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Key Points:

e Long running globally distributed
seismographic networks are
fundamental to understanding Earth's
interior structure and processes

e Networks have expanded beyond
initial mid-twentieth century design
which were focused on recording
signals from earthquakes and
explosions

e Global seismic data combined
with data from nearby geophysical
instrumentation continue to facilitate
new discoveries in Earth science
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Abstract Global seismographic networks (GSNs) emerged during the late nineteenth and early twentieth
centuries, facilitated by seminal international developments in theory, technology, instrumentation, and data
exchange. The mid- to late-twentieth century saw the creation of the World-Wide Standardized Seismographic
Network (1961) and International Deployment of Accelerometers (1976), which advanced global geographic
coverage as seismometer bandwidth increased greatly allowing for the recording of the Earth's principal seismic
spectrum. The modern era of global observations and rapid data access began during the 1980s, and notably
included the inception of the GEOSCOPE initiative (1982) and GSN (1988). Through continual improvements,
GEOSCOPE and the GSN have realized near-real time recording of ground motion with state-of-art data
quality, dynamic range, and timing precision to encompass 180 seismic stations, many in very remote locations.
Data from GSNss are increasingly integrated with other geophysical data (e.g., space geodesy, infrasound

and Interferometric Synthetic Aperture Radar). Globally distributed seismic data are critical to resolving

crust, mantle, and core structure; illuminating features of the plate tectonic and mantle convection system;
rapid characterization of earthquakes; identification of potential tsunamis; global nuclear test verification;

and provide sensitive proxies for environmental changes. As the global geosciences community continues

to advance our understanding of Earth structure and processes controlling elastic wave propagation, GSN
infrastructure offers a springboard to realize increasingly multi-instrument geophysical observatories. Here,

we review the historical, scientific, and monitoring heritage of GSNs, summarize key discoveries, and discuss
future associated opportunities for Earth Science.

Plain Language Summary Global seismographic networks (GSNs) record information-rich ground
motion signals that allow scientists and nations to identify and quantify global earthquakes and other seismic
sources, and to rapidly assess their significance and impacts on society. In addition to providing a global
standard for the monitoring and assessment of such events, these networks provide unique high-quality data
that are fundamental to revealing Earth's structure and dynamic behavior. Scientific applications of GSNs,
supplemented by regional data, include imaging the deep interior of the Earth and its plate tectonic system,
modeling the structure and dynamics of the inner core, imaging and understanding the rupture of earthquake
faults, detecting, discriminating, and characterizing nuclear and other explosions, and improving our general
understanding of Earth's ubiquitous seismic wavefield and the unique information that it conveys from the deep
interior to the surface and atmosphere of the planet. Leveraging the extensive and hardened infrastructure at
these global observatories facilitates the recording of other signals of geophysical interest, such as the magnetic
field, low frequency sound waves, and meteorological observations. We review the heritage of GSNs, including
their history and resulting scientific achievements, and summarize future opportunities for these networks to
contribute further to improved advancements in Earth science.
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1. Introduction

Global seismographic networks (GSNs) have a centennial-scale history of acquiring ground motion data to moni-
tor and study seismic sources, including earthquakes and nuclear tests, and to utilize seismic waves to image
Earth's internal structure. In addition, the extensive global coverage of these networks, while being supplemented
by regional networks, increasingly allows them to serve as multi-use platforms for a large number of geophysical
applications spanning the solid Earth, oceans, cryosphere, and atmosphere.

During the last four decades, technological advances (e.g., sensor design, low-noise and low-power electron-
ics, and the modern Internet) have fundamentally changed the methods by and scale at which seismic data are
acquired and distributed. Early global networks relied on analog instruments that were capable of recording
ground motions across relatively narrow frequency bands, often on photographic paper. GSNs today deliver
highly calibrated digital recordings of ground motion in the frequency range of approximately 50 Hz to periods
of a day in near-real time with global data curation and internet access (Steim, 2015). The transmission of seis-
mic data in near-real time has become critical for the rapid characterization of global earthquakes (e.g., Yeck
et al., 2020) and tsunami warnings (e.g., Kanamori & Rivera, 2008). Broadband seismic data have also led to
fundamental advances in understanding fault rupture processes (e.g., Hayes et al., 2018; Nettles et al., 2011) and
to the imaging of Earth's interior at increasingly improved resolution. This progress reflects the rich variety of
information encoded in global elastic waves, which range from higher frequency (~0.5 to 10 s) body waves (e.g.,
Kennett et al., 1995) to long-period surface waves, and very long-period normal mode oscillations at frequencies
below 10 mHz (e.g., Deuss et al., 2013).

GSNss are also critical to global nuclear monitoring and discrimination, which provided major additional motiva-
tion for their creation. Multi-decadal continuity of global seismic observations has additionally revealed temporal
evolution of climate signals such as glacial earthquakes (Ekstrom, Nettles, & Tsai, 2006), storm activity (Aster
et al., 2010), and ocean temperature (Wu et al., 2020). Although the seminal focus for creating GSNs was to
provide the highest quality of seismic data possible (Lay et al., 2002), many stations have evolved to record
additional types of data as well that include infrasound, magnetic field, and meteorological data (pressure and
temperature).

Late twentieth century design goals of most currently operating GSNs have now been met (Butler et al., 2004),
and most operational efforts now focus on improving the performance of established stations and maintaining
overall network robustness and data quality (Leith, 2008). However, as we describe here, the continual improve-
ment of seismic data quality often involves making non-seismic measurements to assess increasingly subtle influ-
ences while furthering interdisciplinary Earth system science, and opportunities continue to exist for integrating
additional types of geophysical instrumentation into these networks.

This paper reviews the instrumentation, scientific accomplishments, and mission-driven operations of digital
GSNs. We do not focus on one particular network as these data are widely exchanged and integrated, both with
each other and with many thousands of other temporarily collected and long-term seismic data sets, and the
details of various networks are documented elsewhere (B. A. Romanowicz et al., 1984; Butler et al., 2004; D.
Anderson et al., 2015; Engdahl et al., 1982; Hanka & Kind, 1994; Lay et al., 2002; Park et al., 2005; Peterson
& Hutt, 2014; Suarez et al., 2008; Roult et al., 2010). We focus on reviewing the historical context and develop-
ment of these networks as well as some of the historic scientific discoveries that they have enabled, particularly
since the advent of the digital era. Finally, we discuss their continuing roles in catalyzing future interdisciplinary
opportunities.

2. A Brief History of Modern Global Seismographic Networks

Following the late nineteenth century discovery that seismic waves generated by earthquakes traversing the deep
Earth could be globally detected (Dewey & Byerly, 1969; Von Rebeur-Paschwitz, 1889), interest expanded in
establishing an international community of seismologists and seismic stations. Pioneering efforts to establish a
global network can be traced back to the Milne network, which was deployed from the late 1890s to the early
1900s and grew to approximately 30 identically engineered seismographs that were mostly sited near coastal
cities and at mid-latitudes (Milne, 1900). Predominantly using surface wave observations (often the highest
amplitude signals in earthquake seismograms) recorded by this network, Milne produced one of the first (for the
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year 1899) global catalogs of seismicity. During this time, the international Jesuit network of seismometers also
began operating. This network was predominantly located in the Americas and Britain and was composed of a
heterogeneous mixture of seismic instrumentation (Udias & Stauder, 1996). These earliest global networks were
critical for establishing a basic understanding of seismic wave propagation and for revealing the one-dimensional
(1D) large-scale structure of the Earth, including the definitive discovery of the core (Oldham, 1906), its liquid
outer core in 1914 by B. Gutenberg (Knopoff, 1999), indications of a solid inner core in 1936 by I. Lehmann
(Brush, 1980), and the compilation and analysis of increasingly detailed global seismogram and seismic phase
travel time observations (e.g., Jeffreys, 1931b).

During the 1950s the political leadership of the United Kingdom (UK), the United States of America (USA),
and the Union of the Soviet Social Republics (USSR) desired to negotiating a Comprehensive Test Ban Treaty
(CTBT), intended to impede the development of new nuclear weapons by countries that already possessed
nuclear capabilities. Progress slowed because it was not clear that nuclear test explosions conducted underground
could be characterized well enough to permit verification of compliance. In 1959 U.S. seismologist Carl Romney,
who was involved in the trilateral CTBT negotiations, stated in congressional testimony that on the basis of
what was then demonstrably known about explosion monitoring using seismological methods “the number of
earthquakes indistinguishable from 5 kt explosions would probably be 700 to 3,000 per year, of which 100 to
500 would be in the USSR and China” (Richards & Zavales, 1996). Such testimony turned out in retrospect to be
inaccurate in its assessment of realizable seismic monitoring capabilities. As became apparent even by the early
1970s, the number of earthquakes indistinguishable from 5 kt explosions in the USSR and China were very few
in number (in fact, nearly zero per year rather than “100 to 500”). Romney's testimony was based upon cautious
estimates that drew upon answers to multiple fundamental technical questions, including:

1. How many earthquakes occur each year, and where, at different magnitude levels?

2. What would be the magnitude levels down to which a hypothesized global network of seismic stations could
achieve reliable detection and identification?

3. What was the relationship between the yield of an underground nuclear explosion, and its seismic magnitude?

In each of these areas, the congressional testimony offered in 1959 was based upon understanding and numerical
estimates that were quite different from what was discovered and accepted in later years.

Seismology was a small-scale science in the 1950s. President Eisenhower's Science Advisor James Killian devel-
oped a Panel on Seismic Improvement, chaired by Lloyd Berkner, that made detailed recommendations including
that 100-200 of the existing stations in the world be equipped with modern instruments as soon as possible.
Annual budgets of about $18 million were outlined for such improvements. Since seismology in the United
States prior to 1960 had received national support at the level of only about $0.7 million annually, and since
funding at the level recommended by the Berkner Panel was actually appropriated and spent, this surge in veri-
fication research had an enormous impact on seismology by funding the conception and rapid deployment of
the Word-Wide Standardized Seismograph Network (WWSSN). As described below, monitoring capability has
steadily improved in the more than 60 years since the WWSSN was proposed, and underwent a major evolution
when it became possible to utilize the capabilities of regional seismic monitoring rather than relying solely on
teleseismic methods.

Deployment of the WWSSN in the early 1960s (Figure 1) substantially improved global seismic station coverage
and enhanced monitoring capabilities for both nuclear explosions and earthquakes (Oliver & Murphy, 1971;
Peterson & Hutt, 2014). The WWSSN incorporated uniform sensors and recording systems. Each station hosted
three short-period seismometers and three long-period seismometers along with a galvanometer system to record
seismograms on photosensitive paper. The exceptional improvements in seismic observations enabled by the
WWSSN are worth noting. For example, in the late 1970s, Keiiti Aki (Aki & Richards, 1980, p. 563), wrote the
WWSSN “is by far the finest general-purpose global system of seismograph stations ever operated ... The easy
availability of well-calibrated seismograms on a global scale ... is making seismology truly a global science.”
He further pointed out that the WWSSN enabled a wave-theoretical approach to the study of ground motions,
involving waveform and spectral analysis, as opposed to the more primitive ray-theoretical approach in which
only seismic phase arrival times and amplitudes were used. These successes with WWSSN data were a prime
rationale for further progress in the quality of seismic data acquisition and methods for distribution and analysis.
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Figure 1. World-Wide Standardized Seismographic Network in July 1978. Reproduced from Peterson and Hutt (2014), public domain.

By the 1960s it was realized that hand-digitized records could provide improvements in what information could
be recovered from analog systems (Steim, 2015). This idea was taken one step further at Caltech by directly
digitizing the output of a seismometer locally (Miller, 1963). With digital advances along with a number of other
improvements (National Research Council, 1977), the WWSSN evolved during the 1970s into the Global Digi-
tal Seismograph Network (GDSN; Figure 2; Engdahl et al., 1982). The GDSN included the Seismic Research
Observatory and the Abbreviated Seismic Research Observatory systems that facilitated observations of seismic
signals (e.g., as generated from great earthquakes) in excess of 300 s period (Woodward & Masters, 1989).
This network was further augmented by the Global Telemetered Seismograph Network, which supplemented the
above networks for research and monitoring (Survey et al., 1982), especially in the southern hemisphere.

Although the GDSN produced data that was used for both estimating source parameters (Dziewonski et al., 1981)
and deriving reference seismic velocity models for the Earth (Dziewonski & Anderson, 1981), a limitation of the
network was that it was often unable to resolve very long period (>60 s) ground motions (Engdahl et al., 1982). In
the 1970s global ground motion observations were extended to substantially longer periods than what the GDSN
was capable of recording through the start of the International Deployment of Accelerometers (IDAs) network
(Agnew et al., 1976, 1986). However, gravimeters record only the vertical component of ground motion. The
GEOSCOPE initiative to install high dynamic-range, 3-component, broadband seismometers across the world
helped to demonstrate some of the possible directions that could be utilized to improve long-period seismology
(B. A. Romanowicz et al., 1984). This development in part provided momentum for current, modern digital
broadband 3-component global networks (Roult et al., 2010). However, it was the culmination of electronics and
communications advances in the late 1980s that enabled digital, low-noise records of ground motion from around
the globe to be acquired in near-real time.

RINGLER ET AL.

4 of 98

U901 SUOWILLIOD BANIERID 3 |qedljdde au) Aq peuBA0b e SO YO ‘88N JO'S3INI 10} Aiq )T BUIIUO AB]IM UO (SUOTIPUGCO-PUB-SWLBILI0Y' A3 |IM ARGl [BU1[UO//Sd1Y) SUOIIPUOD PUE SWiB 1 3U) 885 *[2202/0T/TZ] Uo Akeiqiauliuo A81iM ‘.1 AQ 6v2000D8T202/620T OT/10p/woo A AReqput uo'sandnBe/:sdny woay papeojumod ‘€ ‘220z ‘80Z6vv6T



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Reviews of Geophysics 10.1029/2021RG000749

GDSN 1990

~ GDH

SQP+ "

'ZOBO BDF | ¥
\ ~ SLR

Figure 2. The Global Digital Seismograph Network (GDSN) as operating in 1990. This network included the Digital
World-Wide Standardized Seismograph Network (network code DW), the Modified High Gain Long Period Network
(network code AS), and the Seismic Research Observatory Network (network code SR).

2.1. The Development of Low-Frequency and Broadband Global Sensor Networks

Beginning in the early 1960s, the WWSSN provided unprecedented global coverage and high-quality short-period
data suitable for nuclear explosion monitoring and for locating and characterizing earthquakes. However, instru-
ment noise increased substantially below 0.05 Hz for the Sprengnether Press-Ewing sensor-galvanometer system
that was employed in this network (Peterson & Hutt, 2014). Consequently, only very large or deep earthquakes
produced strong enough long-period surface waves and free oscillations of the Earth (called “normal modes”) to
be recorded at a good signal-to-noise ratio (SNR) with these instruments. The theory underpinning normal mode
seismology was becoming well developed at this time (e.g., Dahlen, 1968) and it was recognized that normal
mode records could be used to infer both deep Earth structure as well as source parameters of large earthquakes
(Gilbert, 1971). Interest in consistently recording >100 s period normal modes following large earthquakes led
to the development of the IDA network (Agnew et al., 1976). This pioneering network of 24 LaCoste and Romb-
erg gravimeters (Figure 3) provided the first high-quality global recordings of very long period seismic signals
(Buland et al., 1979; LaCoste, 1983).

However, the IDA network of gravimeters was unable to sample the horizontal wavefield and had relatively
limited dynamic range that caused distortion of the ground motion records when large amplitude surface waves
were present. While instrumental dynamic range was improved in the GDSN (Figure 2), long-period observations
of ground motion were becoming obscured by noise introduced by local pressure and temperature variations. To
improve upon the shortcomings of these networks the French GEOSCOPE program was initiated to deploy a
global network of 3-component Streckeisen STS-1 seismometers (B. A. Romanowicz et al., 1984). The Streckeisen
STS-1 seismometer (Figure 4) was initially designed with a flat velocity response to 20 s and made use of a novel
leaf-spring design and feedback system (Wielandt & Streckeisen, 1982). In 1984, a new low-noise operational
amplifier was developed that enabled the lower corner frequency of the instrument response to be electronically
extended to 360 s (Wielandt & Steim, 1986). By utilizing advances in force feedback electronics, first applied to
a seismometer in 1972 by Axel Plesinger (Kolat, 2020), this very broadband (VBB) version of the Streckeisen
STS-1 was able to record a much larger portion of the seismic spectrum than any prior seismographic system.

The GEOSCOPE network reached about 20 stations at the end of the 1980s (Figure 5) and evolved with techno-
logical improvements moving to stations with additional environmental recordings such as pressure (Montagner
et al., 1998) that became progressively available (Roult et al., 2010). By January 2021, the network had expanded
to 33 stations, most of which were operating Streckeisen STS-1 seismometers. Secondary broadband and/or
strong motion sensors, together with environmental sensors, have been added to most of the GEOSCOPE stations.
At the beginning of operation of the GEOSCOPE network, the full output of the STS-1 VBB could not be used, as
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Figure 3. International Deployment of Accelerometers (IDAs) network of LaCoste and Romberg gravimeters (network code
ID) in 1990.

current recording systems were unable to digitize the entire seismic signal. Storage capacity was also an issue and
two separate recordings were used for continuous long period signals (sampled at 0.1 Hz) and for time windows
following large earthquakes (sampled at 5 Hz). These limitations motivated the development of a true 24-bit digi-
tizer combined with adequate storage, to record the entire dynamic range of these new sensors. These advances
would provide a path for seismologists to utilize a single data stream to record most of the seismic wavefield
of interest from frequencies as high as 5 Hz down to about once per day, for example, Earth tides (Figure 6).
Between these two extremes it also becomes possible to record normal modes (100-3,000 s period, orange) which
entail the excitation of the entire Earth after large earthquakes. Similar, but constantly excited Earth hum, by way
of ocean processes, can be observed in the 50-300 s band (green) and is the excitation of seismic energy through
atmospheric processes. Primary oceanic microseisms (6-25 s, pink), secondary oceanic microseisms (3—12.5 s
period, brown), and earthquakes at various distances (gray) are also shown.

2.2. The Global Seismographic Network

The early success of GEOSCOPE highlighted the limitations of the concur-
rently operating global networks in the early 1980s. The 150 station GSN
network was proposed with near-real time telemetry in the 1984 Incorpo-
rated Research Institutions for Seismology (IRIS) “Rainbow” proposal
(RIS, 1984; Smith, 1986). The proposal articulated a community facility,
an instrument pool to allow scientists access to portable instruments (Aster
et al., 2005), a data center and system for archiving and distributing seis-
mic data, and plans for the GSN. Although specific GSN instrumentation
had not been decided on at the time, a proof-of-concept station with a 24-bit
digitizer and VBB Streckeisen STS-1 installed at the Harvard University,
was showing great promise in being able to provide very wide band seismic
data. Around this same time the ability to send data over the internet using
the “Dial-A-broadband-Seismogram” approach was also being developed to
transmit near real-time data (Steim, 1987). This prototype station ultimately
became the design inspiration for the GSN with the prototype 24-bit digi-
tizer evolving into the Quanterra Q680. The Q680 employed a compression

Figure 4. Vertical component Streckeisen STS-1 seismometer inside an algorithm, which utilized taking the differences between consecutive discrete

evacuated bell jar. The sensor is shielded from magnetic field changes using
a ferromagnetic cover made out of y-metal. Figure modified from Streckeisen
GmbH: https://streckeisen.swiss/assets/downloads/sts-1_brochure.pdf.

samples, now known as STEIM-1 compression (Ahern et al., 2012). This
reduced the throughput of telemetered seismic data, as well as its subsequent
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Figure 5. GEOSCOPE network (network code G) in 1990 and 2020.

archival, and allowed IRIS to substantially modify a plan of uniform satellite telemetry by widely realizing GSN
data communications over the early Internet. Largely using the existing station locations from the IDA and GDSN
networks, GSN stations began being deployed in the late 1980s (Peterson & Hutt, 1989), with many becoming
operational by the mid-1990s with the large-scale footprint of the network approaching that of 2021 (Figure 7).

The modular design of the GSN often allows for easy incorporation of new technologies as they become available
(Figure 8). For example, when the 26-bit Quanterra Q330HR digitizer was introduced, it was possible to upgrade
the network and take advantage of the increased dynamic range of the new recording system without disturb-
ing the seismometer and other systems. By the mid-2000s, GSN stations began incorporating additional instru-
mentation including a secondary broadband seismometer, a strong-motion accelerometer (Figures 6 and 8), and
environmental sensors (Figure 8). The secondary broadband sensors have many applications including providing
lower-noise high-frequency (>20 Hz) data, which is used by the CTBTO (Bell, 2018), enabling quality control
of the station by comparing seismograms with the primary sensor (Ringler, Hagerty, et al., 2015), and provid-
ing a redundant recording in the event of primary sensor failure. As will be discussed in detail in Section 10,
simultaneous recordings of local environmental conditions such as pressure and magnetic field variations can

RINGLER ET AL.

7 of 98

95U9D17 SLOLUWOD) A1) 3|aedl|dde ay) A peusenob afe sajoiLe VO 9sn Jo Sa|ni 10} Aleld1 8UIUO AB]IM UO (SUONIPLOD-PUe-SLUBIL0D A8 |Im AeIq Ul |UO//:SANY) SUOIIPUOD pue SWiB | aU1 88S *[z20z/0T/Tz] Uo ARigiaulluo Aeim ‘591 Aq 67200098TZ02/620T 0T/10p/w0d Ao Azelq 1 jpuljuosgndnBe//sdny wouy pspeojumoq ‘€ ‘ZZ0Z ‘8026v6T



Y d |
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Reviews of Geophysics 10.1029/2021RGO00749

Amplitude 1-Octave Bands (dB rel. 1 (m/s?)?)

Figure 6. Fundamen

50

-50

—100

—150

—200 1

EpiSensor —— M6.5at100km 00 Normal Modes
[ STS-1 = M7 at 100 km [ Earth Hum
—250 1 —— NLNM/NHNM M7 at 3000 km Primary Microseisms
~——— MIL.5 at 10 km M8 at 3000 km | Secondary Microseism
== M3.5 at 10 km [ Earth Tides —— MG6.3 North Korea Test 2017 366 km
10~ 10 102 10! 10° 10!

Frequency (Hz)

tals of Earth's seismic acceleration power spectral density and corresponding broadband instrumentation dynamic ranges. The effective dynamic

range of the very broadband (VBB) Streckeisen STS-1 seismometer (Ringler & Hutt, 2010) is shown in purple. The effective dynamic range of the Kinemetrics
Episensor strong motion accelerometer (Ringler, Evans, & Hutt, 2015) is shown in gray. The Peterson (1993) New Low- and High-Noise Models (NLNM/NHNM),
based on global broadband seismic background observations, are shown in black. We have also included the secondary oceanic microseism region (brown), the primary
oceanic microseism region (pink), the Earth hum band (green), the normal mode band (orange), and the Earth tide region (blue). Fourier amplitude spectra produced
from teleseismic earthquakes observed at a range of ~3,000 km are shown in light gray, from the near-field (~10 km) earthquakes are shown in gray, and from

intermediate distance

(~100 km) earthquakes are shown in dark gray (Clinton & Heaton, 2002). Finally, the event Fourier amplitude spectrum from GSN station MDJ

(Mudanjiang, Heilongjiang Province, China), located 366 km from the 2017 North Korea M, 6.3 underground nuclear explosion, is shown in green.

be used to both reduce unwanted signals recorded on seismic instruments (e.g., Beauduin et al., 1996; Ringler
et al., 2020) and to provide information about the elastic properties of the material in which the seismometer is
emplaced (Tanimoto & Wang, 2020). The most recent equipment update to the GSN has been the incorporation of
Streckeisen STS-6 and Nanometrics T-360 seismometers (Figure 7). These sensors have noise performance simi-
lar to a Streckeisen STS-1 but can be installed in both boreholes and (shallower) postholes. Borehole and posthole
seismometer installation reduces both high-frequency and long-period seismic noise compared to surface vaults
(Hutt et al., 2017; Ringler et al., 2019; Withers et al., 1996; Young et al., 1996) and mitigates sensor susceptibil-
ity to pressure (Alejandro et al., 2020; Sorrells, 1971) and ambient temperature (Doody et al., 2017) variations.
While network operators attempt to mitigate noise by various installation methods and shielding, many stations
are located in remote regions where facilities and access to infrastructure are limited (Figure 9).
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A Trillium 360 Other STS-6 A STS-1 A KS-54000

Figure 7. (a) The Global Seismographic Network as of 2021 with stations colored by primary (location code 00) sensor
type. The network includes the Incorporated Institutions for Seismology (IRIS)/International Deployment of Accelerometers
(network code II), the IRIS/USGS network (network code IU), the USGS Caribbean network (network code CU), and the
New China Digital Seismograph Network (network code IC). (b) Nanometrics T-360 GSN sensor (red); (c) Nanometrics
T-120 borehole sensor (purple); (d) Streckeisen STS-6 sensor (orange); (e) Streckeisen STS-1 sensor (blue); and (f) GeoTech
KS-54000 sensor (green). These instruments range from a height of approximately 16 cm (e) to 2 m (f) and are not shown to
scale. Figure modified from Ringler, Anthony, Davis, et al. (2022).

2.3. Additional Very Broadband Seismographic Network Programs

Although much of our discussion focuses on the evolution of GSNs with a view towards the seminal GEOSCOPE
and the GSN, additional notable initiatives contributing to global coverage using broadband instrumentation and
data exchange between various networks are now ubiquitous. These additional important contributing networks
include the German GEOFON broadband network created in the 1990s with the goal to provide multi-use data and
supplementing global coverage (Hanka & Kind, 1994; Hanka & Saul, 2008). Other long standing efforts include
the NARS network (https://seismologie.sites.uu.nl/research-projects/nars/), a mobile seismographic network
operated by Utrecht University, which has been operational since 1983 (Nolet & Vlaar, 1981). While instruments
and deployments in the NARS network have varied through time, Streckeisen STS-2 instruments were installed
as part of deployments in Baja California, Spain and Botswana. While not global in scale, the MedNet network
operates approximately 36 VBB stations around the Mediterranean region utilizing Streckeisen STS-1 seismom-
eters (Boschi et al., 1991; Mazza et al., 2008). Continental-scale efforts have also taken place, notably the efforts
of AfricaArray (https://africaarray.net/), which now runs 30 broadband stations in 14 countries (Dirks, 2006;
Nyblade et al., 2008). More recently, central Europe has been covered in seismic instrumentation during the
AlpArray (http://www.alparray.ethz.ch/) project, with the majority (>70%) of the 628 stations that were deployed
during the 2 years having corner periods at 120 s or beyond (Hetényi et al., 2018). A full description of the
increasingly large number of local- to continental-scale networks and stations that are routinely accessed through
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Components of the Global Seismographic Network (GSN) System
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Figure 8. Current instrumentation used in the global seismographic network (GSN). The instruments in the top left are the primary sensors, while secondary

sensors are shown at bottom left. In addition, all GSN stations are equipped with a strong motion accelerometer that will remain on-scale in the event of local seismic
accelerations larger than ~0.05 g (Figure 6). All of these units are recorded on Quanterra Q330HR digitizers as shown in the middle. Many stations also have additional
sensors to monitor environmental conditions as shown in the top right. Figure from Kent Anderson and Katrin Hafner; IRIS Consortium.

federated data centers and contribute to global seismic coverage and science goes beyond the scope of this work,
but global seismological studies indeed utilize large amounts of openly available data acquired by both permanent
and temporary broadband networks (e.g., Aster et al., 2005). In fact, international data as well as GSN data are
some of the most highly requested data from the IRIS Data Management System (DMS) as shown in Figure 10.

2.4. International Community Structures

The International Federation of Digital Seismograph Networks (FDSNs; http://www.fdsn.org/) has played
an essential role in organizing both regional and global networks and stations to advance global seismology
(Figure 11), including establishing data standards, coordinating international documentation and assignment
of network names, and facilitating the free and open exchange of seismic data (Suarez et al., 2008). Part of
the success of the FDSN has arisen from its dedicated community leadership, its structure of voluntary and
free membership, and the sustained participation of founding organizations that include the GSN, GEOSCOPE,
GEOFON, and the Pacific-21.

