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Abstract

Abstract

The ocean ambient noise is considered as an interference affecting the received
signal in the active ocean acoustic tomography. However, the background noise field
also contains the information of the ocean waveguide. The background noise field in
the shallow water is usually richer than that in the deep ocean, and it is important for
shallow ocean acoustic reasearch to extract inverse ocean environmental information

using the ambient noise field.

Based on the ray theory and the stationary phase approximation, assuming that the
noise sources are randomly distributed in the plane at a certain depth below the sea sur-
face, the derivatives of the noise cross-correlation function received by two receivers
are equivalent to the Green’s function between two receivers. In the superposition pro-
cessing of noise cross-rorrelation function, the main contribution is the noise sources
located in the endfire direction of the two receivers. Based on this theory, the extraction
of the empirical Green’s function can be accelerated by two bottom horizontal arrays
using conventional beamforming when the far-field assumption is statisfied. Using the
Green’s function passive extraction technique, the ocean temperature, the sound speed
profile, and the current velociy can be observed by the passive ocean acoustic tomogra-
phy.

From the ray perspective, the Green’s function between the two points is equivalent
to the superposition of the eigen rays between two points. The time-arrival structure of
the empirical Green’s function is used to estimate the depth-averaged sound speed, and
the change in the average temperature can be observed by measuring the change in the
average sound speed. With Random Forest and experimental data processing, the esti-
mation problem is transformed into a supervised learning problem. The depth-averaged
sound speed can be accurately estimated from the 30-minute accumulative averaged
empirical Green’s function. Compared with direct calculation, the estimation results
have fewer outliers and higher accuracy. Through feature analysis, the accuracy of the

traditional formula calculation can be greatly improved after using different features and
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weights from the traditional calculation. From a physical point of view, the difference

in features may be due to the phase inversion of the rays at the sea surface.

Using the empirical orthogonal function and the dictionay learning to perform the
dimensionaliy reduction characterization of the sound speed profiles, the sound speed
profiles can be inverted from the time-arrival structure of the empirical Green’s func-
tion. The experimental results show that with sufficient training data, the dictionary
provides a more accurate SSP characterization than EOF with fewer coefficients than
the empirical orthogonal function. And the error of the reconstructed sound speed pro-
files is about 0.61 m/s for the 3 order empirical orthogonal functions and 0.28 m/s for
the 1 order dictionary. For the inversion results of the sound speed profiles, the in-
version error for the empirical orthogonal function characterization is 0.78 m/s and the
inversion error based on the dictionary characterization is 0.53 m/s. After analyzing the
influence of the different orders of the two methods on the inversion results, the dictio-
nary learning method has a much fewer search parameters than the empirical orthogonal
function method under the same inversion accuracy. Since there are fewer cost function
constraints for inversion using seafloor horizontal arrays, it may be difficult to improve

accuracy by increasing the order of coefficients.

Finally, the ocean current velocity is a very small quantity relative to the sound
speed, so it is difficult to invert simultaneously with the sound speed, and it needs to be
inverted separately. By pointing the beam forming direction to the opposite direction,
two reciprocal Green’s functions in the opposite direction are extracted. After analyz-
ing the influence of the different orders of the two methods on the inversion results, the
parameter search amount of the dictionary learning method is much smaller than that
of the empirical orthogonal function method under the same inversion accuracy. Under
the same inversion accuracy, the parameter search volume of the dictionary learning
method is much smaller than that of the empirical orthogonal function method. Since
there are fewer cost function constraints for inversion using seafloor horizontal arrays,
it may be difficult to improve accuracy by increasing the order of coefficients. By cal-
culating the differences in the arrival time of the corresponding sound rays on the two

empirical Green’s functions, the average ocean current velocity in the horizontal direc-

v



Abstract

tion can be measured by two methods: formula calculation and least square method.
Experimental results show that this passive current measurement method can observe
changes in the magnitude and direction of ocean currents, and the inversion results are
consistent with the research results of historical observations. The simulation results
further demonstrate the effectiveness of using ambient ocean noise to retrieve ocean
current velocity, and the error analysis shows that the depth and distance mismatch has

little effect on the passive current measurement method.

