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Fig. 4 Scatter analysis plot of the first layers of principal MCEOF components with sea surface anomaly data
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Fig. 6 Scatter analysis plot of the third layers of principal MCEOF components with sea surface anomaly data

T Yl MCEOF FEA T ik Y tt, A< SCHE op = - ~
% T4 4 X H) MCEOF THgBiz | 30x3°1% b A d
() EOF B F A5 AU 3°x3°[X 4 MLR 4 7% =X B 200}
2053 M2 o A, AT 2k e A5 R
PR TR R 22, bl ) SRR R AT HE AR 400(

7, AL Z TR (MLR), fH]
EOF EH4HI MCEOF /32 M7k, B FERE ~ 600}
GiRSEERR R T, AR, MCEOF HA4IRIE

KR /m

feiso EPXTE 7 IREXITMRIRER, FEIRE)IZIRELL, Fr 8001 I o

A EA T RIRE R T HRIR 22 AR AR K {E, EOF Y / —— MCEOF
(I RRIE A 1.86, MCEOF AL T ARIRIE H 1.76, o | MLR
HORSRE AN EOF SRMETF T2 0.1 °C; £E 0~350 m & 0 ]im oY fift 04
4k, MCEOF E’J@’WWH th? EOF ﬁ@%iﬁ%—%ﬂ 1] (a) IEEER T AL 22 (b) £hEEH AR IR 2
fﬁﬂziu‘ﬁﬂj’ MCEOF E"JE*’J*‘%E@? EOF #14, ﬂ:# Fig. 7 Comparison of the RMSEs of MCEOF-reconstructed
HULH T Z R EOF B EnA ik temperature and salt fields

Marine Sciences / Vol. 48, No. 3 / 2024 7



BRIt

M 7 B AR IR 22X L Y, EOF Al
MCEOF i #4 (1) 3k FE RS B # = F MLR F A 73k, IF
HMEMRFE 1, MCEOF H MRS B ik B i, HLARER
VRS B (4R TN, (X T AR 7 2 35 55 T T )
WA RA IR K FEH -

BRI 2 Ah, 7S SO0 Xt B 4 o AL I 3k 37 1) 3 R
FE 5 ARGO UL L £R ¥ T 2 ELRR B 9 ¥ iR 25
PEAT T AT (B 8). i A4 iR &R 5 W i 46 37 T
LR BE 1 1 07 AR 22 304 B AU 5 W I i 4k 7 T
ELBAEE Y AR IR 22 1 A8 ks %4 . MCEOF HA4 i Eh
YA EESEEAE 200 m LATRIX I, HI575 MR 24 1
BT, JFH MCEOF HHIRELTE BB Ak
JE R B B o X U BH G B AN T 2 B R R 1) 2 AR
fiE, S ik I (4 RS B 0 HL T ELRR R JE AR A B
Y35 . MCEOF iR 4L B4 TR T EM R
TR M, X—FR s eI 5 25y (S
SR T A AR R A

O,

.
200 1
400 |
£
=
%
600
800 — EOF
—— MCEOF
MLR
L
1 000
0 0.2 0.4 06 0 0.05 0.10

TEE/C L
(a) BERRRER ITIGR2E  (b) ShHERRIE R T RIS
K8 —=JZ MCEOF iR EhBh R I AR R 22 X Eb

Fig. 8 Comparison of the RMSEs of MCEOF-reconstructed
temperature and salinity gradients

3.4 MCEOF & &4 2 |8 5 4E 5 A7

ASEPEA S 4 ) MCEOF H#) =45
HYCOM HaUHHE 47X b, 2 Wrife v = 4R 3R
()23 (A RFAIE

HYCOM 52 X B4l >R FH pR 45 VR Al s 0 56 5% i Al
FRARZE & A R A by, T AR AL PR A B A Y
W1k, AT LK HY COM A5 s R Ak 20 7 40l
TP AR R G0, BPRSCHEPHH HYCOM X
PR VEAS i HA Y = 4R IR ER I R G PERE . AN