Another contribution of the FDSN has been the adoption of the Standard for the Exchange of Earthquake Data
(SEED) format (Ahern et al., 2012). The adoption of a universal format across all contributing networks has
greatly improved international capabilities and allows for uniform processing and streamlined methods that avoid
the need to convert to various other formats. Despite the proposal of several other data formats (e.g., Krischer
et al., 2016), the SEED format has remained the standard for data archival since its inception in the 1980s. The
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Figure 9. (a) The vault of global seismographic network (GSN) station HOPE (Hope Point, South Georgia Island). (b) The
inside of the HOPE vault from panel (a). (c) The vault and solar panels for GSN station KBL (Kabul, Afghanistan). (d) The
inside of the vault at GSN station CASY (Casey, Antarctica). (¢) The underground vault and nearby weather station at GSN
station TRIS (Tristan da Cunha). (f) Kent Anderson installing a Guralp CMG-3TB at GSN station QSPA (Quiet Zone South
Pole Remote Earth Science Observatory). Panels (a and b) of this figure are courtesy of Robert Mellors IDA all other parts
are public domain.

FDSN recently provided guidance via a working group for an ongoing update of the SEED format as well as a
new scheme, called StationXML (https://www.fdsn.org/xml/station/), that will eventually expand and replace the
metadata content of the longstanding SEED format.

Along with making data accessible and free to different scientific organizations, the FDSN has also provided stand-
ards for instrumentation (B. A. Romanowicz & Dziewonski, 1987; Suarez et al., 2008) as well as documentation
of stations through the FDSN Station Book. This success has continued with the recent adaptation of FDSN web
services for international data query and acquisition. By introducing standard protocols, international users can
acquire globally distributed data and other data and metadata from 19 federated international data centers (e.g.,
Van Fossen et al., 2015). Along with the IRIS DMS, a few of the other federated data centers are Istituto Nazion-
ale di Geofisica e Vulcanologia INGV), Institut de Physique du Globe de Paris (IPGP), Eidgenossische Technis-
che Hochschule (ETH), and Geological hazard information for New Zealand (GeoNet). Access to seismic data
from Japanese stations is handled by the National Research Institute for Earth Science and Disaster Resilience
(NIED) DMC, while Observatories and Research Facilities for European Seismology ORFEUS and the Euro-
pean Integrated Data Archive provide access to data and archived data, respectively, from seismic stations across
Europe. These institutions nowadays develop the standards for data access and distribution jointly with the GSN.
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Figure 10. Shipments of data as compared to total holdings at the Incorporated Research Institutions for Seismology (IRIS)
Data Management System (DMS) for 2018. (a) Turnover percentage by different data types, which data are shipped relative to
total data holdings. Larger circles denote a higher percentage of requested data. (b) Total shipped data by data type. (c) Total
data holdings at the DMS. This figure was adapted from Ringler et al. (2020).

2.5. Quality Control

Supporting high-quality seismic stations in remote locations requires involved operational and logistical schedul-
ing. Budgetary constraints also require prioritizing which stations get serviced at what time. This makes remote
quality control attractive to identify and troubleshoot problematic stations that require on-site maintenance.
Because many stations have a long history, it can also be difficult to identify subtle issues that appear over time.
This has motivated network operators to continuously refine their quality control methods as science motivates
ever-increasing demands on the data.

The most basic form of quality control is identifying stations that are not providing data. Although data availabil-
ity of the GSN has consistently improved over the years (Figure 12), data completeness at some locations remains
relatively low compared to many short-term deployments. For example, the EarthScope USArray Transportable
Array (TA) of broadband seismic stations in the United States and Canada realized greater than 98% availability
(Busby et al., 2018). Attaining similar data return rates from all stations, for example, within GEOSCOPE and
the GSN, is hindered by the extreme remoteness and multinational locations of many of stations, which limit the
ability to rapidly perform maintenance and repairs.

Timing quality and background noise levels at a station provide two fundamental metrics for data quality. Most
modern data loggers are capable of providing timing quality information that is packaged and archived with the
data (Ringler, Anthony, Wilson, et al., 2021). This makes it possible to identify stations, retrospectively and
in near real time, where the timing is untrustworthy and researchers can exclude these time periods from their
analyses. While the magnitude of timing errors during these periods may not be known, it can often be deduced
by using observations from co-located stations with independent timing systems (Ringler, Anthony, Wilson,
et al., 2021) or from travel time changes associated with repeating events (Y. Yang & Song, 2020, 2021).
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Figure 11. The Federation of Digital Seismograph Networks (FDSN) stations as of 2020. Contributions from global networks are shown in red and other regional
networks are shown in yellow. From B. A. Romanowicz (2021).

Station noise levels ultimately determine the fidelity a signal of interest can be recorded at. A systematic investi-
gation of noise levels was performed on seismic records from 1995 across GEOSCOPE (Stutzmann et al., 2000).
Although many GSN stations, such as ones located on islands, have relatively high noise levels, some GSN
stations consistently record some of the lowest noise levels in the world in different period bands. For example,
stations like BFO (Black Forest Observatory, Schiltach, Germany) and ANMO (Albuquerque, New Mexico)
provide some of the lowest noise data at periods greater than 10 s (e.g., Forbriger et al., 2021; Ringler et al., 2019).
Similarly, QSPA (South Pole, Antarctica) has observed the quietest noise levels in the world at short-periods
(<1 s, Anthony et al., 2021).

Berger et al. (2004) showed that the lower bound of GSN noise levels has systematically improved at peri-
ods greater than 10 s for the vertical components compared to levels attained in 1993 (Figure 13). Although
station noise level improvements would be expected with improved instrumentation, the detailed characterization
of noise level improvements could be dependent on the processing methods used (Anthony, Ringler, Wilson,
Bahavar, & Koper, 2020). With the planned wide-scale deployment of Streckeisen STS-6 seismometers in deep
boreholes, updating global seismic noise models will be an important future task as these provide fundamental
quantitative benchmarks for station quality.

Timing quality and noise levels give basic information about the quality of data coming from a station, but only
provide a preliminary assessment, and some modes of instrument failure or degradation will still pass these
metrics. For example, Ekstrom, Dalton, and Nettles (2006) identified progressive changes in the long-period
gain of several stations operating Streckeisen STS-1 seismometers by comparing synthetic and recorded earth-
quake seismograms (Figures 14a and 14b). This was surprising because it had been previously argued that the
Streckeisen STS-1 seismometer only needed to be calibrated at the time of manufacturing as the electronic feed-
back system should be stable (Wielandt & Streckeisen, 1982).

Identifying and addressing such response changes requires more refined quality control methods than simple
noise and timing quality checks. Around the same time Ekstrom, Dalton, and Nettles (2006) identified gain
changes, Davis et al. (2005) examined GSN network calibration using the 20.5 min-period “breathing” mode, S,
which has a nearly uniform global amplitude, following the M, 9.1-9.3 Sumatra-Andaman earthquake. Although
several stations were identified as likely having calibration problems, Geotech KS-54000 responses were reported
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Figure 12. Data availability of the global seismographic network (GSN) from 2003 to 2018 for the primary broadband sensor (gray) and the all broadband sensors
(blue). Figure produced by Katrin Hafner; IRIS Consortium.

as being stable over time and stations identified as problematic were isolated to Streckeisen STS-1 sensors. It was
also not possible to identify these STS-1 gain changes using solid Earth tides (Davis & Berger, 2007). Finally,
using ratios between co-located sensors at GSN sites, it was shown that the gain changes were period dependent
and were consistent with an overdamped corner of the amplitude response of the Streckeisen STS-1 (Ringler
et al., 2010, Figure 14b). Through engineering experiments it was shown that the cause of the Streckeisen STS-1
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Figure 13. (a) Probability density functions (PDFs) of noise levels as a function of frequency across the global seismographic network (GSN) for 118 stations.
The colors indicate how many stations' spectral estimates lie in each 1 dB by 1/14th decade rectangle. For reference the Peterson New Low-Noise Model (PNLNM;
Peterson, 1993) is shown in green. Panel (b) same as panel (a), but for the horizontal components. From Berger et al. (2004).
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Figure 14. (a) Example comparison of a synthetic waveform (red) and data (blue) for the joint IU/G station KIP (Kipapa, Hawaii) for an earthquake on 7 April
2009. The East-West trace (second) shows a lower amplitude relative to the synthetic. (b) Synthetic amplitude comparison summary as a function of year for KIP. (c)
Corrosion on the STS-1 connector at IU station KMBO (Kilima Mbogo, Kenya). (d) Amplitude response curves from the feedback electronics box at KIP using
different amplitude calibration signals after the feedback electronics have been saturated by moisture resulting in loss of response. Panels (a and b) are from Ekstrom,
Dalton, and Nettles (2006). Panels (¢ and d) are from Hutt and Ringler (2011).

response degradation was from corroded components within the feedback electronics boxes in high humidity
environments (Hutt & Ringler, 2011; Figure 14c). That is, when the feedback electronics or connectors became
saturated with moisture they would produce degraded responses, with a loss of gain at the corner frequency (Hutt
& Ringler, 2011; Figure 14d). With the Streckeisen STS-1 no longer being produced this brought into question
the data quality of the GSN as well as other stations operating Streckeisen STS-1 instruments.

Additional quality control issues were raised in a series of reports written by the Lamont Waveform Quality
Center https://www.ldeo.columbia.edu/~ekstrom/Projects/WQC.html. These reports indicated that the GSN
might have been failing to meet its calibration design goals (Lay et al., 2002) and ultimately identified the need to
improve quality control across the network. In response, the U.S. Geological Survey (USGS) developed the Data
Quality Analyzer system (Ringler, Hagerty, et al., 2015) and IRIS developed the Modular Utility for STAtistical
kNowledge Gathering system with NSF support (Casey et al., 2018). Both packages were designed around metrics
that are computed daily. By analyzing various metrics over long time spans it is possible to identify both slow and
abrupt changes in station performance. For example, by looking at ratios between co-located sensors it is possible
to identify slow changes in the gain of one instrument (Ringler et al., 2010) as well as rapid changes resulting from
an inaccurately described instrument response in the metadata (Pedersen et al., 2019). Using long time running
metrics also allows station operators to refine historical metadata (W. Xu et al., 2018).

3. Global Earthquake Monitoring

The telemetry of modern global seismographic data has allowed organizations relying on these data to attain
almost instantaneous global monitoring of earthquakes and nuclear events. Data contributions from stations
located in remote areas of the planet where few scientific observations are available allow for better location
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accuracy and magnitude estimations. The long operational history commonly shared by seismic stations in global
networks and quality of data from them enable more precise and robust historical earthquake (re)locations, and
improves the rapid characteristics of events today. The earthquake catalogs generated using these data provide a
foundation for much seismological research.

3.1. Earthquake Detection and Discrimination
Global seismic monitoring was developed in response to three needs:

1. the detection and source characterization of large earthquakes (e.g., Nissen et al., 2019);

2. detecting and discriminating seismic sources for nuclear monitoring purposes (e.g., Alvizuri & Tape, 2018); and

3. development of a comprehensive global catalog of earthquake source parameters (e.g., Ekstrom et al., 2012)
for seismotectonic investigations and earthquake hazards assessment research.

The same basic analytic steps are followed in each of these uses. Thus, seismic phase arrivals are commonly first
detected at individual stations with transient detection algorithms, most commonly using a class of automatic
seismic phase arrival time pickers known as short-term-average/long-term-average algorithms (e.g., Allen, 1978;
Withers et al., 1998). This class of detectors generically relies on changes in the power ratio between short and
long-term (optimally filtered) data windows, and therefore detection capabilities are dependent on the back-
ground noise level present at a given seismic station. The high-quality installations and quality control of many
seismic stations in global networks (Berger et al., 2004; Peterson, 1993) makes this data particularly attractive to
national agency earthquake monitoring efforts (Hayes et al., 2019).

Once automatic picks are created at a single station, picks from multiple stations are aggregated into collections
associated with potential seismic sources with a minimum of false associations. This is done using a travel time
associator algorithm (Yeck et al., 2019). While the nuclear monitoring community and the earthquake monitoring
have similar, though not entirely overlapping, monitoring goals, approaches vary in how they leverage stations
from GSNs and other regional seismic stations in their processing. For example, nuclear monitoring tends to
further rely on seismic arrays (e.g., NetVisa, GA; Arora et al., 2013) with supplemental data from other globally
distributed seismic stations. This is reflected in the seismic stations utilized by the International Monitoring
System (IMS). Of the 50 stations in the IMS primary seismic network and 120 station auxiliary seismic network
(Gaebler & Ceranna, 2021), 48 are part of the GSN or GEOSCOPE. Further details about nuclear monitoring are
discussed in Sections 7.2 and 8.

The priorities of different earthquake monitoring systems and organizations vary. For example, the U.S. Tsunami
Warning System uses the GSN to provide basic source parameters (location and magnitude) within about 5 min of
large, potential tsunamigenic earthquakes world-wide. Complementing this work, the USGS National Earthquake
Information Center (NEIC) focuses on providing rapid and accurate estimates of earthquake location, magnitude
and source mechanism needed in impact assessments used by the emergency response community. NEIC also
builds complete global catalogs of earthquake source parameters (complete to M 4.5) for seismic hazards assess-
ment research and mitigation activities. The NEIC uses most of the well-calibrated, publicly available seismic
stations (as of the time of this writing about 2,100 3-component seismic stations) in its response and catalog
production. The GSN plays a key role by providing NEIC a globally distributed set of well-maintained and
calibrated stations, which ensure generally uniform detection and response capabilities for the oceans and conti-
nents in both hemispheres. NEIC global monitoring is complemented by using the small, but important, number
of globally distributed stations in the GEOSCOPE and GEOFON networks. Importantly, these GSNs operate
some of the most geographically isolated stations; of the 20 most isolated stations used by the USGS NEIC
in their automatic detection and association algorithms, 13 are GSN stations and 5 are GEOSCOPE stations
(Figure 15). By design, these remote stations ensure rapid and accurate source characterization of earthquakes
that are common in the ocean basins (e.g., subduction zones and spreading centers).

3.2. Earthquake Location

High data availability, low noise characteristics, and well constrained response information ensure the routine
use of GSN data in the determination of seismic source locations, magnitudes, and seismic moment tensor solu-
tions (Figure 16). Importantly, the GSN and its predecessor networks (e.g., WWSSN; Oliver & Murphy, 1971;
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Figure 15. Map of stations used by the U.S. Geological Survey (USGS) National Earthquake Information Center (NEIC) in their automatic picking and association
algorithms as of 24 June 2021. Seismic stations are shown as pink circles. The 20 most geographically isolated stations (furthest distance to a neighboring station) are
highlighted as large purple circles, and the station network and name as well as distance to the next closest station are shown. The most remote station used by the NEIC
is global seismographic network (GSN) station TRIS (Tristan da Cunha island).

Figure 1) provide the only consistent set of global arrival times for the last 60 years or more. Along with provid-
ing arrival times, these long running networks have enabled efforts such as the Global Centroid-Moment-Tensor
Project (www.globalcmt.org). This project has focused on estimating moment tensors of M >5.5 globally dating
back to 1976 (Dziewonski et al., 1981; Ekstrom et al., 2012). This long record of recording becomes critical in
reassessing older source locations in the context of newer source locations, which often have more arrival time
data. This is principally due to the large increase of new local and regional seismic monitoring stations which
enable arrival time picks at even finer resolution than the digital sampling rate at a single seismic station. A

Most Used Stations in Earthquake Catalogs
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Figure 16. Ranked bar plot showing the most used stations when considering Teleseismic P picks for globally observable earthquakes (M >5.5). (Left) The average
number of Teleseismic P picks per year (M >5.5) used in the U.S. Geological Survey (USGS) National Earthquake Information Center Preliminary Determination of
Epicenters Catalog (PDE) from 2015 to 2020. (Right) The total number of Teleseismic P picks (M >5.5) used in the Global Catalog of Calibrated Earthquake Locations
(GCCEL).

RINGLER ET AL. 17 of 98

95U9D17 SLOLUWOD) A1) 3|aedl|dde ay) A peusenob afe sajoiLe VO 9sn Jo Sa|ni 10} Aleld1 8UIUO AB]IM UO (SUONIPLOD-PUe-SLUBIL0D A8 |Im AeIq Ul |UO//:SANY) SUOIIPUOD pue SWiB | aU1 88S *[z20z/0T/Tz] Uo ARigiaulluo Aeim ‘591 Aq 67200098TZ02/620T 0T/10p/w0d Ao Azelq 1 jpuljuosgndnBe//sdny wouy pspeojumoq ‘€ ‘ZZ0Z ‘8026v6T


http://www.globalcmt.org

~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Reviews of Geophysics 10.1029/2021RG000749

170°wW

150°W

130°W

110°

w 90°W 70°W 50°wW 30°wW 10°w 10°E 30°E 110°E 130°E 150°E 170°E

20°N

0°

20°S

60°S

- ®

L

)
@
Magnitude

<3 or no mag
3-3.9

4-4.9

5-5.9

6-6.9

>7

- RS
)

Figure 17. Calibrated earthquake relocations in the global data set of calibrated seismic source locations earthquake catalog. This is one on many earthquake relocation
efforts that heavily leverages the exceptionally long observational period of global seismographic network stations to improve location estimates through joint

observations.

comprehensive local or regional seismic hazards assessment often requires reexamining important historical
events from the region. Such observations are best achieved using long running sites.

The NEIC has collaborated on the development of a Global Cataolog of Calibrated Earthquake Locations
that ensures minimally biased locations and estimates of ground truth uncertainty for all events. Thus far, 245
calibrated clusters (approximately 22,000 seismic events) have been determined using a combination of local,
regional, and teleseismic arrival time data (dominated by the GSN, Figure 17). The local and regional data, often
only available for more recent events, are used to develop a locally appropriate velocity model, which, in turn,
results in a minimally biased initial location for a subset of seismic sources. These sources are then combined with
other events and teleseismic observations. Older events often only have teleseismic observations. This process
significantly improves the relative locations of all events and provides a baseline for accurately understanding
systematic location bias and uncertainties of individual events. This work would be difficult to perform without
the GSN, GEOSCOPE, and GEOFON networks providing a travel time link to pre-digital era stations.

Another important earthquake catalog, the ISC-GEM Global Instrumental Earthquake Catalogue (1904-2017; Di
Giacomo et al., 2018; Storchak et al., 2013, 2015) represents a special effort to produce a uniform global catalog
of locations for all M 5.5 and above earthquakes. This catalog of single event relocations serves as a reference
for a wide range of applications that include studies of global seismicity, tectonics, Earth structure, nuclear test
monitoring research and long-term hazard assessment. Like the NEIC ground truth catalog, the ISC-GEM cata-
log relies heavily on the fact that many GSN sites make use of vaults that were used for the WWSSN.

3.3. Operational Monitoring

Reliable moment tensor inversion (e.g., Ekstrom et al., 2012) and fault plane source estimation methods (e.g.,
Hayes, 2017) are reliant on well-distributed, well-calibrated and low noise (over a broad range of periods) stations.
Consequently, the GSN is critical for the computation of NEIC moment tensor solutions and detailed earthquake
source studies (i.e., “finite fault modeling”; see Section 6). Inclusions of VBB sensors at GSN stations have
allowed for the development of novel and robust moment tensor techniques including those using (early arriving
and up to 1,000 s period) W-phase observations (Kanamori & Rivera, 2008). Operationally, the W-phase is the
standard for rapid and accurate moment tensor solutions at NEIC and within USGS-supported regional seismic
networks.
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Figure 18. U.S. Geological Survey Event Page for August 2021 M7.2 Haiti earthquake. The event page rapidly disseminates key information about an earthquake
including (clockwise from top left) hypocenter location, community felt reports of shaking, modeled shaking intensity, estimates of economic loss and fatalities,
landslide and liquefaction hazard estimates, moment tensor solution, and a model of rupture. Figure from https://earthquake.usgs.gov/earthquakes/eventpage/

us6000f65h/executive.

The data of the GSN and the complementary GEOFON and GEOSCOPE networks ensures that monitoring
agencies like the NEIC can routinely and uniformly report W-phase magnitudes and mechanisms for all M, 5.8
or larger events worldwide. This data also enables other projects to provide long running collections of event
parameters (e.g., Lamont's Global CMT project provides focal mechanisms dating back to 1976 Dziewonski
et al., 1981; Ekstrom et al., 2012). The European-Mediterranean Seismological Centre collects and distributes
moment tensors from a number of other contributing monitoring agencies (Godey et al., 2013). The low-noise
characteristics and long-period stability of GSN stations enables NEIC to routinely compute detailed earthquake
source studies, such as “finite fault solution,” discussed in Section 6 for most shallow M, 7 or larger events
worldwide. Long-term high-quality catalogs of earthquake source parameters and kinematic descriptions of the
rupture process enables scientist to better understand the physics of earthquakes. This leads to better seismotec-
tonic characterization and associated seismic hazard assessment. Operational monitoring efforts has allowed for
a number of routinely produced products such as the Prompt Assessment of Global Earthquakes for Response
which enables emergency managers to get a quick estimate of the amount of damage and loss of life for a particu-
lar earthquake (Wald et al., 2010). Additionally, the hazard presented by landslides or liquefaction induced by
the earthquake is characterized. Figure 18 illustrates how all of this information is rapidly disseminated to the
public (2021 M 7.2 Haiti Event shown) on the U.S. Geological Survey's event page https://earthquake.usgs.gov/
earthquakes/eventpage/us6000f65h.
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4. Very Broadband Seismic Observations

Due to their global coverage and sensitivity across a broad range of frequencies, GSNs provide data sets that
underpin tomographic imaging of whole Earth structure (for a recent review of tomography, see Ritsema and
Leki¢ (2020)). Most studies further supplement these stations with regional networks to improve coverage. The
low-noise and high-fidelity of GSN and GEOSCOPE recordings are crucial to estimating attenuation and detect-
ing arrivals of deep Earth phases. The longevity of GSN and GEOSCOPE stations enables both the mapping
of difficult-to-measure parameters like anisotropy, which can inform models of flow in the mantle (Montagner
& Tanimoto, 1991), and the use of (auto)-correlation techniques for extracting subtle and time-varying signals.

Figure 19 shows the acceleration spectrum taken from the vertical component of the primary sensor at GSN
station HRV (Adam Dziewonski Observatory, Massachusetts, USA) over a time window of 240 hr following the
2011 Tohoku earthquake. The spectrum spans five orders of magnitude in frequency. The largest signals lie in
the tidal band and are associated with the diurnal and semidiurnal solid Earth tides. The lower left inset shows
clusters of harmonics around 12 hr (0.023 mHz) and 24 hr (0.011 mHz) resolved by analysis of a longer, 60-day
time span. At the other end of the seismic spectrum, teleseismic body waves (~0.1 to 1 Hz) would plot just off of
the far right side of Figure 19.

Here, we discuss seismic observations that can be used to infer Earth structure, treating standing waves and trav-
eling waves separately, due to the different methods that are used for their analysis, and focusing on the role of
permanent, high-quality global networks, including the GSN and GEOSCOPE.

4.1. Normal Modes

At periods shorter than ~1 hr a forest of spectral peaks is visible, corresponding to the free oscillations (normal
modes) of the Earth, with an example shown in Figure 19a. Because normal mode oscillations occur at periods of
tens of minutes (Figures 6 and 19) and seismic data tends to become noisy at these periods (e.g., Peterson, 1993),
exceptionally low station noise levels are required to observe them. Therefore, most normal mode studies heavily
utilize observations from the GSN, GEOSCOPE, and other VBB stations.

Two different types of normal modes exist: (a) spheroidal modes, which involve vertical and horizontal motion,
and (b) toroidal modes, which involve horizontal motions only. Spheroidal mode multiplets ,S, and toroidal mode
multiplets T, are characterized by their radial order n and angular order /. Each multiplet consists of 2/ + 1
singlets with azimuthal order m with the same degenerate resonance (or center frequency). To account for the
effects of lateral structure, rotation, and anelasticity, perturbation theory is typically applied, which predicts the
splitting of spectral peaks into singlets relative to a background reference, 1D Earth model (typically, the radially
varying preliminary reference Earth model [PREM]; Dziewonski & Anderson, 1981). For a comprehensive over-
view of this theory, see Dahlen and Tromp (1998) and Woodhouse and Deuss (2015).

Normal mode perturbation theory is often formulated by coupling modes with respect to the 1D Earth, where the
coupling strength depends on lateral heterogeneity, spatial wavelengths, and on specific modes. Several levels
of coupling approximation may be considered: self-coupling, narrow-band coupling, and full coupling. The
first approximation accounts for coupling within an isolated multiplet only, which limits one to only consider
even-degree structure in the Earth. The splitting of a given mode is conveniently described by the splitting
function (Giardini et al., 1987), which may be thought of as the integrated effect of lateral Earth structure on a
particular normal mode. By taking broadband seismic spectra one may employ a two-step procedure to determine
splitting functions of individual modes, which can then be combined to constrain mantle structure in tomographic
inversions (Giardini et al., 1988; Ritzwoller et al., 1986).

These standing waves possess distinct sensitivities to density, rigidity, and incompressibility across different
depth regions within the Earth (Figure 19b through Figure 19g). Modal peaks undergo splitting (Woodhouse &
Dahlen, 1978) in frequency due to the Earth's ellipticity, rotation, anisotropy, and lateral variations in structure;
the middle inset shows the five singlets of the ,S, multiplet (Roult et al., 2006). This so-called “football” mode
has a sensitivity kernel very similar to that of solid Earth tides (Figure 19b), while the nearby “breathing” mode,
oS0 has strong sensitivity to P-wave velocity throughout the Earth (Figure 19¢). Other selected modes highlight
different regions of sensitivity: ,5, provides information regarding inner core S-wave velocities while ,S; is influ-
enced by P-wave velocity in the outer core. Stoneley modes of the core are a special subset of normal modes
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Figure 19. (a) Acceleration spectral density for the vertical component of the primary sensor at Global Seismographic Network station HRV (Massachusetts, USA),
computed from 10 days of data starting at the time of the 2011 M, 9.0 Tohoku earthquake. Dashed red lines denote frequencies of selected normal modes. The left
inset, computed from a longer, 60-day time span, shows peaks corresponding to various tidal components. The right inset shows the fine structure of S,, with singlet
frequencies corresponding to m < £ (where m and ¢ are the spherical harmonic order and degree, respectively) measured by Roult et al. (2006) marked by blue dashed
lines. (b) Sensitivity kernels for degree-zero perturbations of density, V,, V,,, and discontinuity topography computed for degree-two tidal forcing and S,. Panel (c—f)
same as panel (b), but for modes S, ;5,, ;5. and ,S |, (tides not shown). Panel (g) same as panel (b), but comparing the sensitivity kernels of Rayleigh-wave equivalent
modes S,, and ;S.

whose energy is trapped along the core-mantle boundary (Stoneley, 1924), making these modes very sensitive
to the deepest part of the mantle and the uppermost outer core (e.g., note the kernel for Stoneley mode ,S,, in
Figure 19). Fundamental branch modes at high frequencies are most sensitive to upper mantle structure, with
modes being equivalent to Rayleigh waves with specific periods (e.g., ,S,, and S, correspond to Rayleigh waves
at ~325 and ~125 s [Figure 19g]).

Observations of normal mode degenerate frequencies have been made since the great (M,, 9.5) 1960 Chile earth-
quake struck (Benioff et al., 1961; Pekeris et al., 1961), just as algorithms to theoretically compute these frequen-
cies started to exist. Several large earthquakes occurred in the 1960s while the WWSSN was in operation, leading
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Figure 20. Splitting function maps of upper mantle mode S, and lower mantle mode ,S, which were measured jointly
using 124 GSN stations (Koelemeijer et al., 2013). The frequency variations are due to lateral variations in Earth structure, as
described by the sensitivity kernels (e.g., Figure 19). Although these maps resemble mantle tomography models, we have to
remember that the variations are due to not only velocity, but also density and topography on internal boundaries.

to many further observations of mode resonance frequencies (summarized by Derr (1969)). Continued develop-
ments in both theory and the observations of long-period spectra facilitated by the GSN have given rise to large
data sets of degenerate frequencies (e.g., T. Masters & Widmer, 1995) that underpin the development of 1D refer-
ence Earth models (particularly constraining density) (Dziewonski & Anderson, 1981; De Wit & Trampert, 2015;
Irving et al., 2018; Montagner & Kennett, 1996) and have provided evidence of inner core solidity (Dziewonski
& Gilbert, 1971).