Keywords: noise cross-corrleation function, Green’s function, passive acoustic ther-

mometry, sound speed profile inversion, current measurement
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Figure 1.1 Schematic diagram of Green’s function extraction from ocean noise. (a) Schematic
diagram of vertical array deployment. (b) and (c) The time-domain ambient noise si-
multaneously recorded on two receivers in arrays 1 and 2. (d) Spatial temporal repre-
sentation of signal obtained from the cross-correlation between a receiver in array 1 at
depth 500 m and all receivers in array 2, with the two arrays separated horizontally by
a distance R=2200 m. (e) The result of cross-correlation processing on data recorded

asynchronously on the two arrays.
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Figure 2.3 Geometric construction of the location of the noise source corresponding to the first

~a =a

solution of the stationary phase conditions ¥ = (%{,7! = 0), forn = —1 and p = 0.
The alignment between the noise source image at depth z, — 2(n — p)H = z, + 2H, the
image of receiver 1 at depth —(z, — 2z, + 2(n + p)H) = —z, + 2Z_  + 2H, and receiver
2. Hence, the difference between the free-space propagation path R, _  (dash-dotted

line) and R;LP:O(dashed line) is equal to the distance, Ry, (dotted line), between

the image of receiver 1 and receiver 2 itself.
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Figure 2.4 Example of rays and wavefronts.
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Figure 2.5 Scheme of the reciprocal propagation experiment for the inversion of current ve-
locity. y, denotes the current velocity in the horizontal direction, ., denotes the current
velocity in the tangential direction along the sound path, c, denotes the average sound
speed, Ac denotes the deviation of (e,,e,)) plane sound speed from the average sound

velocity, z* and 7~ represent the rays arrival times in the two directions, respectively.

26



2% BEhEE A EATEIE

W TSR, ACPERR LA BB LA BN, MG i
PRI R TORLAUT 2, (RIS AR T2 2 5 /KT B AH U R] 22Nt
P LRI AR AT LA AR 7K -F 07 ) BRI« IF ELAE R I i 45 14 LAZK - FY
BN, RIACEIT R _ERHEERIE py, F oy, ~ pge FIRF, FEE] Ac < ¢,
4 2.5 FPlicas 1 MR AS 2 2 TR] BB TR P A BRI TR AT LASR IR o

B / ds (2.34)
T =
r ¢ — Hn
FRER| p, < ¢y, PHTERMELE, X (234) BKEH
+ — ﬂd
! /r 2
(2.35)
- —Hp
T =/—2dS
r ¢
HE—25 M, P TT ) BRI R ZE Ar AT LASRR A
At =17 -1~
2.36
=2 / By (236)
r ¢,

WRAR (2.36), AT LAMILIA] A B IA I [A] p i1 850 S 8 HA S s g i P 4
T, AR Ry VR0 R B R (AT i B P A S A T

TERTIRBRIE T, AR RO A R & Y P ZAR GBI vy A ey A7 B AR BRI 1) LA
FIRN 2(ry, 1), AR H R Ee 5Bl vy, AT v, FIFRERFT LIRS N 2(ry, 1o
ERAWRAERNIEEEIN Pih, B B e B 5N (e, 1y) + 7(ry, 1)) = 00
MAEARAAAERE S B, X AR, U AT DO PR il T
W S B AEE SR O3 TR AR B G, [T Z 50 PR ek AL B 1) 2]
AREEAE I BB i o ) B AE T B

A T P 7K W g 2 T B W A ELRH R BRSO SR 5, RARHBER B T A
BT 1] BRI AR Ao TR, AR A S0 AsobR R BOE TE S [R) il AR A
72 Az, RIS 7K I g 2 (8] -F- B i i A T R o

27



W7 $ RS PR o B g 75 SR AT v D R

23 AREN

TS PP EVEHE S, B CH AR AL AT 4 1 R A G R I [R) 2]
IR ZE A ETREPR R R R B TR 548 2 [ B O 2R o B AL TR T E IR
ST MR IR G RS B BB P B AR 2 TR RS R R R A 1]
PRSI BN SRR, WL T I F AR AL AP AL E AL R M= PR S PRI 2 2
[T LA oK 2R o SRR, JUA R e e S 13 00 AT A e s KT WA P iL e 2
[ AR R BT SR IBUA STk o S, 0 A 1 3 SR AT P Rl S AT A )
AJRE, R T KA R - AT e U 2 HE R R B TR 9K R

