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Fig. 1. Topography of the gulf of Mexico.
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Fig. 2. Sound speed profiles at different times: (a) Front A;
(b) front B; (c) front C.
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(c) front C.
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Fig. 4. The numerical simulation results of eigenvalues and their difference in ideal front A: (a) The eigenvalues of the lowest four

modes; (b) the difference in eigenvalues between the lowest four modes and the subsequent mode.
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Fig. 5. Spatial distribution of the lowest 1-4 mode in ideal front B: (a) The first order; (b) the second order; (c) the third order;

(d) the fourth order.
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Fig. 6. Numerical simulation results of eigenvalues and their difference in ideal front B: (a) The eigenvalues of the lowest four

modes; (b) the difference in eigenvalues between the lowest four modes and the subsequent mode.

3.3 IEMEEMC

HAHEE I C i A BRZ A 3R 5, 12k
BT AR SRR T T S MR S S, RS TR Y
[l LR 2 v B A A ARk, BRAEZRF R U P
TEBRIZ AL A HE 574, LTI AR 3 4 0 (B 2L/ N T
JEEHIIE ARG X, RIRLER)Z (7 RS A i
RUNTIEIRIG N . AE PRI C IR o
Ab, FE BT ) AR ), S REAR R T A B2 A A
[, oL 053 B T A A O S AR s B I
BEOR, MRS R IR NF I E @, i (4) 5X
ALRIAAE (R AR 3G K, S KB Ky, = w/co I,
TREMRAS IR FE AL RS, RETE 22 W) 70 A
AR PR AT U, JF Bl TR S R AL (.
RTEYHESAIEE, B LURBME 2 s B s
SRR ARy SRS DRI, X T AHAR BB, AR
P A 28 S T I ) 2 ] 3 g = Al
1) M R BOREZS 2) BARBMR S 0 SO,
B RS O RO 3) M TR RO, R
T3 X =G L BEAT IS, T R AR R 2 Xt
RIS, FH] WKB I RS B A AE A R A T
ST

3.3.1 HARSES

THOL 1 PRS2 00 SORAS,, S AE(E 7
T2 (4) LA

Vw?/es = k2 za(r) + \/w? /et — k2,2 (r)
= (m—1)m+, (11)

N, 20 () T 2o () 0 AR e 7 T 2 8 B A
HZERE, EAXTEER] RS A

zo(1)

- TR )
VWi =k, w/e =k,

(12)
K, g B 53000 21 (1), 2o(r) KTHEE r 9T
B o = —py + o, Hoftag > 0 HIBIRET
PEES SR N T A A AR S R A (A
BRR, FRE— RN ko SRS, B

ok z(r) z1(r)
krm 4 k;m) +
( O (\/LUQ/C% - Em \/WQ/C% - gm
_krm _krm

= {2 +
Vw?/es =k, Vwi/et =k,

ekl krmzao(T) - krmz1(r) .
(W2/c3—k2,)2  (w?/ci—k2,)2

(13)

LNV = kY = P2, WP [ — k2, =p1, Fpe >

pr, BRRE (12) A (13) 5, (13) AN

H2D2 + pH1p1
zo(r) /P2 + 21(1) /P2

fﬁ =krm |:_lu2 + el -
P2 P1

2zo(7 z1(r
(2], 200)]
D2 P1
_ krmp1p2 K 2, A
P122 + p221 pip3  Pip2

—(p2p2 + p1p1) <1)2223+172113)] (14)
Moy > OMF, RIS A 2 R R R R B K, M
p1 >0, pe > 0fRASE (14) X/NF 0. 2 4y <0
BF, A BE TN R —pn < o (B =200 < o), BPEE

) (—p2p1 — pap2)

071001-6


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y B ¥ R Acta Phys. Sin.

Vol. 75, No. 7 (2026) 071001

T A RER L N T I U AS AL R RER L XA, s
AN FTEA AL (online) HESE AT AT (14) /T 0, X
A (13) 5, FH

(i i, ) (2
Ok ")\ V] - 2,
+21(T)> < 0.