Normal mode splitting observations were also made as early as the 1960s (Benioff et al., 1961), leading to
early insights into aspherical Earth structure (G. Masters et al., 1982). Many studies set out to estimate normal
mode splitting in the last century, which led to the development of splitting function databases, obtained using
either iterative least squares inversion of spectra or multiplet stripping (e.g., G. Masters, Laske, & Gilbert, 2000;
Woodhouse & Giardini, 1985; Resovsky & Ritzwoller, 1998; Ritzwoller et al., 1986). While most of these
focused on self-coupled spheroidal mode splitting functions, Resovsky and Ritzwoller (1998) also estimated
cross-coupled splitting functions that provide insights into odd-degree structure as well as toroidal mode splitting
functions. Due to advances in data quality and the number of available stations, renewed efforts in the last decade
have produced data sets of normal modes with higher frequency and more sensitivity to P-wave velocity (Deuss
etal., 2013), as well as anelastic Earth structure (Mékinen & Deuss, 2013) and lower mantle density (Koelemeijer
et al., 2013). The stations of the GSN play a crucial role in our ability to make accurate measurements of normal
mode splitting (i.e., with low uncertainties), with for example, data from 124 GSN stations used for the splitting
function measurement of S, (Figure 20), an important Stoneley mode for constraining lower mantle density
(Koelemeijer et al., 2013).

4.2. Surface Waves

Surface wave observations are for good reason heavily relied upon in studies imaging the Earth's crust and
upper mantle (e.g., B. Romanowicz, 2002). The frequency-, polarization-, and directional-dependence of their
propagation enables seismologists to estimate 3D velocity variations and map radial and azimuthal anisotropy.
While velocity variations are directly linked to temperature and compositional variations associated with mantle
convection, anisotropy provides a time-integrated measurement of strain (e.g., Park & Levin, 2002). Because they
attenuate more slowly with distance than body waves and are strongly excited by Earth's frequent shallow earth-
quakes, the global ubiquity and strength of surface waves enables studies of crustal and upper mantle structure
unrivaled using other methods, in particular below oceans devoid of seismic stations.

At increasing periods, surface waves become sensitive to increasingly deeper structures. This can be seen by
comparing the sensitivity kernels of Rayleigh-wave equivalent modes (fundamental branch) at ~125 s (mode
0375) and ~325 s (mode ,S,,) in Figure 19g. The sensitivity of S, is constrained to the upper 200 km of the Earth
while S,, can sample transition zone structure at 410-660 km depth. Overtone branches provide sensitivity to
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greater depths even at shorter periods (e.g., Ritsema et al., 2004), they are more difficult to analyze, requiring
either non-linear inversion of the interference pattern of multiple overtone branches (e.g., Beucler et al., 2003;
Visser et al., 2007), or iterative stripping procedures (van Heijst & Woodhouse, 1997). This results in generally
higher measurement uncertainty compared to fundamental mode surface waves (for a recent comparison, see
Moulik et al. (2022)).

Estimating the extent of isotropic structure below the so-called “heterosphere” (the upper 200-250 km of Earth;
Dziewonski et al., 2010) requires observations at periods longer than 200 s, which are typically possible only at
low-noise installations of VBB instruments. This is true whether the data are analyzed in the frequency domain
through measurements of peak shifts (i.e., standing waves) or in the time domain through phase velocity meas-
urements (i.e., traveling waves). When mapping radial anisotropy variations, long period observations are crucial
even within the heterosphere. This is because mapping radial anisotropy requires the simultaneous inversion of
Love and Rayleigh waves, and the sensitivity of Love waves is shallower than that of Rayleigh waves at a given
period. As for mapping azimuthal anisotropy, excellent global azimuthal coverage is required (Montagner &
Tanimoto, 1991; Tanimoto & Anderson, 1985). The azimuthal coverage is often improved using additional glob-
ally distributed stations from various regional networks.

Because seismic attenuation and velocities are affected differently by temperature, composition, and the pres-
ence of volatiles, attenuation estimates provide complementary information about the structure and dynamics
of the mantle. Attenuation and lateral gradients of velocity, which can produce (de)-focusing (Woodhouse &
Wong, 1986), both affect amplitudes of surface waves. Therefore, reliable measurements of amplitudes are crucial
for mapping both attenuation and small-scale velocity variations, and for distinguishing between their competing
effects. While the latest attenuation tomography models (see Dalton et al., 2008; H. Zhu et al., 2013; Karaoglu &
Romanowicz, 2018b) have higher resolution than the first models (B. Romanowicz, 1990), they continue to rely
heavily on data from the GSN and GEOSCOPE. Indeed, modeling of amplitudes when mapping attenuation vari-
ations can identify station calibration issues (Ma et al., 2016), and such issues can introduce errors into models of
attenuation (Ringler, Anthony, Dalton, & Wilson, 2021).

The generally poorer path coverage of surface wave data sets in the southern hemisphere can be remedied by
including major-arc phases and measurements of surface wave trains that have circled the planet more than once
(i.e., higher-orbit phases) (see Moulik et al., 2022). Relative amplitude changes between higher-orbit trains were
used to construct the first tomographic models of upper mantle attenuation (e.g., B. Romanowicz, 1990). Reliable
measurements of higher-orbit trains are typically feasible only at periods >150 s (e.g., Ekstrom, 2011). This is
yet another reason that high-fidelity long-period observations are important for surface wave-based studies of
structure.

Well-calibrated instrument responses, low-noise installations, and accurate sensor orientations are required to
accurately measure the frequency-dependence of Rayleigh wave ellipticity (e.g., Ferreira & Woodhouse, 2007)
and to reliably estimate the actual arrival angle of surface waves (e.g., Laske, 1995). Although most global
tomographic inversions assume an arrival angle along the great circle path between the source (earthquake) and
seismic station, using arrival angles that often deviate from this path can yield higher-resolution estimates on
mantle velocity structure (e.g., Yoshizawa et al., 1999), and can help in estimating azimuthal anisotropy (Laske
& Masters, 1999). Recently, Magrini et al. (2020) showed that corrections for deviations of arrival angles from
the expected path are needed to reconcile phase velocity measurements from ambient noise correlations to those
obtained with earthquake waveforms. Rayleigh wave ellipticity measurements can be inverted for profiles of
shear wave speed beneath stations (Yano et al., 2009), and are routinely utilized in joint inversions (e.g., Lin
et al., 2012). Their incorporation into global tomographic inversions can benefit from more realistic sensitivity
kernels, which are needed to prevent spurious low velocity zones that can appear in joint inversions for velocity
profiles (Maupin, 2017).

Strong lateral gradients in upper mantle anisotropy can convert long-period (100-200 s) Love waves to Rayleigh
waves (Park & Yu, 1993); observations of this converted energy on the vertical component continue to be used to
map out abrupt variations in anisotropy (e.g., Eakin, 2021; Levin & Park, 1998). At longer periods, coupling due
to anisotropy can be studied in the frequency domain, and enables the probing of anisotropy at greater depths,
particularly the transition zone (e.g., Beghein et al., 2008; Hu et al., 2009).
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Figure 21. (a) The first 20 min of an observed cross-correlogram showing non-causative and causative (resembling regular phases from the seismic traveltime stacks)
features in the Earth's correlation wavefield. The non-causative features are shown in red and the features resembling regular seismic phases are shown in blue. Enlarged
sections showing: (b) ¢S-cP, (c) PKP-ScS, (d) cPPcP-cS, and (e) cKS-cP and cKS-cS. From Tkalci¢ et al. (2020), which was adopted from Pham et al. (2018).

4.3. Body Waves

Although body wave arrivals can be detected with temporary seismometer deployments, permanent networks
like the GSN and GEOSCOPE provide a number of unique capabilities that continue to enable imaging of deep
Earth structure. Indeed, GSN data contributes prominently in claims of detection of elusive seismic phases such
as the PKJKP (inner core shear wave phase; Deuss et al., 2000; Julian et al., 1972; Okal & Cansi, 1998), which
remains controversial (e.g., P. M. Shearer et al., 2011). They are also a major constituent of travel time data sets
of core phases, which have enabled regional imaging of isotropic and anisotropic structure (e.g., Irving, 2016),
tomography (Burdick et al., 2019; Peji¢ et al., 2017), and inferences of inner-core growth (e.g., Frost et al., 2021).

The advent of correlation-based techniques that extract body wave arrivals from seismic coda (Campillo &
Paul, 2003) has provided a new means of studying differential travel times between pairs of seismic phases
that are not readily identified with traditional methods (for a recent review, see TkalCi¢ et al. (2020)). These
techniques are analogous to those based on cross-correlations of ambient noise recordings (e.g., Shapiro &
Campillo, 2004). Though an early focus has been on identifying inner core phases with regional arrays (e.g.,
H.-H. Huang et al., 2015) as well as globally distributed seismic data (e.g., Tkal¢i¢ & Pham, 2018), the techniques
can contribute to deep Earth imaging by providing new estimates on differential travel times of phases reverberat-
ing between and converting across mantle interfaces, although the full understanding and interpretation of global
body wave coda correlations are an active area of current research (Lin et al., 2013; Poli et al., 2017; S. Wang &
Tkalci¢, 2020). Because these correlation-based techniques rely on stacking many earthquake coda correlograms,
these studies benefit from stable, long-term installations provided by the GSN and GEOSCOPE networks. For
example, Tkalci¢ et al. (2020) was able to identify a number of phases using this method (Figure 21). These
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phases, which are described with a letter “c” were first described as exotic phases that originate from the Core
Mantle Boundary (CMB) from various interference (Tkal¢i¢ et al., 2020).

Although SKS splitting studies (Silver & Chan, 1991; Vinnik et al., 1989) have been a primary body-wave tech-
nique for studying lithospheric and mantle anisotropy (e.g., Long & Silver, 2009), they have poor depth resolu-
tion due to the steep incidence of these ray paths. Because anisotropy can produce observable splitting of P-to-S
(Ps) converted waves at mantle and crustal interfaces (Vinnikand & Montagner, 1996), it can also be studied
using receiver function methods. However, the amplitude of waves converted across an interface depends on
its impedance contrast, so that Ps waves produced within the mantle tend to have small amplitudes and their
study thus benefits from extensive stacking of earthquake signals. Indeed, the azimuth-dependence of Ps conver-
sions at long-operational seismographic stations has been used to estimate anisotropic structure of continental
(e.g., Levin & Park, 1997) and oceanic (e.g., Olugboji & Park, 2016) lithosphere. Furthermore, distinguishing
between the competing effects of anisotropy and dipping layers requires well-sampled azimuthal coverage (e.g.,
Savage, 1998). Therefore, such methods benefit from the high SNR and decadal-scale data acquired at long-lived
stations.

The longevity and long-term stability of seismic observations enabled by high-quality permanent global networks
are crucial for monitoring small temporal changes in subsurface properties (e.g., due to fluid migration, stress
changes, and inner-core super-rotation). This has been done by exploiting so-called “repeating” earthquakes, whose
waveforms are nearly identical between occurrences separated by years or decades (Uchida & Biirgmann, 2019).
Alternatively, one can use changes in travel times of target phases on similar paths, which also requires the
long-term operation of seismic stations (e.g., Souriau, 1998a). Recently, D. Kim and Lekic (2019) have shown
that autocorrelation and receiver function techniques at a GSN station can be used to study inter-annual vari-
ations in subsurface velocity over decades. Together with recent progress in studying the global correlation
wavefield (Tkalci¢ et al., 2020), this opens the potential for monitoring temporal changes within targeted regions
of the Earth's interior, similar to how velocity variations in earthquake source regions are studied (Wegler &
Sens-Schonfelder, 2007).

5. Global Seismic Imaging
5.1. Earth Parameters From Normal Modes
5.1.1. Mantle Structure

One key aspect of many tomography models is the incorporation of normal mode data into global Earth structure
inversions. Given the global nature of these oscillations, analysis is not affected by heterogeneous geographic
data coverage in the same manner as body wave and surface wave observations. In most studies of 3D mantle
structure, normal mode data are parameterized as splitting functions, as discussed in Section 4. Observed splitting
functions, rather than the spectra themselves, are then inverted for Earth structure, which drastically reduces the
computational power required for the inversion.

Early splitting function data sets mostly contained normal modes with frequencies below ~3 mHz, which are
primarily sensitive to shear-wave velocity. These data have been used in global tomographic inversions, provid-
ing important information on the long-wavelength structure of the mantle (e.g., Ishii & Tromp, 1999; Resovsky
& Ritzwoller, 1999a; X.-D. Li et al., 1991). To obtain smaller-scale details, subsequent studies combined
normal-mode observations with surface wave and body wave data, with studies also constraining estimates of
independent variations in anisotropy and P-wave velocity in the last decade due to the advent of new data sets
(e.g., Durand et al., 2016; Koelemeijer et al., 2016; Mosca et al., 2012; Moulik & Ekstrom, 2014; Ritsema
et al., 1999, 2011).

Unlike the vast majority of seismic data types, normal modes are significantly sensitive to the effects of self-gravity,
and thus density perturbations—an important parameter that dictates mantle dynamics. As a consequence, normal
mode theory is the most reliable and efficient way to predict the long-period Earth response to earthquakes
and tidal forces, with different levels of approximations being applied across decades of development. Ishii and
Tromp (1999) produced early tomographic models focusing on deep mantle density, which laid the foundations
for future studies of density variations in the mantle (e.g., G. Masters, Laske, Bolton, & Dziewonski, 2000;
Moulik & Ekstrom, 2016; Trampert et al., 2004). Typically, these studies found an anti-correlation between
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Figure 22. Density variations at 2,875 km depth describing structure for spherical harmonic degrees / = 1-7 from four
tomographic inversions. Lateral variations in density (5p) in the lowermost mantle depend on the amount of imposed scaling
between density and V; structure and on the importance assigned to mode S, in the inversion. Modified from Rudolph

et al. (2020). A, B, C, and D correspond to increasing p-Vs, increasing the weight for (S,, and increasing both, respectively.

variations in density and shear-wave velocity in the deep mantle, an observation that requires the presence of
chemically anomalous material. Instead of inverting for mantle structure, Koelemeijer et al. (2017) used splitting
function observations of Stoneley modes to obtain models of deep mantle buoyancy that best explained their data.
Although their preferred models are consistent with a purely thermal interpretation and thus appear to contradict
earlier results, this is readily explained by the choices of data selection and model parameters considered.

As is typical in Earth structure inversions, parameter trade-offs are an important consideration in normal mode
inversions, particularly given the data are sensitive to multiple parameters. For example, B. Romanowicz (2001)
already documented a strong trade-off between lower mantle density and CMB topography, and trade-offs
with other parameters were studied extensively by Koelemeijer et al. (2012). Results for mantle density also
strongly depend on which normal modes are included in the inversions (Koelemeijer et al., 2017; Moulik &
Ekstrom, 2016). Figure 22 illustrates this for the longest period mode S,, with a stronger weight on this mode
leading to different models of mantle density. Finally, choices about how strongly the inversion is regularized
(e.g., imposed correlation between Vg and p), also affect the retrieval of density structure (Figure 22), as explored
early on by Resovsky and Ritzwoller (1999b).

Although normal mode studies have made important contributions to our overall understanding of Earth's long
wavelength structure, there remain paths for improvement and innovation. In particular, no inversion thus far has
included the full effects of full coupling, although some splitting functions are observed using group coupling
(narrow band coupling). Several theoretical studies have explored the coupling approximations and indicate that
it is important to consider (e.g., Akbarashrafi et al., 2018; Clevede et al., 2000; Deuss & Woodhouse, 2001; H.-Y.
Yang & Tromp, 2015), particularly for density (Al-Attar et al., 2012). While traditionally splitting functions rather
than spectra have been inverted for structure (motivated by the early investigations of X.-D. Li et al. (1991)), this
has been questioned recently by Akbarashrafi et al. (2018) and Jagt and Deuss (2021). The former study suggests
that substantial artefacts may arise in tomographic models when one uses splitting functions, while the latter
study shows that the direct inversion of spectra does result in significantly lower misfits in their resultant models.
Spectral inversions were attempted as early as 1991 (X.-D. Li et al., 1991), but it is only now that we have the
computational power to also include full coupling in these spectral inversions. Combined with the availability of
sufficient, long-period spectra with low noise levels, as provided by many global seismographic stations, this will
allow us to put important constraints on odd-degree mantle structure.

These (and other) 3D studies of mantle structure require knowledge of the reference, or average, 1D background
structure. Since many normal modes integrate large portions of the mantle, they are often useful in determin-
ing radial profiles of the mantle, and provide improved estimates on Earth's density profile (e.g., Dziewonski
& Anderson, 1981; de Wit et al., 2014; G. Masters & Gubbins, 2003) and radial anisotropy (Montagner &
Kennett, 1996). Another example of estimating 1D characteristics of the mantle includes Lau and Romanow-
icz (2021), who used long-period frequencies to characterize elastic and density properties of the mantle just
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above and below the 660 km discontinuity. In such studies the center frequencies of normal modes (and not their
splitting) are of interest. Radial modes (which are characterized as ,S) are of particular importance given their
broad sensitivity (see kernel for ,S,, Figure 19). A parameter of note is the attenuation of such modes, as this
provides key estimates on the anelastic rheology of the Earth, resulting in the broadening of normal mode peaks.
Important observations of normal mode attenuation have been made using globally distributed seismographic
station data (e.g., Durek & Ekstrom, 1995; Durek & Romanowicz, 1999; Talavera-Soza & Deuss, 2020; Widmer
etal., 1991).

5.1.2. Core Structure

There exists a distinct set of normal modes that are sensitive to the core (e.g., ;S5 and ,S,). Indeed, normal
mode studies of core structure provide a distinct complement to body waves discussed above. One mystery that
currently remains is to determine what light element(s) are present within the core. Mineral physicists attempt to
estimate what iron alloy might explain the density deficit observed by seismic data, and key to this is refining the
density profile of the Earth (Hirose et al., 2013). PREM remains one of the main density profiles used in these
explorations, but more recent studies relying on normal mode data indicate that the inner core density might be
~1% lighter than that of PREM (A. J. S. Robson & Romanowicz, 2019). The low attenuation within the inner
core has also been explored via normal modes (e.g., G. Masters & Gilbert, 1981). For the outer core, Irving
et al. (2018) determined new elastic parameters by parameterizing the inversion using an equation of state and
obtaining a velocity profile that partially reconciles a long-standing discrepancy between body wave and normal
mode data.

Inner core anisotropy has also been observed with normal mode data as early as the 1980s (e.g., Woodhouse
et al., 1986). Tromp (1995) theoretically predicted its effect within a normal mode framework and following
work continues to explore its presence in normal mode data (Beghein & Trampert, 2003; Delbridge & Ishii, 2020;
Durek & Romanowicz, 1999; Ishii et al., 2002; Laske & Masters, 1999). Several hypotheses have since been
proposed to explain this anisotropy as arising from the alignment of iron crystals as the inner core deforms (see
Deuss, 2014, for a comprehensive review).

5.2. The Earth's Inner Core, and Evidence From Seismograms of Time-Varying Features

Long-running stations have allowed us to record core-sensitive seismic phases over multiple decades. Song
and Richards (1996) reported PKP phases at the COL station in Alaska from earthquakes in the South Sand-
wich Islands over a 28-year period, and showed that the travel-time of the PKP(DF) wave (also called PKIKP)
appeared to have shortened over this time period. A typical comparison of the various PKP waves for two events
separated by 15 years is shown in Figure 23.

Body-wave travel times will not change on fixed paths through a rotating spherical object that is homogeneous
and isotropic. What features of the inner core can then generate changing travel times? Song and Richards took
evidence available in 1996 that the inner core's anisotropy was not aligned with the rotation axis, and inferred
an eastward differential rotation of the inner core amounting to about 1° per year to explain their observations.
Creager (1997) was the first to obtain evidence of lateral heterogeneity in the inner core, which he estimated (and
found to be quite strong) for the PKIKP paths used by (Song & Richards, 1996). He showed that a slower rotation
rate was therefore more appropriate as an explanation of the observed travel-time changes for the earliest body
wave in Figure 23.

Hundreds of studies were triggered by these and other early papers. As noted by Deuss (2014), a substantial
range of estimated inner core rotation rates resulted, including several that saw no evidence of differential
rotation. She cited estimates based on seismic body waves (A. Li & Richards, 2003; Cao et al., 2005; Collier
& Helffrich, 2001; Creager, 1997; Isse & Nakanishi, 2002; J. Zhang et al., 2005, 2008; Lindner et al., 2010;
Poupinet et al., 2000; Song, 2000; Song & Dai, 2008; Song & Li, 2000; Song & Poupinet, 2007; Souriau, 1998b;
Souriau & Poupinet, 2000; Su et al., 1996; Tkalcié et al., 2013; Vidale & Earle, 2005; Vidale et al., 2000; Waszek
et al., 2011; X. Xu & Song, 2003; Y. Yang & Song, 2020), for which the main improvements were due to the
use of so-called earthquake doublets (two events occurring in essentially the same location but separated by
several years—with seismograms that were almost identical except for phases that had interacted with the inner
core). For example, J. Zhang et al. (2008) gave six doublet examples, showing that travel times changed or not,
according to whether the path within the inner core was oriented such that heterogeneities in the inner core moved
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Figure 23. (a) Ray paths for a number of seismic phases that pass through the core of the Earth. (b) An overlay of two
short-period PKP seismograms at global seismographic network station COL (College, Alaska) for two Sandwich Islands
earthquakes. From Song and Richards (1996).

across the ray path (the travel time changed), or merely moved heterogeneities along the ray path (the travel time
did not change). An example is shown in Figure 24, with its evidence for a travel-time change on the PKIKP path
between the Aleutians and South Africa. In her review of published rotation rate estimates, Deuss (2014) also
cited estimates based on normal mode studies (Laske & Masters, 1999, 2003; Sharrock & Woodhouse, 1998;
Tomiyama & Oda, 2008), and on calculations from geodynamo modeling and coupling between mantle and
inner core (Aubert & Dumberry, 2011; Aubert et al., 2008; Aurnou et al., 1998; Dumberry, 2010; Glatzmaier &
Roberts, 1995).

Here, we can note that most papers exploring the possibility of inner-core rotation made the two simplifying
assumptions (a) that the inner core moves as a rigid object on the time scale of the observations (papers by
Lianxing Wen and his colleagues are an exception), and (b) that the rotation has been constant in recent decades.
As reviewed by Voosen (2022), the inner core is very close to its melting temperature throughout its volume, and
the eastward super-rotation rate reported in numerous early papers may have changed in the last 10 or so years.
There may be the prospect of explaining all careful observations within the framework of an unsteady overall
inner core rotation, but with some degree of superimposed deformations throughout its volume. Such a model
would have many more parameters than just a single (albeit time-varying) rotation rate.
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Figure 24. PKP arrivals at station BOSA (GT Network) in South Africa

from a pair of nearly identical earthquakes in the Aleutian Islands (AI). They
indicate an apparent temporal change (—0.1 s) of inner core travel times
between the two events (which are approximately 7.3 years apart). (a) Map
view of the ray path projected on the Earth's surface. Blue curve represents the
ray path projected on Earth's surface. The green part of the curve represents
the projected part of the ray path within the inner core. (b) Comparison of the
highly similar waveforms of the Al doublet recorded at BOSA. PKP signals
within the box in the upper panel are superimposed and enlarged in the

lower panel, showing an apparent change of both inner core travel times and
PKP(DF) coda. The orientation is such that an inner core differential rotation
would move heterogeneities across the PKP(DF) path, explaining the observed
travel-time change. From J. Zhang et al. (2008).

5.3. Global Earth Models

Global seismology has been essential for revealing the large scale structure of
the Earth, including the discovery of the crust, mantle, and the outer and inner
cores (e.g., D. L. Anderson, 2007). Because the global seismic wavefield
is so rich, combining normal mode observations with body wave, surface
wave, and other observables, in conjunction with a long history of observa-
tion, as well as theoretical and methodological advancements in tomography,
has resulted in increasingly well resolved global Earth models. The seminal
and widely used 1D reference model PREM (Dziewonski & Anderson, 1981)
made use of body-wave arrivals as well as normal modes (Figure 25). A
number of additional 1D models have also been widely applied such as
AK-135F, which makes use of a diverse set of body wave arrivals and normal
modes (Montagner & Kennett, 1996). These 1D models are widely used to
calculate nominal seismic attributes consistent with general Earth structure
and as references for higher-dimensional modeling efforts.

Methodological improvements, increasing computational power, and greater
global seismometer station coverage spanning decades of earthquake record-
ing have revealed Earth's anisotropic 3D velocity structure with stead-
ily improved resolution. These models address fundamental questions of
composition, structure, dynamics, and history that span the nature of seis-
mic discontinuities; the plate tectonic system and the structure and dynamics
of subducted slabs; the origin and geometry of mantle plumes (Figure 26);
the roots of and persistence of continents; the inner and outer core; and the
core-mantle boundary. Joint inversions incorporating a range of data types
with different depth sensitivities have been essential in such efforts, for
example, Ritsema et al. (2011) developed a degree-40 3D shear-wave veloc-
ity model to jointly fit body-wave, surface-wave, and normal-mode data.
The advent of accurate numerical wave propagation software (Komatitsch
& Tromp, 2002a; Komatitsch et al., 2002; Tromp et al., 2005) has enabled
full-waveform tomographic inversions that model entire seismograms rather
than extracted features such as phase arrival times and modal frequencies. As
a community we have now moved beyond earlier efforts based on a normal
mode perturbation formalism (e.g., Woodhouse & Dziewonski, 1984), result-
ing in a new generation of global (Bozdag et al., 2016; French & Romanow-
icz, 2015; Lei et al., 2020; Leki¢ & Romanowicz, 2011), and regional or
continent-scale (Blom et al., 2020; Fichtner et al., 2009; Gao et al., 2021;
H. Zhu et al., 2012; Lloyd et al., 2019; Tape et al., 2009; Tao et al., 2018)
models.

Increasing global coverage from regional networks and sustaining long
running stations are critical for facilitating further tomographic progress, and
full-waveform inversion workflows are being developed for the progressive
and efficient incorporation of new data (e.g., Krischer et al., 2015), including
an ever-larger data archive from globally distributed seismic stations (e.g.,
Afanasiev et al., 2015; Fichtner, van Herwaarden, et al., 2018; van Herwaarden
et al., 2021). Computational advancements are driving the ability to calcu-
late increasingly complete forward models within more finely parameterized
model spaces, and thus utilize increasingly high frequency seismogram infor-
mation, although computational capabilities may still remain insufficient to
utilize the full observable seismic bandwidth for a decade or more. A repre-
sentative of the recent state of the art in full-waveform global inversion is the
transversely isotropic GLAD-M15 model of Lei et al. (2020) (Figure 27).
This inversion incorporates globally distributed broadband data from 1,480
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M, 5.5-7.2 earthquakes recorded at 11,800 seismic stations retrieved from

the FDSN federated IRIS, ORFEUS, INGV, IPGP, ETH, and GEONET data

centers. Broadband 3-component seismograms were modeled at periods

1000

2000

between 250 and 17 s. The inversion incorporates a 3D anelastic crust and
mantle structure, topography, bathymetry, ellipticity, rotation, ocean loading,
and self-gravitation in its forward modeling, and was implemented on super-
computers at the U.S. Oak Ridge National Laboratory.

Global 3D seismic velocity models are showing progressive convergence
(e.g., Figure 26), as indicated by quantitative comparative studies (e.g., de

Viron et al., 2021) and associated model interrogation and inter-comparison

3000

Depth (km)

|
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5000 1 ICB

Liquid outer core

tools (e.g., Becker & Boschi, 2002; Hosseini et al., 2018; Lekic et al., 2012).
In contrast, global density and attenuation models currently show much
greater variation, particularly in the lower mantle, that reflects resolution
differences associated with the ill-posed nature of such inversions (e.g.,
Karaoglu & Romanowicz, 2018a). For example, Karaoglu and Romanow-
icz (2018b) showed correlations of less than 0.5 between a set of current
- surface wave attenuation models at depths below 250 km.

6000

Solid inner core

5.4. Future Directions for Investigating Earth Structure

Upgrades to GSNs and improved global coverage from regional networks

T
0 2

Seismic velocity (km/s) and density (g/cm?)

Figure 25. The preliminary reference Earth model (Dziewonski &
Anderson, 1981). This was the first global reference model that included
radial anisotropy in the top 220 km of the mantle as well as depth profiles of
anelastic attenuation in shear and compression.

continue to reveal new signals that can be incorporated into studies of Earth
8 10 12 14

structure. Here, we highlight novel applications and propose future direc-
tions that further exploit the unique place of GSNs amongst seismological
observatories.