28



B35 WU

$3E WRIRHRBRHIIENAE

BT 2.1 AT AT HE S T I I A O R AR AR T TR
HIRSAREREL. AEBIRTE SR, B s TR S A (e i T E R -1 |
A FR W <2 8] A s A 5% R IR 5 BT ] S B Bl 2 Tl B 22 5
FEMRER R EL, X250 RS AR R B TR 2 TR S5 A4 7 A T mk A W 7 Yl 2 A1 A2
PRI B S ST TR AEBLSEIAE W PR A I R A ), T
ST RETH B ARG 56 7 1) LW PR RO, A B I T b 2 T A O R
A REFRARAR S 5 7 UM RE R AU T, IRIEL LU P A B T i e B B
TR PR RO R BB Y R B [] o

FEFESIALERIS , AT LA I R 50T IR 17 P A PRSI 2 2% fE el 4 L —
QbR IT TR, SRR ER TR 1A T A L RESRE R, AR 1 3ESR R 7 R b
WfE-TRES:, P LA BRI B PR 520, AT bR g M bk ek £ )
fe AR . NI IHEG T, Al DA HECRE R itk g R, P54
S R R o 0B £ S ] 0 26

3.1 IKATES4REUAR MR ER 2L

MEETT 2.1 RYBISHE S il LIS 25T B AT BRI BER BUT ¥ .
B py (1) T po () AP HHER — € FE B H/K W as BRI B U Se s 5 (55, AR 4
HR A R R E] LAFRIR

+00 +00
Cia(0) = / p1(Op,(t —7)dt = / p1(t + 7)p,(1)dt 3.1

(o] —00

C () U E AR AL C ,(0) AERMUNEREILA, FxH

29



WA BRI P R B e A R AT Y

+o0 +o0 )
Cr(w) = / </ p1(T)pr (T — t)d1'> e @y

py(T — t)e_iwtdt> dr

pi(7)

/i—ooo </+oo

_:-ooo _j—ooo . H
= / p1(7) < / Pz(f—t)e“"’dt> dr

® o 3.2)
_/+oo </+oo

i -

H
p1(7) po(7 + t)e‘i“”dt> dr
—iwr\H e H —iwr
:/ p1(7) (Pz(a))e ) dr Z/ pl(‘L')P2 (w)e dr

= P|(w)P) ()

Horpr O L B . M IS AR SC R AL, AU E A ST ST AR T
HAH S H, AT E S A TR ISR, R IR A S AR e (Fast
Fourier Transform: FFT) [z FHI AR LE BARSG I H B [R/MR 2L R SE b
THEIE A AT B AT 8 R ELAE LB 5 AN ] REESUIC FRK: (1 s [a]
T H SR (55 400 20 A A [ RE L2 (R ) 22 DDA g T B, BRI (3.1) AN
(3.2) ATLAE N

T,2
cm@y:/' p1(Dpy(t — 7)dt
T2 (3.3)

1 py@)PHw)

T,

Horp T, ARG 5B M 7 EAR G oR A0 2 PR B I /R A I 7 T 25 ]
AT TG, AL BB R AR S R A

Cl’z(CO) =

N
(Cla@) =< 3 Cly(@) (34
n=1

Hr, i85 () FRBMRPFE], N OVEMPIAEH . £30 (3.4) HRPF
SR GibONa w8 A Rp U SR SPRESE NS S EGEEIE NS S e RN v (<2 NESR -
eV

dr1{(c
%fﬁw»::—éay+éeﬂ (3.5)

30



B35 WU

A Pl R RF S AR e (Inverse Fourier Transform: IFT) .