) H@ART/CLE

i 16 H HY COM #5833 £5 3% Fl MCEOF T A4 i 547,
3T R P 3 1] DR 1T A R K ST () 25 57, SRS
Fa Il R 0 S PRyl 45 B A 3 e

ASCHERL 36°36'N, M 138°E~150°E f) HYCOM
T T, VRN E] S 2019 4E 12 A 20 H, 3.2 1
SIHTRTHN, SRV E Y J7 AT DX B 38 7 AR R 22 B
WAz, i LAAS SCE 2534 0~500 mo (R B2 B I .

Pl 9(a)(Z5) ) HY COM J EEWT I 1, 7E 150°~153°E
ZI8], SERZA WS AR, [RINHE 144°~149°E Z [,
R AR AERIE . B 9(a)(F7)H MCEOF i
45 HYCOM HEAXBAEA LY, HAMR AU
BT LRI AR RRE, R BT BRI
PR, 7E 150°~153°E Fil 144°~149°E 2 [A] (1) R
FEM AR T RAFR R [FIFETEE 9(b)HT, MCEOF
R TR 25 AL RENS AR I S e Y 150°~153°E 22 i),
HYCOM #EAHH0: B il Rk, I R B W v
ORI SRR R e N v €/

19 MCEOF 4RI (a) Fl R B2 (b) A 2 1] U4 HE
Fig. 9 Comparison of the vertical cross-sections of MCEOF-
reconstructed temperature (a) and salinity (b) fields

I T 8 4K T ) F b =2 Ak, AR SRR X6 X3 Y AN [
TR EE (WK SEUI TR AT 4307 o SERR3E 7 XS, 2019 4
12 7 20 H# HYCOM %45 f14H & 4 ) MCEOF H 14
T AR 5 R 47 7KUY % FE <

ZEAXFEE 50 m, 450 m 1 800 m EE 4L HYCOM
FECEOHE M MCEOF 8 44 i 6 i V) i 25 2R (&1 10),
MCEOF HH KRS HYCOM #ECHds 1 i 16
Yoo A FRAE R BURFE— 30, & SR
b, IfH MCEOF 4 25 5 v il B 1) 40 A 1
OUE AT & FL AR

8 HEEERL ) 2024 4F /55 48 4 /55 3 11



BRIt

'M@AWME

% 10 MCEOF HEHEih3 5 HY COM # xCBod K -1 % e

Fig. 10 Horizontal-section comparison between MCEOF-reconstructed temperature and salinity fields and HYCOM data

WX MCEOF EEAGZ5 R iR, LK
MASTR F BE (Dh1a), 1)) 5 HY COM 4 1 L 575,
MCEOF 4 J5 1 e A R = i 1 — 4 i £k 37 10
FAORE B, I FLRE B 10 M A B 7 PN 3 104 A8 AL R 1E
A S A A B RS B
35 EEMMREANEMER YA EA

b

WL R LA B RIS e b R B, TR TR AR
T (RS B 5 EA X A RO A R BB OE R, e
AR EE R R FIR R, 2R A AL X R N,
TR ER 37 RS FE B L BRI AN, AR SRR ALY
LNE 5§ N = L TR 9 ML E = DS 6 IS
1 T8I B S A — iR 25, T i —
AP TR I ) 158 22 X = 4 IR Eh 3 1 B, AR SC
PR SRR B4 A 4 i MCEOF IR Eh 81, 435
17 8 B T3 VA SCHE N B SV R AR A A A S i
HEAT =R Eh AL, b B0 3R 1R R ik
B ARGO B 5 1 1 2 )2 1R 5 5 w8 B Bl 2 A1
ARGO &R 8, I Olbers %P2 Lokt
T