One such notable area is in the further analysis of Earth tides (see lower left
inset in Figure 19), which are some of the largest signals recorded by seis-
mic instruments (displacements from the semi-diurnal tide exceed 0.5 m at
the equator). An advantage of using Earth tides for imaging is that they are
continuously excited on daily cycles. In contrast, studies making use of normal mode observations must rely on
relatively infrequent observations following large earthquakes. Additionally, Earth tides are recorded with high
fidelity on a variety of different instruments including GPS receivers and gravimeters. Notably, Lau et al. (2017)
used GPS observations of this tidal deformation to estimate models imaging deep mantle buoyancy structure, and
it is promising that similar analysis could be performed using high-quality, very-broadband seismic data, such
as from GEOSCOPE and GSN stations. We should note though that the tidal data predominantly are sensitive to
degree two structure in the Earth due to their very long wavelengths, whereas normal modes have sensitivity to
higher degree Earth structure.

Many seismic instruments have poorly constrained responses at tidal frequencies compared to gravimeters, uncer-
tainty in ocean loading models, and contributions from local site effects have historically hindered the use of
seismically recorded Earth tides for imaging purposes (Westerhausl & Ziirn, 2001). Additionally seismic instru-
ments are limited at tidal frequencies by self-noise levels of the seismic instruments (Ringler et al., 2019), and
long-period noise caused by temperature (Doody et al., 2017), and pressure variations (Davis & Berger, 2007).
In particular, pressure variations often cause tilting of the sensor which appear as large ground accelerations and
obscure tidal signals on the horizontal components (Sorrells, 1971). However, the recent deployment of bore-
hole Streckeisen STS-6 sensors at several GSN stations (Figure 7) has enabled high-fidelity tidal observations
on the horizontal components of some stations (Ringler et al., 2019) and techniques have advanced to improve
the calibration of seismic instruments to within 1% accuracy (Anthony, Ringler, & Wilson, 2017). Combined
with improvements in ocean loading models (Boy et al., 2003) and techniques to correct for local site effects
(Lambotte et al., 2006), inverting for Earth structure using seismic Earth tide observations may be expected to
advance in the near-future.

The fields of ambient noise seismology and seismic interferometry, coupling both theoretical foundations
(AKki, 1957; Jon, 1968; Schuster et al., 2004; Weaver & Lobkis, 2001) and the rapid growth of large volumes of
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Figure 27. Shear wave velocity variations in Earth's mantle relative to a 1D radial reference model for three recent global
shear-wave inversions GLAD-M25(S), Lei et al. (2020, left column); TX2015; TX2015, Lu and Grand (2016, middle
column); and SEMUCB-WM1, French and Romanowicz (2015, right column) relative to the locations of major hot spots: (a)
Afar; (b) Bermuda (left) and Canary (middle); (c) Cape Verde (middle) and Hoggar (right); (d) Iceland (middle) and Eifel
(right); (e) Easter (left) and Galapagos (right); and (f) Marion (middle) and Kerguelen (right). Dashed depths indicate mantle
depths of 410, 660, and 1,000 km. From Lei et al. (2020).

high-quality continuous seismic data distributed by global data centers, now routinely facilitate the recovery and
analysis of empirical Green functions from cross-correlation operations applied to the ambient seismic wavefield
(e.g., Curtis et al., 2006; Nakata et al., 2019; Shapiro & Campillo, 2004). Resultant Green function estimates are
used to infer seismic velocity structure and in some cases, for example, using acoustic tomography in the oceans
to observe seismic 7-phases (Wunsch, 2020), to estimate changes in Earth's global-scale elastic properties. For

Figure 26. Global seismic tomography of the lower mantle, showing (a) individual models of shear-wave velocity variations near Earth's core-mantle boundary (CMB;
2,800 km depth) relative to a 1D radial reference model. Maps are plotted for shear-wave velocity models PRI-05 (Montelli et al., 2006), HMSL-S (Houser et al., 2008),
GYPSUM (Simmons et al., 2010), S362ANI (Kustowski et al., 2008), SAW642ANb (Mégnin & Romanowicz, 2000), S40RTS (Ritsema et al., 2011), SPani (Tesoniero
et al., 2015), SP12RTS (Koelemeijer et al., 2016), SEISGLOBE2 (Durand et al., 2016), TX2015 (Lu & Grand, 2016), SEMUCB-WMI1 (French & Romanowicz, 2015),
and SGLOBE-rani (Chang et al., 2015). In panel (b), we illustrate the agreement in global tomography models by showing the vote map of Lekic et al. (2012) based on
the long wavelength structures of five tomographic models (indicated in bold in panel (a)). A vote of “0” indicates agreement on fast velocities, a vote of “5” agreement
on slow velocities. The two Large-Low-Seismic-Velocity-Provinces, roughly located beneath southern Africa and the SW Pacific Ocean, stand out clearly in this vote
map and are imaged consistently in global tomography models (Garnero et al., 2016).
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instance at 100—400 s period, surface wave Green functions are recoverable

at station separations that span and exceed (i.e., for multiple Rayleigh wave

passes) the circumference of the Earth (e.g., Nishida et al., 2009; Figure 28).

Ambient noise methodologies are applicable across a broad range of frequen-

cies given the broadband excitation of the seismic wavefield from continuous

seismic sources such as ocean waves or wind (see Section 9).

v X Many variations of ambient noise methodologies and applications exist within

©
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this vibrant field, with the first-developed methods involving station-receiver
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pairs requiring the simultaneous recording of the noise sources. However, in

recent years it has also become useful to process station autocorrelations, or

to asynchronously process data, assuming a permanent station that acts as a

: virtual source (e.g., Chen & Saygin, 2020; Poli et al., 2017; Rao et al., 2021)

or by redatuming data to retrieve old seismograms (e.g., Curtis et al., 2012).
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structure studies. This is because the global body-wave coda is dominated by
free surface to core-mantle boundary reverberations. This situation results in
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insufficient equipartition (diffusivity) of the ambient global body wavefield

Figure 28. (a) Globally recovered vertical-component Rayleigh wavefield
from the cross-correlation of ambient noise (100—400 s period). R1 and R2
indicate Rayleigh waves propagating along the minor and major great circle
arcs, respectively, between pairs of stations with separation distances indicated
on the y-axis. The correlation was performed for 54 International Federation
of Digital Seismograph Networks stations using data collected between 1986
and 2003. (b) Comparison of observed (black) and synthetic (red, using

the preliminary reference Earth model, Dziewonski & Anderson, 1981)
cross-correlation Rayleigh wave signals for the region indicated by the red box
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in panel (a). From Nishida et al. (2009).
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6000 8000 and global cross-correlations thus do not provide a direct access to accurate
body-wave Green functions (Lin et al., 2013; Poli et al., 2017; S. Wang &

Tkalci¢, 2020).

Finally, the broadband nature of GSN and GEOSCOPE data offers a bridge to
deformation captured by Global Navigation Satellite System (GNSS) geod-
esy, partially filling the so-called seismo-geodetic gap between long-period
seismometry and short-period geodesy (e.g., Larson, 2009; Riquelme
et al., 2016). In many applications it is increasingly evident that transient
rheology governs key processes at intermediate timescales like post-seismic
(e.g., Birgmann & Dresen, 2008) and post-glacial rebound (e.g., Ivins
et al., 2020; Lau & Holtzman, 2019). Seismic attenuation is expected to vary
with frequency and may be represented by a variety of relaxation mecha-
nisms that are active at different characteristic timescales. This frequency
dependence is seen in experimental studies (e.g., Faul & Jackson, 2015)
and observational studies using GSN data (Leki¢ et al., 2009). Recently, Lau and Faul (2019) self-consistently
compared attenuation from GSN normal mode observations to geodetic data spanning decades. Because of inher-
ent trade-offs between frequency- and spatial-dependence of attenuation, much work remains to be done. Exploit-
ing this unique aspect of GSNs as well as the increasing coverage of regional stations presents an opportunity to
further refine our understanding of frequency dependent rheology.

6. Great Earthquakes and Fault Rupture Imaging

The largest earthquakes (“great” earthquakes with magnitudes of 8 or larger) occur on time scales of tens to
hundreds of years, and our record of these infrequent events is sparse. For the years since 1900, a nearly complete
record of all major earthquakes (Figure 29) exists, including most giant (M, > 8.5) events (British Association
for Advancement of Science Seismological Committee & Milne, 1912). The rate of large earthquake occur-
rence is irregular, with two temporal clusters of giant earthquakes, spanning roughly 1950-1965 and 2004-2011
(Figure 29). While large earthquakes occur at irregular frequencies, earthquake magnitudes are distributed expo-
nentially as log,(\N(M) = a — M, where N(M) is the number of magnitude larger than or equal to M and f
and a are constants (Godano & Pingue, 2000). This scaling relationship is known as the Gutenberg-Richter
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Figure 29. (a) Major (M > 7) and great (M > 8) earthquake timeline showing the occurrence pattern of large earthquakes for the past 120 years. The era of global
digital seismographic networks since circa 1990 has captured one of the most active stretches in large earthquake history, providing valuable short- and long-period
observations of several giant (M, >8.5) and many great earthquakes. (b) Gutenberg-Richter scaling relationship of the cumulative frequency of the seismic moment

w=

using the Global Centroid-Moment-Tensor catalog from 1977 to 1994. The dashed line represents the linear fit on the log-log scale in the range 5 - 10** t0 5.2 - 10%
dyne-cm (5 - 10'7 t0 5.2 - 10?° N-m). Panel (a) was reproduced from International Seismological Centre (2021) and panel (b) was reproduced from Godano and

Pingue (2000).

(GR) law (Gutenberg & Richter, 1944). Short-term (minutes to weeks) dynamic and static stress changes are
known to trigger solid Earth and cryospheric seismicity at regional and teleseismic ranges (C. Li et al., 2021;
D. P. Hill et al., 1993; Freed, 2005; Peng et al., 2014), as do local stress and hydrological perturbations (Johnson
et al., 2017). However, temporal clustering between the sparse data set of Earth's largest instrumentally recorded
earthquakes, and temporal correlations with other geophysical activity (e.g., solar cycles), remain both intrigu-
ing and speculative, with most researchers concluding that the global occurrence of large earthquakes, once
declustered for aftershocks, is consistent with a Poissonian random process (e.g., Bendick & Bilham, 2017,
Beroza, 2012; Jenkins et al., 2021; Marchitelli et al., 2020; McCaffrey, 2008; P. M. Shearer & Stark, 2012).

Fortuitously, modern GSNs have provided on-scale, high-quality VBB ground motion records across the episode
of great earthquake activity that began in the early 2000s, and that followed an approximately 35-year period
with relatively few large events (Figure 29). The collection of these data is a major achievement in the field, and
successfully satisfied one of the key goals of global digital network designers and operators (Butler et al., 2004;
Park et al., 2005). Thus, present modern GSNs have now yielded invaluable records of some of the largest
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Figure 30. Observed displacement seismograms for the 2004 M|, 9.1-9.3
Sumatra-Andaman Islands earthquake observed at PAS (Pasadena, CA, USA;
California Integrated Seismic Network; CI) and for the 2001 M, 8.4 southern
Peru earthquake observed at GSN station CTAO (Charters Towers, Australia).
The long-period character of these large earthquakes is apparent in the records,
and is only observable with very broadband instrumentation. Insets display the
global centroid moment tensor focal polarity (Ekstrom et al., 2012) for the two
events and the direction from the source to the station (arrows). The signals
were chosen to equalize radiation pattern and distance effects on the signals to
facilitate comparison. Reproduced from Lay et al. (2005).

earthquakes in history. Of particular interest and the focus of many investiga-
tions were the 2004 (M|, 9.1-9.3, Lay et al., 2005), 2005 (M,, 8.6), and 2007
Sumatra (M,, 8.4); 2010 Maule, Chile (M,, 8.8); 2011 Tohoku-Oki (M, 9.0,
M. Simons et al., 2011); and 2012 off-the coast of Sumatra earthquakes (M,
8.6 and 8.2). Besides these exceptional events, global networks have ensured
worldwide accurate recordings of all M, >8 (on average 1 per year), M, >7
(10-20 per year) and M,, >6 (100-200 per year) earthquakes. These obser-
vations have been further improved by being supplemented with regional
network data.

We first describe how GSNs were able to characterize both giant and large
earthquakes, using a large variety of techniques that often can be imple-
mented in near-real time. Then we emphasize that teleseismic broadband data
are complementary with other data (in particular GNSS) to provide accurate
imaging of the space-time evolution of the large earthquakes rupture. Finally,
we document the ability of GSNs to record tiny and valuable signals gener-
ated by the largest earthquakes, such as the early gravity-induced wavefield.

6.1. Large Earthquake Rupture Modeling From Global Seismic
Observations

The reliable quantification and characterization of large earthquakes, in a
minimum amount of time, is an important scientific and societal task which
was discussed in Section 3.3. At the local scale, where seismic waves and
associated deformation arrive first and are the strongest, several elements
make providing accurate and robust information on the characteristics of the
event challenging. In particular, when source dimensions are on the same
order as the distances to the stations, even the determination of first order

earthquake characteristics, such as moment magnitude, requires complex modeling taking into account fault

geometry and dimensions of the causative rupture. Moreover, algorithms have to be made robust as the observa-

tion configuration (e.g., azimuthal coverage) can differ significantly between successive events. Finally, methods

that have been implemented in these contexts (e.g., Delouis, 2014) obviously rely on the presence of local or

regional networks.

At the global scale, however, such difficulties are largely avoided and systematic methods based on simple source
representations have been developed (Section 3.3). All these approaches rely on the geographical distribution,
real-time transmission and broadband character of globally distributed seismic stations. The difference in the radi-
ated wavefield from the largest earthquakes from more modest magnitude earthquakes is substantial. The long
duration of the largest earthquakes and large seismic moment excite a long-period dominated global wavefield
(Figure 30). These features are well captured by the VBB instruments often operated by GSN stations, and make
possible the implementation of W-phase inversion for rapid source characterization (Kanamori & Rivera, 2008).

Use of the W-phase and the earliest arriving body waves allows for the robust global estimation of key parameters
(location, focal mechanism and magnitude) of the largest earthquakes within 15-20 min of origin time. This
information is of high interest to quantify the event's tsunamigenic potential, especially when the event exhibits
indications of being a shallow sub-sea rupture with a large seismic moment. So-called “tsunami earthquakes,”
an exceptional class of tsunamigenic earthquakes, are characterized by ruptures long and anomalously slow, and
radiate seismic energy depleted in high frequencies (Kanamori, 1972). These events can be quickly and globally
discriminated by the “slowness” parameter (®), the logarithmic ratio between an earthquake's estimated radiated
energy and its moment (Lomax et al., 2007; Newman & Okal, 1998). In the twenty-first century, notable exam-
ples of such events are the 17 July 2006 M,, 7.8 Java earthquake (Ammon et al., 2006) and the 5 October 2010
M, 7.8 Mentawai earthquake (Newman et al., 2011), which generated tsunamis that were greater than predicted

by their seismic magnitude.

Globally distributed seismic data can be used to robustly retrieve the fault rupture space-time evolution of large

earthquakes. The high frequency (>1 Hz) content of a teleseismic record is almost fully carried by the direct
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P wave, which offers a way to estimate the source duration (Lomax & Michelini, 2009; Ni et al., 2005). The
exceptional duration (>500 s) of the M, 9.1-9.3 2004 Sumatra earthquake was first determined by such an
approach. More sophisticated methods have used deconvolution (L. J. Ruff, 1989; Tanioka & Ruff, 1997; Vallée
& Douet, 2016) to extract source time functions of large earthquakes from P and S teleseismic body waves. In
addition to their practical use in illuminating earthquakes with anomalously long duration, with respect to their
magnitude, such methods can be applied to a large collection of earthquakes to search for generic properties
of the rupture processes. An important result, also supported by corner frequency measurements (Allmann &
Shearer, 2009), is that earthquake duration globally scales with magnitude as expected for a constant stress
drop source process. This global invariance, however, hides some specific trends. Subduction interface earth-
quakes tend to have a longer duration than earthquakes in other tectonic contexts (Chounet & Vallée, 2018;
Houston, 2001), suggesting that repeated ruptures or the hydrated nature of the subduction interface result in
a lower stress drop and/or rupture velocity. Bilek and Lay (1999) and Bilek et al. (2004) showed that shallow
subduction interface events have longer durations than earthquakes located deeper in the seismogenic zone. This
can be interpreted either by different source characteristics or by lower medium rigidity, the latter hypothesis
being favored by subduction dynamics. Over the full seismogenic depth extent (0—700 km), source time functions
also show that shallow earthquakes (<70 km) have lower stress drop than intermediate depth (70-300 km) and
deep earthquakes (300-700 km) (Houston, 2001). These differences can be attributed to rigidity increase from
the surface to the transition zone (Vallée, 2013).

Globally distributed seismic data also provide key elements on the space-time features of the rupture process.
Several approaches, including multiple point-source inversions (Duputel et al., 2012; Fukao, 1972; Tsai
et al., 2005) or continuous line source analysis have been applied to data from global seismograph networks.
Most of these techniques track the relative differences between stations with different azimuths (often referred to
as directivity effects) to retrieve the main characteristics of large earthquakes. One of the findings of the last two
decades was that some large earthquakes propagate at supershear speeds (i.e., faster than the shear-wave velocity)
over long distances (e.g., Bouchon & Vallée, 2003; Das, 2015; Zhan et al., 2014). Such supershear earthquakes
require long strike-slip faults with low friction as necessary, but not necessarily sufficient conditions (Das, 2015).
The determination of the detailed space-time slip evolution of large earthquakes is a challenging task because of
the large number of free parameters, uncertainties in fault geometry, and the fact that Green's functions typically
vary little over the rupture zone. Finite fault approaches such as those proposed by Olson and Apsel (1982),
Hartzell and Heaton (1983), or Ji et al. (2002) can, however, be applied to teleseismic data, with improved
resolution when jointly inverting body waves and surface waves (e.g., Hayes, 2017). Determining the rupture
process of the M|, 9.1-9.3 Sumatra-Andaman earthquake relied heavily on matching synthetic waveforms from
different slip models to seismic observations made predominantly on GEOSCOPE and GSN stations (Ammon
et al., 2005). Ilustrative results for the 11 March 2011, M 9.1, Tohoku earthquake, shown in Figure 31, both
illuminate the strengths and the limitations and the finite fault teleseismic inversions. All inversions show the
dominantly updip rupture propagation, resulting in very large slip close to the trench, at the origin of the devastat-
ing tsunami. However, maximum slip value as well as the southern extent of the rupture zone significantly differ
between inversions. Global databases of teleseismic finite-fault models (Hayes, 2017; Mai & Thingbaijam, 2014;
Ye et al., 2016) are therefore mostly used to analyze their main features, and details are best discussed on earth-
quakes that benefit local and teleseismic observations (Section 6.2). We refer the reader to Ide et al. (2005) for an
overview on finite-fault inversions as well as Mai et al. (2016) for details on estimating uncertainties in finite-fault
inversions.

Besides their use in waveform inversion, which is generally limited to periods down to a few seconds, the data
from global and regional seismographic networks have been helpful in mapping high-frequency (around and
above 1 Hz) radiation patterns of large earthquakes. For such applications, a seismographic network is consid-
ered an antenna, and backprojection (or time-reversal) techniques (Ishii et al., 2005; Kriiger & Ohrnberger, 2005;
Larmat et al., 2006) allow one to locate in space and time the strongest radiators (Walker et al., 2005; Y. Xu
et al., 2009). Here also, the use of the GSN data is complementary to dense local or regional arrays (where the
required correlation between waveforms is higher but the measured time shifts are smaller). This approach,
which does not require any inversion or definition of a source model, has been extensively used to determine the
rupture extent and rupture velocity of large earthquakes (e.g., Meng et al., 2012; Satriano et al., 2012; Walker
& Shearer, 2009). Careful analysis of high-frequency seismic radiation from megathrust earthquakes further
revealed that this energy tends to originate at the bottom of the rupture zone (rather than in the areas of maximum
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Figure 31. Twenty slip models for the 2011 Tohoku earthquake (excluding Model 16 that has a similar pattern to Model
15). The original fault geometry is indicated with red lines. The red dashed lines outline single plane representations of the
corresponding model. The smallest and largest areas used in the slip-model comparison are denoted by black lines and black
dashed lines, respectively. Reproduced from Razafindrakoto et al. (2015).
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slip), suggesting that the frictional properties of the subduction interface are depth dependent (H. Yao et al., 2013;
Lay et al., 2012).

6.2. Large Earthquake Rupture Processes and Joint Analyses of Seismic and Geodetic Observations

For large earthquakes occurring onshore or in well instrumented areas, data from GSNs complement other
geophysical observations, and the most comprehensive and detailed analyses are now performed jointly with
these other data types. Strong motion records and high-rate GNSS-derived displacements (Ge et al., 2000; Larson
et al., 2003) are highly sensitive to the closest source emissions, and their addition to teleseismic data thus
improves local resolution. Static geodetic data (GNSS and Interferometric Synthetic Aperture Radar; InSAR)
have proved to be very useful for understanding large earthquakes rupture processes. Even if they allow access to
only the final earthquake slip, they have the advantage of a higher dynamic range, producing faithful recordings
of large (e.g., up to many meters of displacement) ground motions in the near-field (C. Xu et al., 2016). While
there can be relatively large uncertainty in the vertical components of GNSS measurements, they have been
shown to be consistent with traditional seismic recordings and can be utilized in critical early assessment meas-
urements such as W-phase moment tensor inversion (Riquelme et al., 2016), as well as to resolve high-amplitude
normal modes in certain situations (Mitsui & Heki, 2012). Since many GNSS sites provide data in real time and
do not directly overlap with global seismographic stations they also provide valuable complementary spatial
sampling to be incorporated into seismic studies.

InSAR provides spatially dense surface measurements of near-source surface deformations created by large and
shallow earthquakes (e.g., Funning & Garcia, 2018; Massonnet et al., 1993). One such case in recent years is
the 25 April 2015 M, 7.8, Gorkha (Nepal) earthquake (Barnhart et al., 2019; Grandin et al., 2015). Even for
megathrust earthquakes like the 2010 Maule and 2011 Tohoku events, the pattern of deformation observed inland
provided strong estimates on the slip location along the plate interface and on its downdip extent. With the advent
of the Sentinel-1 program, the revisit time for forming InSaR images has now significantly decreased down to a
few days, and the anticipated 2023 launch of the NISAR system will further expand resources https://nisar.jpl.
nasa.gov/mission/quick-facts/. Even if this latency still precludes near-real-time applications, InSAR results are
invaluable in refining seismic observations.

Both GNSS (static and high-rate) and InSAR data sets have increasingly become integrated with seismic data
to realize joint inversions that greatly increase resolution of the slip on large faults or fault systems following
earthquakes. Wald et al. (1996) demonstrated the value of this approach by attaining a rupture model of the
1994 M, 6.7 Northridge (California) earthquake using near-source strong motion data, teleseismic body waves
recorded at GSN seismic stations, and static regional geodetic (GNSS and leveling) observations. This study, and
a number of other ones which also integrate InSAR and/or high-rate GNSS for the 2011 Tohoku earthquake (e.g.,
Ammon et al., 2011) and the 2015 Gorkha earthquake (e.g., Grandin et al., 2015; Yi et al., 2017) highlighted the
enhanced understanding of rupture history that arises from a combined analysis of seismic and geodetic data.
These studies suggest that continued expansion of high-rate GNSS observations at and near global seismographic
stations (particularly those in close proximity to plate boundaries) will be valuable to future source studies.

For subduction megathrust earthquakes, the addition of marine and seafloor measurements helps to estimate the
rupture characteristics, particularly close to the trench. Tsunami amplitudes, mostly measured by tide gauges and
the DART system (Meinig et al., 2005), have also been integrated into source inversions to better resolve shallow
slip (e.g., Heidarzadeh et al., 2016). The near-trench static offsets generated by the 2011 Tohoku earthquake were
captured by seafloor geodetic techniques (Kido et al., 2011; Sato et al., 2011). Huge horizontal displacements
observed there (25-30 m) show that large differences in finite-fault models exist (Figure 31) and it is necessary
to quantitatively compare such rupture models (Razafindrakoto et al., 2015). For large events like the Tohoku
earthquake it is possible to use data beyond that provided by GSNs to better estimate the large-scale space-time
slip distribution (Bletery et al., 2014).

Collectively, the broadband analyses of recent large events produced a number of important observations and
required the community to reevaluate a number of assumptions of the likely environments of the largest earth-
quakes (e.g., Bilek & Lay, 2018 and references therein). For example, previous hypotheses suggesting that
young subducting plates favor the occurrence of megathrust earthquakes (L. Ruff & Kanamori, 1980) were
challenged by the 2004 Sumatra Andaman Islands and the 2011 Tohoku earthquakes (e.g., Morra et al., 2013;
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Stein et al., 2012). The diversity of rupture processes of these great earthquakes as well as the availability of VBB
observations has led to a number of advances in our characterizations of large earthquakes (e.g., Kanamori, 2014;
Lavallée & Archuleta, 2005; Lavallée et al., 2006; Lay, 2015; Mai & Beroza, 2002). VBB imaging of these large
earthquakes has demonstrated the importance of both along-strike and along-dip variations in rupture processes.
The more novel results are subduction systems along-dip variations that span the range of slow rupture at the
shallowest depths (all the way to the trench) to high-frequency radiation from the deeper seismogenic zone and
still deeper to the region of slow-slip and seismic tremor (Figure 32, H. Yao et al., 2013; Kanamori, 2014; Lay
etal., 2012).

The sequence of large earthquakes that began in 2004 along the eastern Indian Ocean Region (Sumatra and
off-shore Sumatra) has demonstrated the interaction and clustering of Earth's large earthquakes along subduction
boundaries, and their interaction with a nascent plate boundary region beneath the central Indian Ocean (e.g.,
Delescluse et al., 2012; Lay, 2015). The sequence is somewhat similar in style to the events of the 1950s and
1960s that ruptured along the Alaska-Aleutian boundary (e.g., P. Shearer & Biirgmann, 2010). Also clear are
interplate stress transfers between nearby large inter- and intra-plate earthquakes such as those that struck the
Kuril Islands in 2006-2007 (Ammon et al., 2008; Lay, Kanamori, et al., 2009; Steblov et al., 2008) and Samoa in
2009 (Beavan et al., 2010; Lay et al., 2010). Events have also clearly re-ruptured parts of previous ruptures show-
ing the substantial overlap of ruptures that may occur along boundaries during large earthquakes decades later
(e.g., Lorito et al., 2011; Natawidjaja et al., 2006; Nocquet et al., 2017). Such observations lead to the emergence
of the concept of supercycles (Goldfinger et al., 2013; Sieh et al., 2008), where centuries-long accumulated strain
is released through clusters of large earthquakes. Such a behavior biases the inferences of earthquake occurrence
based on strain accumulated between two successive large earthquakes. Without a doubt, the collection and anal-
ysis of VBB observations has led to important developments in our understanding of large earthquake processes.
The resulting picture remains complex but future observations are sure to lead to new patterns and advances in
our understanding.

6.3. Elastogravity Signals From Large Earthquakes Observed by Global Networks

In the period range between several tens to thousands of seconds, high-quality VBB sensors installed at low noise
globally distributed sites (Figure 6) allow for the detection of new classes of signals, including those associated
with Earth's largest earthquakes. Classical earthquake signals observed in this period range include Earth normal
modes, which, as discussed above in Section 2, were a foundational motivation for global VBB network initiatives
(Agnew et al., 1976). Normal modes are significantly affected by the coupling between medium deformation and
gravity changes, and self-gravitating Earth models are required to accurately predict the gravest of these modes
(e.g., Dahlen & Tromp, 1998).

With the exception of very long-period normal mode signals, dynamic gravity perturbations generated by earth-
quakes have been sparsely studied. However, a large earthquake, together with the P waves that it radiates, affect
the Earth density distribution in such a way that tiny changes of the gravity direction and amplitude are expected
(Harms et al., 2015). Due to the speed-of-light propagation of gravity perturbations, an intriguing aspect of
these gravity-induced signals is their near-immediate appearance anywhere on Earth as soon as the earthquake
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starts. This provides a potential monitoring tool or early warning tool which is observationally favorable since
such signals can be detected during a time window without other seismic phases between the origin time and
the P-wave arrival (Montagner et al., 2016). When recorded by a broadband seismic station, these early signals
were coined Prompt Elasto-Gravity Signals (PEGS). PEGS are created by two contributing processes, the first
coming from density perturbation induced gravity changes themselves and the second from the elastic readjust-
ment of the gravitationally perturbed Earth (Figure 33; Heaton, 2017). PEGS synthetic calculations show that
their peak amplitude is on the order of 10-°m/s? in the 30-500 s period range for the largest earthquakes, while
the best VBB sensors have an RMS noise level of one to several 1071° m/s? in this period range.