3.2 IKFEREFIREUAE MR R £
3.2.1 CBF &R EIREE L

1 4 // \\ /l\\ i
P LN Noise Source
p N
: 34 /I \‘ J/ AN K \\
’ v b4 \
I / P Il\\ \\ j‘/
| H 1 L, Y\ ) N \
| ! / ) [ AN '
| ! S \ ! AN Y
s / \
| r \ / N \
I ® 7 /, ‘(-(— ‘\ Il \\ .\\
| ° ’,! \‘ K e
’
¥ .‘/// \vl \4‘\2
" Regesh, "
° ange = nq, g
Array 1 o 9 ' Array 2 ®
(@

Qn-t-m

endfire @, + x endiired

6,+%

(b)

B 3.1 (a) KFEFHRBUSHREURER, RPN B TH BT EERA. (b)P
AEREFEASAERERE, HhkeaRERRERATEAHETXER, NS

16 B2 XA
Figure 3.1 (a) Schematic diagram of Green’s function extraction from horizontal array, where
two arrays are parallel to each other and have the same number of elements. (b)
Schematic diagram of different noise incidence angles, where the gray area indicates the
coherent region useful for energy accumulation, which is the region near the end-emission

direction.
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Figure 3.2 Spectrogram of the ambient noise signal recorded by single receiver for 48 consec-

utive hours. The spectrum amplitude is normalized to 0 dB by the maximum value, and

the frequency band is 0-1000 Hz.
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Figure 3.3 EGFs extracted from two single element and two arrays with 15 elements at different

accumulation time. (a) An EGF extracted from two elements accumulated for 2 hours,
(b) an EGF extracted from two elements accumulated for 24 hours, (c) an EGF extracted
from two horizontal arrays accumulated for 2 hours, and (d) an EGF extracted from two

horizontal arrays accumulated for 24 hours.
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Figure 3.4 EGFs for different reference sound speeds with an accumulation time of 2 hours.
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Figure 4.1 AVSS from March 30, 2018 to June 30, 2018. The black line shows the results of the

experimental inversion, and the red line is the measured sound speed from TD.
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Figure 4.2 Regression tree example. (a) is the visualization of a regresion tree. (b) is the result
of regression. Here, we have 100 samples (N = 100) divided into four labels with one

feature (N, = 1), d" here equals to 2.9, 4.3, 7.3, respevtively.
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" " 4.3)
X, €c, if x<d.

X ¢, FORE ¢ MR j D TEE R, dF R AT RO R MEAU T R L

393 B H

d' = argmin £(d"),
dt

N, 4.4)

split nc'
L) = Y —H(c),
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Figure 4.3 Sketch of the POAT with two parallel horizontal arrays.
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Figure 4.4 EGFs for a total time of 96 hours with an accumulation time of (a) 2 hours, (b) 1

hour, (c) 45 minutes and (d) 30 minutes. The pink line represents the first trough, black

line represents the second peak, the red line represents the third trough and the blue line

represents the fourth peak.
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Figure 4.5 An typical EGF with an accumulation time of (a) 2 hours, (b) 1 hour, (c) 45 minutes

and (d) 30 minutes.
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Figure 4.6 AVSS predictions for a total time of 518 hours with an accumulation time of (a) 1

hour, (b) 45 minutes and (c) 30 minutes. The blue dot line represents the regular method

results, the red line represents the inverted AVSS from the RF, and the black line repre-

sents the true AVSS.
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Figure 4.7 The RMSE:s for different methods with different accumulation times. The blue line
represents the RMSEs for the regular method, the red line represents the RMSEs for
the feature selected method, the yellow line represents the RMSEs for feature weighted
method and the purple line represents the RMSEs for the RF.

432 HUAEEZHSTESEE LN

L BENUARAR AV RAE S0 A, 8] 4.8 JRIR T A AR i RO RRAE B A AR
7o ATLAE A S RHE R 2R, S BEAYRHEAR O 26 3 AT I 20K
1Al 58 4 IR RIARS (] 58 2 g A RIS ] LU 3 1 A RO 2A RS
B85 FEH., FEEER S AV RRAE A LT3 U AR o XA [F] SRR [A] AR AR
HEMEFATIH—AL S, W LMSE] 4 DR ERHERYAEXSECE, 729008 38%, 30%,
23% VAN 9%

FHIEVEBUE SR T SOEAS _EAEEEAEN . RN TR E 2R 4 4
FHIE, ABAXS )T # AR (4.1) BEE .

