a5 BT T pES
202347 H

Haiyang Xuebao

2 e Vol. 45 No.7

July 2023

XA T, 25, AR 7R, 4. ST a3 DO 4k 22 R 20 M O k19 T3 18 SRR B 3 L 166 45 W) AL AF 9 0], TR PR 2241, 2023, 45(7): 110-125,

doi:10.12284/hyxb2023111

Liu Hanyu, Li Wei, Han Guijun, et al. Assimilation of combining satellite remote sensing and in-situ observation based on space-time four-di-
mensional multi-scale analysis method[J]. Haiyang Xuebao, 2023, 45(7): 110-125, doi:10.12284/hyxb2023111

ETHZMO$®E RES T ERNILEERM

I 17 YW EX & B L A 32

et FRVY, HEET, @A, REW, k', EH, AR

(1 REER 2 VR SR B KRBTGS 5 L 2R FE S 5000 %, R HE 3000725 2. RBEH AR E AL
%=, K 300074)

BE:- R omeEATEERSAGANE L, MRS R E N KT IR T EFERFHELENAE
RA, BW, XS BRANARERANEALT R, HFEEREZTEBRSXATHEAERANT AR
EHXRA, NI SERENBELEZMIAAERE, TR ET2E WM BRI LN EFRS . KFTR
HT — A MEMKRBE, NREFEAXGUM T AR EAZE EOEEATER, e L E
ERGAGAMFEH, #ARZHELRE NN £ B G 25 50 F b 7 &0 R iR
BERML, ZFERRTURABRE RN B A TEMEAL, XS Rl Em T RELmaE T E
B, A BERTAMFEHFEEZREFR, LATI+1>2"WER, MAET T2 E W E & 0
o RRFEREXN, AL EEREXAZETRTUARKEREMEE N M, AT ELT

HEAMNARER T HEELML,

KR L RE A TEER; WG AN; &= P T ER 27 %

hESES: P7156 XERFRERD: A

1 518

i 5 T 3 SO0 4 AR 1 2 R DA % v P S A A IR
BEE AR MR D, A O R g gt oy 1 X ek 4 ek
TR VE LI R 42, FLER T KR B 22 (14 AN [R] 6 2R R U5
) TV UL Rk o ELJR, ok SOOI BRI A RN
S, AN A 1 — > S L R Y s o0 PR R
AR ER T, TOVE I L BT IEE 55 A AR 2 A
G B BEAE TR B R M A, Rl AL E
JE I T UR ¥ (Sea Surface Temperature, SST) 1 VAF AT =7
J& (Sea Surface Height, SSH) %% K} H 25 384 hin, k¥ 11
W B At T O R T Y TR ORG B R 2 ] A3 R A

%% B #5: 2022-10-01; 1&1T H #: 2022-12-03,

XEHS: 0253-4193(2023)07-0110-16

e ST [ 3 5 P A S A R S THT S5 IS T S
{7 B, (H 3 T AL TR R R A 0 5 Jmy PR T T 9 3% T )
WAL B B 5T R, TR 8 ORI [ £k
X ENSO B T | 2 45 {5 5 (0 5 A0 7 B 55 249 ] 3
AR S, DR, i T A 20 Rl 5 i B U
ITL B S8 S BERE, (f — F RES L S E b, B R AL M 4R
WCROR R 2 ROBE AR B, 2 F R E 8 i o w0
AR YRR o T A R 04 S )

F 20 fit22 80 4R AR, & it 1 AR 22 ) 96 T
S5 T B 7 N A R T A R A R Y. BR
T B da R A e ik i )<< g e AR A AE A B
JZ7ik —FEAMRE Z 5, XS R AL R Gk BN N T

BEE£TB: HEARB 34 m FIH (42376190); H R & L0 & 1140 (2021YFC3101500, 2022YFC3104800).,

TEF B A XAF(1998—), Lo, B VTA XU L7 A, 32 %2 DA 2535 4 B0 1R AL 45 7 018 98 . E-mail: livhanyu_0620@tju.edu.cn