The first high signal-to-noise observation of PEGS was made at GSN station MDJ (Northeast China) during
the 2011 M, 9.1 Tohoku earthquake (Figure 33), and was complemented by other observations at global and
regional networks (Vallée et al., 2017). PEGS from five other earthquakes with M, 7.9-8.8 were subsequently
observed (Vallée & Juhel, 2019). Global networks provided key observations of elastogravity signals for most
of these earthquakes, and PEGS observations for the 2018 M, 8.2 deep Fiji earthquake relied only on GSN and
GEOSCORPE stations. In all these cases, observed signals can be accurately modeled using several complemen-
tary approaches (Juhel et al., 2019; S. Zhang et al., 2020; Vallée et al., 2017). Modeling shows that the low
frequency nature of PEGS makes them insensitive to the details of the earthquake source; in contrast, they are
sensitive to first-order source characteristics, in particular the seismic moment time evolution and focal mech-
anism. Together with the early arriving nature of these signals, this illuminates a potential for very rapid earth-
quake information. A current limitation is that the SNR limits PEGS observations to the vertical component and
prevents observations for earthquakes of M, <7.8. In the future, signal-to-noise improvement provided by deep
borehole VBB instruments should allow for these signals to be observed on horizontal components. Better under-
standing of seismic noise in the 30-500 s period range, as well as more advanced signal processing techniques
(including machine learning) should also lower the magnitude threshold and ability to infer source information.
Finally, additional instruments such as gravity gradiometers (e.g., Ando et al., 2010) are also envisioned to better
detect and utilize these signals (Juhel et al., 2018).

7. Nuclear Discrimination and Monitoring

7.1. A Brief History of Monitoring Nuclear Tests With Seismology

Following the Trinity nuclear test explosion of 16 July 1945 by the U.S. and the use of nuclear weapons against
Japan, seven additional countries have acknowledged conducting nuclear test explosions: the Soviet Union
(beginning in 1949); the United Kingdom (1952); France (1960); China (1964); India (1974); Pakistan (1998);
and the Democratic People's Republic of Korea (DPRK, 2006). Burr et al. (2019) discuss evidence for a small
nuclear test in the atmosphere on 22 September 1979, reportedly by Israel though this has not been acknow
ledged. More than 10 additional countries began the pursuit of nuclear weapons technology, but eventually pulled
back without conducting nuclear test explosions and chose to join the Treaty on the Non-Proliferation of Nuclear
Weapons (NPTs) as non-nuclear weapons states. The NPT, intended to impede the “horizontal” spread of nuclear
weapons between countries, entered into force in 1970, initially for a 25-year period. It is linked politically to the
CTBT (to impede “vertical” proliferation of nuclear weapons technology within the nuclear weapons states). In
the early 1990s the resumption of CTBT negotiations was deemed of sufficient promise that the NPT member
states voted in May 1995 to remove the 25-year limitation—making the NPT of indefinite extent. As of March
2022, a total of 191 countries have become NPT members—more than have signed any other treaty. The text of
the CTBT was finalized in 1996, and as of 2022 it has been signed by 186 states. However, as of this writing, it
has not entered into force because it has not been ratified by some key countries, including China, the DPRK,
India, Israel, Pakistan, and the U.S. Nevertheless extensive monitoring experience has been built up since 1996
with the installation and operation of global geophysical networks intended to verify CTBT compliance. Details
of their operation and capabilities are described in National Academy of Sciences (2002); National Research
Council (2012). An overview of seismological efforts is given by Richards et al. (2021).

The CTBT will in practice be monitored by the international CTBT Organization (CTBTO, headquartered in
Vienna, Austria) which operates the IMS (it includes two networks of seismic monitoring stations), and the
International Data Centre (IDC). The work is also carried out by the national efforts of member states and by the
loosely organized efforts of numerous institutions that acquire and process data originally recorded for purposes
other than treaty monitoring. The IDC provides basic analysis such as bulletins of seismic event locations,
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Figure 33. Observation and origin of the prompt elastogravity signals illustrated using data from global seismographic
network station MDJ in northeast China, 1,280 km from the Tohoku earthquake epicentral region (black star). At such
distances, direct seismic waves arrive about 165 s after origin time, as shown in the inset showing the MDJ vertical
acceleration in the 33-500 s period range. However, a clear, even if much weaker, acceleration signal is detected by the
seismometer before the direct waves arrive. The origin of this signal can be understood by considering the interval after the
earthquake occurs but before the arrival of the direct seismic waves. For example, by about 55 s after the origin time, direct
waves have propagated inside the volume shown by the gray area, but are still far from arriving at MDJ. Within this volume,
seismic waves have caused compression and dilation of the medium to create density perturbations, as further indicated in
the bottom cross-section. The global contribution of all such density perturbations gives rise to a gravity perturbation that is
effectively immediately detected by the seismometer as an apparent acceleration (direct effect). The gravitational field is also
modified everywhere on Earth, and each mass element affected by these perturbations becomes a secondary source of seismic
waves (induced effect). Within the green volume around the seismometer this secondary seismic wavefield arrives before the
direct waves.
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including a procedure for screening out events deemed unlikely to be explosive. Unscreened events thus come to
the attention of member states and may be studied in detail—with such members conducting independent analysis
and identification. Although becoming effective only with entry into force, the CTBT specifies procedures for
member states to make a formal request to conduct on-site inspection of regions in which nuclear testing has been
suspected of taking place. In this context the quality of seismic event locations is particularly important because
of the following treaty text: “The area of an on-site inspection shall be continuous and its size shall not exceed
1,000 km?. There shall be no linear distance greater than 50 km in any direction.”

When global CTBT monitoring began in the late 1990s, the work could build upon decades of practical
experience that some member states had acquired from teleseismic monitoring of more than 2,000 nuclear test
explosions conducted prior to 1996. Limited experience with monitoring at regional distances using Pn, Pg, Sn,
and Rg phases out to about 1,000 km—and Lg out to greater distances—had indicated by the 1980s that access
to regional phases permitted significant improvement upon solely teleseismic monitoring performance, that is,
providing capability to detect smaller seismic events, to locate them precisely, and to characterize them as an
earthquake or explosion. With more than 25 years of additional experience using regional signals since the
CTBT text was finalized in 1996, it has indeed turned out that regional signals facilitate improved monitoring. In
the next section we give examples where particular GSN stations have provided key data that enable confident
interpretations of events that had originally appeared problematic. We also summarize the current capability of
seismic monitoring methods applied to nuclear testing in North Korea up to March 2022, where seismic moni-
toring today is characterizing remarkably small events (down at the M 2 level and occasionally even lower).
Section 8§ reviews progress in seismic event location, indicating the potential to achieve orders-of-magnitude
better precision in source locations for active regions spanning broad areas using regional waves recorded by
sparse networks such as the GSN. Improving monitoring efforts is particularly important for treaty verification,
and has application to all types of seismic source.

7.2. Developments in Explosion Monitoring Promoted by Global Seismographic Networks

Following World War II, nuclear test explosions from the 1940s to the early 1980s were monitored first by
detection and analysis of diagnostic radioisotopes and later—as the Limited Test Ban Treaty of 1963 took hold
and nuclear tests moved into the underground environment—by their seismic signals. For the most part, detailed
analysis was based on teleseismic records and led to the sequential steps of: detection; association of all the
signals from separate stations that are due to a particular event; locating that event; identifying it (as a natural
earthquake, a chemical explosion, a nuclear test, or something else); estimating its size; and (if nuclear) attribut-
ing it to a particular country.

The background of practical experience with teleseismic signals sometimes proved inadequate, as became appar-
ent on 16 August 1997 when seismic signals indicated a small event near the islands of Novaya Zemlya, once
used by the USSR to conduct its largest nuclear test explosions and still today used for nuclear weapons research
(Figure 34). The event was too weak to generate usable long-period surface waves (and thus prevented teleseismic
use of the m, — M discriminant). According to news reports at the time, questions arose as to whether the Russian
Federation had carried out a small nuclear explosion on land at its former test site.

The event was well recorded regionally at the GSN station KEV (Kevo, Finland), which had previously recorded
several known nuclear test explosions. Inspection of the spectral ratios between P-waves and S-waves (Figure 35)
of the unknown event and these prior nuclear tests showed that the unknown event contained substantially more
S-wave energy per unit of P-wave energy than the nuclear tests and was therefore likely an earthquake.

The ratio of the Fourier amplitude spectra of P-waves compared to those of S-waves had been developed in
the 1980s as a discriminant, but the 1997 event near Novaya Zemlya gave it prominence as an effective way
to discriminate earthquake and explosion signals. The ratio is typically higher for explosions than for earth-
quakes. Though often based on data only from the vertical component of recorded ground motions, W.-Y. Kim
et al. (1997), showed that the ratio can more effectively discriminate when the amplitudes of P- and S-motions
are based on all three components of ground motion. The discriminant is effective also for small events—a point
that has emerged from detailed studies of small earthquakes and explosions, for example, one using GSN data
from station WMQ (Urumgqji, Xinjiang Province, China) and MAKZ (Makanchi, Kazakhstan) (Pan et al., 2007).
Additionally, when North Korea (DPRK) conducted its first explosion on 9 October 2006, the P-to-S spectral
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Figure 34. (a) Map showing the Novaya Zemlya test site and relevant seismic stations in the region including global
seismographic network station KEV. (b) Zoom in of the Novaya Zemlya test site with earthquake locations (including the 16
August 1997 event) and their uncertainty characterized by 90% confidence error ellipses. From Richards and Kim (1997).

ratio (as recorded for example at the GSN station MDJ in Mudanjiang, Heilongjiang Province, China at a distance
of about 335 km) indicated that the source was explosive in nature. Extensive studies of this discriminant indicate
that it has utility provided sufficiently high signal-to-noise records are available. Figure 36 shows the regional
signals at MDJ for all six DPRK nuclear test to date. P-to-S spectral ratios are measurable at MDJ up to 9 Hz
from these sources.

Seismic records from MDJ have aided in developing techniques to discriminate between explosions and earth-
quakes for increasingly smaller events. In May 2010, unusual levels of xenon radionuclides were detected around
DPRK. Although no event was detected seismically, Geer (2012) concluded that an unannounced, low-yield
nuclear test must have been conducted by the DPRK. Although subsequent analysis of MDJ data determined that
no event greater than M 2.0 could have occurred (Schaff et al., 2012), M. Zhang and Wen (2015) used stacked
waveforms from previous tests to identify a M 1.4 event on 12 May 2010. This analysis was carried out on local
(<200 km) Chinese stations and the event was concluded to be an explosion based on P- and S-wave spectra.

The waveforms used in their paper were not published or made available to readers, but the importance of Zhang
and Wen's conclusion led to extensive data searches in which digital broadband waveforms were found from two
different temporary networks in China, of quality high enough to enable P-to-S spectral measurements. W.-Y.
Kim et al. (2017) reported these data for the May 2010 event discovered by Zhang and Wen, along with a detailed
study of P-to-§ spectral ratios from the regional records of 12 earthquakes and 12 explosions held in the MDJ
archive (which goes back to 1986 for this GSN station). The training sets from MDJ data for these 24 events
were used by W.-Y. Kim et al. (2017) to conclude that the 2010 event, 7 years earlier, had P-to-S spectral ratios
(derived from the two temporary networks as well as from information in M. Zhang and Wen (2015)) that were
characteristic of a small earthquake, rather than an explosion.

Since 2010, the DPRK has conducted four additional nuclear tests to this time of writing. Their locations beneath
Mount Mantap are indicated in Figure 37, which also shows the locations of aftershocks several km to the North
of the largest test that occurred in 2017. Seismic signals from these events have been reported and analyzed in
more than a hundred scientific publications, many coming from authors in the neighboring countries of China,
Japan, the Republic of Korea, and Russia. The November/December 2018 Seismological Research Letters has
170 pages of a focus section on the 2017 test and its aftermath. That event was followed (about 8.5 min later) by
a collapse of the cavity created by the explosion, and then by a series of induced events, interpreted as damage
caused by strong ground motion from the main shock and then slow adjustments in the surrounding region entail-
ing stress relief via a series of aftershocks that have continued through 2022. These aftershocks have provided
additional opportunities to apply and evaluate modern methods for detecting, locating, and identifying small
events. All three of these steps in monitoring have been improved by application of cross-correlation methods, as
discussed by (Schaff, Kim, et al., 2018; W.-Y. Kim et al., 2018), and have also shown that an earlier DPRK test
of 9 September 2016 had an aftershock (Adushkin et al., 2017). Recent work using seismographic stations along
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Figure 35. (a) Waveforms for a Soviet-era nuclear explosion at the Novaya Zemlya test site (top red trace, 24 October 1990,
1,048 km) and for the 16 August event (bottom black trace, 1,127 km), recorded at the same station, KEV (Kevo, in northern
Finland). (b) P-to-S spectral ratios for a few nuclear explosions (white), and for the 16 August 1997 event (black), at KEV.
From Richards and Kim (1997).
with InSAR as discussed in Section 6.2, has helped to better estimate the moment tensor of events based on a
relatively limited number of recordings.
In practice, there is no perfect “silver bullet” discriminant that can be applied to seismic data to distinguish
between earthquake and explosion sources; and there are additional specialized questions of how to distinguish
between the seismic signals of nuclear explosions and those from chemical explosions, which in most cases are
conducted as a ripple-fired series of small charges to achieve the commercial purpose of breaking and moving
rock (Khalturin et al., 1998). As new discriminants are proposed, they are critically evaluated and some survive
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Vertical Records from Nuclear Tests in North Korea, 2006-2017 at MDJ (Mudanjiang, China)
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Figure 36. Vertical ground velocity due to the six nuclear test explosions conducted by the Democratic People's Republic of Korea between 2006 (top trace) to 2017
(bottom trace) recorded at MDJ (Mudanjiang, Heilongjiang Province, China), located about 335 km to the north of these events. Note that the y-axis changes scale for

each event.

to become particularly useful. An overall point which emerges from experience with monitoring DPRK nuclear
tests through 2022, 26 years after the CTBT text was finalized, is that capabilities to monitor underground
nuclear testing today are orders-of-magnitude better than was generally anticipated when the CTBT was opened
for signature in 1996. As illustrated above, many of these capabilities directly resulted from observations made
from long-running, high-quality GSN stations. Regional signals are particularly useful because they can have the
best SNR for small events.

8. Progress in Seismic Event Location Promoted by Global Seismographic Networks

When seismologists speak of “seismic data” they typically mean seismograms. However, for much wider commu-
nities of Earth scientists, engineers, and stakeholders, including policymakers, journalists, emergency managers,
nuclear test-ban monitoring communities, and for insurance and other commercial-sector interests, the “seismic
data” of greatest interest are various data products that are derived from seismograms (e.g., Hutko et al., 2017,
Trabant et al., 2012). Of these, the most fundamental are lists of earthquake and explosion locations, origin times,
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Figure 37. A map showing locations for the summit of Mount Mantap (black triangle); the first Democratic People's
Republic of Korea underground nuclear explosion (UNE; small star), to the east and south of this summit; five subsequent
UNEs conducted within the mountain (larger stars) including the large test explosion of 3 September 2017; and a series of
small aftershocks aligned over several hundred m, about 8 km to the north of the peak (black circles). Adapted from W.-Y.
Kim et al. (2018).

magnitudes and other source characteristics, and intensity information. Hypocenter lists, or event catalogs, are
often backed up by a published bulletin of seismicity that summarizes local, regional, or teleseismic phase arrival
time reports, and other fundamental observations made at stations.

In 2009, the U.S. National Science Foundation accepted a report on grand challenges in seismology and under-
standing Earth's dynamic systems (Lay, Aster, et al., 2009). It noted that, “Recent advances in data quality and
availability, advanced processing methods, and computational capabilities enable significant improvements in
earthquake catalogs and Earth models, yet there is not a dedicated effort to systematically enhance these funda-
mental seismological products. It is realistic to commit to monitoring almost all seismicity on all continents
down to M ~3 events, and beneath the oceans down to M ~4, over the next decade. Event location accuracy can
be systematically improved on large and even global scales, with relative locations as accurate as a few hundred
meters rather than current levels of a few to tens of kilometers. Integration of catalogs ... would benefit basic
research, applied research, and many societal applications that use seismicity distributions.”

In practice, national and international mission agencies charged with providing catalogs and assessments of
seismic events have to support major efforts to maintain stations and to incorporate increasing data volumes asso-
ciated with increasing numbers of stations. Progress toward the “grand challenges” goal stated above has there-
fore been slow, although special studies of particular regions with active seismicity have shown that monitoring
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capabilities can be extended down to magnitudes lower than three for extensive continental regions, and we note
examples below.

Seismicity bulletins, whether produced on a local, regional, national, or global scale, have the potential for signif-
icant improvement—that is, better event locations, better completeness to lower magnitudes, better characteriza-
tion of focal mechanisms, and estimates of finite source size for the larger events. Improved characterization of
seismic events has often been the key to new insights into earthquake processes and structures, and drives new
levels of confidence in the ability to accurately monitor a region of interest. Of course, new seismicity insights
and improved monitoring capabilities are the very rationales upon which much work in seismology is funded.
For some users, prompt reporting on all types of seismicity is essential. For others, the most complete catalog
of earthquakes or explosions is needed, even if this information is not finalized until long after the events occur.
Since different user community needs will not be met with a single catalog and bulletin, a range of products exists
for different interests that include geophysical research, quantitative estimation of seismic hazard, and monitoring
arms control treaties, and tracking the weapons-development programs of a potential adversary.

Seismic event location is a nonlinear optimization problem. In sections below, we first comment briefly on
aspects of a traditional method in which events are located one-at-a-time using phase picks, noting that such
location estimates have improved because of substantial growth in globally distributed stations reporting. We then
discuss a series of developments in the use of regional waveforms, and waveform archives associated with global
networks, that can provide complementary results.

8.1. Locations Based on Phase Picks for Each Seismic Event, Contrasted With Methods Using Waveform
Segments

The traditional approach to event location uses iterative, linearized least squares methods and was introduced by
Geiger (1910, 1912). The data are the arrival times, measured on seismograms, of particular seismic phases, most
commonly P-waves, and these observations are best fit to a theoretical model of travel times and source origin
time to minimize differences with measurements quantified by an objective function. Such methodologies are
associated with three difficulties.

1. They use only a small fraction of the information contained in seismograms.

2. Phase arrival information is measured where the signal is typically quite small, which can lead to inaccuracies
in picking signal onsets (e.g., from emergent signals).

3. They require a forward model to predict observed phase arrival times (e.g., ray-tracing through an assumed
Earth seismic velocity structure) that will in general be 3D, complex, and will differ between regions.

Extensive efforts have been made to get around the third difficulty, for example, by developing source-specific
station corrections for each seismographic station in a network (Murphy et al., 2005), or by use of methods for
rapidly calculating regional seismic travel times in a simplified 3D Earth model (Myers et al., 2010). The speed of
Pn-waves can vary by more than 10% between different regions, so it is indeed worthwhile to use better regional
travel-times for purposes of interpreting the times at which signals arrive. But the first two difficulties remain. To
address them both, recorded waveforms can be used rather than arrival times. And then numerous choices must
be addressed such as what time window and frequency band to use to improve event detection and location; and
what methods to apply to the waveforms.

Ideally, as with Geiger's method, one would develop a model of seismic-wave velocities within the Earth together
with source models for candidate seismic events under study—and adjust parameters of these models to fit
observed waveforms. The challenges of that approach are daunting, as indicated for example, by K. B. Olsen
et al. (2018) in their finite difference simulations of regional seismic waves at stations in the Republic of Korea
(South Korea) from the DPRK nuclear test of 2009.

K. B. Olsen et al. (2018) pushed simulation of wave propagation in state-of-the-art 3D crustal models, using a
fairly smooth 3D model with 24 billion points at uniform spacing (100 m), noting that modern capabilities enable
synthetics up to 4 Hz out to distances of several hundred km. They included anelastic attention parameterized by
a variety of Q models, and achieved some success with synthetics that matched the timing of observed regional
wave arrivals; but they at first grossly overpredicted Rayleigh-wave amplitudes and under-predicted the coda.
After adjustment to Q values, their key to achieving better fits between synthetics and observations—of Pn, Pg,
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Sn, Lg, and Rayleigh waves—for seismograms that are broadly similar to those shown in Figure 36—was to
add small-scale perturbations of the P- and S-velocities according to statistical rules that are summarized by the
strength and length scale of inhomogeneities. It is satisfying that computations and modeling are at last able to
confirm a speculation of Jeffreys (1931a), who also noted oscillations after the arrival of P- and S-waves and
before the arrival of surface waves. He examined and rejected a host of explanations, concluding that “the only
suggestion which survives is that the oscillations are due to reflexions of the original pulse within the surface
layers.”

Porritt and Conley (2021) have also explored the effects of stochastic scattering on synthetic waveforms, but
using 2D and 2.5D finite difference methods. Their focus was on the regional seismograms of earthquakes in
Oklahoma recorded by USArray stations. Remarkably, the observed spectra of the smaller events (M2.9 and
M3.7) have much of their signal above 1 Hz with an apparently increasing frequency with distance, from 200 to
1,000 km, and beyond; and signals that can extend up to about 10 Hz.

Regional waves for example, at the GSN station MDJ (Mudanjiang, China) and at the IMS arrays Ussuriysk in
Russia and KSRS in the Republic of Korea, from DPRK explosions, are recorded (to about 10 Hz and above) after
propagating hundreds of wavelengths; and the duration of substantial amplitudes in such seismograms can be
tens of seconds. The community cannot generate 3D synthetics that are a good fit to such observations although
we have described significant progress. It is well worth pushing hard, to fit details of synthetics to observations
across as broad a band of frequencies as possible, with associated benefits of improving our knowledge of Earth
structure, of the statistical features of stochastic scattering, and of source properties such as stress drop and details
of the distribution of slip over a finite fault region. But the observed band in practice extends to high frequencies
that cannot be fully modeled today.

Fortunately, as we next discuss, empirical methods have been developed that work quite well to access waveform
information pertinent to event location and discrimination. Such empirical methods improve event detection
and location in regions of high seismicity—that is, in areas where many events take place. Each event can be
compared with its neighbors, to obtain relative locations and sizes of seismic events in active regions. It is prefer-
able to work with absolute locations rather than relative ones, but for studies in earthquake physics and patterns
of stress, relative locations can be adequate. And relative locations may, over time, be promoted to absolute ones
on the basis of special information on some of the events.

8.2. Empirical Methods of Event Location Applied Using Regional Waveforms From Sparse Station
Networks

Many different groups have contributed practical methods of monitoring regions of active seismicity, where the
emphasis is on comparative analysis of two signals at each station that recorded both signals from a neighbor-
ing pair of events. In particular, the relative time of arrival, /\T, of a whole waveform can be measured from
waveform pairs at a common station. Precision that had been on the order of a few tenths of a second (in measure-
ment of the arrival time of weak P-waves) is significantly improved, in measuring the relative time of a common
waveform from two events at the same station. Obtaining the relative location for each event within an event
cluster can then be done using double-difference methods, as described by Waldhauser and Ellsworth (2000),
again with significant improvement in precision—since what is sought is the relative location of event pairs, and
ignorance of the velocity of seismic waves in the region between a group of events and each recording station does
not matter when the input measurement from each station is /\T for each event pair. Only the horizontal velocity
in the source region—of the phase of interest, enters the relationship between /AT measurements at different
stations and the relative vector location of the two events.

Waveform correlation was applied to digital seismic data for the first time on a significant scale in the 1980s in
Iceland (Slunga et al., 1995), using empirical methods rather than synthetics, to detect, locate, and characterize
seismic events. Many authors, often working independently, have developed these methods for application to
diverse regions. Here, we review successes with the empirical approach in application to the seismicity of seismic
events in continental regions of Central Asia and East Asia. We describe techniques evaluated for limited regions
and then applied on much larger scales. For practical results in broad regions with data from a sparse network
of stations, we focus on estimating epicentral locations only—that is, for shallow sources with no indication of
significant depth.
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Thus, Schaff and Richards (2004a) used data from five GSN stations in China and South Korea to study in
detail the relative location of 28 events in Liaoning Province, China that occurred in 1999. Cross correlation
of Lg-wave windows provided highly accurate differential travel-times—the associated location precision was
about 150 m even though stations were typically at distances 500—1,000 km from the source region. Epicenter
estimates were not substantially affected by the paucity of stations nor by large azimuthal gaps. Much larger stud-
ies of the seismicity of China and nearby regions for the 21-year period 1985 to 2005 were shown by Schaff and
Richards (2004b, 2011) to have a significant fraction of repeating events. Such event pairs had seismograms that
looked highly similar at each station recording them both —- indeed so similar that the events must be within one
km of each other. The repeat events comprised more than 10% of the seismicity of China, and more than 2,000
pairs of them, broadly distributed, were used by Jiang et al. (2014) to assess the quality of locations published
in seismicity bulletins based on the China National Seismograph Network and the Beijing Capital Region Seis-
mograph Network (for which each event was separately located using traditional methods). Event pairs that had
to be within 1 km (from their waveform similarity at common stations), were located on the order of a few km
apart even in the best monitored regions with high station density, and were typically reported a few tens of km
apart in remote regions such as the Tibetan Plateau. It is remarkable that cross-correlation methodologies applied
to high-quality but sparse global networks can resolve event locations better than traditional methods applied to
networks of local and regional stations.

Successes with repeats among known events raises questions about finding additional repeats using seismograms
from known events as templates, and by searching continuous recorded ground motion for new events with
similar but smaller signals. Slinkard et al. (2016) evaluated methods for searching continuous data for a large
region of central Asia for 2006-2008. They used data from three high-quality stations: BVAR and MKAR (small
arrays), and the GSN station KURK (Kurchatov, Kazakhstan; a 3-component station). Underlying issues were:
what quality of templates is needed for effective detection; and how could newly detected events be validated?
They confirmed over 6,500 unique detections that are not in event bulletins for the region, most of them validated
by detection of the same event at different stations.

This study identified mistakes, easily made at first, that need to be avoided when processing many thousands
of seismograms (too many to inspect individually). For example, it was found that a template for an earthquake
recorded at a distance of about 1,000 km would be problematic if it also included the signal from a local mine
blast, since this could lead to many detections due to cross-correlation with other blasts from the same local
mine—but none of these detections should be taken as detections of additional earthquakes near the one which
provided the earthquake signal in the template. Slinkard et al. (2014) also obtained practical experience with
detection methods by exploring different types of seismic signals to use as templates. The relatively simple
choice of just the main part of the Lg-wave, for 25 s, was found to be most effective. Presumably this is because
the Lg-wave for the region being studied had the highest SNR. Slinkard et al. (2014) used the pass-band from
0.5 to 5 Hz. This paper also introduced a method for choosing correlation-detection thresholds tailored for each
template applied to each station channel, to achieve a pre-determined false alarm rate.

