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at sinks

B Ocean Heat Content 0 to 700 metres

B Ocean Heat Content 700 to 2000 metres
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The Atlantic Ocean may be storing
s wvast amounts of heat (red), keeping global
ET=i e / surface temperatures from rising.

NOAA

Science 22 August 2014: Vol. 345 no.
6199 pp. 860-861 Is Atlantic holding
Earth’s missing heat?

& Variations
across ocean
bassins...



« Satellite observations are
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T S ocean temperature “close” to
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Propagation Around the Globe
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(Collins et al., JASA 97(3), p. 1567)

Basis for Acoustic measurements of ocean temperatures:
“Acoustic thermometry & Acoustic tomography..” 6



ound Speed Structure

« (Ocean sound-speed
Parer depends on:

— Temperature, (T)
— Salinity, (S)
— Depth, (2)

» Speed of sound
. Increases with all
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hd channel propagation

Sound Speed profile Pressure (R = 300km, SD = 1300m)
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hermometry

Different paths have different (group) speeds....
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g Practical Limitations. ..
C12 (t) = F (t) ® (Glz (t) o G21 (_t))
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Limiting Factors: 2,1 152

Spatial Distribution
Temporal Distribution -
Power spectrum
Source Directivity »,

Attenuation \4:>~ due to the medium

Fluctuations
<T

On short time-scales (< 1 5nyironmental) the cross-correlation process is stationary

due to the noise sources

:
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Extensive Theoretical Proofs (Rytov, 56; Weaver,2001—Now). Fluctuation-Dissipation Theorem



ﬂmm Passive Ocean monitoring 7

Anti-symmetric time shift Symmetric time shift
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AC/ CO =(AT/ 0)
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Sabra et al., 2005; Stehly et al., 2007 Lani et al. (2013)
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2. Monitoring with ambient noise: Background.
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sound channel using low-frequency ambient
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Each Hydrophone Station = 3 hydrophones (“Triad”), 2km side. .

In the SOFAR channel
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Ambient noise measured by
hydroacoustic station
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und Speed Structure

North-South Atlantic along 30.5°N
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Mid latitudes
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constant sound
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ong-range propagation
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ceorgiainiinee GOherent Sofar Arrivals
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Gesgany® SOFAR arrival between Triads

-90° -45 0 45° 90" 135" 180" -135" -90°
a go° 90" . 3
‘ g - ~ North o
1 wake triad A
- _ < -
60" V - Island site 3? 60" 1 2
Ascension — oY
30" Island site &1 N 30" Ly
0 ! I 0" L =0
-30° -30°
| 3
—-60° -60° St?uth
| P triad 1 "'bz
-90° -45 0 457 90" 135" 180" -135" -90°
a 0 10 Hz mode 1 Broadband mode 1 Broadband modesl 1,2
500
500 500 500
1000
1500 1000 1000 1000
£ E E €
=y 2000 £ 1500 < 1500 < 1500
T 53 53 &
@ 2500+ ) ) )
= 2000 f 2000 2000
3000 F
3500 F Wk 2500 2500 2500
| Ascension
4000 \ 3000 3000 3000
-0.1 0 0.1 84 85 86 87 84 85 86 87
4500 =5 1500 1550  Energy-normalized Mode Shape travel time () ey travel time (s)
44 0
C(mis) Power (dB)

1

Hz<f<40Hz



G oy~ Polar origin of the coherent noise
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Polar origin of the coherent noise
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ceorgiainciinee GOherent Sofar Arrivals
aif Techmnalogy
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ceorgiain=iiuts Beamforming of Noise Correlations

ﬁ aiiTechnalogy

Array 1 Amay2 (Gt Ciat) Cynl®))
t = —
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N ! : M \Cm1(t) Cmn@
B = WH(AEC Provides a theoretical SNR gain of a
L2l (f)C(f)l/zz(f) .I-ﬁ factor of VNM

Steering vectors (i.e. weights)

Goal: Increase SNR of cross-correlations using sensor arrays

a) Beams of
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SN — -
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b)
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Beamforming formulation
ﬁm[ﬂmm eamito g tormulatio

B(f) = Wi (HCHW,(f)

B(f) = Wi (F)F C(f) Wa(f)
Array 1 Array 2
M B 1 1
1 2 2
. Gt .
1 [] :
N M N M
N
e B(f) beamformer output (scalar)
Qo é(f) noise cross-covariance matrix (size N < M
o W, (f) array weight vector (size N x 1)
o W>(f) array weight vector (size pg < 1)
Advantage: enhances the SNR (“Signal” over “Noise” Ratio)
SNR= Coherent Noise amplitude - \/( B-T)-(N-M) 0 Oshan >
Incoherent Noise amplitude |
Enhancing the emergence rate of coherent wavefronts from ocean ambient noise correlations 26

using spatio-temporal filters (Leroy et. al 2012, JASA)



ﬁm meene  B€@Mforming Noise Correlations for monitoring
el Technalogy
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ﬂGeorg Spatio-temporal filter for Coherent Arrivals

inverse Fourier transform of the first principal component o, (f)W, (f)W,(f)"
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jess=mss Passive thermometry of the deep ocean
Result: Trackishifts in arrival time of beamformed cross-correlations (1 week average)

over multiple years
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&mw Passive thermometry of the deep ocean
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je=s=mene Passive thermometry of the deep ocean

EstimatingTemperature changes: At — _Ac — aAT(l + Kb (Munk et al. 2009)
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je=s=mene Passive thermometry of the deep ocean
Comparison with ARGO temperature data (Roemmich, D. and J. Gilson, 2009)
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s Presentation Outline

1. Deep water acoustics & low-frequency noise
sources

2. Monitoring with ambient noise: Background.

3. Passive acoustic thermometry of the deep water
sound channel using low-frequency ambient
noise

4. Monitoring with ambient noise: Optimization.
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Enhancing the emergence rate of coherent arrivals using optimization

How can the amount of time needed to extract a coherent arrival be minimized?
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General Population
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ﬁmhm Optimization —”delay search”: Numerical results
e Technelogy

True Delays  Estimated Delays

Yi(6) =Y(t—7)+ N;(t)

Shifted Reference waveform

Cost function for GA optimization
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) ime (s) V(1) € Regular Average
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Georgial=titute Optimization —"delay search”: Experimental results
off Technelogy

HIGH SNR
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Conclusions

ﬂ @ﬁﬁc‘g

Emergence rate of coherent arrivals from ambient noise correlations
can be enhanced using:

« Array beamforming (Increase Spatial diversity -> Reduce Averaging time)
« Optimization/Search Algorithm (“Unravel” medium fluctuations)

Applications to various domains...

« “Faster” passive monitoring (on shorter time scales)

« “Selective” monitoring (select spatial regions)

« Mitigate environmental variations (e.g. for passive target detection)

Requires a good understanding of..
* noise sources characteristics /physics
« spatial & temporal scales of medium variations



Questions?

Thank you