A 1 R, R, R, R
6= ——— (0] L tol = to =t o — .7
2is1 0 7 Iz 7 7y

2 (4.7) FONRFIRIES T ZE MU T, b o] 2255 A Xt b A 4 213
iAo I 25 IRFAE BY B SO S RAIPRASAE S HUA e, T AR R, HOTERATE o
WG AR B AT LA AR o F AT, AT S — A A, R

47



W7 $ RS PR o B g 75 SR AT v D R

o
w
|

O
N

Importance Score
©
|_\

S, &P ) g S, &
6\\0 SIS &6Q RSES
o8 »

S
&
Whd PO > &

[l 4.8 BENLARM T I BEERT 10 MEFE. X B tKurt 3R T B A& .
Figure 4.8 The 10 most important features in the RF. Here tKurt denotes the kurtosis in the

time domain.
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Figure 4.9 Correlation analysis among AVSS, 3rd trough arrive time, Skewness, and Kurtosis.
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Figure 4.10 With an accumulation time of 30 minutes, inversion results of (a) 2nd peak, (b)
3rd trough and (c) 4th peak. Black Line represents the true AVSS, red line represents
the linear regression of the predictions, and red dot line the upper and lower boundaries

(linear regression +/- 1.5 m/s) that we use to determine outliers.
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Figure 4.11 a branch of the RDT in the RF built from the four most important features.
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Figure 4.12 Inversion results of the RF with an accumulation time of 30 minutes. Black Line
represents the true AVSS, red line represents the linear regression of the predictions, and
red dot line the upper and lower boundaries (linear regression +/- 1.5 m/s) that we use to

determine outliers.
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Figure 4.14 Sound speed profiles measured by CTD near arrays.
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Figure 4.15 EGF's with an accumulation time of 2 hours. The red line is the extracted EGF from

forward direction, the black line represents the extracted EGF from reverse direction.
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A 2 K-SVD algorithm[124]
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Figure 5.1 SSPs measured intermittently by thermistor chain.
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with the order of EOFs, (b) 95% significance test.
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Figure 5.4 (a) SSPs reconstruction of train set using 3 order EOF coefficients(F' = 3), (b) SSPs

reconstruction of train set using 1 coefficients(F = 3) from LD, (c) SSPs of train set

measured by TD.
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Figure 5.5 (a) SSPs inversion of test set using 3 order EOF coefficients(F' = 3), (b) SSPs in-

version of test set using 1 coefficients(F = 3) from LD, (c) SSPs of test set measured by

TD.
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Figure 5.6 Comparison of SSP inversion between different methods. The black line represents
the true SSPs measured by TD, red dot line is the result from LD inversion method and

blue dot line represents the result from EOF inversion method.
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Figure 5.7 Comparison of RMSE between different inversion methods. The blue line represents

the error of EOF method, red line is the error of LD inversion method.
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Figure 6.1 Example of ocean stratification. The ocean is divided into 3 layers from deep to

shallow, and the rays pattern is divided into 3 groups accordingly.
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Table 6.1 Dates of received ambient noise signal and measured SSPs.

75 H# FreEmtiE] (Hours)
1 2017/12/07, 03:00 — 12/09, 03:00 48
2 2017/12/21, 11:00 — 12/22, 01:00 14
3 2018/04/24, 12:35 — 04/25, 15:00 26.5
4 2018/05/07, 12:25 — 05/10, 12:30 72
or ) }
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Figure 6.2 SSPs obtained intermittently by thermistor chain.
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Figure 6.3 Comparison of Bellhop simulation with the actual extracted time-domain EGF. (a)

80

the arrival time calculated by Bellhop simulation and the signal envelope of the actual

extracted EGF, (b) Corresponding eigenrays. Where, the blue part in (a) corresponds to

the rays without sea surface reflection and 2 sea surface reflections in (b), the green part

corresponds to the 3 sea surface reflections, the yellow part corresponds to 4 sea surface

reflections and the purple part corresponds to 5 sea surface reflections.
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Figure 6.4 A set of EGFs extracted from the 2-hour NCCFs. (a) The normalized positive and

negative time Green’s functions, (b) the normalized positive and the normalized negative

Green’s functions respectively.
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Figure 6.5 Results of passive current velocity inversions. (a) Average current velocities cal-

culated from the 2-hour EGFs, (b) the three-layer vertical profile of the depth averaged

current corresponding to the No. 57 average current velocity (hours 113-114), where the

red cross is the No.57 average current velocity and the blue cricles represent the corre-

sponding vertical profile of the depth averaged current.
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* 6.2 HEREFRM MIERFEER

Table 6.2 Results of simulation inversions with constant current velocities.