TR AHARIEES m, n 5 IR, HLER n LI
BB, A K > by - MR8 (12) KATHI KL, > 0,
R (15) AT kL, X Ky B EL O, ) Okrn <
0, Fik A =k —k., <0, EAGEEZEME A
LI 2 45 R B as . R AR T SCABOAE 5 T ) AR
INTIREE BT AR AL B R L o, (B 8 T 1)
RN RS, PRI n B AR R A2
B, A w2 /e? — k2, TR ARA (12) &, Ak, ~
0, WA k., — k. <0, REEZEHE A, tF
1P S L K

3.3.2 D AA BRI S e R AR S

UL 2 IFBAR B S S AR AS , Bm i 2s
N BURRS, WAMEE T (4) AL A

Vw3 = klpz(r) +yJw?/c] = k2,2 (r)

(15)

= (m—1)m+ g, RGHRI,
Vw?/E — k2 zo(r) = (n — D)+ 2 A
(16)
(16) ZXFHERS 1ok S
Vw?/es = klnza(r) +Jw?/ed — k2,2 (r)
— krmk;m P (7‘) + krmk;m 2 (7“)
VRGN R E R,
SRR,
vJw2/c2 — k2 2 (r) = Pk, zo(7)
2o Ve[ -k,
RIS
(17)

M n BIBESAR R SRS Ky, > w/er , HoAH
2B oA A 0 AR A AR Ky, WA IT W/, B
Vw23 — k2, T 0 B E By /N TR e
BUZEFE 21 (r) 5K HZERE 29(r) MHIEH 2R iT
KFMFHEZERE, ACA (17) KT LIS 2 &L,

o, /T K s Nt A A = krpy = K >0,
RIAAEAE ZE (L A, B S 3 T T SR 32 18 , Herp
5 n BB,

3.3.3 HARMEES

THOL 3 I PRSI O SRS, M AE(E T
ek (4) fLfiiA

w? T
iy — (m—1)m+ I,
C% rmZZ(T) (m )T( + 4

(18) 25 (5) gk — &, Mls L3 (5) iy
Mr, ATLAGRARIR R 2518 AR ARSI O S s
RSNy, AR 22 (B BEIE B A 14 DRI B )] k.

334 #dCowaExR

M 3.3.1 5—3.3.3 WM o] IAR ) 7R
EHRAE B AL, AHAR P A S 38 oy R B, B
AR A 22 8 B I g 44 R Bl 3o i T it o YA VB 3
AT S T2 R AR R, IR AR S T R A8 Sy e
BEAS, B B RS AT SO RS, MR AR (B 22
(B B /ME, AR IR A 22 (5 B BE 25 T 1h B8 8 1
o B AT SR 2 AR5 TR B B S e AR
H RS, SR AR 25 (E R B R, BLfE AR
E A 22 (B E 25 B3 Dk 7R AN v, S
ARAEAE K, GG 2R TR PR B 3G PRy oS XL
PR SCRTHT, X — MRS A Ay SR e A2 i A 208
REZSAT M ISR AS B, T B A R A RS (R AR
I RS S A

R HBUE DT BEXT FRES IS TI0E, IR S8
KM 3.1 A, ZEIR N 45 m B IR
HUZEREM 0 m ALK, ER IR 70 m
I JEEREAS Ny 45 m, (RS HZ AR 1510 m/s, &
FEHZ A N 1530 m/s, FRARAR I C By VYR LA
2 [ o3 AR AN 7 s, B 8 S BRAREE I C /K
SV R N 2 B B A5 . N 7 R LUER
H, FEBE BN 26, 30, 35 F1 39 km AbHTPUBMEZS Y
FIE it 237 D4 25 [ 4 A A8 SRy 4 P A Vg IR AT 7S 22
O3, MRS ISR AR 1 T AR, 8] 8(a)
R T Y B AR AR A 8 1 P B B JF H
TR Ry I A2 B X6 oy AN B AL A A A A S 0 )
B, &l 8(b) Al VU B AR A 55 AH AR AL S A AE A
FEAH AR AT LUor R — Bt S — B B P AAE
(B 25 SR R0 U8, 55— B B PN AR F A 22 (1 A
I, 5 — B B N AR AE A 25 (8 T 4R B 33 D