Supplementing these results on event detection for a large region, case studies reported by Richards et al. (2015)
explored the capability of locating seismic events precisely using GSN Lg-waveforms recorded at far-regional
distances from event clusters. An underlying issue is how well can the work be done when the events within
a sub-cluster are very close to each other. Cross-correlation methods were applied to measure /\T values of
pairs of events within sub-clusters, within a region of dense seismicity several hundred km west of station BJT;
and these values were then used to obtain relative epicenters. The first relocated cluster, shown in Figure 38a,
consisted of 10 events near (39.0°N and 110.6°E) spread out over about 10 km. It was relocated with precision at
the level of about one km. Contributing to each of the measurements /AT of the relative arrival times of signals
from each pair of events, as recorded at a common station, is a small uncertainty presumably due to the fact that
the waveforms are slightly different. The second cluster, consisting of nine events near (39.2°N and 112.5°E),
spread out over only about 1.5 km, and in this case their signals are so similar at each of the stations recording
them, that sub-sample measurements of /AT are essentially due only to the slight differences in event location.
The resulting confidence ellipses in Figure 38b are then only a few tens of meters across, a remarkably precise
result for such a sparse regional network.
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Location of ten events, in km with reference to (39.0°N, 110.6°E):
(a) the mean semi-axes of 95% error ellipses are 720 m and 1150 m
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(b) Location of nine events, in km with reference to (39.2°N, 112.5°E):
the mean semi-axes of 95% error ellipses are only 30 m and 40 m
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Figure 38. Estimates of the relative location of two clusters of seismic events, and the precision of these estimates. (a) Ten
events clustered in the time period from December 2009 to August 2012, using the method of Schaff and Richards (2004a).
These locations are more than 300 km from BJT, 1,000 km from ULN, and 600 km from XAN (the three stations at which Lg
signals from these events were cross-correlated to obtain precise relative arrival times). The bootstrap errors (distribution of
small circles) agree well with the error ellipses. Panel (b) similar to panel (a), but now for the relative location of nine events
clustered in the time period from April 2006 to August 2006. These locations are about 500, 1,000, and 550 km, from stations
BIJT, ULN, and XAN, respectively. The relocation of events within a cluster can be remarkably precise if the cluster is small,
because then their waveforms are so similar, as recorded at common stations. Note the scale differences between panels (a)
and (b).
We note that aftershocks can be a challenge to monitoring agencies, since they may occur at the rate of hundreds
per day in the hours and days after a major earthquake. Characterizing them well, is a part of understanding the
process by which stress release occurs throughout the overall source volume of the main event.
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Figure 39. Distribution of magnitudes for newly detected aftershocks of the Wenchuan earthquake (dark gray). Event
Bulletin of the International Data Centre of the Comprehensive Test-ban Treaty Organization magnitudes are also shown for
template events (light gray). Adapted from Slinkard et al. (2016).

A case study by Slinkard et al. (2016) used a set of template waveforms from known aftershocks of the Wenchuan
earthquake (12 May 2008, M, 7.9), as listed in a seismicity bulletin from the CTBTO IDC, and searched for
these same waveforms in continuous data recorded by three GSN stations at regional distance (XAN, EMH,
and KMI), plus five temporary stations deployed as part of the Array Seismology Collaborative Experiments in
Northeastern Tibet. Slinkard et al. (2016) detected more than 6,000 additional events in the mainshock source
region from 1 May to 12 August 2008. These new detections are distributed in magnitude in the way expected
for aftershocks, as shown in Figure 39. They extend the magnitude of completeness downward by 1.1 magnitude
units. And they lead to a more than fivefold increase in number of known aftershocks compared with the global
bulletins published by the IDC and the International Seismological Centre. Moreover, more M >2 events were
detected than were reported by the nearby Sichuan Seismograph Network. Several clusters of these detections
were then relocated by Slinkard et al. (2016) using the double-difference method, yielding locations that reduced
travel-time residuals by a factor of 32 compared with the initial bulletin locations. These results suggest that using
waveform correlation on a few regional stations can find aftershock events very effectively, and can locate them
with precision.

Experience acquired from these case studies was applied by Schaff, Richards, et al. (2018) to see how well relo-
cation could be done for a broad area. Epicentral relocations for all of mainland China and surrounding areas
using cross-correlation measurements (about 111 million of them) were made on Lg waves recorded at regional
distances on a sparse station network (Figure 40). Using a two-step procedure (pairwise locations and cluster
locations), they obtained high-quality locations for 5,623 events comprising 20% of a starting catalog for all of
China for 21 years and 25% of a catalog for Wenchuan aftershocks. The average semi-major axes of the 95%
confidence ellipses are 420 m for all of China and 370 m for Wenchuan. It is remarkable that such good reloca-
tions were obtained in view of the large azimuthal gaps and station distances (98% of the station distances for all
of China are over 200 km, and the mean and maximum station distances are 898 and 2,174 km). These results
provide order-of-magnitude improvements in locations for event clusters, using waveforms from a very sparse
far-regional network for which data are openly available. Two examples are shown in Figure 41, where each
cluster located precisely is quite small and has a lineation that conforms to one plane of the focal mechanism for
one of the events. Also important, is that the percentage of events which can be relocated with high precision is
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Figure 40. A map of location estimates based on Lg-waveforms for 5,623 seismic events well distributed throughout China;
3,689 for all of China from 1985 to 2005 and 1934 for the Wenchuan area from May to August 2008. Green triangles show
the only 14 stations that recorded more than 33% of the Annual Bulletin of Chinese Earthquakes events for the 21-year time
period. Location of Wenchuan events (mostly aftershocks) is given by white stars; a 719 event cluster is given by a white dot.
Red stars indicate locations of the 64 clusters having seven or more events. Single circles denote two or more superimposed
events (collocated at this scale). Adapted from Schaff, Richards, et al. (2018).
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Figure 41. (a) Location of an event cluster, as reported in the Annual Bulletin of Chinese Earthquakes (obtained via the
traditional method of locating events one-at-a-time from phase picks). (b) Final location of epicenters from the same cluster
(based on cross-correlation measurement of /\7 between event pairs recorded at common stations). (c) Zoomed in view

of panel (b). (d) Moment tensor for an event in the cluster. Panels (e-h) are the same as panels (a—d), respectively, but for a
different cluster. Adapted from Schaff, Richards, et al. (2018).
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Figure 42. A study of seismicity in Mongolia and neighboring regions from 2012 to 2016 that implements
template-searching of continuous data to detect new events and relocation of events using regional Lg waveforms recorded at
common stations.

about double the number of repeating events reported earlier, enabling better insight into the underlying tectonic
structures associated with seismic events whose relative locations can now be well-estimated.

Schaff, Richards, et al. (2018) used only the events reported from 1985 to 2005 in the Annual Bulletin of Chinese
Earthquakes. With the prospect of being able to detect (and then relocate) many more events if modern methods
of template searching were applied over a broad region, these authors proposed a six-step scheme to apply modern
methods of event location in a particular region of space and time:

1. identify seismic events likely to be well recorded, using, for example, a regional bulletin or detailed global
bulletin;

2. extract waveforms to serve as templates (a few tens of seconds of the Lg-wave had been identified as suitable);

3. cross correlate the template for each channel against the continuous archive for that channel, and note detec-
tions (e.g., via cross-correlation values greater than a value identified via a predetermined false alarm rate, as
discussed in Slinkard et al., 2014);

4. validate such detections (via an association approach or against a local bulletin); after a review of the quality
of the detections;

5. measure the relative arrival times (via cross correlation) of pairs of events that were not far apart from each
other and were recorded at common stations; and

6. relocate as many events as possible using double-difference methods.

Preliminary results are now emerging, for example, for the 5 years encompassing 2012 to 2016 for seismicity in
the polygonal region shown in Figure 42 which includes all of Mongolia, plus large regions of China, Kazakhstan,
and Russia, including the Kuzbass region of southern Siberia where extensive blasting is conducted to mine coal
and iron ore. Using about a thousand templates per station, cross-correlation detections were made on searches
of continuous data for a sparse network of IMS array stations, plus six long-running 3-component open stations.
More than 30,000 events were detected, for which initially there were too few stations in the detection network
to perform locations. Fortunately a temporary Portable Array Seismic Studies of the Continental Lithosphere
(Aster et al., 2005) network with many stations had been deployed in Mongolia during the 5-year time period
of this study. Adding data from that network, based on expected arrival times for Lg-waves based on the sparse
network of Figure 42, allowed measured differential travel times to be estimated at enough stations to make
location estimates. Preliminary results reported by Schaff in July 2021 at the Science and Technology conference
sponsored by CTBTO in Vienna included location results similar to those obtained in a previous study for all
of China (Schaff, Richards, et al., 2018), with very low residuals (~0.02 s) and small confidence ellipses (a few
100 m across). As shown with an example in Figure 43, it is obvious from their daily and weekly time-of-occur-
rence statistics that many of these events are mining blasts from the Kuzbass region just east of station ZALV
(Figure 42).

To conclude this section, we see that recent decades of research on seismic event detection and location have
produced results that offer far more detailed information on spatial and temporal patterns of seismicity than can
be derived from the traditional single event approaches which dominate today's seismicity bulletins. Catalogs in
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Figure 43. Examples of clusters of seismic events, detected and relocated in the vast polygon shown in Figure 42 including
Mongolia and the Kuzbass region of southern Siberia. Shown here are bar charts for two clusters, indicating the distribution
of local time-of-day and day-of-week for the events in each cluster. The upper pair of more than 400 events exhibit the timing
of blasts in a mining operation. The lower pair includes the cluster of aftershocks of a significant earthquake that occurred on
Sunday, 26 February 2012.

which events are located one-at-a-time with phase picks continue to be good starting estimates, and will continue
to be critical for reporting events in areas of sparse seismicity. The very name long-used by the USGS for its
bulletin using such methods (the “Preliminary Determination of Epicenters”) is informative in that it is indeed
preliminary. Monitoring communities today are beginning to appreciate and implement methods to systemati-
cally realize more accurate catalogs. The new methods leverage continuous archives of high-quality waveforms
and require attention to effective computational strategies, since the percentage of events amenable to analysis via
modern methods gets larger as archives extend over time, and as smaller events are added to the catalog. In turn
these improvements raise questions about whether the development and application of modern methods of event
detection and location should be done as a community service by a centrally organized unit, or should be left to
scientists who apply the new methods on smaller scales to enable higher-quality analysis of particular regions of
interest.

9. Environmental Seismology

Greatly expanded globally distributed broadband seismic data acquisition and analysis have coincided with
increasing motivations and interest in “Environmental Seismology,” in which seismic records are utilized to study
near-surface processes arising in and coupling the solid Earth (notably including the cryosphere), atmosphere,
and hydrosphere (Larose et al., 2015), including effects associated with climate change. Networks of broadly
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distributed seismic stations have enabled development of this field by providing low-noise records of ground
motion in oceanic and ice-covered regions.

In this section, we review key advances in environmental seismology, emphasizing those that have utilized data
from GSNs as well as a broader perspective on the expanding scope of this subfield.

9.1. Global Seismic Excitation by Ocean Waves

The cumulative forces of ocean gravity waves on the solid Earth produce the most globally continuous and ubig-
uitously observed seismic signals. Every broadband seismometer that is deployed in a quiet environment on Earth
records two spectral peaks in seismic energy that are referred to as the “primary” and “secondary” microseisms
(Figure 6).

Ocean-generated seismic signals, or microseisms, arise from nonlinear ocean wave interactions (Ardhuin
etal., 2011, 2015; Hasselmann, 1963; Longuet-Higgins, 1950; Nakata et al., 2019) that create spatial and tempo-
ral varying forces at the sea floor and along continental and island coasts. The predominant global microseism
wavefield consists primarily of Rayleigh waves spanning, with increasing period range, the secondary, primary
and “Earth hum” (Bromirski & Gerstoft, 2009; Suda et al., 1998; Traer et al., 2012) bands (Section 2.1). In recent
decades much weaker P and S body waves of ocean microseism origin have been globally recognized and studied
using array (Gerstoft et al., 2008; Landes et al., 2010; Nishida & Takagi, 2022) and correlation methods (L. Li
et al., 2020). Ocean gravity waves additionally excite elastic waves in the atmosphere (see Section 10.1). The
microseism bands create a globally observed ambient seismic wavefield that can be processed using the methods
of seismic interferometry (e.g., Curtis et al., 2006; Nakata et al., 2019; Schuster, 2009) to recover seismic Green
functions for Earth structure and temporal variation (e.g., Mordret et al., 2016; S. Wang & Tkalcié, 2020) studies.

The primary microseism, which is observed at periods between approximately 6 and 25 s (0.04—0.17 Hz), reflects
the action of waves generated by winds over the oceans, particularly by large storms with extensive fetches that
excite large deep-water wave systems (Elfouhaily et al., 1997). The primary microseism represents the most
direct proxy for ocean wave amplitudes and direct wave impacts on coastal regions, since it is generated by wave
forces that are applied in coastal regions in shallow water, but is strongly dependent on wave direction and coastal
bathymetry (Aster et al., 2008; Cessaro, 1994; Gerstoft & Tanimoto, 2007).

The secondary microseism, observed at periods between approximately 3 and 12.5 s (0.08-0.34 Hz) and thus
occupying about half the period range of that of the primary microseism, is commonly ~30 dB stronger in accel-
eration power (Figure 6). The secondary microseism arises from nonlinear interactions of superimposed and
opposite-traveling waves that create ocean floor pressure variations, and its amplitude and period reflects wave
amplitude, directional wave number, and spectrum (Ardhuin et al., 2011). Because it is excited by pressure varia-
tions that span the ocean water column and elastically couple with sub-seafloor structure, secondary microseism
generation is also affected by water depth (Longuet-Higgins, 1950) and local Earth structure (Kedar et al., 2008).
Ocean sedimentary basins, bathymetry and other structural complexities may also facilitate the excitation of
higher mode Rayleigh waves, Love waves (Gualtieri et al., 2020, 2021; Le Pape et al., 2021), and S waves (Xiao
et al., 2021).

Relative and absolute ocean wave metrics can be extracted from the microseism wavefield (Bromirski &
Duennebier, 2002; Bromirski & Flick, 2020; Moschella et al., 2020) and wave effects due to variations in
climate indices, sea ice, and other environmental drivers can be discerned across decade-scale time periods
using data from long-duration globally distributed seismographic stations (Anthony, Aster, & McGrath, 2017;
Aster et al., 2010; Tsai & McNamara, 2011). The data quality and long-running history of GSNs and the prom-
inent generation of microseism signals has been exploited to examine hurricanes, typhoons, and other extreme
storm events (Ebeling & Stein, 2011; Gerstoft et al., 2006; Retailleau & Gualtieri, 2019) across the world's
oceans over the last 30 years, as well as decade-scale secular changes in ocean wave intensity and location
(Aster et al., 2008, 2010; Grevemeyer et al., 2000), and interactions between climate indices, ocean state, and the
cryosphere (sea ice) (Anthony, Aster, & McGrath, 2017; Cannata et al., 2019). Because many GSN sites occupy
former WWSSN sites (Figure 1), the opportunity exists to deploy or analyze co-located buoys at select, coastal
GSN stations, where comparisons could be performed, and to reconstruct historical wave states dating back to
the 1960s (Bromirski & Flick, 2020). One hurdle is that WWSSN seismograms were recorded on paper drums
(Peterson & Hutt, 2014) which complicates analysis. However, advances in digitization of paper records (e.g.,
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M. Wang et al., 2014) have started to be leveraged to extract historical microseism properties (Lecocq, Ardhuin,
et al., 2020). Improvements in modeling of microseism source processes, verified through microseism obser-
vations made predominantly at GEOSCOPE and GSN stations, has increasingly facilitated validation of global
wave hindcast estimates (Ardhuin et al., 2011; Kedar et al., 2008).

Although the microseism wavefield was viewed as a source of undesired noise for many decades, a twenty-first
century revolution in the widespread of use of correlation-based background noise methods, driven by continu-
ously recorded high-quality seismic data, has resulted in widespread utilization of this ambient wavefield for Earth
imaging at the crust to uppermost mantle scale, particularly via Rayleigh wave inversion (Nakata et al., 2019;
Shapiro et al., 2005; Stehly et al., 2006). The ubiquitous and long-wavelength microseism signal can also be used
as a test signal to estimate relative seismometer sensitivities (Ringler, Storm, et al., 2015).

Global and regional seismograph stations play a pivotal role in detecting and understanding signals generated by
the oceans at periods longer than the strong primary and secondary microseism bands. For instance, although
observations of a third global microseism peak near 26 s had been made as early as 1961 (Oliver, 1962), later
recording of this signal at GSN stations and its predecessor networks were able to show that the signal arose
though oceanic excitation within the Gulf of Guinea, Africa (Holcomb, 1998; Shapiro et al., 2005).

A fourth globally observed ambient noise signal associated with ocean gravity wave activity, commonly referred
to as “Earth hum,” occurs between 50 and 300 s period (0.003 and 0.02 Hz) (Bromirski & Gerstoft, 2009;
Nishida, 2014). Earth hum was first observed in seismic records on vertical component, Streckeisen STS-1 sensors
located at quiet GEOSCOPE and GSN stations (e.g., Nishida & Kobayashi, 1999). Later, the first observations
of Earth hum on the seismometer horizontal components were made by Kurrle and Widmer-Schnidrig (2008)
at four low noise global seismograph stations including the GSN stations BFO (Black Forest Observatory,
Germany) and MAJO (Matsushiro, Japan). Modeling of Earth hum generation benchmarked against observa-
tions made at GEOSCOPE and GSN stations suggests that it arises in a manner similar to the primary micro-
seism through solid-Earth forcing of infragravity waves (Ardhuin et al., 2015; Bromirski & Gerstoft, 2009). The
Earth hum source process generates both Rayleigh and Love waves (Deen et al., 2018) and continuously excites
Earth's spheroidal and toroidal normal modes (Kurrle & Widmer-Schnidrig, 2008; Nishida & Kobayashi, 1999;
Tanimoto, 2007; Webb, 2008). Due to the long-period nature of the signal, ambient noise cross-correlations at
sufficiently quiet seismic stations have been used to extract long-period surface waves for tomographic imaging
of the upper mantle (Haned et al., 2016; Nishida et al., 2009; Ventosa et al., 2017).

9.2. Acoustic Ocean Tomography

The potential of large-scale ocean acoustic tomography using the oceanic long-range sound propagation wave
guide has long been recognized (ATOC Consortium, 1998; Behringer et al., 1982; Wunsch, 2020). Seismic data
from long-running seismographic stations have recently been used to estimate changes in ocean temperature
(Wu et al., 2020) using global network-facilitated high-accuracy earthquake catalogs to identify near-repeating
events near Sumatra. Associated hydroacoustic T-phases (Buehler & Shearer, 2015; Talandier & Okal, 1998)
recorded on the GSN station at DGAR (Diego Garcia, Chagos Islands) were cross-correlated between 1.5 and
2.5 Hz to produce differential travel time measurements with a corresponding ocean depth sensitivity kernel that
is maximal near 1,700 m (Figure 44). Such measurements are of both general oceanographic interest but are also
of particular importance given the decades-long record of global network recording because in excess of 90% of
recent anthropogenic surface warming is absorbed by the oceans (Zanna et al., 2019).

9.3. Cryoseismology

Glacial systems are prolifically seismogenic, and data from global seismographic networks were among the first
to be used to identify seismic signals arising from large glacial sources in the polar regions and continue to play
key roles in their study (Aster & Winberry, 2017; Pirli & Voss, 2021; Podolskiy & Walter, 2016). Seismic waves
propagate readily through compact ice. Seismic stations sited adjacent to or atop glaciers and icebergs facilitate
the monitoring of cryospheric seismic activity, and of temporal changes in source phenomenology, location, and
occurrence in response to climate-driven or other changes. A growing body of seismic observations is being
utilized to detect brittle failure, basal slip, and temporal changes in elastic response (Aster et al., 2021; Mordret
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Figure 44. Ocean acoustic thermometry facilitated by seismology. (a) Study area of Wu et al. (2020) showing the aftershock
zone of the 2005 M, 8.6 Nias-Simeulue earthquake (orange epicenter star) and quasi-repeating aftershocks used in the study
(red stars). Inset shows the oceanic 7-phase ray path to GSN seismic station DGAR on Diego Garcia. (b) T-phase waveforms
(1.5-2.5 Hz bandpass) for example, events in October 2006 (blue) and March 2008 (red), showing a cross-correlation best lag
of 0.27 s (a uniform warming of 0.02°K corresponds to a —0.1 s travel time change for the ~3,000 km path). (c) Travel time
anomalies and inferred temperature changes over a 10-year period compared to that predicted independently by Argo float
climatology (orange; Riser et al., 2016) and ECCO (Estimating the Circulation and Climate of the Ocean, version 4, release
4; Forget et al. (2015); green) results. Boxed time period shows a particularly well-sampled period due to the numerous
aftershocks during that time. Note that seismically estimated temperature excursions to depths greater than 1.5 km often

exceed those from shallower sensitivity oceanographic methods. Reproduced from Wu et al. (2020).
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A et al., 2016; Olinger et al., 2019; Zhan, 2019) and provide analogs for seismic
R, Y PPN OO studies of icy bodies elsewhere in the solar system (K. G. Olsen et al., 2021;
AN A A AN PANAAAA S AAANAA
" Vance et al., 2018).
WWNWWWNWMWWWNV\
W%WW Large-scale glacial calving (Ekstrom, Nettles, & Tsai, 2006; Ekstrom
WWWWW etal., 2003; Nettles & Ekstrom, 2010; Podolskiy et al., 2021; Tsai et al., 2008;
AP A A AN A AN AN A AN NANN AN ANt s
R Winberry et al., 2020) of icebergs with volumes up to ~1 km“ in Greenland,
P AT W 79y AR S Alaska, and Antarctica radiates globally observable surface wave energy
AN AN AN NINSAANANN A AN A
vmwwWwwwW between about 10-150 s that is comparable to that produced by up to M, = 5
17:00 17:30 18:00 18:30 earthquakes (Figure 45). These events exhibit anomalously long source dura-
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; ~ 60 s. Seismogenic forces generated during calving, collapse, and buoyant
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~—— ———— tensor inversions, visual observations, and by computational and laboratory
= modeling, are consistent with a superposition of horizontal reaction force
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bed (Murray et al., 2015; Veitch & Nettles, 2017). Secular changes in the loca-

tion and occurrence of seismogenic calving events in Greenland indicate that

11200 . ”:(ZUOTC) 40 they have increased in occurrence and advanced northward in recent decades
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Figure 45. (a) Global long-period vertical-component 35-150 s period

due to warming-driven changes in ocean temperature and glacial state and
dynamics (Ekstrom, Nettles, & Tsai, 2006; K. G. Olsen & Nettles, 2017;

Rayleigh waves observed at ranges varying from (top to bottom) 19°—154° Veitch & Nettles, 2012). However, the complex source history and multi-
(~2,100-17,000 km) from a surface wave magnitude M5.0 glacial ple seismogenic forces generated during iceberg calving complicate efforts

earthquake in Greenland (68.75°N and 33.25°W) on 28 December 2001.
(b) Corresponding envelope-processed and propagation lag-compensated
signals, with the signal stack shown at the bottom. After Ekstrom, Nettles, and

Tsai (2006).

to tightly estimate mass flux and other glacial metrics from far-field seis-
mic observations alone (Bonnet et al., 2020; Sergeant et al., 2016; Winberry
et al., 2020). These events appear to be most seismically efficient when the
glacier terminus is near to the grounding line (Veitch & Nettles, 2012), a
condition that has recently become more common in Greenland (Nettles &
Ekstrom, 2010) and (M. Nettles, written personal communication, 2021) due to widespread retreat of glacial ice
tongues (E. A. Hill et al., 2017). This retreat and weakening process is also accelerating for some tidewater glacial
systems and ice shelves in Antarctica (Lhermitte et al., 2020; Paolo et al., 2015). Conditions favoring these large
calving-associated events are relevant to the important Marine Ice Cliff Instability process (Parizek et al., 2019)
and prospective future Antarctic ice loss and attendant global sea level rise (DeConto et al., 2021; Joughin &
Alley, 2011). These conditions become enhanced when marginal and/or ice shelf back stress is reduced (as by ice
shelf weakening or collapse), inland glaciers accelerate and thin to near flotation, and the marine glacial termi-
nus becomes subject to tidal and flexural bending stresses, basal crevasse formation, and other factors that favor
repeated large-scale calving (Amundson et al., 2010; T. D. James et al., 2014).

Long-period and regionally visible glacial seismic events also can originate from slow basal stick-slip events
on asperities beneath Antarctica's ice streams, with the most thoroughly studied region to date being the Whil-
lans Ice Stream (Bindschadler et al., 2003; Guerin et al., 2021; Wiens et al., 2008) draining the West Antarctic
Ice Sheet with a long-term interevent stable sliding velocity of approximately 0.5 m/day (Walter et al., 2011).
Long-operational GSN far-field stations in Antarctica (especially the low background noise stations QSPA and
VNDA, which have sensors installed in the ice sheet and rock boreholes, respectively (Anthony et al., 2015))
have played a key role in the discovery and understanding of these slow events through their recording of Love
and Rayleigh waves at periods between approximately 20-150 s. High surface wave amplitudes radiated in this
period band occur during intervals of rapid moment rate change (e.g., at the start and end phases of these events).
Slow ice stream basal events have seismic moments that approach those of M|, 7 earthquakes produced by an
approximately 2 x 10* km? slip patch undergoing up to ~70 cm of total slip, and using the rigidity of glacial ice
(3.5 x 10° Pa) in the moment estimation. These events feature much slower slip propagation and stress drops than
tectonic earthquakes, with basal rupture propagation velocity near 150 m/s and a stress drop near 250 Pa (Walter
et al., 2011), and slip durations of tens of minutes. Because of the near-horizontal basal slip plane geometry and
slow rupture, these events are most comprehensively observed with a combination of near- and far-field seismom-
etry, combined with GNSS positioning atop or close to the rupture plane. These events are tidally modulated,
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despite being over 600 km from open ocean, with quasi-repeating events typically occurring twice per day (once
just after high tide and one just before low tide). The seismogenic slip behavior of the Whillans Ice Stream
system is modulated by the flow rate of the ice stream, and has shown temporal variations that reflect changes
in flow rates (Joughin et al., 2005; Winberry et al., 2017), and has undergone a long-term deceleration since the
mid-1980s (Winberry et al., 2017).

Antarctic ice shelves and ice tongues calve Earth's largest icebergs, the greatest of which have masses near 10" kg
and surface areas exceeding 10,000 km? (MacAyeal, Okal, Thom, et al., 2008). Collisions of large icebergs
(MacAyeal, Okal, Aster, & Bassis, 2008) amongst themselves and with the seafloor under the influence of tidal
forces and ocean currents (e.g., Martin et al., 2010) can produce powerful and long-duration seismic signals
(f 0.1 Hz and persisting for many minutes to hours) that are detected on seismographs at local, regional, and
teleseismic distances (MacAyeal, Okal, Aster, & Bassis, 2008; Martin et al., 2010; Talandier et al., 2002, 2006;
Tanaka et al., 2019). At the greatest ranges, the transmission of elastic energy is facilitated through the interme-
diary of short period (>~1 Hz) ocean T-phases (Buehler & Shearer, 2015) that convert to local seismic phases
near coasts (Talandier & Okal, 1998) and may be detected by island and near-coastal seismographs (Talandier
et al., 2002, 2006) to teleseismic distances. The signals include up to hours-long “songs” (Miiller et al., 2005)
with evolving multi-voiced harmonic and/or broadband spectral signatures. The principal, if not necessarily
exclusive, causative mechanism for iceberg tremor is repetitive stick-slip and the associated generation of spectral
lines via a Dirac comb effect (Figure 46; Aster et al., 2021; Powell & Neuberg, 2003). Iceberg seismoacoustic
sources contribute significantly to the ocean acoustic noise environment at frequencies from about 1-50 Hz,
particularly in the Southern Ocean (Dziak et al., 2013; Matsumoto et al., 2014).

9.4. Environmental Seismology Beyond Global Networks

In addition to globally and regionally visible processes discussed above, isolated stations and regional seismo-
graphic networks observe a wide range of more local environmental phenomena. Notable areas of study include
seismicity in frozen ground and frozen lake systems (e.g., Kavanaugh et al., 2019; Ruzhich et al., 2009); fluvial
seismic radiation from water and sediment load transport in rivers, glacial outburst floods, and within and/or
beneath glaciers (e.g., Burtin et al., 2008, 2010, 2016; Cook et al., 2018; Eibl et al., 2020; Roth et al., 2016, 2014;
Schmandt et al., 2013; Tsai et al., 2012); snow avalanches (e.g., Lacroix et al., 2012; Marchetti et al., 2020;
Surifiach et al., 2001; van Herwijnen & Schweizer, 2011), rockfalls and landslides (e.g., Bontemps et al., 2020;
Norris, 1994); and resonant and other elastic and anelastic site effects excited in topographic features such as
mountain massifs, cliffs and rock towers (e.g., Moore et al., 2018; Weber et al., 2022). Seismic interferome-
try using ambient noise may in principle be scaled across all seismic wavelength and length scales to study
localized and near-surface temporal material changes due to environmental and climate forcing, including in
permafrost (e.g., Albaric et al., 2021; S. R. James et al., 2019); glacial firn and snow (Chaput et al., 2018, 2022;
MacAyeal, 2018; MacAyeal et al., 2018); water table and vadose zone saturation in acquifers (e.g., Clements &
Denolle, 2018; Lecocq et al., 2017; Voisin et al., 2017), and crustal weakening and strength recovery at depths
from the near-surface to tens of kilometers in response to earthquake strong ground motion (e.g., Q. Wang
et al., 2019; Rubinstein & Beroza, 2004).