FER®E (m-s') EFEEEIE (ms) SAEERTE (ms)  SIER®E (m-s™)

1 2309.6 2312.6 0.996
0.5 2310.3 2311.8 0.498
0.2 2310.8 2311.1 0.199

& 6.3 TETEAM T ERELER

Table 6.3 Results of simulation inversion with stratified current velocities.

R (m) ERE (m-s™)  SEFEE (m-s™h)

0-50 0.5 0.528
0-75 0.4 0.413
75-97 0.2 0.212

6.32 RES

FEMR BRI 2 TA R [R] 25 232 7 AR /K AR AP AL RR RO RR SO IR, X I Y £ BEA
EMEAE T KRB . FER AR ie, RS IRE R A2, AL
W2 K A AR, AR MG A RS 2RI ] o SEPRSTAG I, ¥ ICIR B AR IC A8 5
SETCIE IR AL, NG TIRES) Az XTRIKRS AL AL Ar B MR AR

V4
At ngt, co= l/ c(Z)dz
€ zJo
1 — p2c2
V1-pc (Z)AZ
c(2)
Horp oy N BIRNITR B P 3, N AR &IEREH, p ALAT KR!

_cos 0(z)
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(6.15)
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(6.16)
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2, TEREBCENERE 1 m/se AL 6.4 FF A BIASEIG PRI 1 TR 5 G B

83



W7 $ RS PR o B g 75 SR AT v D R

& 6.4 NEEGRIS™ ERERTELS

Table 6.4 Perturbations of current velocity from different sea depth perturbations.

Az (m) IEMAERBEAIRZE (ms) RIAEEBEENIRZE (ms) RIEWH (m-s™!)

5 32 33 0.033
2 1.3 13 0

1 0.6 0.7 0.033
0 0 0 0
-1 0.7 0.7 0
2 -1.3 -1.3 0
-5 32 33 -0.033

Xof TF 1) P A AR I TR B2 I/ N o B SR T R 2 | T LA BRER M 22, (BN
R HEZEARETE 2 VHBR IR ZERT 0.1 ms HYIIE SR 22447 K 29 0.033 m/s 7245 i
AR ZE . (FEFMNAEARSLIEIRIE T 5 m Zc 47 W AL AT RE S 52 i
BB IR, R SEBRSEe i, W i3 i . TR E e, Rk
B TR, DA B 007 ORI 8 S 235 SR P M Af 1

[FIREAE LB EAIR Y, P B [R] A B st A3 2 S oA TS B R T 7 AR 3R 22

AR T L R IR R S, LR T BE B P E R s Bl T 4 R LR 25
Fo F 6.5 FIH TN ELMIEM 100 m FEEHL ) FX g R, i
Ad NIEFRRITEN R KT SRR ] LAERIRMEEE 2 A4 100 m Y330,
IE R A AR A R KIR 2, AIEE TR I 2 ) W BRI 18
SEG R R BE AR E S/ N T 100 m, PRI EE R B A B A A R e
RN, —BAB DL N AT LA

£ 6.5 NF RIS A KRR L3 .

Table 6.5 Perturbations of current velocity from different distance perturbations.

Az (m) IE[FERRESAIRZE (ms) RIAEREHIAIRZE (ms)  IEFEH (m-s™)

100 64.2 64.2 0
0 0 0 0
-100 -64.2 -64.2 0

SER AR RSO RY BRI T, R R BN B R B = AR IR ZE AR/ e 55
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S, HI TSR A i H ADCP i s dE A T S R AR A G, R SRR SRR
SHEIE SCHR T, X B USSR A R ATAE R AN, SEaa i I A7k T g%

KFEFTY 5000 Hz, LR [RAEEFE N 0.2 ms, AN RIZERTRE™ 42 0.4
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