*EEES: Z(1978—), B, WS H AE XG0T A, 82, 320 A S0 7 S008I L 95 o B0 (8 AR 400 45 D A i 55 . E-mail: liweil978@
tju.edw.en; BiFEZE(1970—), &, iILTABRT A, 282, TEMNFHHESTS TRMIE . E-mail: guijun_han@tju.edu.cn


mailto:liuhanyu_0620@tju.edu.cn
mailto:liwei1978@&lt;linebreak/&gt;tju.edu.cn
mailto:liwei1978@&lt;linebreak/&gt;tju.edu.cn
mailto:guijun_han@tju.edu.cn

T R AR BTN A T A2 RUBE 23 D7 1 1Y) T R SR B WL R TR AR AT 5 111

HoAb B e 551, T iR 28 LA & SR B IRl Ak R 42
SIS B ABE S5 1 o

(DfEREZRTE\ RS K MEEL LR

5 FEE AT 20 tha 80 AEACHI 4 T AL B Ak g
PEEUHE [R] 1k 2 48 (Modular Ocean Data Assimilation Sys-
tem, MODAS) ™, H A SEUHE hy - JE TR A0, R
JHEUE RS HR, B e 248 R R AR . $hil
I URIN A S VAR TS R AN EHS RSP 2B R N
AAF BB 5C 2R, AR5 78 43 R R K o 552 s R S s
T3 e R T e R RN I T IR R AR R, ST TR T T
I . R H T, O A% O 4 {8 7 (Optimal Interpolation,
oD [Alfb fh WL 5 XBT(Expendable Bathythermograph).
CTD( Conductance Temperature Depth) %5 i 375 W ] %%
BE, 153 = 4ElE . FHI % . 7E MODAS R 421
FAih -, ISOP(Improved Synthetic Ocean Profile) & 4t it
— B AT T ek, L [R] A 0 A LN (T
SR T 302, BN MZRIBE ST g vk, A K2
AR 3 5 ik AT IR AR, FE A S0 25 Fox 4E02
H1 Guinehut %513 2% F (% 81 15 4> M1 45, ] EOF 4 #r Jr
TR A 1R YR ) O IO 5 A T IR T I R A, T
M/ mHES THER 5K T IREECR, RE
I T3 J T TR VIR R VA T e R A R AL I A
O3 HERR ) S YRR B ok I A BRI I A R A
> (Monitoring and Forecasting Centers, MFC) FH 5 2% i
H5 9031 Jr ik, R 2 5 /M o4 P 1A Jy 2 A g s
PRSI 5 B B 5 2%, M s BE TR SST WL e 4
A IR ER S, IR TR X 205 B s 4R AR-
MOR3D! 131

(2) M B3R e 1) 35 Se 3708 26 Wy Oy 22 56 1

RV 4509 3 ) OVALS( Ocean Variational Ana-
lysis System) R G5l F] T — 48745 43 [7] fk 77 % ( Three-Di-
mensional Variational data assimilation, 3DVAR), % J7
RZIE T R iR 22 0 2 B OCHEFI AR e M (0 -5
KA, 2 [F) AR B T Rk e e R AR = ) YR RN 3
Y.

(3) B AR AT o o 7 A 448 B 72

Cooper H1 Haines"” #}& 1 1) F 4oz ¥ <3 18 I 34, X 7K
PR HEAT Jo 50 %) 2 EL RS 7 58 o W SRR ST T 3ot
ALK AL 0] A28, — 2L iR /K T 2R, i — SL i %
R K T B o an SR Tk A, DRI KA . A
TR I 3 R 0 T A 1 S pR KO R AR B e A A
FE o TE )i TS B S S BRI B AR S ik AT
HE AR, SR XTI B 2R T WK AT ML A R R L K
P H #H %% {E 4] o0 ( European Centre for Medium-

Range Weather Forecasts, ECMWF) 5 % i Cooper #l
Haines"" 1) 75 2%, 38 52 4 722 ik 66 2 1) o 4 >k ] R T 3R
e,

g5 L TIR, 4 K 280 R4k &R G AE TR 1 R S 1Y)
it B, B ST MR Dy S s A2 B, H el Y AR
SR W AR T — IS B TR R T ) A5, 2
W T BN 2 28 4 A IR Eh A5 A 15 B, (H X Rl R
KR IASIETE T A WHE DER AT Y o I, [E A
M5 S iR 22 T 5 250 B2 A Y, oAt 2HAR
R A A A% A 5 43 A 485 SR TC vk % W s W L S ) T
ARDL, BT LB 0 02 AN BEAS 31 58 42 % 0 14 T R 40 B
Yo BB FOUWI R, AN GE B H0 7K
T, (HReFE AL S K R R R 25 R KR B, T
WL E SR o A Al ORI &) B 25 th T M 4548 . BEAS
TEARMBAT AR BB Z50F T, 4 P Fh 55 RL 25 G R, Al
PO B3 T8 40 R R, SR AR SCHE i B AR Ui — A
[i] A8

