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I. Why Time Warping

• What is Warping?

• Single receiver (broadband)  v.s. hydrophone array (spatial diversity)

II. What is Time Warping? 

• Ideal Waveguide as theory based example

• Signal Processing & Mathematics:  Time Frequency analysis 

• Step-by-step to isolate and retrieve  individual normal mode and its modal 

dispersion curve by a single receiver

III. Applications of Time Warping in shallow water environment

• Active sources- geoacoustic inversion, source localization, seabed attenuation

• Passively obtained signals – Noise Cross Correlation Function

Outline
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Why Time Warping ?
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Warp ?
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Warping on Signals

Disney

R. G. Baraniuk and D. L. Jones, "Unitary equivalence: A new twist 

on signal processing," IEEE transactions on signal processing, vol. 

43, no. 10, pp. 2269-2282, 1995

Warping

Warping
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Why Time Warping in Underwater Acoustics?
Array (spatial diversity)  VS  Single Hydrophone (broadband frequency )

HLA

VLA

Arthur E. Newhall et al. “Acoustic and Oceanographic Observations and Configuration Information for 

the WHOI Moorings from the SW06 Experiment.” May 2009 Technical Report

Single 
Hydrophone
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Time Warping : Math Background
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Time Warping : Modal Filtering 
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Julien Bonnel et al“Nonlinear time-warping made simple: A step-by-step tutorial on underwater acoustic modal separation with a single hydrophone” J. Acoust. Soc. Am 147,1897 (2020)
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Generating Ideal Waveguide: Frequency Domain
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Building Spectrogram
measuring dispersion curves
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Time(Group Speed)-Frequency Analysis  
Dispersion Curves
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Group Speed gm contains environmental information, H, Cw , 
including seabed properties in real environment
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Modal Separation Restriction
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Modes 1+ 2 +3

Modes 1+ 2 +3

Mode 1

Mode 2

Mode 3

Mode 1

Mode 2

Mode 3

Objective of Time Warping

r/cw=3.33 s

Signal Spectrogram
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Time Warping: Quick View
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II.  Time Warping: Theory

Julien Bonnel, Barbara Nicolas, Jerome I. Mars and Shane C. Walker “Estimation of modal group velocities 

with a single receiver for geoacoustic inversion in shallow water” J. Acoust. Soc. Am 128, 719-727(2010)
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II.  Modal Separation by Time Warping
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Time Warping + RAM (half-space Pekeris waveguide)

RAM simulation 10-200Hz

Mode 9

Mode 8

Mode 7

Mode 1

Mode 4

Mode 3

Mode 5

Mode 6

Mode 2

Mode 9

Mode 1
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Time Warping + RAM + KRAKEN (sediment)

Kraken

Geoacoustic Model

Mode 1

Mode 2

Mode 3

Mode 4

Mode 5

Mode 6

Mode 1

Mode 6

RAM simulation
10-200Hz
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Time Warping Limitation Mode 9

Mode 8

Mode 7

Mode 1

Mode 4

Mode 3

Mode 5

Mode 6

Mode 2

100-200 Hz

10-200 Hz

Mode 6

Mode 7

Mode 3

Mode 4

Mode 5

Mode 8

Mode 9

Mode 2 ?

Mode 1 ?
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Time Warping Application to Higher Frequency

RAM simulation
10-500Hz

J. Bonnel et al“Geoacoustic inversion on the New England Mud Patch using warping and dispersion curves of high-order modes” J. Acoust. Soc. Am 143(5), EL405-EL411(2018)

18 modes identied
(10-13 missing)

WD=100m

WD=70m

20-440 Hz
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Time Warping Applications in Underwater Acoustics
(Active Scheme)
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Time Warping Application - Geoacoustic Inversion

Bonnel, Julien, and N. Ross Chapman. "Geoacoustic inversion in a 

dispersive waveguide using warping operators." The Journal of 

the Acoustical Society of America 130.2 (2011): EL101-EL107.
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Time Warping Application- Seabed Attenuation

Zeng, J., Chapman, N.R. and Bonnel, J., 2013. Inversion of seabed 

attenuation using time-warping of close range data. The Journal of 

the Acoustical Society of America, 134(5), pp.EL394-EL399.
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Time Warping Application – Source Vocalization

Thode, Aaron, et al. "Using nonlinear time warping to estimate North Pacific right 

whale calling depths in the Bering Sea." The Journal of the Acoustical Society of 

America 141.5 (2017): 3059-3069.

北太平洋露脊鯨
(North Pacific right whale)

Bonnel, J., Thode, A., Blackwell, S., Kim, K., and Macrander, A. (2014).“Range 

estimation of bowhead whale (Balaena mysticetus) calls in thearctic using a single 

hydrophone,” J. Acoust. Soc. Am. 136(1), 145–155
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Time Warping Application – Vector Sensor

Guarino, A. L., Smith, K. B., & Godin, O. A. (2022). Bottom attenuation 

coefficient inversion based on the modal phase difference between 

pressure and vertical velocity from a single vector sensor. Journal of 

Theoretical and Computational Acoustics, 30(02), 2150008.

