectonic earthquakes. A common explana-
tion for the single force mechanisms are contact points with the glacier
terminus or fjord bottom, across which the iceberg hinges as it capsizes
(Tsai et al., 2008). Recent evidence from laboratory experiments sug-
gests that in addition to contact forces, hydrodynamic pressure forces
are also involved in glacial earthquake generation. This point has to be
settled if source parameters of glacial earthquake are to be interpreted
in terms of iceberg volumes (Kaluzienski et al., 2014).

Monitoring of seismic emission from basal processes is an attractive
and cheap alternative to conventional glaciological techniques needed
to access the glacier bed. Much consideration has been given to daily
and subdaily slip events of Antarctica's Whillans Ice Stream. During
these tidally modulated sliding episodes the ice stream “leaps forward”
by tens of centimeters over a period of 10 to 30min (Bindschadler et al.,
2003). In some locations, this constitutes up to 90% of the entire ice
stream motion (Winberry et al., 2014). Besides these large scale events,
ice stream beds also host smaller stick-slip events. Here, the contribution
of individual events to ice stream flow is negligible (Anandakrishnan and
Bentley, 1993), however, large numbers of micro faulting dislocations
may combine to substantially influence basal motion. In fact, beneath
the Whillans Ice Stream, slip events across a single rupture plane super-
impose rapidly enough to produce gliding harmonic tremor (Winberry
et al., 2013).

Accumulating evidence indicates that seismogenic stick-slip motion
exists beneath glaciers and ice streams outside of Antarctica, as well
(Allstadt and Malone; Röösli et al., 2014b). It is left to be shown for
which types of glaciers stick-slip motion is characteristic and how
small scale and large scale ruptures interact. In any case, traditional slid-
ing theories, which describe basal motion as a combination of viscous
deformation and regelation processes (Paterson and Cuffey, 1994),
may have to be reconsidered if stick-slip mechanisms turn out to play
a substantial and widespread role in glacier motion. On the other
hand, seismogenic faulting at the base of glaciers and ice sheets offers
a unique natural laboratory to study earthquake nucleation. Compared
to earthquake fault zones, glacier beds can be more easily accessed.
Moreover, in comparison to the Earth's crust, glacier ice is highly homo-
geneous and thus gives rise to cleaner seismic signals. Glacier sliding
will therefore likely remain an active field of environmental seismology
for years to come, whose findingsmay profoundly impact both ice sheet
modeling and earthquake source physics.

Fig. 11. Sketch of different sources of seismic vibrations in the ice.
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generate LP seismic waves used in waveform modeling with the block model approximation, which may not be 
appropriate for two events with relatively small !tness (Events Laonong#1 and Namaxia in Table S1). In Taiwan, 
real-time moment tensor monitoring system (RMT, http://rmt.earth.sinica.edu.tw/) has been developed to pro-
vide information of earthquake source parameters in about two minutes a"er the occurrence of an earthquake, 
including the event origin time, hypocentral location, moment magnitude and focal mechanism21. In practical 
applications to landquakes, we can vastly expand the existing real-time broadband seismic networks in Taiwan to 
provide near-real-time landquake source mechanisms as part of routine operations. #is is an important feature 
for the purpose of alerting relevant entities to the occurrence, location and magnitude of a catastrophic landquake 
event. Ideally, once the real-time seismograms reach a number of seismic stations, our approach merely takes a 
few seconds on a desktop computer to perform the LP waveform modeling. #e total amount of computational 
time is proportional to the number of trial landquake sources, a scenario suitable for parallelization.

#e life span of a landquake dam depends on the stream hydrodynamics, geomorphologic factors, and the 
geometry and composition of the dam1. Previous works indicate that longer living dams have relatively high 
length-to-height ratio (ref. 22; L/H >  20). Here we propose a new parameter which is the ratio between the peak 
ground velocity (PGV) and the peak amplitude of D-phase (PAD) (Fig. 1e). #e PGV value, which may be associ-
ated with the greatest mass impact on the failure slope13,23, is estimated from the HF horizontal envelope function. 
#e PAD value can be related to the momentum release of dam formation. We can expect that a high PAD/PGV 
ratio (R-value) corresponds to a small L/H value. #us, incorporating R-value into the meteorological data14,24 
would therefore allow the early identi!cation of DFLE with higher failure potential. Indeed, the short-lived 
(~104 minutes) Shiaolin landquake dam can be quickly identi!ed by a relatively high R-value and a low L/H 
value, coinciding with the most intense and prolonged rainfall (Fig. 4). Our proposed approach to the combined 
analysis of LP and HF seismic signals is very e%ective for a rapid determination of the source dynamics and for 
identifying DFLEs (Fig. 1). It facilitates real-time landquake monitoring and downstream early warning systems, 
which provide important, useful and timely information for mitigating landquake and dam-breach hazards.

