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IPCC Report (2014)

The needs from two communities
• Seismology: globally uniform coverage
• Oceanography: surface waves, internal 

waves, tides, currents, and temperature

Hosseini and Sigloch, 2015



Ocean acoustic thermometry

Modified from Snelling (2015)

Repeating source

• Use long-range observations of repeating acoustic 
sources to monitor ocean temperature

• The program halted for environmental concerns

Munk & Wunsch, 1979



The DGAR station is an excellent receiver of
T waves from the Sumatran earthquakes be-
cause there is no notable bathymetry to block
the T-wave path, and the atoll’s steeply slop-
ing seafloor greatly facilitates the conversion

of sound waves back to seismic waves (27)
(Fig. 1A).
The travel time of a T wave propagating

from Nias Island to Diego Garcia is sensitive
to the temperature anomalies it encounters

along its path. Typically, travel-time fluctua-
tions from temperature anomalies strongly
dominate over fluctuations arising from other
factors, such as salinity anomalies or Doppler
shifts by currents (28) (materials andmethods).
Measured T-wave travel-time anomalies can
therefore be used to infer spatially averaged
temperature anomalies. Expressing the travel-
time anomaly t′ at some instance t as a range
(x) and depth (z) integral of temperature
anomalies T ′

t′ðtÞ ¼ ∬Kðx; zÞT ′ðx; z; tÞdxdz ð1Þ

and we can infer the weighted average of the
temperature anomaly from the measured
travel time

hT ′iðtÞ ≡ ∬Kðx; zÞT ′ðx; z; tÞdxdz
∬Kðx; zÞdxdz

¼ t′ðtÞ
∬Kðx; zÞdxdz

ð2Þ

The sensitivity kernel K (x,z) is crucial for
the interpretation of the measured travel-time
anomalies because it quantifies what part
of the ocean is sampled by the T waves. We
derive K (x,z) from numerical simulations of
seismic- and sound-wave propagation (29)
and the well-constrained dependence of the
sound speed on ocean temperature (materials
and methods).
The Twaves’ sampling of the water column—

i.e., the vertical structure of K (x,z)—strongly
depends on their frequency. T waves propa-
gate largely in the form of the lowest available
verticalmode,which has a frequency-dependent
structure: High-frequency modes are more
narrowly confined to the SOFAR channel axis,
whereas low-frequency modes span a substan-
tial portion of the water column (28). T-wave
arrivals usually have a high signal-to-noise
ratio in a frequency range of 1 to 10 Hz
(23, 24, 30, 31). To maximize the sensitivity
in the deep ocean, we filter the DGAR T-wave
seismograms to the lowest-possible frequency
band of 1.5 to 2.5 Hz (Fig. 2A). In this band,
the sensitivity K (x,z) peaks at ~1700-m depth,
decays to zero at the surface, and falls off
relatively slowly with increasing depth—39% of
the sensitivity is below 2000-m depth (Fig. 2B).
The integrated sensitivity is ∬Kðx; zÞdxdz ¼
$5:4 s K$1, so auniformwarmingofT ′=0.02K
would cause the travel time to reduce by t′ =
−0.1 s. We showbelow that travel-time changes
of this magnitude are detectable.
To infer changes in the ocean’s temperature,

we require pairs ofTwaves that originate from
the same location. Repeating earthquakes (re-
peaters) are defined as having almost identical
source properties—i.e., the location and geom-
etry of the ruptured fault patches are nearly
the same (32). Differences in the travel times
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Fig. 3. Travel-time anomalies and corresponding temperature changes. (A to C) Travel-time anomalies t′
(left axes) and corresponding temperature anomalies hT′i (right axes) inferred from T waves (blue) compared
with those predicted from the Argo Climatology data (orange) and ECCO data (green). Every blue dot
corresponds to an earthquake that is part of at least one repeating pair. Gaps in the time series indicate
gaps in the DGAR record. The Argo and ECCO estimates were interpolated to the same times as the T-wave
events. The shading shows ±2 SE. (B) and (C) show successive magnifications of the early part of the time
series (indicated by the black rectangle in the preceding panel) when events were most abundant.
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Future of Seismic Ocean Thermometry relies 
on sensor coverage, like Seismology



DAS: optical fiber as Distributed Acoustic Sensors
backscatter incident

incident
Optical Fiber

1 m of fiber =1 strainmeters

10 km of fiber =10,000 sensors
Equipment only required at one end



Submarine DAS expands fast

Lindsey et al., 2019; Williams et al., 2019; Sladen et al., 2019; Spica et al., 2020; Matsumoto et al., 2021; Ide et al., 2021



Ide et al., EPS, 2021 500Hz sampling rate, 50km cable, 5m channel spacing, 1 TB/day

DAS

Shallow waterBathymetry



Hydro-acoustic wave on DAS

Matsumoto et al., 2021
Earthquake T waves on DAS soon?