FRYEE 11, W B S 2 1 B 1R i A S5
1 EE AL ARG B I s T TR i R B AR N A S
BORKERE . 762 80 m YRFEAL, PP EE A 45 A4 )7
FR A 22 0 A Fe B, I FL XL ¥A% 2 o0 F4) A0 RS B K
FLEGRBEMREE; 1£ 100 m~500 m R X 5, W
AN RS BE A T B AR T, IR EHAEZ 300 m IE

BEAR P T e R, %A B AR B R T MR 2R B TR T
Hy T ARRZZ I/ 0.4, HOREEPETH T 27.24%. X
R, FEARSCHR I B9 MCEOF J5 i, =4kl
Th E AR SIS R R A IR,
7 AT LSV P ) S TR Y T UL, R LAl =
YR ER T BOM E S

0

200
400
£
%
600
800
—— R
—— R
! 0000 1 20 0.1 02 03
i/ C thr
(a) RHERIT AR (b) EhHER TR 2

B R [A A S B A 25 R Oy iR R 22 X L

Fig. 11 Comparison of the root mean square errors of recon-

struction results for different input parameters

4 Zi

I 2 45 i o 1l g R T 5 1 ARGO J 2 it
MR R, TP T 3T 2 RUE BOF HEAk /3 fifk i) 1

Marine Sciences / Vol. 48, No. 3 / 2024 9



BRIt

=R R H A TAE . R LIRS Ak i A
B P A P R AT 20 96 E 58 40 i, B B ERRAE,
i o 22 TR [l U AR 28 32 B 0 5 LN A 1 2 5
Vg T v A2 R T IR E 1 Il UE G R, R R A A 1T
5 B E MR ER T O T UE EOF IREh A ik, A&
SCHEST T 12°9%12°, 6°x6°, 3°x3°Fil 1°x1°EOF ¥4
FREEA 77 %8, JF H SRR MLR Jrikiffrxf b, 45
RWR, /NRUE IR R TR RS B A B R T
I B EETR] RUBE MLR J7k, H5 B S0R 337 10 w22
TN G TRV, /N RUEE (14 ek B A Al T o A b B AV T
() = 2 I8 7 10 T T B AR AIE

2 8 B ) REE I R 37 R I 0 SRR AR [+,
ASCHE EOF L E M 7k i 5eml b, &t 7 —F £
RO B, 83 2B KR 9 2 ZLRRAE, 4k 220l
EOF T ALY, ISR R R 32 BEARAE 21 H A R
U EEREAE, LA SRS B 1 SR A R R Y o AR S0k
TR SRR %, A HS MLR kit f7 g,
45 9L R, MCEOF T AR A RS 1 5 T EOF R 7Y )
FAKE R, JF HpEE R 2 R aanfk, EMEEES
FRRG Bt T B v o [P, EOF J7 v T AW (T Eh kG
JEZ S T MLR J7 i SRS B . b4, MCEOF FE 44
Tk 6 7 1 2 B R L LR 7 R — i B . Xt
H HYCOM B0 %dlE, MCEOF & #4 fig B U iR P
TN R A AR, A3 250 a2 20 1 v 9 B
AL BT T T LI P RS R T L £ 3 A 1Y
S Z5 R R, TRWERAE B MR T HIER
M58, —4EREE G FE SRR T R

2% Hk:

[1] #FUR, HEIEAR, B2, & AN TR RIS

F1% J ey O 0 T A e U N LR SRR (D], BRI,
2022, 26(8): 1530-1546.
LAI Jibao, KANG Xudong, LU Xukun, et al. A review
of land observation satellite remote sensing application
technology with new generation artificial intelligence[J].
National Remote 2022, 26(8):
1530-1546.

(2] xiaag, N, 2k E IR ENE TR IR SRR
Lo IR S5 (3] K Eds, 2022, 8(2): 75-88.