Methods
����Ǥ� Records used for nine landquake events in Taiwan were provided by the Broadband Array in Taiwan 
for Seismology (BATS, http://bats.earth.sinica.edu.tw/) data center. Broadband records from TA and UW seis-
mic networks (IRIS Data Management Center, http://dx.doi.org/doi:10.7914/SN/II) were used for the 2014 
Oso-steelhead landquake event occurred in Washington, USA. Seismic data processing involves deconvolving 
instrument responses, integrating from ground velocity to displacement, rotating the horizontal components to 
radial and transverse directions for each station, and an application of fourth-order minimum-phase Butterworth 
band-pass !lter with periods between 0.025 Hz and 0.05 Hz. Di%erent weightings are assigned in the inversion 
according to the quality (signal-to-noise ratio, SNR) of the !ltered waveforms.


������������������������ȋ
��ȌǤ� A more &exible approach to full-waveform inversion is developed in 
this study, which models the seismic source as a full moment tensor (MT) plus a single-force (SF). We follow the 
inversion algorithm of Kikuchi & Kanamori25, which decomposes the MT into !ve double couples (DCs) and an 
isotropic (ISO) source. #e full MT is then represented by a linear combination of six elementary moment ten-
sors. A SF consists of three orthogonal (north, east and vertical) forces. #us, the n-th component displacement 
!eld un at a position x from a point source at position ξ  can be expressed as

Figure 3. Regression scaling relations. Estimated mass (m) of sliding block versus (a) maximum force Fmax, 
and (b) magnitude of landquake event MLQ. #e black solid lines show regression lines and the two dashed lines 
indicate the range of two standard deviation. Symbols of di%erent gray levels indicated di%erent events listed 
in Extended Data Table 1. Gray solid line in (a) is the regression result of Ekström & Stark8. Five DFLEs are 
depicted in solid black symbols.
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Figure 7. Example showing the determinations of seismic parameters: signal duration SD, rise time TR and envelope area AE from the closest seismic record
of the Shiaolin landquake.

Here TR is the rise time and DR is the run-out distance. Fig. 7(b)
displays an example of determining these parameters from the clos-
est station SGSB for the Shiaolin landquake event. In general,
landquake events are categorized according to the type of mass
movement (e.g. fall, slide and flow). The front velocity of differ-
ent types varies wildly. In the case of rockfall, the materials move
rapidly and almost vertically. We expect a small TR and a high PI,
corresponding to a single-largest rock impact with a point-source
signature with a high fI value. In contrast, the front velocity of a
debris flow ranges from 6 to 10 m s–1 (Takahashi 2010), which is a
relative slow mass movement. For an avalanche-type event, the front
velocity has a broad range from 20 to 50 m s–1 (Kuo et al. 2011;
Tsou et al. 2011). Therefore, the behaviour of an avalanche event
exhibits a longer TR and a smaller PI than rockfall, and its seis-
mic signal is the superposition of multipoint sources with a lower
fI value, corresponding to individual blocks impacting and rolling
along a long run-out slope. However, the behaviour of landquakes
is also influenced by the other factors such as geometrical, mate-
rial and frictional properties and topography effects, leading to a
large variability in front velocities (Legros 2002; Sosio et al. 2008;
Favreau et al. 2010; Moretti et al. 2012).

We first establish a linear relationship between the envelope area
AE and collapse area AC. For regression analysis, each envelope
area AE is normalized by a value of A0, which is the envelope area
corresponding to event No. 11 with smallest collapse area. The
fitting of regression, as shown in Fig. 8(a), is good with a linear
correlation coefficient of 0.83. In order to evaluate the capability
of the BATS network in detecting landquakes, we also carry out
a distance dependency analysis by selecting the farthest seismic
stations at which the 12 landquakes are detected. The result in
Fig. 8(b) shows a clear trend with the detectable source-station
distance decreasing with the envelope area AE, or the total energy
release. Naturally, the limit of detection also depends on the SNR
ratio as well as the type of landquakes.