Submarine DAS array detects ocean waves too

Williams et al., Nature Comm., 2019



Weaver, 2005





Cabled Observatories Transoceanic Cables



Light polarization-based long range sensing
• Telecom requires measurements of polarization to restore it
• Principle: stress to fiber causes change in light polarization

Zhan et al., Science, 2021: A 10,000-km fiber optic cable, Curie, by Google from Los Angeles to Chile



Polarization detection of ocean swells 



Promising future of submarine fiber sensing
• Motivated by solid Earth geophysics but applies to ocean environment

• Measures hydroacoustic waves, ocean waves, ocean current, etc. 

• Multiple emerging technologies: DAS, Phase, Polarization, SMART cable

• Need collaborations among seismology, oceanography, fiber optics, 
telecommunication industry, and regulatory agencies.

The DGAR station is an excellent receiver of
T waves from the Sumatran earthquakes be-
cause there is no notable bathymetry to block
the T-wave path, and the atoll’s steeply slop-
ing seafloor greatly facilitates the conversion

of sound waves back to seismic waves (27)
(Fig. 1A).
The travel time of a T wave propagating
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tions from temperature anomalies strongly
dominate over fluctuations arising from other
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The sensitivity kernel K (x,z) is crucial for
the interpretation of the measured travel-time
anomalies because it quantifies what part
of the ocean is sampled by the T waves. We
derive K (x,z) from numerical simulations of
seismic- and sound-wave propagation (29)
and the well-constrained dependence of the
sound speed on ocean temperature (materials
and methods).
The Twaves’ sampling of the water column—

i.e., the vertical structure of K (x,z)—strongly
depends on their frequency. T waves propa-
gate largely in the form of the lowest available
verticalmode,which has a frequency-dependent
structure: High-frequency modes are more
narrowly confined to the SOFAR channel axis,
whereas low-frequency modes span a substan-
tial portion of the water column (28). T-wave
arrivals usually have a high signal-to-noise
ratio in a frequency range of 1 to 10 Hz
(23, 24, 30, 31). To maximize the sensitivity
in the deep ocean, we filter the DGAR T-wave
seismograms to the lowest-possible frequency
band of 1.5 to 2.5 Hz (Fig. 2A). In this band,
the sensitivity K (x,z) peaks at ~1700-m depth,
decays to zero at the surface, and falls off
relatively slowly with increasing depth—39% of
the sensitivity is below 2000-m depth (Fig. 2B).
The integrated sensitivity is ∬Kðx; zÞdxdz ¼
$5:4 s K$1, so auniformwarmingofT ′=0.02K
would cause the travel time to reduce by t′ =
−0.1 s. We showbelow that travel-time changes
of this magnitude are detectable.
To infer changes in the ocean’s temperature,

we require pairs ofTwaves that originate from
the same location. Repeating earthquakes (re-
peaters) are defined as having almost identical
source properties—i.e., the location and geom-
etry of the ruptured fault patches are nearly
the same (32). Differences in the travel times

Wu et al., Science 369, 1510–1515 (2020) 18 September 2020 3 of 6

Fig. 3. Travel-time anomalies and corresponding temperature changes. (A to C) Travel-time anomalies t′
(left axes) and corresponding temperature anomalies hT′i (right axes) inferred from T waves (blue) compared
with those predicted from the Argo Climatology data (orange) and ECCO data (green). Every blue dot
corresponds to an earthquake that is part of at least one repeating pair. Gaps in the time series indicate
gaps in the DGAR record. The Argo and ECCO estimates were interpolated to the same times as the T-wave
events. The shading shows ±2 SE. (B) and (C) show successive magnifications of the early part of the time
series (indicated by the black rectangle in the preceding panel) when events were most abundant.
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Thanks! Questions?





Ide et al., EPS, 2021