In recent years, there is increasing interest to analyze seismic data to study anthropogenic signals (different from
nuclear tests and explosions as described in Section 7). Particularly on seismometers in urban environments, the
amalgamation of everyday human activity is recorded as a near-continuous signal, with characteristic weekly and
daily variations (e.g., Boese et al., 2015; Diaz et al., 2020; D. N. Green et al., 2017). With an understanding of
anthropogenic seismic noise, it becomes viable to use this seismic signal for ambient noise tomography (Groos
& Ritter, 2009). Global government-imposed lockdowns to combat the COVID-19 pandemic have intensified the
study of anthropogenic seismic noise, as the staggered easing of restrictions would aid the characterization of
dominant noise sources. At the same time, the reduced noise levels during lockdowns make it possible to detect
natural events that otherwise drown in the noise (De Plaen et al., 2021; Grecu et al., 2021) and thus improve
seismic hazard estimates. Notably, in a global study of lockdown effects on seismic amplitudes, Lecocq, Hicks,
et al. (2020) also observed a significant reduction in seismic noise at 20 GSN stations.
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Figure 46. Vertical-component seismic velocity spectrograms of iceberg harmonic tremor during the seafloor grounding-induced breakup of iceberg B15SA
(pre-breakup areal extent of ~120 by 70 km) on 27 October 2005, observed at Antarctic stations (inset). B15: Temporary station installed on a surviving B15A
fragment; CON: Station near the summit of Mount Erebus Volcano, Ross Island (Aster et al., 2004); SBA: GSN station near Scott Base (New Zealand), Ross Island;
VNDA: Global Telemetered Seismographic Network (GTSN) station near Lake Vanda, Dry Valleys; NIB: Temporary station near the front the Ross Ice Shelf; DRV:
GEOSCOPE station near Dumont D’Urville Station (France); QSPA: GSN station near the Amundsen-Scott South Pole Station (US) (Anthony et al., 2021). Intervals
of non-harmonic line spacing likely reflect multiple simultaneous sources during the complex breakup episode. Source-receiver distances are given in degrees.
Reproduced from Martin et al. (2010).
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10. Non-Seismic Signals

The high sensitivity and large dynamic range of modern seismographic systems confers on them an ability to
measure many signals arising from non-seismic wave processes. Seismographic systems can be sensitive to
atmospheric pressure at a wide variety of periods, ranging from the sonic band to atmospheric-Earth coupled
normal modes (Alejandro et al., 2020; Beauduin et al., 1996; Edwards et al., 2007; Lognonné et al., 1998; Tauzin
et al., 2013; Ziirn & Wielandt, 2007; Figure 47), temperature (Doody et al., 2017), and magnetic field variations
(Forbriger, 2007). To help identify these effects as well as mitigate them, many seismic stations are equipped with
auxiliary sensors which record other environmental and geophysical phenomena. Although these non-seismic
sensors are often considered secondary to the seismic channels, they provide data which can be utilized for other
studies. It is also possible to deterministically subtract non-seismic signals from seismic data when these effects
can be sufficiently modeled (e.g., Ziirn et al., 2015).

10.1. Infrasound and Pressure

The combined deployment of infrasound transducers with seismometers opens up opportunities for better char-
acterization of geophysical and anthropogenic noise sources, the study of elastic and gravity wave coupling
between the solid Earth and atmosphere, and to improve our understanding of the atmosphere (Arrowsmith
et al., 2010; Hedlin et al., 2012). In comparison with the rich history of GSNs, there has not been a comparably
extensive legacy of global networks in infrasound science. However, following the decision to deploy a global
network of infrasound arrays as part of the CTBT verification system in 1996, there has been significant growth
in infrasound research. In the past 20 years, the IMS global network has grown from inception to become the
first modern global infrasound network (Che et al., 2014; Kebeasy, 2008). As described at https://www.ctbto.org/
specials/vdec/, a virtual Data Exploitation Centre provides scientists with a procedure for accessing CTBTO data,
to conduct and publish their own research findings.

The research enabled by the IMS network has subsequently motivated the deployment of local and regional infra-
sound networks, which are typically co-located with seismometers (Arrowsmith et al., 2008; Che et al., 2019).
These seismo-acoustic stations have been used to study how both natural and anthropogenic infrasound sources
(including large industrial accidents) propagate in the atmosphere and couple into the solid Earth (Fuchs
et al., 2019; Koper et al., 2003). The success of the initial infrasound signals recorded on TA motivated a much
larger scale deployment throughout the remainder of the project (Tytell et al., 2016). Infrasound transducers have
recently been added to 21 GSN stations (Wilson et al., 2018).

At global scales, most infrasound signals observed at multiple stations are generated by bolides (e.g., Figure 47),
volcanoes, earthquakes, and the infrasonic equivalent of the secondary microseisms, microbaroms (Donn &
Naini, 1973). For a description of the wider variety of possible sources observed at closer distances, the reader
is referred to Bedard and Georges (2000). Infrasound observations of bolides on the IMS network have provided
important estimates on impact size and can detect many previously unknown impactors (Silber & Brown, 2019).
For example, infrasound observations of bolide airbursts recorded on the IMS network have suggested that the flux
of impactors with diameters of tens of meters is greater than previously estimated (Brown et al., 2013). Energetic
infrasound from explosive volcanism can propagate hundreds to thousands of kilometers in atmospheric wave
guides and large explosive eruptions are routinely recorded by the IMS infrasound network (see the summary in
Matoza et al. (2017)). In remote volcanic regions, infrasound is sometimes the only ground-based technology to
record an explosive eruption. Infrasound has been observed on the IMS network from earthquakes, particularly
from large events (Le Pichon et al., 2006). Back projection techniques can characterize the distributed source of
infrasound from distant earthquakes, enabling non-seismographic estimates of ground shaking in remote regions
(Shani-Kadmiel et al., 2021). The most ubiquitous signal observed on infrasound arrays are the ocean micro-
baroms. Data from the IMS network and other recent deployments have enabled the ocean microbaroms to be
mapped (Landes et al., 2012), generation models to be explored (De Carlo et al., 2021), and have advanced the
use of microbaroms as an ambient noise interferometry source to retrieve atmospheric state (Haney, 2009) and to
extend understanding of the coupled microseism-microbarom system (Bowen et al., 2003).

In addition to the study of geophysical and anthropogenic sources, global infrasound networks provide the oppor-
tunity to study wave propagation, with applications to investigating the atmosphere and coupling of waves between
the solid Earth and atmosphere. The atmosphere is a dynamic component of the Earth system, and atmospheric
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variability covers an extremely wide range of temporal and spatial scales (Williams et al., 2017). Recent work
based on IMS data and other temporary deployments is demonstrating that infrasound data can provide unique
insights into these phenomena, ranging in time scales from minutes to years, and over spatial scales that include
the boundary layer, troposphere, middle atmosphere, and thermosphere (e.g., de Groot-Hedlin & Hedlin, 2014).
At short spatial-temporal scales, recent analysis of infrasound data from the IMS (Hupe et al., 2019) and other
networks (de Groot-Hedlin et al., 2017) have shown that infrasound can provide unique and important measure-
ments of key atmospheric gravity wave parameters (e.g., amplitude, frequency, direction, and vertical wavenum-
ber spectra). At longer time and space scales, infrasound measurements can provide important information on
synoptic and global-scale circulation patterns, particularly in the stratosphere and lower thermosphere. Research-
ers have begun to explore how infrasound can be used to infer information about temperature and wind profiles
in the middle atmosphere, and how these unique data points might be assimilated in state-of-the-art atmospheric
models (for a recent review see Assink et al. (2019)).

Beyond providing a mechanism to study atmospheric phenomena, pressure sensors provide data which can be
used to correct seismic data that has been contaminated by local atmospheric pressure changes (e.g., Alejandro
et al., 2020; Beauduin et al., 1996; Ziirn & Widmer, 1995; Ziirn et al., 2015, 2007). It is generally accepted that
at periods greater than 20 s the elevated horizontal component seismic noise is largely generated by atmospheric
pressure variations inducing local ground tilt (e.g., Sorrells, 1971). Current models suggest these tilts can be
described by a Local Deformation Model, which characterizes deformation around the seismometer as a function
of varying pressure as well as a Travelling Wave Model that models the pressure disturbance as an acoustic grav-
ity wave (Ziirn et al., 2007). The effect of pressure changes on vertical seismic data is better understood (Ziirn
& Wielandt, 2007), but these corrections are isolated to improving noise levels in a band between 3 and 10 mHz
(Forbriger et al., 2021). This is in contrast to the pressure corrections applied to gravimeters where it is possible
to obtain noise reductions at frequencies below 1 mHz (Freybourger et al., 1997).

10.2. Geomagnetic

The sensitivity of seismographs to magnetic field variations has been noted since the 1970s (Tape et al., 2020),
particularly at high latitudes where large magnetic field variations during space weather events are easily resolved
across multiple global stations (Diaz et al., 2020; Ringler et al., 2020). This makes it advisable to shield seis-
mometers from magnetic field fluctuations using u-metal (a nickel-iron alloy with high magnetic permeability),
or other ferromagnetic material, and/or to record the local magnetic field to remove unwanted magnetic signal
from the seismic data stream. Both of which are routinely done at most stations operating Streckeisen STS-1
seismometers (Forbriger, 2007). Figure 48 demonstrates that broadband seismometers across the globe recorded
Sudden Storm Commencement geomagnetic events between 2008 and 2019.

A co-located fluxgate magnetometer can be used to remove unwanted magnetic field signals in seismic data, and
also provides an independent record of the magnetic field at the station site (Ringler et al., 2020). As of this writing,
10 GSN stations (typically at high latitudes) have co-located magnetometers. While the drift of these magnetome-
ters used in the GSN is not well known and the calibration procedures do not conform with those required by the
International Real-time Magnetic Observatory Network INTERMAGNET; Love & Chulliat, 2013), it has been
shown that these could help increase the spatial resolution of space weather event detection (Tape et al., 2020).
As seismologists make further use of long-term records provided from globally distributed seismograph stations
it might be necessary for seismic station operators to adopt some of the INTERMAGNET practices for improving
the characterization of amplitude drift, as identified at some long-running global seismic stations (Ringler, Evans,
& Hutt, 2015). Therefore, future collaboration between the geomagnetic and global seismographic communities
has the potential to improve observations and data quality in both fields.

Figure 47. Band pass filtered (20-60 s) vertical component seismograms retrieved from the Incorporated Research Institutions for Seismology and GEOSCOPE data
centers, displaying seismic phases excited by infrasonic air waves from the exceptionally large Chelyabinsk bolide of 15 February 2013, for broadband seismograph
stations within 4,000 km of Chelyabinsk, Russia, indicated by the red triangles and star on the map inset, respectively (note the nonlinear vertical distance axis).
Predicted times for indicated seismic phases excited by atmospheric infrasound and teleseismic signals from a M 5.8 earthquake in the Tonga region (with the epicenter
indicated along with its 20-min (1,200-s) P-wave arrival contour in the map inset) are indicated by red and blue dots, respectively. “North” indicates the geographic
North Pole. Rayleigh surface wave amplitude correspond to an M, = 3.7 near-surface seismic source. Reproduced from Tauzin et al. (2013).
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Figure 48. Magnetic amplitude of Sudden Storm Commencement (SSC) events compared with corresponding inductive
signals detected by seismic stations. (a) Mean amplitude of the significant SSC events during the 24th solar cycle (red bars)
compared with the number of observations of each event in the broadband stations (black bars). (b) Total magnetic intensity
(NOAA National Centers for Environmental Information (NCEI) Geomagnetic Modeling Team and British Geological
Survey, 2019) for 2018 compared to the number of SSC observations for each investigated broadband seismic station.
Isolines are shown every 1,000 nT below 35,000 nT and every 5,000 nT above this value to better estimate the South Atlantic
Anomaly. The size and gray saturation of the circles indicates the number of observations at each seismic site. Reproduced
from Diaz et al. (2020).

10.3. Meteorological

Many global seismograph stations are supplemented with meteorological instrumentation (e.g., wind speed and
direction, humidity, temperature, rainfall, and total precipitation). While the detailed seismic signatures of local to
regional meteorological phenomena are areas of recent research (e.g., Valovcin & Tanimoto, 2017), many station
operators have made an effort to record these additional observations for site awareness and for their future scien-
tific potential (Tytell et al., 2016). For example, force-feedback broadband seismometers are extremely sensi-
tive to changes in temperature (Melton, 1979). While correcting seismic data that is affected by temperature
variation-induced noise in otherwise low-noise environments has not been generally incorporated yet, recording
temperature can help to identify sensors that are not adequate thermally isolated (Doody et al., 2017). For exam-
ple, in Figure 49 we show that the STS-1 (blue) and Streckeisen STS-6 (green) record the diurnal Earth tides
while the secondary Streckeisen STS-2 sensor (orange) at GSN station TUC (Tucson, Arizona) is insufficiently
thermally isolated to recover this signal with high fidelity.

It is not clear if seismic noise due to local wind can be removed as well as the removal of noise due to temperature
effects. This difficulty reflects the highly site-dependent and nonlinear spatial and directional variability of wind

RINGLER ET AL.

64 of 98

95U9D17 SLOLUWOD) A1) 3|aedl|dde ay) A peusenob afe sajoiLe VO 9sn Jo Sa|ni 10} Aleld1 8UIUO AB]IM UO (SUONIPLOD-PUe-SLUBIL0D A8 |Im AeIq Ul |UO//:SANY) SUOIIPUOD pue SWiB | aU1 88S *[z20z/0T/Tz] Uo ARigiaulluo Aeim ‘591 Aq 67200098TZ02/620T 0T/10p/w0d Ao Azelq 1 jpuljuosgndnBe//sdny wouy pspeojumoq ‘€ ‘ZZ0Z ‘8026v6T



I Y ed N | . .
AUV Reviews of Geophysics 10.1029/2021RG000749
ADVANCING EARTH
AND SPACE SCIENCE
1.0 A)
3 05
N
=
:
z 0.0
3 -0.5
—1.01
0 10 20 30 40 50
Time (Days)
- | . |
T 051 n LA \ |
= w LAl | L
< N \
é \ ) | ‘ | [ ‘ ‘ ‘ ‘
W | i
= ‘
g-os [T | |
Tyl
—1.01
0 10 20 30 40 50
Time (Days)
®)
10—6 ]
I
T
o 10791
&
2
o
8
3
)
=¥ 10—15
1018 T T T T
0.005 0.010 0.015 0.020 0.025 0.030
Frequency (mHz)
—— STS-1 (Water Bricks) —— STS-2 (Foam Box) ——  STS-6 (Post-hole)
Figure 49. Time series comparison of (a) semi-diurnal Earth tides band-pass filtered from 10 to 13 hr period and (b)
diurnal Earth tides band-pass filtered from 22 to 25 hr on the Streckeisen STS-2 (orange), the Streckeisen STS-6 (green),
and the Streckeisen STS-1 (blue) at global seismographic network station TUC (Tucson, Arizona) over a 50-day time
period beginning on 11 April 2017. (c) The Power Spectral Density over a 50-day window is also shown, with black lines
representing the low and high global noise models of Peterson (1993). Reproduced from Doody et al. (2017).
(e.g., Dybing et al., 2019; Withers et al., 1996). However, the impact of wind speed and direction has helped to
identify installation practices that mitigate these unwanted signals. For example, installing instruments at depth in
competent materials (e.g., large Young's modulus) can mitigate wind induced seismic noise (Dybing et al., 2019;
Hutt et al., 2017).
RINGLER ET AL. 65 of 98

95U9D17 SLOLUWOD) A1) 3|aedl|dde ay) A peusenob afe sajoiLe VO 9sn Jo Sa|ni 10} Aleld1 8UIUO AB]IM UO (SUONIPLOD-PUe-SLUBIL0D A8 |Im AeIq Ul |UO//:SANY) SUOIIPUOD pue SWiB | aU1 88S *[z20z/0T/Tz] Uo ARigiaulluo Aeim ‘591 Aq 67200098TZ02/620T 0T/10p/w0d Ao Azelq 1 jpuljuosgndnBe//sdny wouy pspeojumoq ‘€ ‘ZZ0Z ‘8026v6T



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Reviews of Geophysics 10.1029/2021RG000749

11. Future Opportunities and Challenges
11.1. Instrument Calibrations

The design goal of the GSN is to calibrate across the entire usable seismic
bandwidth of an instrument to within 1% (Lay et al., 2002). Studies attempt-
ing to verify how well the GSN is calibrated suggest that this goal has not
been met, but that steady improvements have been made over time (Bernard
et al., 1991; Davis & Berger, 2007, 2012; Davis et al., 2005; Ringler, Storm,
et al., 2015). As scientists continue to analyze and model increasingly subtle
seismic signals, improvements in calibration methods will be necessary.

In situ instrument responses are typically calibrated by injecting a (force)
signal into the instrument through a calibration coil. It is then possible to
invert for the poles and zeros that describe the linear transfer function in
a least squares sense (Fels & Berger, 1994; Ringler et al., 2012). Because
the forcing constant of the calibration coil is not known to high accu-
racy, these methods only provide information about the relative response
across the excited frequency band. To calibrate the mid-band sensitivity of
an instrument it is necessary to move the sensor with a known motion. One
method is to use a step-table to input a known displacement into the seis-
mometer (Wielandt, 2012), but this method has an uncertainty larger than 1%

01 2 3 4 5 6 7 8 9
Number of Stations within 10"

(Anthony, Ringler, & Wilson, 2017). Using absolute gravity measurements,
10 Anthony, Ringler, and Wilson (2017) developed a methodology to absolutely
calibrate an accelerometer to within 0.06% and then, through a string of rela-
tive calibrations, calibrate the vertical component of a VBB seismometer to

Figure 50. Stations from the global seismographic network (GSN), within 0.14%.
GEOSCOPE, GeoFon, and Mediterranean networks showing the geographical
density of stations. (a) Africa centered and (b) Pacific centered. Color However, applying these methods operationally across a large network of

contours show the number of stations within 10° of any global location. Figure  seismographs poses additional challenges. For instance, the methodology has

modified from Kohler et al. (2020).

yet to be fully vetted for the horizontal components and it remains unclear

how responses may change over time and in different environmental condi-

tions. We note that methods exist that can calibrate superconducting gravim-
eters to much better than 1% (Van Camp et al., 2016) so there should not be fundamental limitations preventing
further calibration improvements from being implemented at GSN stations.

11.2. Improved Station Distribution and Multiscale Distribution

Despite the International Ocean Network I.O.N. initiative (Purdy et al., 1995; Suyehiro et al., 2006), there are rela-
tively few oceanic island sites and only a couple cabled sea-floor observatories (Delaney et al., 2016; Duennebier
et al., 2002). The technical and geographic challenges associated with developing sea-floor infrastructure have
precluded the establishment of a uniform, long-term broadband global seismographic distribution (Figure 50).
The restriction of almost all seismic stations to continents and islands has resulted in highly nonuniform detection
capabilities and seismic interrogation of Earth structure since the earliest days of global seismology. For example,
limited ray path coverage along with the difficulty in recording 150 s period Rayleigh waves globally fundamen-
tally limits resolution of inversions for attenuation structure in the lower mantle (Ringler, Anthony, Dalton, &
Wilson, 2021). Short-term (up to a few years) Ocean Bottom Seismograph (OBS) instruments and methodologies
are well developed, but the technological advances and resources necessary for the widespread establishment of
long-term OBS stations in remote oceans regions remain elusive (Kohler et al., 2020).

One promising approach for improving global seismic resolution is ocean hydrophone recording, particularly at
ocean depths where the background noise for a drifting instrument can be sufficiently low for P and other seismic
phases. The development and deployment of autonomous floating Mobile Earthquake Recording in Marine Areas
by Independent Divers hydrophone systems (F. J. Simons et al., 2009; Nolet et al., 2019; Sukhovich et al., 2015;
Simon et al., 2021a, 2021b) is a notable achievement in this regard. The Pacific Array has also shown prom-
ise in improving station spacing in the Ocean (http://eri-ndc.eri.u-tokyo.ac.jp/PacificArray/). Cabled seafloor
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observatories (Delaney et al., 2016; Duennebier et al., 2002) have also demonstrated that this approach can be
effectively implemented, but to date these installations have been few, and are much more costly than land-sited
stations. A recent development with substantial geophysical and seismological potential for global and general
instrumentation has been the advancement of VBB Distributed Acoustic Sensing technologies utilizing optical
fiber scattering and polarization to employ special use and existing undersea or land-sited fiber-containing cables
as massively multi-channel strainmeters (e.g., Lindsey et al., 2020; Sladen et al., 2019; Y. Yang et al., 2021; Zhan
et al., 2021). A further approach leveraging a vast and growing international transoceanic fiber optic system is
the Science Monitoring And Reliable Telecommunications initiative (Howe et al., 2019), which seeks to integrate
seismic and other sensors into undersea repeater infrastructure.

On land, developing a next generation of high-quality seismograph stations with lower equipment and logisti-
cal cost provides pathways to improved station coverage, particularly in regions that remain relatively sparsely
sampled (e.g., Africa and Antarctica; Figure 50). Increased station coverage could not only improve ray path
coverage across a large bandwidth, but also decrease uncertainty in normal mode splitting function measurements
(Majstorovi¢ et al., 2018). A notable development has been the advancement of broadband seismic station tech-
nology as a result of continent-spanning EarthScope TA efforts in the conterminous United States, southern and
northwestern Canada, and Alaska (Section 2.3) as well as the SKIPPY project across Australia (Zielhuis & van
der Hilst, 1996). EarthScope catalyzed the development of mass-produced, high-quality, logistically efficient,
and low-footprint telemetered broadband seismic systems incorporating shallow posthole sensors, optimized
power and telemetry systems, and a readily air- or land-transportable drill for seismometer installation (Busby
& Aderhold, 2020). Parallel technical development of telemetered broadband seismograph stations for extreme
polar conditions, notably in Antarctica (Anthony et al., 2015; Shen et al., 2020) and Greenland (K. G. Olsen &
Nettles, 2017; Toyokuni et al., 2020), have similarly made the expansion of high latitude seismic stations and
other geophysical instrumentation realizable.

11.3. Increasing Bandwidth and Multi-Instrumental Integration

GSNs have naturally focused on the principal “seismic spectrum” of approximately 1 mHz—-100 Hz. However,
increasing the effective bandwidth of global elastic and nonelastic deformation through multi-instrumental
approaches offers exceptional opportunities for further study and understanding of a wide range of dynamic
processes of the Earth and to estimate Earth structure. For example, Lau et al. (2017) used Earth tide meas-
urements from GNSS stations to invert for Large Low Shear Velocity Province (LLSVP) structure. Along
with a growing global near-real-time GNSS geodetic capability (Melbourne et al., 2021) that can, for example,
augment rapid near-field characterization of major earthquake sources (Bock et al., 2011; Melgar et al., 2013;
Nie et al., 2016), strain sensitive instrumentation, including borehole strain meters (Hodgkinson et al., 2013)
and rapidly emerging optical fiber-based technologies (Lindsey et al., 2020) offer further paths to extending the
global observational bandwidth to extremely long-periods (in theory, to zero frequency). Merging seismic and
non-seismic multi-instrument data streams to realize extremely broadband strain and displacement data time
series necessitates careful instrumental co-calibration and consistency evaluation (e.g., Nie et al., 2016).

11.4. Rotational Seismology

Rotational seismology is a scientific and observational field with deep historical roots that observes and utilizes
inertial frame rotations that occur during both strong and weak seismic excitation, but that are not detected by
inertial and translational sensors such as single seismometers (Lee et al., 2009). The rotational (curl) field is,
however, detectable at point locations using specialized (e.g., ring laser gyroscope) instrumentation (e.g., Igel
et al., 2005, 2021). Substantial progress has been made in realizing such rotational instruments in recent decades,
notably including the operation of a 4-m ring laser at Wettzell Observatory in Germany since 2002 (e.g., Igel
et al., 2007). Integrated interpretation of seismic and rotational data allows for the selective discrimination of
shear and Love wave energy and enhances the estimation of the source back-azimuth from a single observation
site, and can facilitate enhanced resolution of local shear velocity structure (e.g., Ferreira & Igel, 2009; Sollberger
et al., 2020; Yuan et al., 2020). Recent developments in low-noise rotational sensors provide a path forward for
a globally distributed network of rotational data streams, which could improve understanding of global seismic
phenomena such as the ratio of Rayleigh to Love wave microseism energy (Tanimoto et al., 2015), local slowness
estimation to enhance tomographic and source studies, tilt correction to horizontal inertial sensors (Bernauer
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et al., 2020), toroidal mode splitting and mode coupling (Nader et al., 2012) as well as other analyses benefiting
from local shear wavefield separation (Schmelzbach et al., 2018).

11.5. Broadband Arrays

Beginning in the early 1960s, seismologists began constructing seismic arrays (Rost & Thomas, 2002) incor-
porating seismometers deployed in primarily L-shaped patterns and spanning distances of a few tens of kilo-
meters (Schweitzer et al., 2012). By examining wavefield arrivals across multiple sensors, seismologists were
able to improve characterization of both earthquakes and underground nuclear tests compared to single station
observations. By the late 1960s, larger arrays had been constructed, notably including the 525-element and 200
km-aperture Large Aperture Seismic Array (LASA) in Montana, United States (P. Green et al., 1965). These
early arrays were predominantly comprised of short-period, vertical component sensors. Experimentation with
broadband arrays began in the late 1970s, with the Grifenberg array incorporating 13 Streckeisen STS-1 sensors
being a seminal example (e.g., Friedrich et al., 1998).

With continued developments in seismic instrumentation, additional arrays of 3-component, broadband seis-
mometers have been emplaced across the globe during the last 30 years and have driven advances in under-
standing fault rupture dynamics (e.g., Ishii et al., 2005), improved resolution in seismic mantle imaging (e.g.,
Schmandt & Lin, 2014), and helped reveal the global source regions of ambient noise (e.g., Friedrich et al., 1998;
Z. Wang et al., 2021). However, seismic arrays have been, and are today, overwhelmingly located in the north-
ern hemisphere and long periods of operation are often required to both calibrate them and to attain maximal
resolution in seismic imaging (Schweitzer et al., 2012). Incorporation of small-aperture arrays at select global
seismographic station sites was proposed by the GSN design committee in 2002 (Lay et al., 2002) and larger aper-
ture (>100 km) broadband arrays distributed across the globe were proposed by the Global Arrays in Broadband
Seismology (GABBA) focus group in 2013 (Koper & Ammon, 2013). GABBA-type arrays were noted as being
crucial to attaining the necessary imaging resolution for broad questions regarding the dynamics of both interior
of the Earth and fault mechanics. Promising conceptualizations of low-noise ice cap-emplaced borehole seismic
arrays near South Pole have also received recent attention (Anthony et al., 2021), and small-aperture (~1 km),
broadband posthole sensor arrays have been installed at a few GSN station sites in a further investigatory capacity
(Anthony, Ringler, Wilson, Zebulon Maharrey, et al., 2020; Donner et al., 2017) but the potential of long-term
networks of global broadband research arrays has yet to be realized.

11.6. Improved Signal-to-Noise at Long Periods

Long-period self-noise levels of seismic instruments have been slow to improve, but our understanding of shield-
ing instruments from unwanted non-seismic noise sources has seen progress. For example, the recently available
Streckeisen STS-6 and the Nanometrics T-360-GSN borehole instruments have allowed network operators to
replace older technology GeoTech KS-54000 sensors to reduce noise levels in GSN instrumentation as a whole
(Ringler et al., 2019). Although the GeoTech KS-54000 instruments were installed in boreholes, long-period
horizontal noise levels never matched those of vault-sited Streckeisen STS-1, suggesting that instrument noise
was limiting the performance at such stations (Berger et al., 2004). Along with improved instrumental noise
characteristics and isolation from surface noise sources, boreholes allow operators to mitigate unwanted local tilt
noise (Hutt et al., 2017) and provide improved thermal capacity and stability (Doody et al., 2017) to the instru-
mental environment.