LIU Jiangiang, YE Xiaomin, LAN Youguo. Remote
sensing big data from Chinese ocean satellites and its

Sensing Bulletin,

application service[J]. Big Data Research, 2022, 8(2):
75-88.

[3] BOCEK, 90tE, /MK, A5 205 TR kiR
JRIREE S A S HR(T]. RERCEAR, 2017, 21(6): 881-891.
LI Wene, SU Hua, WANG Xiaoqin, et al. Estimation of

(4]

(5]

(6]

[7]

(8]

[9]

[10]

(1]

[12]

[13]

[14]

[15]

) H@ART/CLE

global subsurface temperature anomaly based on multisource
satellite observations[J]. Journal of Remote Sensing, 2017,
21(6): 881-891.

STEWART R H. Introduction to physical oceanography[M].
Englewood Ciffs: Prentice Hall, 2008: 25-32.

TALLEY L D, PICKARD G L, EMERY W J, et al.
Descriptive physical oceanography[M].
Academic Press, 2011: 29-65.

SU H, WU X B, YAN X H, et al. Estimation of subsurface

temperature anomaly in the Indian Ocean during recent

San Diego:

global surface warming hiatus from satellite measurements:
A support vector machine approach[J]. Remote Sensing of
Environment: An Interdisciplinary Journal, 2015, 160:
63-71.

KHEDOURI E, SZCZECHOWSKI C, CHENEY R E.
Potential oceanographic applications of satellite
altimetry for inferring subsurface thermal structure[J].
Oceans, 1983, 15: 274-280.

FISCHER M. Multivariate projection of ocean surface
data onto subsurface sections[J]. Geophysical Research
Letters, 2000, 27(6): 755-757.

FOX D N, TEAGUE W J, BARRON C N, et al. The
Modular Ocean Data Assimilation System (MODAS)[J].
Journal of Atmospheric and Oceanic Technology, 2002,
15(1): 22-28.

FEA, WHE, Ak, & FIH T ARG EER R
= ARR (D] BT, 2011, 30(6): 10-17.
WANG Xidong, HAN Guijun, LI Wei, et al.
Reconstruction of ocean temperature profile using satellite
observations[J]. Journal of Tropical Oceanography, 2011,
30(6): 10-17.

FIEDLER P C. Surface manifestations of subsurface
thermal structure in the California Current[J]. Journal
of Geophysical Research: Oceans, 1988, 93(C5): 4975-
4983.

CARNES M R, MITCHELL J L, DEWITT P W.
Synthetic temperature profiles derived from GEOSAT
altimetry: comparison with air-dropped expendable
bathythermograph profiles[J]. Journal of Geophysical
Research: Oceans, 1990, 95(C10): 17979-17992.
CARNES M R, TEAGUE W J, MITCHELL J L.
Inference of Subsurface thermohaline structure from
fields measurable satellite[J]. Journal of Atmospheric
and Oceanic Technology, 1994, 11(2): 551-566.
PASCUAL A and GOMIS D. Use of surface data to
estimate geostrophic transport[J]. Journal of Atmospheric
and Oceanic Technology, 2003, 20(6): 912-926

i, %, BRES, & ORI TR G R
BE v BERR A RO AL = 4R B A )] IR,
2019, 43(11): 1-10.

TANG Bo, HOU Yijun, YIN Yuqi, et al. Inversion of
the three-dimensional temperature field in the northern

10 TETERL 1 2024 4F /55 48 4 /55 3 1)



[16]

[17]

[18]

[19]

BRIt

part of the South China Sea based on the remote
satellite sea surface temperature and height[J]. Marine
Sciences, 2019, 43(11): 1-10.

ALT M M, SWAIN D, WELLER R A. Estimation of
ocean subsurface thermal structure from surface
parameters: A neural network approach[J]. Geophysical
Research Letters, 2004, 31(20): L20308.

