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Ocean thermometry

Ocean absorbs 
more than 90%
of the excess 
energy

• Argo floats have drastically improved the 
sampling

• They still suffer from the aliasing effects 
and have no data below 2000 m
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Sound travels faster in warmer ocean.

!"
!#
≈ 5 m s-1 K-1

Measuring the ocean temperature acoustically
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Replacing active sources with earthquakes

aperture! was installed at Sur Ridge off Point Sur, California,
for a year "Fig. 2!.

Almost all of these experiments included environmental
measurements along the various transmission paths, includ-
ing high-resolution conductivity, temperature and depth
transects and moored time series. They were also accompa-
nied by independent "from the acoustic scientists! marine
mammal monitoring and research programs.

Although each experiment has its own individual name
"SLICE89, AET, AST, ATOC!, they are loosely grouped into
what we call the North Pacific Acoustic Laboratory "NPAL!.
The variety of sources and receivers deployed during the

various phases of NPAL offer a wide range of data, over
propagation paths up to 5000 km long, spanning seasonal
and annual cycles, and encompassing spatial receiving aper-
tures up to 3000 m in the vertical and 3600 m in the hori-
zontal.

These data have served to test ever more sophisticated
theories of wave propagation in the ocean medium. Still,
many unanswered questions remain. For example, although
it is generally accepted that internal waves are the primary
source of scattering resulting in random amplitude and phase
variations, none of the various theories developed over the
last two decades successfully predicts received signal char-

FIG. 1. Locations of various NPAL components. Acoustic paths to the vertical array receivers are shown in the upper panel, and paths to other receivers
labeled with lower case letters are shown in the lower panel.

1500 J. Acoust. Soc. Am., Vol. 117, No. 3, Pt. 2, March 2005 P. F. Worcester and R. C. Spindel: North Pacific Acoustic Laboratory
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Application to Eastern Indian Ocean
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

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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The CTBTO hydrophones show higher SNRs and record much 
more T-wave data from small earthquakes than DGAR. 

Higher Signal-to-Noise Ratios (SNR) of CTBTO hydrophone data
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Consistent results between DGAR and H08S2

DGAR H08S2
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But much more data from H08S2

DGAR H08S2

2648 earthquakes from H08S2
1060 earthquakes from DGAR
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But much more data from H08S2

DGAR H08S2
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6-month periodicity

DGAR H08S2
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6-month periodicity

DGAR H08S2
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~10 days variations

DGAR H08S2



CTBTO.ORG
Disclaimer: The views expressed on this presentation are those of the author and do not necessarily reflect the view of the CTBTO

Pres. No.:

PUTTING AN END TO NUCLEAR EXPLOSIONS 

Seismic ocean thermometry 
using CTBTO hydrophone dataO1.3-489

Conclusions

• We confirm that hydrophones usually have
better performance of recording T waves than
T-phase stations, in terms of SNR.

• H08S2 and DGAR show consistent SOT
results.

• Hydrophone system is a key component of
global application of SOT.