EAE Y CE I e e s ol UL N DS DURIE A&/
HEAT I 25 22 RUBE o B iy [l A i, 2007 vl LIS 31 5
1R GE W2 W3 B J7 5 RIS 19 0 B 45 21, in BB @4
TARGE ) =478 oy BE R A O v o 98 [ I 50 vE AN
K% ¥ J5) (National Oceanic and Atmospheric Admin-
istration, NOAA) M BR & 45 i 5% 52 48 % ( Earth System
Research Laboratory, ESRL) & & T — & i} 25 it ]REE 43
BT & 4t ( Space-Time Mesoscale Analysis System, STM-
AS). %R G 2 T RS = AR S A R Ak
15, X b TS0 000 S 4R R AT I S 22 RUBE A3 Hir e, AR
SRR Z Ty 2, 3 — 200 2 8 WA = 4E48 5040 e
DO 2, i) TR T R R AR K P ) 4 24 R, R 37 00
PRALTE ] 29 o, [ A LA G, SN RS B0
DR 2 [ OL 3 E AR, A R O b iy i 23 22 RUEE W
DAL, A9 380 1 35 R Y BT WA B IR ER T .

2 R

2.1 Ak

2 T WM = 4 AE 4y D vk R — P T LMK B AR
YO AT AT H B 22 RO B o0 A7 vk, —
2T p REL ) 200 7 TR L e ORI 484 8 1 A5 AT, AR S AT
BN AT 45 FAE R T — 2 IS 8 = 4, Rk
g J2% A% A5 1 1 43 A 38 2t A0 R A R TR R
Wi e, $5c ) 15 30 00 73 A1 &5 5 o0 45 75 A% 43 B 38 5 11
B fingh e X P A S A U AR L[R2 R
PURIIIR A SS7i e TN ORI R L S N B R
AR5y H bR s B R T B



112

MHEEd 4545

J(6X.”,6X,")" =

—_ N | =

[\

Kb, oX, X4l AL i, 3 3 R R AR BE 2 7
B n g IO A B B R A [R] UL BB 17 14 L0
G 22 Uy 7 22 R W5 HSh DA A AN [ 000 5 A L
R 1 XU AR B B4R 5 S O A ] 42 ol A 2 7 19
P AR5 2oy bl LR 0 BT A SR B ) e AR RS B Y
T B RS Yoo Yo Ysor Yasso Yssw X 07 UR 2R PR 37
LN 0 T e S A A AR JRE 9 TR TR A T g L
ORI b5 b R S I B« ROR
SR s Fon T RGEE

Vi 2 T i JEE S A2 R K R IELBE | R O3 A AR A TR
SE W, B ) B S R A R
(" PP.T,S)~p(P Ty, Sy)

0 PP, Ty, S4)

X, p(P T, )l UNESCO(1981) i 7K 55 i 4R 45 7
T Sw3 531 Sy by HC AR 36 17 0 B RE 315545 21 1 £ 4F
- 5 L AN S R AR s 20 2 5 TR < e [ UK
O PR

P 6 B B 0 AT A T T L A 0 R B
RIS, HOR X (2) 85l

h= dz, (2)

AH,, (3)

N
h= ZP(PM Ty, Sei)—p (P Ty, Si)
- p(Py, Ty, Spy)

Ao, kO T 10 R 2B NS R R E 2
B oy ST SOGIRIE L R AH g AHAR I IR B2
J2 Z B A TR B 22
22 HiE

AW FEAE TS 19 22 5 RS DU 24 53 BT 07 ik, R
RS B WL R BEAT IRl AL o B 2R AR I
AL S, B s SR an
2.2.1  ZRAE G P A B de

AR SR A R v A B D s R TR A T T R
2 5 VER 5% 11 T P8 LK T2 CORA( China Ocean
ReAnalysis, CORAv1.0) 5 43 #71 £ ¥& ( http://mds.nmdis.
org.cn/pages/dataView.html?type=2&id=a5da2a05289044
7163a326¢3¢c85997d), 1% iy F ) BRI F 70 A7 7
i KO 43 BEE Ry (1/2) °~ (1/8) ° W A% , 3 1] 43 2y 35
2, BRI R 1958 4F 1 H & 2017 4F 12 H, B [A] 43