WU X B, YAN X H, JO Y H, et al. Estimation of
subsurface temperature anomaly in the North Atlantic
using a self-organizing map neural network[J]. Journal
of Atmospheric & Oceanic Technology, 2012, 29(11):
1675-1688.

SU H, WU X B, LU W F, et al. Inconsistent subsurface
and deeper ocean warming signals during recent global
warming and hiatus[J]. Journal of Geophysical Research:
Oceans, 2017, 122: 8182-8195.

SU H, ZHANG H J, GENG X P, et al. OPEN: A new

estimation of global ocean heat content for upper 2000

[20]

[21]

[22]

) H@ART/CLE

meters from remote sensing data[J]. Remote Sensing,
2020, 12(14): 1-17.

HEER, FEA, Rk, & ETMAMEmN k=4t
BEHEABARTIRI]. PSR, 2022, 41(2): 1-15.
NIE Wangchen, WANG Xidong, CHEN Zhigiang, et al.
Research and application of global three-dimensional
thermohaline reconstruction technology based on neura
Network[J]. Journal of Tropical Oceanography, 2022, 41(2):
1-15.

BRI, /NE, U405, . M= SRR
RGBT SB[ BFIEEESAR, 2013, 32(6): 1-8.
MAO Qingwen, CHU Xiaoqing, YAN Youfang, et al. A
three-dimensional temperature and salinity reconstruction
system in the South China Sea[J]. Journal of Tropical
Oceangraphy, 2013, 32(6): 1-8.

OLBERS D, GOURETSKY V, SEISS G,
Hydrographic atlas of the Southern Ocean[M]. Bremen:
Alfred Wegener Institute, 1992: 17-18.

et al.

Marine Sciences / Vol. 48, No. 3 / 2024 11



HRRL » |7
H@A RTICLE

Inversion of ocean subsurface temperature and salinity struc-
ture by multiscale coupled empirical orthogonal decomposition

ZHANG Mingqi" 3, XU Yongsheng?® > *, YANG Shuguo'

(1. Qingdao University of Science and Technology, Qingdao 266061, China; 2. Institute of Oceanography, Chinese
Academy of Sciences, Qingdao 266071, China; 3. Laoshan Laboratory, Qingdao 266061, China; 4. University of
Chinese Academy of Sciences, Beijing 100094, China)

Received: Nov. 24, 2022
Key words: satellite observation; multiscale coupled empirical orthogonal function; vertical gradient; spatial characteristics

Abstract: To address the problem of reconstructing the three-dimensional ocean thermohaline salinity fields based
on sea surface information obtained through satellite observation, a three-dimensional thermohaline
field—reconstruction method based on multiscale coupled empirical orthogonal decomposition is proposed in this
paper. The proposed method involves using a multiscale coupled empirical orthogonal function to iteratively de-
compose historical temperature and salinity profiles from a large to a small scale to extract the feature information
of three-dimensional thermohaline and salinity fields at different scales in a hierarchical manner. Then, models of
the collected satellite information are established and the characteristic information of the involved
three-dimensional thermohaline field is obtained at different scales to achieve three-dimensional thermohaline field
reconstruction. Herein, multiscale coupled empirical and single-layer orthogonal decompositions are used to recon-
struct three-dimensional thermohaline and salinity fields. The results indicate that the former is superior to the latter.
Furthermore, with continuous refinement of the decomposition levels, the accuracy of the reconstructed thermoha-
line field and its vertical-gradient accuracy are significantly improved, with Scheme 4 resulting in the highest im-
provements (25.57% and 27.58%, respectively). Meanwhile, compared with the HYCOM, the proposed method can
more effectively capture the spatial characteristics of the involved subsurface ocean. In general, thermohaline-field
inversion based on the proposed method deviates less from the Argo thermohaline field; moreover, the accuracy of
the inversion is better. Further, the obtained spatial distrtbution tends to be consistent, aiding in effectively analyz-

ing the three-dimensional structure and variation characteristics of the ocean thermohaline field.
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