The duration of a landquake event may vary widely with the size,
shape and complexity of its source where some portions may have
already stopped while mass movement in other portions continues,
generating a long signal with gradually decreasing amplitude. Sig-
nal duration is thus comparable to the event duration (Norris 1994;
McSaveney 2002; Favreau et al. 2010; Hibert et al. 2011; Moretti
et al. 2012). In the Shiaolin landquake event (No. 5 in Table 2), our
estimations of the signal duration SD at the closest station and the
mean quasi-front velocity Vf are 97 s and 29.9 m s–1, respectively.
These values are comparable to the dynamic modelling of Kuo et al.
(2011), which concluded that the overall duration of the Shiaolin
landslide was about 110 s with the maximum speed reaching 40–
50 m s–1. Our results are consistent with the study of the Thurwieser
landslide, which has been recorded on video. Favreau et al. (2010)
showed similar values of the source duration (75–90 s), the run-out
distance (2900 m), the maximum front velocity (∼60 m s–1) and the
mean quasi-front velocity (∼35 m s–1). Fig. 9 shows the waveforms
and spectrograms of two events at the closest stations. The max-
imum normalized amplitudes are depicted in red while the black
regions indicate spectral amplitudes less than 0.5. Spectrogram of
the Shiaolin event (No. 5) shows a well-defined triangular shape
with a primary frequency range of 0.5–5 Hz. The highest spectral
amplitude occurs at ∼50 s with frequencies of 1–2 Hz, which may
correspond to the greatest block impacting the ground slope. This
is also similar to the Thurwieser landslide (Favreau et al. 2010),
even though the detailed behaviour of a landquake is influenced
by multiple factors involving geometrical and material properties
of the source area. The horizontal envelope function also exhibits
large amplitude with a relative long-period signal at a later time of
∼85 s. According to the dynamic modelling of Kuo et al. (2011),
this signal might be related to the mass sliding into the Chishan
River, blocking the river and creating a large lake. In Fig. 9(b) for
event No. 10, we can also observe the similar long-period signals at
∼128 s that may come from mass sliding into the Taimali River and
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經歷：國立臺灣大學 地質科學系暨研究所 博士後 2013/12至 2015/07 

四、專長  

1.土砂災害監測 2.河道地震學 3.震源物理 4.即時訊號處理  

五、論文與專利  

SCI期刊論文發表 15篇，其中包含 Nature Scientific Reports (IF: 5.578) 3篇。 

5年之內代表性著作(2013/01/01-2018/12/31, *通訊作者): 

Chao, W. A.*, L. Zhao, Y. M. Wu and S. J. Lee (2013) Imaging Source Slip Distribution by the 
Back-projection of P-wave Amplitudes from Strong-motion Records: A Case Study for the 2010 
Jiasian, Taiwan, Earthquake. Geophys. J. Int., 193, 1713-1725.  

Chen, C. H., W. A. Chao*, Y. M. Wu, L. Zhao, Y. G. Chen, W. Y. Ho, T. L. Lin, K. H. Kuo and R. M. 
Zhang (2013) A Seismological Study of Landquakes Using a Real-Time Broadband Seismic 
Network. Geophys. J. Int., 194, 885-898. 

Chao, W. A.*, Y. M. Wu, L. Zhao, V. C. Tsai and C. H. Chen (2015) Seismologically determined 
bedload flux during the typhoon season, Sci. Rep., 5, 8261; doi: 10.1038/srep08261. 

Chao, W. A.*, L. Zhao, S. C., Chen, Y. M. Wu, C. H. Chen and H. H. Huang (2016) 
Seismology-based early identification of dam-formation landquake events, Sci. Rep., 5, 19259; 
doi: 10.1038/srep19259. 

Chao, W. A.*, Y. M. Wu, L. Zhao, H. Chen, Y. G. Chen, J. M. Chang and C. M. Lin (2017) A first 
online real-time seismology-based landquake monitoring system, Sci. Rep. 7:43510; doi: 
10.1038/srep43510. 

六、獎項與重要國際表現 

名稱/年 

服務部門／系所 

職稱 

年 
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