(18)

071001-7


https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.75.20251378
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 12 % R Acta Phys. Sin. Vol. 75, No. 7 (2026) 071001
0 0
h Mg e
0.5 0.4
20 - 20 0.3
0.2
40 40 -
g E 0.1
@ ~.... 0 Q 0
R ¥ 60 —-0.1
—0.2
—-0.3
80 - o5 80 - Coa
100 (=) T T : : 100 &) : : :
0 10 20 30 40 50 0 10 20 30 40 50
5 /km B /km
0
Mg L5153
20 0.3 0.3
0.2 0.2
é 40 0.1 E 0.1
= 0 = 0
¥ 60 —0.1 = —0.1
—0.2 —0.2
80 - —-0.3 -0.3
d
100 T T : : i 100 & : : : :
0 10 20 30 40 50 0 10 20 30 40 50
P /km PEES /km
K7 A CHTPUM BRI AT AT (a) BB (b) 280 (¢) % =F; (d) S

Fig. 7. Spatial distribution of the lowest 1-4 mode in ideal front C: (a) The first order; (b) the second order; (c) the third order;

(d) the fourth order.
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Fig. 9. Spatial distribution of the lowest 1-4 mode in front A: (a) The first order; (b) the second order; (c) the third order; (d) the
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Fig. 11. Spatial distribution of the lowest 1-4 mode in front B: (a) The first order; (b) the second order; (c) the third order; (d) the
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Fig. 13. Spatial distribution of the lowest 1-4 mode in front C: (a) The first order; (b) the second order; (c) the third order; (d) the
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Abstract

Ocean fronts exert a significant influence on sound propagation in the ocean. We employ a Wentzel-
Kramers-Brillouin (WKB) approximation to derive analytical expressions for modal eigenvalues, thereby
enabling the evaluation of mode coupling across different fronts. First, idealized models of three distinct fronts
are established. Using the WKB method, differences in eigenvalues are calculated to identify regions of quasi-
crossing points in eigenvalues, where mode coupling is strongest. The derivation results show that the
differences in eigenvalues for vertical fronts decrease monotonically with distance, while those for fronts parallel
to the seabed topography either decrease monotonically or remains constant. Only for the third type of front do
differences in eigenvalues exhibit a minimum value. Numerical simulations verify the accuracy of the proposed
approach. The results indicate that no quasi-crossing points occur when the front is either vertical or parallel to
the seabed topography. Moreover, for the third type of front, a quasi-crossing point emerges as a mode
transitions from a surface-reflected bottom-reflected mode to a bottom-trapped mode. Numerical simulations
confirm that vertical fronts and fronts parallel to the seabed, due to the absence of eigenvalue quasi-crossings,
exhibit relatively weak mode coupling. In contrast, for the third type of front, mode coupling intensifies within
quasi-crossing regions and remains weak elsewhere. Furthermore, group velocity simulations are performed to
elucidate differences in intensity striation patterns among the different fronts. For vertical fronts, although the
magnitude of group velocity changes with distance, the group velocity of lower-order modes consistently exceeds
that of higher-order modes, producing positive-slope intensity striations. In contrast, fronts parallel to the
seabed topography yield negative-slope striations because the magnitude relationship of group velocities reverses
over certain distance intervals, with higher-order modes exhibiting greater group velocity than lower-order
modes. The intensity striations of the third front are distorted due to intense energy coupling at the quasi-
crossing points. Finally, we simulate and explain distinct spatial distributions of acoustic energy for the three
different fronts. For vertical fronts, since the sound speed remains constant in the vertical direction, energy is
uniformly distributed in the vertical direction. In contrast, for the other two fronts, where the sound speed
profile forms a low sound-speed layer near the seabed at the reception range, the energy is trapped beneath the
thermocline due to the specific structure of the sound speed profile.
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