While it is presently unclear if the vertical component of the Streckeisen STS-6 can meet the performance of the
Streckeisen STS-1 in certain frequency bands (Forbriger et al., 2021), data from the M|, 8.1 Kermadec Island
earthquake of 4 March 2021 suggests that the Streckeisen STS-6 instruments observed more high fidelity normal
modes (Ringler, Anthony, Davis, et al., 2022) at frequencies below 1 mHz than Streckeisen STS-1 seismometers
during this event (Figure 51). The installation of Streckeisen STS-6 instruments in shallow postholes, by way
of drilling into the vault pier, can also improve long-period horizontal data (Ringler et al., 2019). This suggests
that while individual Streckeisen STS-1 instruments in certain locations could provide superior data in some
frequency bands, the Streckeisen STS-6 installed in shallow vaults provides superior typical data network-wide.
By increasing the sensitivity of the Streckeisen STS-6, at the cost of also decreasing the clip level, it may be
possible to further improve instrumental noise levels. While it has been shown that superconducting gravimeters
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Figure 51. Global seismographic network (GSN) station vertical-component spectra (Streckeisen STS-6: orange; Streckeisen STS-1: blue) resolving normal modes
below 1 mHz excited by the M,, 8.1 Kermadec Island earthquake of 4 March 2021. Spectra were calculated using 126 hr of data following the event origin time. The
amplitudes of each station are individually scaled. Figure modified from Ringler, Anthony, Davis, et al. (2022).

are capable of producing superior spectra below 1 mHz (Widmer-Schnidrig, 2003), relatively few of these instru-
ments have been deployed to date for this purpose (Héfner & Widmer-Schnidrig, 2012). Such instrumentation
improvements are a subject of current research.

11.7. Improved Timing

Modern seismic data is time-tagged through GPS-conditioned crystal oscillators, which has allowed many seis-
mologists to assume all timestamps are accurate and extremely precise. This is in contrast to the large number
of corrections that were necessary in historical seismic data, implemented via a variety of timekeeping and cali-
bration mechanisms (Agnew, 2020). With GNSS timing, it has been shown that precision is better than 10 ms
across the GSN (Ringler, Anthony, Wilson, et al., 2021), in accordance with GSN design goals (Lay et al., 2002).

However, current timing precision may not be sufficient for future studies of the interior of the Earth. For exam-
ple, improved estimation of changes in inner core rotation could require improved timing accuracy at the ms level
or better (Deuss, 2014; J. Yao et al., 2021; Lythgoe et al., 2020; Y. Yang & Song, 2020, 2021). As noted earlier,
consensus on the rate of inner core differential rotation and possibly its variability is lacking. Most basically,
there is currently a lack of agreement on the evidence for travel-time changes based on details of time-dependent
features of waves, such as the coda of PKIKP waves scattered within the inner core. Accurate absolute timing is
good to have though Lythgoe et al. (2020) suggest that temporal variations in inner core phases are not in dispute,
but properly accounting for uncertainties in absolute timing is needed for robust data interpretation. Reasons for
a lack of consensus may include the use of differential phase measurements that were picked by eye rather than
through the use of cross-correlation or other more objective methods; and the use of normal mode techniques
where differential rotation is inconsistent because of different modes being analyzed (Laske & Masters, 1999).
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11.8. Station Site Conditions

Local strain-tilt coupling has plagued the Earth tide community as a strong noise source for many years and
produced anomalous horizontal seismic records at periods greater than ~25 s (e.g., Kohl & Levine, 1995). The
highly local processes associated with this effect can even produce resolvable differences in long-period signals
between sensors that are located in the same vault (Ziirn et al., 2015). However, using local strain-tilt corrections
could help to reduce these unwanted effects (Lambotte et al., 2006). Strain-tilt coupling should be frequency
independent at periods greater than ~25 s (King et al., 1976) so if these coefficients can be calculated at Earth
tide frequencies (e.g., Lambotte et al., 2006) it might be possible to use these corrections for horizontal to verti-
cal ratio estimates, which have shown considerable scatter (Ferreira & Woodhouse, 2007). Although several
methods to help reduce the uncertainty in surface wave amplitude estimates have been proposed (Tanimoto &
Rivera, 2008) it is likely that there is an azimuthal component as well as significant scatter coming from strain-tilt
coupling that has not yet been fully modeled or corrected for (Ringler et al., 2018).

11.9. Resolution of Normal Modes

Recent work on normal mode splitting functions, which are sensitive to Earth's structure after accounting for
ellipticity and rotation, has suggested new opportunities to better resolve density (Akbarashrafi et al., 2018; A.
Robson et al., 2022). These studies indicate that splitting functions of modes with frequencies below ~3 mHz
are limited in reliably retrieving the density structure of the mantle. However, recent splitting function data
sets include modes with frequencies up to ~10 mHz (Deuss et al., 2013; Koelemeijer et al., 2013) that still
need to be analyzed in the same way, particular the higher frequency Stoneley modes used by (Koelemeijer
et al., 2017). Understanding the uncertainty arising from various coupling approximations (e.g., self-coupling,
group-coupling, and full-coupling) for how different modes interact with one another, as well as the data used
to recover splitting functions, will be important for increasing the number of useful observations. A particu-
lar focus in future studies should be given to more reliable measurements of odd-degree coefficients, which
requires good-quality, low-noise spectra as provided by GSN stations. Such odd-degree observations are vital
for constraining the odd-degree structure of the deep mantle and for example, investigate differences between
the African and Pacific LLSVP. At the same time, increased efforts to measure toroidal mode splitting functions
from horizontal data (such as those reported by Schneider and Deuss (2020)) are necessary to constrain estimates
of mantle anisotropy. Improved understanding and correction of modal horizontal noise levels could also help to
explain some of the amplitude anomalies identified in the gravest of horizontal normal models (Park et al., 2008).

11.10. Computational Seismology

While GSNs are able to produce high-quality globally distributed seismic data to better image the interior of the
Earth, many techniques rely on our ability to compute realistic synthetic seismograms from a given Earth model.
Historically, computing power has limited the field to using 1D “normal mode summation” seismograms from
numerical integration (e.g., MINEOS, G. Masters et al., 2014), with wavefield simulations offering a modern
alternative (Nissen-Meyer et al., 2014; van Driel et al., 2015).

Along with improvements in global coverage of seismic stations there have been recent advances in numerical
methods as well as computational infrastructure. A number of these advances have directly improved the field of
global seismology. For example, the package SPECFEM3D Globe uses the spectral element method (SEM) to
produce synthetic seismograms for a 3D Earth model (see Komatitsch and Tromp (1999) and Igel (2016), for an
introduction to the SEM). With the advance in computational power and access it is now possible to produce 3D
synthetic seismograms in the 17-500 s period band (Tromp et al., 2010).

Improvements in synthetic seismograms have in conjunction with adjoint-methods (see Fichtner
et al., 2006a, 2006b for an introduction)— which enables vastly more efficient estimates of various derivatives
used in optimization problems—enabled higher resolution 3D global Earth models via full waveform inversion
(e.g., Bozdag et al., 2016; Fichtner, van Herwaarden, et al., 2018). While these methods have greatly improved
our ability to image the interior of the Earth, they are still limited to relatively longer period phases (e.g., 17 s
body waves and 45 s surface waves Bozdag et al. (2016)).
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Along with improvements in computing power and methods there has also been a trend in improving access to
3D seismograms or the computation of them, one such package is the AxiSEM package for producing 2.5D and
3D synthetics (Nissen-Meyer et al., 2014). AxiSEM has been used to produce on demand broadband synthetic
seismograms (van Driel et al., 2015) that can be downloaded from IRIS together with observed waveforms. While
3D synthetic seismograms have shown much promise in improving our understanding of Earth structure, there
are still challenges in estimating the density structure of the Earth. For example, it will be necessary to include
self-gravity in the weak-formulation of the wave equation used in SEM (Komatitsch & Tromp, 1999, 2002b). It
will also be necessary to improve computing power and algorithms so that we can further refine global simula-
tions of earthquakes on a routine basis, with high-resolution (e.g., Komatitsch et al., 2002).

11.11. Machine Learning

One of the most recent advances in network seismology on local, regional, and global scales is the reemergence of
machine-learning as a viable tool to process seismic data. Machine-learning algorithms are so named because they
learn (or are trained) directly from input data sets. The recent focus on these tools is in part because of the broad
accessibility of machine-learning tools and the accessibility of seismic data sets, including seismic-wave forms
and labeled information (e.g., earthquake catalogs).

A primary focus of applying machine learning to seismology has been the development of tools to assist in
seismic monitoring, including event-detection (e.g., Perol et al., 2018; W. Zhu & Beroza, 2018; Ross, Meier,
Hauksson, & Heaton, 2018), seismic-arrival characterization (e.g., Mousavi & Beroza, 2020; Ross, Meier, &
Hauksson, 2018; Yeck et al., 2020), association (Ross et al., 2019), denoising (W. Zhu et al., 2019), condensing
seismic data (Valentine & Trampert, 2012) or tools which combine various tasks of seismic processing into a
single model architecture (e.g., Mousavi et al., 2020). These tasks generally rely on supervised learning, leverag-
ing curated labeled data sets to train models to perform a task. Machine learning is also being leveraged to extract
unknown features from large data sets (unsupervised learning), such as identifying reoccurring signal types (e.g.,
Seydoux et al., 2020; Yoon et al., 2015). These approaches allow researchers to extract novel observations from
archived continuous wave forms. The applications of machine-learning to seismology, and seismic network data,
are diverse and an emergent field. Kong et al. (2019) gives a more complete look at the current state of applying
machine learning to seismology.

11.12. Planetary Seismology

As of this writing, the VBB seismometer deployed by the InSight mission to Mars (Banerdt et al., 2020) has been
transmitting ground motion data from the red planet for over 1,200 Martian days (Sols). During this time, its low

self-noise and extensive thermal protection allowed VBB to record accelerations approaching 1071%m/s?/ \/E
in the 0.1-1 Hz frequency range, 2-3 orders of magnitude below the Earth Low Noise Model (Lognonné
et al., 2020). The extremely low environmental noise on Mars reflects the absence of oceans, a much thinner
atmosphere, and lack of anthropogenic signals. Developing the VBB and establishing its noise requirements
benefited from preliminary testing using GSN sites, but posed challenges regarding station installation, tempera-
ture stability, and magnetic shielding distinct from those encountered in the controlled environment of permanent
broadband installations on Earth (Lognonné et al., 2019). To locate marsquakes and aid in the identification of
arrivals of interest, processing of InSight data relies heavily on techniques developed and validated on data from
the GSNs (e.g., Bose et al., 2017; Marusiak et al., 2020; Panning et al., 2015), many of which involve extracting
polarization information from 3-component waveforms recorded at a single-station. Thus far, InSight VBB data
has led to many first-order discoveries about the Martian interior and seismicity. For example, it has been used to
establish seismicity rates and types (Giardini et al., 2020), characterize crustal structure beneath the lander with
receiver functions and autocorrelations (D. Kim, Leki¢, et al., 2021; Knapmeyer-Endrun et al., 2021), develop
radial models of mantle from body wave traveltimes (Khan et al., 2021), determined the depth to the mantle
transition zone (Q. Huang et al., 2020) and detected core-reflected waves constraining the size and density of
the core (Stéhler et al., 2021). Work to detect impacts, surface waves, and core-transiting phases continues. The
latest Mars Seismic Catalog (InSight Marsquake Service, 2021) contains 951 marsquakes, which are classified
into families according to their dominant frequency content and graded according to their signal quality. Of
these, 6 has multiple identifiable phases and clear polarization (quality A) and an additional 133 have multiple
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identifiable phases but lack polarization (quality B). As was pioneered by the GSN, GEOSCOPE and other global
seismic networks on Earth, the waveform data collected by InSight are publicly available from the IRIS DMS,
under the network code XB and station name ELSYE.

Extracting robust structural and source constraints from seismograms requires a thorough understanding of the
sources of noise (e.g., Ringler, Sleeman, et al., 2014), which, in the case of data from Mars, may be unfamiliar to
a seismologist working primarily on records from Earth. A comprehensive description of transient and sustained
idiosyncratic signals arising from coupling between InSight sensors and spacecraft can be found in D. Kim,
Davis, et al. (2021). They show that systematic variations in sustained spacecraft-sensor instrument noise, such
as lander modes that vary with temperature, can be misinterpreted as structural signals in techniques relying on
the (auto)correlation of environmental noise. In light of the enormous scientific return of the InSight mission, the
future of planetary seismology is bright. NASA's Farside Seismic Suite (Panning et al., 2022) is expected to place
a VBB vertical component seismometer and a compact 3-component short period seismometer in Schrodinger
crater on the far side of the Moon. In addition to resolving crustal thickness and layering beneath the crater
itself, the mission is expected to constrain the rate of micrometeorite impacts, and to expand on the detection
of deep moonquake clusters beyond the nearside, where all Apollo-era seismometers were deployed (Nakamura
et al., 1982). Geophones on NASA's Dragonfly mission to Titan, expected to launch in 2027, will bring the
first seismic measurements from an icy world, enabling the characterization of tidally induced seismicity and
the determination of ice shell thickness (Lorenz et al., 2019). Finally, the Lunar Geophysical Network concept
(Haviland et al., 2022) seeks to deploy a global network of four multi-geophysics stations that would map out the
Moon's seismic activity, mantle and crustal structure and heterogeneity, and address fundamental questions about
the Moon's initial differentiation, its present-day heat budget, and core evolution.

12. Conclusions

Over the past century, GSNs have evolved from a sparse collection of analog instruments (e.g., Milne, 1900) to
more than 150+ globally distributed VBB stations that are capable of recording the entire seismic spectrum, from
Earth tides to high-frequency seismic waves at tens of Hz, along with a number of other geophysical and envi-
ronmental measurements (e.g., temperature, pressure, infrasound, total electron content from GPS, and magnetic
field variations). GSNs have been essential drivers for the development of robust calibrated and curated interna-
tional data centers with worldwide real-time and open access to scientific and broader users. These stations have
been further supplemented by regional networks. While most GSNs are no longer in their deployment phase,
there exist many opportunities for instrumental and networked improvements.

The establishment of a global interconnected system of diverse seismographic and other geophysical and environ-
mental (both long-established and temporary) instrumentation linked with federated data and metadata archival
and distribution creates a universal Earth-spanning sensor network that both complements and transcends science
motivations for long-established uniformly engineered global networks. For example, tomographic studies of
Earth structure routinely utilize all available and suitable data regardless of network affiliation and operational
attribution. Large-scale geophysical events, such as the eruption of Hunga Tong—Hunga Ha'apai volcano in
the south Pacific Ocean, with its remote sensing observations and global seismic, sonic, tsunami, and infra-
sonic signatures (including atmospheric shock waves that have no modern analog; Matoza et al., 2022; Ringler,
Anthony, Aster, et al., 2022; Witze, 2022), is currently being analyzed using a comprehensive array of geophys-
ical data types.

Globally distributed seismic data and methodologies are capable at locating and characterizing Earth's seismic
sources. Being able to rapidly determine the location, size, and source characteristics of sizeable events anywhere
on Earth (currently this is routine for events larger than approximately M,, 5, but can be done for much lower
magnitudes in many regions of the world) has value in mitigating loss of life and property by way of enabling
timely earthquake impact assessments and tsunami warnings, as well as in characterizing the complex statistical
patterns of global seismicity in time and space. Recent decades of research on detecting and locating multi-
ple events in the same general region have produced results with far more detailed information on spatial and
temporal patterns of seismicity than can be derived from the traditional single event approaches which dominate
today's seismicity bulletins. Above and beyond their sensitive monitoring capabilities, seismographic networks
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are essential to steadily advance the imaging of the Earth's interior. The seismological signature of the heteroge-
neous Earth can be used to help resolve the planet's interior state, structure, composition, and dynamics.

The dynamic range and bandwidth of instrumentation in modern seismographic networks facilitate the rapid
characterization of fault rupture during large earthquakes on multiple spatial and temporal scales, and facil-
itate the recording of seismic phenomena ranging from very long-period elastogravity and normal modes to
regional high-frequency crustal guided phases. GSNs have played an historic and continuing role in nuclear
explosion monitoring and assessment, which provided strong motivation for early network development. Global
and regional seismology is today a core component to realizing necessary technical capabilities for international
treaties limiting the vertical and horizontal proliferation of nuclear weapons.

A principal and community sanctioned goal of GSNs is to freely distribute and promote the wide and diverse use
of high-quality data to the widest international and scientific user community, including for non-traditional users
of seismic data. For example, seismic data exhibit sensitivity to changes in ocean, hydrological, cryospheric,
atmospheric, anthropogenic noise in urban settings, and other dynamic Earth processes and is increasingly
leveraged to identify and interrogate long-term process and material changes in Earth systems. Identifying and
interpreting temporal changes and validating increasingly small signals within the seismic wavefield motivates
continual calibration improvement, which is aided by the co-siting of multiple seismic and other geophysical
instruments at station sites.

Although land-based seismic networks and their technologies have reached a relative plateau of maturity, increas-
ing worldwide integration of global, regional, and local seismographic network data from many data providers
continues to densify the spatial sampling of Earth's elastic wavefield, and multidisciplinary uses and joint analy-
ses of diverse geophysical data streams continue to expand. A major frontier that remains is the need to substan-
tially improve the density and quality of seismic data from the oceans, with both ocean-bottom and water column
(e.g., floating) sensing capabilities being advanced towards this goal. With sustained resources allocated to the
operation, densification, and instrumental diversification of global seismograph stations and continued scientific
discovery, we anticipate a bright future for global network seismology for a broad global user community.

Glossary

Advanced Seismic Research Observatory (ASRO) Network of five digital stations that formed part of the
GDSN. Also referred to as the modified high gain long-period observatory (network code AS).

Albuquerque Seismological Laboratory (ASL) Field office of the U.S. Geological survey that operates the
CU, IC, and IU networks as well as a number a number of other long-term networks.

Array Aperture Greatest horizontal distance between any two seismometers in a seismic array.

Associator Algorithm used to associate seismic phase picks recorded across a seismograph network to particu-

lar seismic events.

Cavity Effect Seismic signature caused by vault wall deformation, commonly contributing to tilt noise.

Clip Level Largest signal that an instrument can record before it is no longer able to provide an output that is

linearly proportional to the input.

Comprehensive Nuclear-Test-Ban Treaty (CTBT) Multilateral international treaty that bans all critical
nuclear tests for both civilian and military purposes. As of 2021, 170 states have ratified and an
additional 15 states have signed, but not ratified, the CTBT.

Comprehensive Nuclear-Test-Ban Treaty Organization (CTBTO) International organization to be estab-
lished upon entry into force of the CTBT, currently provisionally established under the CTBTO
Preparatory Commission headquartered in Vienna, Austria, which operates the International
Monitoring System (IMS).

Computational Seismology The field of seismology that deals with solving the wave equation numerically or
attempts to model various observed phenomena.

Data Quality Analyzer (DQA) Software packaged used and developed at ASL for in situ data quality
monitoring.

Datalogger or Digitizer Instrument used to convert an analog signal, usually a voltage, into a time-tagged
digital time series.

Degenerate Resonance The center frequency of a normal mode multiplet.
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Digital Acoustic Sensing (DAS) Optoelectronic instrumentation of communication fibers to facilitate broad-
band distributed strain sensing, typically utilizing Rayleigh scattering.

Dynamic Range Ratio between the smallest instrumentally observable signal and the largest observable signal,
usually expressed in dB.

Earth Hum Continuous excitation of normal modes by atmosphere and ocean processes.

Elastogravity Signals Elastic changes in the gravity field of the Earth caused by large changes in mass, such as
those associated with a great earthquake.

Full coupling A term in normal mode seismology that indicates the interaction (or resonance) between modes
(generally up to a specified frequency) is taken into account.

Global Arrays in Broadband Seismology (GABBA) Seismological community focus group aimed at evaluat-
ing how global seismic arrays can supplement sparse global station coverage.

Glacial Earthquake Seismic event attributed to glacial processes.

GEOFON GEOFOrschungsNetz; German global network of seismograph stations (network code GE).

GEOSCOPE French global network of seismograph stations (network code G).

Global Seismographic Network (GSN) U.S. global network of seismograph stations. This network includes
the Caribbean USGS Network (network code CU), the New China Digital Seismograph Network
(network code IC), the IRIS/IDA network (network code II), and the IRIS/USGS network (network
code IU).

Global Digital Seismograph Network (GDSN) Digital successor network to the analog WWSSN; included
the Seismic Research Observatory (SRO), the Digital World Wide Standardized Seismographic
Network (DW), and the Abbreviated Seismic Research Observatory (ASRO).

Global Telemetered Seismograph Network (GTSN) Network of 12 stations developed by the USGS and U.S.
Air Force to supplementing global monitoring and research (network code GT).

Global Network Satellite Systems (GNSSs) Satellite geodetic systems for precise positioning, including the
GPS, GLONASS, BDS, and Galileo constellations.

Gravimeter Instrument used to measure gravity or its changes. Gravimeters act as excellent low-frequency
vertical seismometers.

Heterosphere Uppermost 200-250 km of the Earth; initially proposed by Dziewonski et al. (2010).

Incorporated Research Institutions for Seismology (IRIS) U.S. headquartered university consortium dedi-
cated to the advancement of seismology and seismological data, including co-management of the
Global Seismographic Network in partnership with the USGS.

Instrument Self-Noise Intrinsic noise of an instrument in the absence of signal.

Interferometric Synthetic-Aperture Radar (InSAR) Geodetic methods to generate interferometric images
using phase differences between multiple satellite- or aircraft-acquired radar images.

International Deployment of Accelerometers (IDAs) Globally distributed network of gravimeters focused on
recording long-period seismic signals (network code ID). IDA currently operates approximately
one third of the broadband stations of the GSN (network code II).

International Monitoring System (IMS) Globally distributed geophysical sensing system of seismographs,
hydroacoustic stations, infrasound stations, radionuclide detectors, and laboratories operated by
the CTBT Preparatory Commission.

International Federation of Digital Seismograph Networks (FDSNs) Global organization of digital broad-
band seismograph network operators.

Japan Meteorological Agency (JMA) Japanese agency charged with collecting data and providing public
results of geophysical phenomena, including earthquakes.

LaCoste-Romberg Gravimeter the gravimeter used in the IDA (ID) network.

Large Low Shear Velocity Province (LLSVP) Regions of lower-than-average seismic velocity that have been
seismically identified in the lowermost part of the mantle.

Local (seismic distance range) Source-receiver distance range at which seismograms are dominated by direct
crustal phases (S1°, or 111 km).

Magnitude (seismic) One of a number of measures of inherent (logarithmic) seismic source size derived from
seismic wave observations. Widely used scales include body wave (m,), surface wave (M), and
moment M, magnitude.

MedNet Network of VBB seismograph stations in the Mediterranean region operated by Istituto Nazionale di

Geofisica e Vulcanologia (INGV), Italy (network code MN).
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Microseism Globally observed background seismic signal (between approximately 3-25 s period) arising due
to forces from ocean gravity waves acting on the solid Earth.

Mode Coupling Energy transfer (resonance) between distinct normal modes of the Earth.

Mode Splitting Separation of degenerate normal mode frequencies into distinct frequencies (singlets) due to
the rotation, ellipticity, and heterogeneity of the Earth.

Modular Utility for STAtistical kNowledge Gathering (MUSTANG) IRIS-developed and maintained soft-
ware package for in-situ monitoring of data quality for all networks that contribute data to the IRIS
Data Management System.

Moment Tensor Tensor representation of a point-equivalent (or best approximation to such) seismic source;
generalizable to a planar or spatial moment tensor density.

Multiplet The 2/ + 1 singlets associated with a given normal mode S, or ,T;.

Nanometrics T-360 Vault or borehole VBB seismometer produced by Nanometrics, Inc., including for the
purpose of succeeding the Streckeisen STS-1.

Narrow Band Coupling An approximation used in normal mode seismology where modes interact within a
given frequency band.

National Earthquake Information Center (NEIC) U.S. Geological Survey center headquartered in Golden,
Colorado, U.S. NEIC's principal missions include estimating locations and sizes of all signifi-
cant global earthquakes, and the rapid communication of this information; and the curation and
distribution of seismic and associated data; and the advancement of earthquake monitoring, risk
management, and scientific research.

New Low-/High-Noise Model (NLNM/NHNM) Power spectral density model produced by Peterson (1993)
characterizing the lowest and highest background seismic noise levels on Earth for culturally
isolated seismographic sites ranging from continental interiors to oceanic islands.

Normal Modes Elastic free motion eigenfunctions of the Earth; also referred to as free oscillations.

Power Spectral Density (PSD) Distribution of power for a given signal in the Fourier frequency domain;
commonly expressed in dB relative to acceleration ([m/s?]*/Hz) in global seismology (e.g.,
Peterson, 1993).

Preliminary Reference Earth Model PREM) Widely utilized 1D Earth model for seismic velocity and density
as a function of radius inverted from seismic wave observations (Dziewonski & Anderson, 1981).

Prompt Elasto-Gravity Signals (PEGSs) Earthquake-associated signals created by density-perturbation-in-
duced gravity field changes, and by the associated elastic readjustment of the gravitationally
perturbed Earth.

Regional (seismic distance range) Source-receiver distances between local and teleseismic, for which seismo-
grams contain a mixture of crustal and mantle phases (Z1°, or 111 km and $30°, or 3,330 km).

Rotational Seismology Study of rotational motions produced by seismic phenomena, often utilizing special-
ized (non-translational) instrumentation.

Seismic Research Observatory (SRO) Network of 13 globally distributed stations which made up part of the
GDSN (network code SR).

Instrument Self-Noise Intrinsic noise of seismographic and recording equipment, usually displayed as a func-
tion of frequency.

Self-Coupling An approximation used in normal mode seismology where only interaction within a mode
multiplet is considered (i.e., no resonance with other modes).

Sensitivity Kernel Sensitivity of a seismic phase to Earth structure as a multi-valued function of space.

Standard for the Exchange of Earthquake Data (SEED) Digital standard for encoding and distributing seis-
mic data. This format was initially developed by the FDSN and has been adopted by IRIS as well
as a number of other data centers.

StationXML Extendable markup language schema for seismic metadata. StationXML is planed to eventually
replace the metadata portion of SEED.

Stoneley Modes Subset of Earth normal modes that are trapped along solid-liquid interfaces, such as the
core-mantle boundary.

Streckeisen STS-1 Seismometer Pioneering VBB seismometer deployed in a large number of global seismo-
graph networks.

Streckeisen STS-6 Seismometer VBB seismometer used as a successor to the Streckeisen STS-1 in global
seismograph networks. The STS-6 is installed in a borehole or posthole.
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Strain-Tilt Coupling Tilt induced by local strain, usually within or adjacent to a seismic sensor vault.

T-phase Acoustic phase in the ocean (or similar water column) that is converted to seismic energy (typically

at a shoreline).

Teleseismic (seismic distance range) Source-receiver distances for which seismograms are dominated by
mantle phases (Z30°, or 3,330 km).

Tilt Noise Primarily horizontal component noise generated seismometer tilt within Earth's gravity field and
recorded as an apparent horizontal acceleration.

Treaty on the Non-Proliferation of Nuclear Weapons (NPTs) International treaty with the objective to
prevent the spread of nuclear weapons that opened for signatures in 1968 and went into force in
1970.

Tsunami Warning System U.S. system for warning coastal locations of possible tsunamis generated by
earthquakes.

Very Broad Band (VBB) Seismographic system with a flat amplitude response velocity across a bandwidth
that encompasses a large fraction of Earth's available seismic spectrum (e.g., 50 Hz to 360 s
period).

World-Wide Standardized Seismograph Network (WWSSN) US analog network of 120 uniform stations
built out in the 1960s. The geographic footprint of much of this network evolved into the GDSN
and GSN.

Data Availability Statement

Data from the networks discussed in this work are freely available through the FDSN request tools implemented
in numerous data centers (e.g., IRIS, RESIF, ORFEUS, and GEOFON). See for example, https://service.iris.
edu/fdsnws/dataselect/1/ for an access via web services. This work discussed or made use from the following
networks: Albuquerque Seismological Laboratory (ASL)/USGS (1974, 1976, 1980, 1988, 1992, 1993, 2006),
Scripps Institution of Oceanography (1975, 1986), Institut De Physique Du Globe De Paris IPGP) and Ecole et
Observatoire des Sciences de la Terre de Strasbourg (EOST) (1982), MedNet Project Partner Institutions (1988),
GEOFON Data Centre (1993), and California Institute of Technology and United States Geological Survey
Pasadena (1926).
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