(Hl (M(SX‘(") _ YT(H))T Rl(n)’ (Hl(”)(SX[(n) _ Y_[(ﬂ)) +

— (HS(W&XS(M _ Ys(n))T RS(H)’l (H;“”&XS(”) _ Ys(n)) +

(n)
1 - ~
5 lH;”’h (XJ’ +) OXY XY 6Xs“’> ~ Yo"
k=1 k=1
n n )
H"h <th +) XY, XY 6XS‘“> ~ Ysou"”
k=1 k=1

T -1 n n n
(Hz(”)(SX'(n) _ YSST(n)) Rz(n) (Hz( >6X‘( ) _ YSST( )) +

(HA‘”)éXS(”’ _ Ysss(n))T R4(ur' (H4(")6X5(") _ Ysss(")) 4

N = BN =

T

—1
R x

1 T 1 T
+ 50X 816X, + X" $,0X.", (1)

PER R HAV- 2 0™ i T IR AT A I 3 AR )
Ak AR ZR T8 7 A% 78D ( Princeton Ocean Model with General-
ized Coordinate System, POMGCS ), 3% ] £ & [ #% = 4
AR5y 7 1 oRe [R) Ak T 1 TR v TED Ui JEE AU T R B R
YERE, L& Argo, XBT. CTD % i 5 B 37 WL ) 291,
AR SOOI 5 i X R FERY 22 26 Fl  10°~25°N, 105°~
120°E, BRI R 1958 4F 1 H 1 HZE 2017 4712 H 15
H 88, SR FH S P4 18 7 125, % D 4 i 4 o) Ak
HS KT 43 HE 5 0.25°%0.25°, T 7 43 2 [l 25 A A 0 0
AT A T 0 A 2R H R BAEREY . BAEA
SR FAEE Y . ELAUI S i BRI 3.1 5
2.2.2 BRI B

ZNS =R o R G RO B TR VR €/ S|
EN4 % 4% £ ( https://www.metoffice.gov.uk/hadobs/en4/
download-en4-2-2.html), HEFERIET Argo. ASBO T H
( the Arctic Synoptic Basin-wide Oceanography) . GT-
SP i H ( the Global Temperature and Salinity Profile
Plan) 1 WOD18( World Ocean Database 2018) 29, 3
2008 4 ¥ 1 ¥ 43 (10°~25°N, 105°~ 120°E) A ] 1] %%
BE, JF X 3 26 R HE AT 0 2R e, MR AR R G
CORA P43t 4508 i) 5245 H - S804 , o FLAL 3 5

B2 5% 43 B A% AR [R] 8 B 25 43 3R BINKOSF 4 3 R
0.23°x0.23°, B [A] 5 FER Ry 1 1.

AR S SR b 0 Y T AR e SR T e R S
(Sea Surface Height anomaly, SSHa) %>k H & 11 JE i
T R4 W Ay (CMESE) 0 H 2 43t 1% %540 42 7 i
( https://data.marine.copernicus.eu/products) , % ;= i 2
AT A RV THT 1R B 14 S5 P SO0 25 44 A AR ] e ]
JE 1 % UL 53 A I A% 37, ik 5 25 8] 23 B Ol 0.250%
0.25°, M E] 43 BE AN H o 15 b i 3l ) i B2 AR R
LR TR EZ I 1 500 m, SCFE L FHK TR T 1500 m ¥E
JU PR # TE 1E J2% SSHa WL BEkE . R SCAf ARG 1L 1
JESST BEARRR A 3 5 [ 5 i 1 AR U8 3R (hittp://
www.ncdc.noaa.gov/data-access/satellite-data-access-data-
sets), 1 FH 23 [0 HFR O 0.25° x 0.25°, BH RIS 8- A 1 d
FIRT R A% A L0 5