Vx

Vy

P
φ
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Time Warping on 
Noise Cross-Correlation Function (NCCF)

Retrieved from Florida Straits 2012 Experiment
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Diffuse
Shipping

Noise

Diffuse
Shipping

Noise

FL Straits Shipping Lanes

http://www.shiptraffic.net

Experiment 
Site

http://www.shiptraffic.net/
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Florida Straits 2012 NI Experiment & NCCF 

B

A

Hydrophone A
Hydrophone B

SSP 
weakly 

dynamic
±2 m/s

T. Tan, O.A. Godin, M.G. Brown, and N.A. Zabotin, “Characterizing the seabed in the Straits of Florida by using 

acoustic noise interferometry and time warping ,” J. Acoust. Soc. Am. 146(4), 2321-2334 (2019)

N-NCCF P-NCCF 

τ ≈ -3.25s τ ≈ +3.25s 

Noise Cross-Correlation Function 
(NCCF)

(a)

(b)

(c)


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Time Warping on Noise Cross Correlation Function (NCCF)

( ) ( ) ( ),, ,,BA AAB B

d
GGC

dt
  −  − r rr r

NCCF as Approximated Green’s functionN-NCCF P-NCCF 

( ) ( ) ( )( )
1/2

tSw t t wS
−

 =

( ) 2 2

rw t t = − ( )1 2 2

rw t t − = +

Warping/Unwarping Function

(a))

(b))

(c))

( )( ) ( )-1w S w t S t  = 

( ) ( ) ( )( )
1/2

tSw t t wS
−

 =

(b) Unwarping (c)

(b) Warping (c)

S(t) S(t)

( )( )tS w

( )( )tS w



t
r



ROC Naval Academy

31/47中央大學地科系及應地所 NCU                                                              26 May 2023

N-NCCF & P-NCCF mode restoration
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mode 2

Physical 
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Retrieving N-NCCF & P-NCCF mode dispersion curve

Physical 
mode 2

2( ) ,m f mt = 2( ) ,m f mt =
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Inverse problem

(a)) (b))
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Cost function:
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1-D Sensitivity Animation 
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Geoacoustic model

r : distance btw receivers
H : sediment thickness
ρs: sediment density
Cs: sediment sound speed
ρb: basement density
Cb: basement sound speed

Travel time (s)

Travel time (s)

U={r, H, ρs ,Cs , ρb ,Cb}

={4994, 14, 1.4, 1550, 2.35, 2375}U
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Inverse problem 

(b) Sensitivity Analysis(a) Geoacoustic model

U = {r, H, cs, cb, ρs, ρb}

K
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T. Tan, O.A. Godin, M.G. Brown, and N.A. Zabotin, “Characterizing the seabed in the Straits of Florida by using 

acoustic noise interferometry and time warping ,” J. Acoust. Soc. Am. 146(6), 2321-2334 (2019).
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FL Straits Experiment Future Work
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Nonreciprocity of N-NCCF & P-NCCF
to estimate depth-averaged flow velocity

(a) The noise cross-correlation function C12 is shown for P-NCCF (solid line) and N-NCCF (dashed line) after
removal of the relative drift of system clocks. The entire available data set is used for noise averaging. (b) Same as
(a) but for C23. (c) Correlation between the positive- and negative-time-delay parts of the cross-correlation functions
C12 (solid line) and C23 (dashed line). The position of the peak of the correlation of correlations determines the
nonreciprocity of travel times induced by currents at sound propagation between the respective pair of instruments.

( )2 1

0

2 ,

H

xt c rU U H u z dz − −= = Travel time 

nonreciprocity:

Measured 

current velocity:

U12 = – 0. 47 m/s ± 7%, 

U23 = – 0. 49 m/s 

O. A. Godin, M. G. Brown, N. A. Zabotin, L. Zabotina, and N. J. Williams, Passive acoustic measurement of 

flow velocity in the Straits of Florida, Geoscience Lett. 1, Art. 16 (2014)
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FL Future work: Passively quantifying current 

SSP
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Time Warping on 
Empirical Green’s Functions (EGFs) from
Shallow Water 2006 Experiment (SW06)



ROC Naval Academy

40/47中央大學地科系及應地所 NCU                                                              26 May 2023

Noise Cross Correlation Functions (NCCFs) : 15-day Avg
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Mode 2

Mode 2

(1) (2)(a1)

Mode 1

Mode 2
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Modes 1+2+3

Mode 2 only

mode separation

Time Warping on NCCF (15-day avg)
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Ocean Characterization by EGFs of 
Sub-Seasonal Sound Speed Variations : 15-day Avg

T. Tan, O.A. Godin, B.G. Katsnelson, and M. Yarina (2020) , “Passive geoacoustic

inversion in a dynamic environment on a continental shelf ,” J. Acoust. Soc. Am. 

147, EL453-459

T. Tan and O. A. Godin (2021) , "Passive acoustic characterization of 

sub-seasonal sound speed variations in a coastal ocean," J. Acoust. 

Soc. Am. 150.4 2717-2737.
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Rapid Emergence of N-NCCF (64 sec)

𝑤𝑚 𝜑 = 𝑒−𝑖𝑘𝑑𝑚sin 𝜑

( )
†

? ?( ) ( ) ( ) ( )w p w p w K ws s sB    = =

Beamforming on HLA
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Rapid N-NCCF: Broader Frequency 

Broader Frequency Band Extra Higher Mode

Previous 15-day NCCF
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Conclusion on Time Warping in Underwater 
Acoustics Applications
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Time Warping in Underwater Acoustics Applications

• Time Warping suitable to analyze the modal components of 

low-frequency (<500 Hz) acoustic Green’s functions in 

shallow water (water depth <200 m) after propagation 

several kilometers (>1 km)

• Applications: Geoacoustic Inversion, Source Localizations, 

Marine Mammals Vocalizaitons, Tomography, Vector 

sensor, Noise Cross-Correlation Function….
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Thank You!
Q & A
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