http://mds.nmdis.org.cn/pages/dataView.html?type=2&amp;id=a5da2a0528904471b3a326c3cc85997d
http://mds.nmdis.org.cn/pages/dataView.html?type=2&id=a5da2a0528904471b3a326c3cc85997d
http://mds.nmdis.org.cn/pages/dataView.html?type=2&id=a5da2a0528904471b3a326c3cc85997d
https://www.metoffice.gov.uk/hadobs/en4/download-en4-2-2.html
https://www.metoffice.gov.uk/hadobs/en4/download-en4-2-2.html
https://data.marine.copernicus.eu/products
http://www.ncdc.noaa.gov/data-access/satellite-data-access-datasets
http://www.ncdc.noaa.gov/data-access/satellite-data-access-datasets
http://www.ncdc.noaa.gov/data-access/satellite-data-access-datasets
http://www.ncdc.noaa.gov/data-access/satellite-data-access-datasets

T R AR BTN A T A2 RUBE 23 D7 1 1Y) T R SR B WL R TR AR AT 5 113

3 BERE

31 FHERK
311 RAEEE
LSV IS WL G A e AN B A) L AR Y
L5 B A7 000 GOk Y A D TR R B I . AE
ARBEFE T, FATEERE 1998 4F 6 H 20 H A CORA HF
P79 8 A A A0 B S Y I W 43 A, AT = 4 A B
ALK . HEH 1998 4 6 H 20 H ) CORA 43 BT 4%
J2 Uk B R 2 R B R 43 AR S (SST) WL I %4 418 0
VT R B2 (SSS) WL 4l o Fh T v T v AN A P g K
Pk ¥ 4 e, Horp R AR AE IETRAG 5, 2R KN )
FIVE L TR b T b SRR AE | N 08 sh % 2 R I 5
We, BT LA T SR B BRAR S5, R ZE K DR 1 500 m

4 il 6 OB EAT B ) BE AR Y, RIS R, e
73 21 SSHa 1 WL 3 12, 112 SSHa A9 WL K4 o K¢

CORA F4FH 5 5 15 55, 73 k4 [ fee 3
Hrisas

X T4 BT A% AL, FRATTSR T 40 2 s
3BT AR, DR] b 2 100 A% 1 S s 500 Tt AR 270 + 1R O
F (n R g O o 50 KOF R 5 I ] 90 4% 2
| K A N TR O e o A SR G £ = W
25m, 5m, 10 m, 30 m, 50 m, 100 m, 150 m, 200 m,
250 m, 300 m, 350 m, 400 m, 450 m, 500 m, 550 m,
600 m, 650 m, 700 m. 750 m, 800 m, 850 m, 900 m,
950 m, 1000 m, 1 100 m, 1200 m, 1 300 m, 1 400 m,
1 500 m, 1 800 m, 2 000 m, 2 250 m, 2500 m 3t
33 2. B0 B L 1, ML B AR B 0
WA B E 1R

F1 FEKBHKERE
Table 1 Test setting of twin test

[V AR RO e} o3 5 BT I AS
R 1R R R IR
T.S SSHa, SST. SSS Do s AL Hs (2] x i) x ) Sy HER
ES! B 51 T 8 129 x 129 x 33 IKF-:0.11° 1500 m
yEY 7 0.25° 8 129 x 129 x 33 IKF-:0.11° 1500 m
VE X FfiAIL AT 0.25° 8 129 x 129 x 33 K 0.11° 1500 m
105° 109° 113° 117°E
25°
N

22°

19° -

16° -

13°

10°

0 01 02 03

04 0.5

06 07 08 09 1.0

R 3 /) /m
BT R ERI W 43 A 5 b L
Fig. 1 Distribution of observations of temperature and salinity and the cross-sectional location
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The hollow circle represents a field observation point containing only temperature in the twin test, and the solid circle represents a field observation point con-

taining both temperature and salinity. The green and black five-pointed stars correspond to the dotted lines in the salinity section of Figure 6
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Fig. 2 Temperature distribution of different depth layers of the real field and three sets of experimental schemes

a.e, iZ0 0 EYHY 10 m, 100 m, 200 m iR EES; b, £, j 43 B J7 % 1Y 10 m, 100 m, 200 m iR BE 5 . g k43 BISH 7€ 2 (1 10 m, 100 m,
200 m #EG; d. by 14351077 % 3 /9 10 m, 100 m, 200 m i35
a, e, i. The temperature fields of true fields in 10 m, 100 m and 200 m, respectively; b, f, j. the temperature fields of Scheme 1 in 10 m, 100 m and 200 m,

respectively; ¢, g, k. the temperature fields of Scheme 2 in 10 m, 100 m and 200 m, respectively; d, h, 1. the temperature fields of

Scheme 3 in 10 m, 100 m and 200 m, respectively
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Fig. 3 Salinity distribution of different depth layers of the real field and three sets of experimental schemes
a, e, iAW EIIMH 10 m, 100 m, 200 m R B b, £ j 495 %E 19 10 m. 100 m. 200 m 2R 5 ¢ g, k 209024 75 %€ 2 19 10 m, 100 m.,
200 m R E Y5 d. ho 140310 % 3 69 10 m. 100 m, 200 m 5335 AL B W A0 Pk H A0 53 WL
a, e, 1. The salinity fields of true fields in 10 m, 100 m and 200 m, respectively; b, f, j. the salinity fields of Scheme 1 in 10 m, 100 m and 200 m, respectively; c,

g, k. the salinity fields of Scheme 2 in 10 m, 100 m and 200 m, respectively; d, h, 1. the salinity fields of Scheme 3 in 10 m, 100 m and 200 m, respectively;

points A and B are selected special observation points
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Fig. 8 Scatter density plots of observation increment and analysis increment of different kinds for different experimental schemes

a.d.g.jom o p W TERNEE; b e hokony q WITE 245 RAEE; o £LiL Loy r BT EE 3 45 A HUE

a, d, g, j, m, and p are the scatter density of the results of Scheme 1; b, e, h, k, n, and q are the scatter density of the results of Scheme 2; c, f, i, 1, o, r are the

M0 T A B4, FEERE O AUEE .

S PEA SSS BRI K T IR AR

IR TR AMFT RS EFTE2ATEIRKBTE
B LA b, 2 0 SSS WL B R E AT B S TRl AL .

scatter density of the results of Scheme 3

SER TR BE ST, S

RMECESCR AR H B EN . W TRE, TR 4050
Br &k 5 (1 9a) 807 %8 2 45 4 (14 8h) &L f& RMSE %
i T 0.136°C, MG REHR & T 0.131, #H M M 1 4H
B AR g o R AR OCHEAR IS . TR S W T A IR

150

120

190

108

160

30

T H B B ) T2 18 8% SSS Bk, AT A £ (& 9b) B 77 %8 3 145 2R (& 81) oo 35 i B2 ¢ /)N, RMSE
B 37 UL 1 f R BRI . X TR AMGTES {LREAR T 0.001°C, AH ¢ R 3 fin 1 0.001, {H s 3% B4
T L ST gk U0 0 Az %) 9 R 43 AT 45 SR R AT A SRR 5 T HETn TR % SSS TRk, X IR B 4B B IE a3
I 9 KT, [A) Ah v ek B O o 3 B A ER B oAl 4 BB . X TR, & 4(1l 9¢) A & 51l 9d)
4 4
a b
= ‘
£ o, £ oot
]]Il\E-H 2 nﬂ\mﬂ 2 - )
ol ol - - -
£ | = 3
f,& J— = - -
= 0 E 0 L
24 =2 -_—
ﬂ L™ - - él -
| 3 - L
g 2 - g -2t - - =
RMSE = 1.287 RMSE =0.914
Corr=0.078 Corr = 0.586
74 1 1 1 74 1 1 1
—4 -2 0 2 4 —4 -2 0 2 4
Pl ST PRSI R0 4 B/ °C 7 U UL 3 2/ °C.



T XA TEAE BRI A DUk 22 RUOBE A BT ik ) TR R SR B A L B TR AR 5 121
0.4 0.4 300
c d
u u 250
g 0.1 g 0.1 |
£ u S
= = 4200
R - R
H i i <
z 02 z 02 150 4
= & I Eid
a - a 4100
& 05 = -0s |
50
RMSE =0.18 RMSE = 0.099
Corr =0.262 Corr =0.787
—08 ) : : -0.8 ; : s 0
—0.8 -0.5 -0.2 0.1 0.4 -0.8 -0.5 -0.2 0.1 0.4
ST P R WL 2 B ST A R 3 B

P9 Jrge 4 MJrEe 5 sy i+ 30 UL A LI 48 4k 45 23 A e -k A 10 R 1
Fig. 9 Scatter density plots of observation increment and analysis increment for observations of independent temperature and salinity of

schemes 4 and 5

a, b AR T GE 4, 5 B S A UL JSE 43 BT e S LI A TR R R e d

GRRTIGE 4.5 RIS B S AT ek L) 48 ik B TR

a, b. The independent temperature analysis increment and observation increment scatter density of Scheme 4 and Scheme 5, respectively; ¢, d. the independent

salinity analysis increment and observation increment Scatter density of Scheme 4 and Scheme 5, respectively

1) RMSE HH 45 oA [ 1k 16 2 46 5 9 b Oy € 2(1&] 8k)
A7 % 3 8D ¥/ T 24 0.037 A1 0.022, #1156 R %L
Y BIBEAN T 0.137 F10.096, H.J7r % 5 (45 5 5 [F]
b iR B 37 L 5 S K L, A A S AL, R R
Bris 2= K18 FEIE, 6 B RMSE 1K T 0.023°C, A6
ZERE T 0.018, £h B RMSE &K T 0.018, # % &
B T 0.084, 3X 3R B AE AR B 5 4 0 [ 4k O ik
rhv, T B SR R B ORL X T I B AR B 1) 43 B L
A3 B S, BN B £ B O 2 2 B R A T
[k, X643 B 45 5 O 245 QN b 35 (0 O RO, sy
i 5 10 2 TR RN 233 43 S A [R] 1Y) e O ik v
EREEORL, AV LS Sk S5 8 — 2248 T

SRR, Z2 IR I A [R) Ak 77 58 B AT LA 42 3
BRAGT, T LAWK T IRER M RE . R 0
WG EE 22, 20 BT 25 SRR AT, 0 AR Ay S X Az i )
TR e, T RE AR TR i R R B3 L 5 R
V1) E AR D FE R0 o (F H T 0 BB 2 S 08 S0 A 30
IAEAE © ) Ak A 35 5 B0 7 L), i £k 57 X000 Ak f
B o] DLFRAS 06 0 B3 O S B, DR, AR O R
1 EE R0, 7758 3 575 5 hIml Mk T B & vt Bl
X1 BE A ek AR O B2

Sy LU Ml S B I G TR Ak TR R R R
FIMER, 75 6 A 3-17 H X AR50, L —
B R I 7 08000 A Ay Ay N7 I, A4 gk e <7 DR T, XU
i E &l 10,

LT &5 0T AN [R50 T 52 A% 20k 7 I 2 D 1 = 1)

IrAE DL . J7 5 2 AUKEE e R A5 B R, 15 3 A9 I 2
i 1] B JRE 78 A MR B2 /I, A WD A ) e 1] 45 4, R AR
JEE i AV o 52 W T 7 i [ A B IS B 37 WL 29 S, T
S 1B R W T 2 R R 3 R A, TR 3 AR
TO7E 1 AR B T ] S5 REAE, HAE 11e HRAT L
& [l e T2 2 S BT A B A TR B IR 25 BN

K A% 20 ) U 20 A 25 SR AT 3 g B2 AR A5 F

106° 110° 114° 118°E
. . . . . . ; 0.32
220 | 0.24
N
0.16
19° 1 E
Ers
0.08 3
=
16° b . -
0.00 g
&
-0.08
‘130 -
-0.16
10° ~0.24

10 Sz U8 7

Independent observation locations

250 (5 P S I B ORI A, S50 B A IR R R A, 2T LS
A 20 N7 O

The hollow circle is the temperature observation point, and the solid circle

Fig. 10

point is the temperature salt observation point, and the red cross is the

extracted independent observation point



122

MHEEd 4545

HYHW LES!

0 0
50 Lﬂ—- 50
100 F 100
150 F 150

200 | 200 | s
g g .
& 20f = 250 13
& 300 ® 300 1‘1 0 & SR
350 | 350 : sof
400 | 400 0.9 ok 0.0
450 F 450 F 07 150k ol
500 - 500 F 0.5 200 b ’
550 o1 P I ssole v 03 £ 550 -02%
118.6°E 119.0°E 119.4°E 119.8°E 1186°E 119.0°E 1194°E 119.8°E|] | @& E "
1 g % 300 -03 =@
e ) —0.1 ® K& 350 _oa B
0 0 03 % a0} =
50 sopd -0.5 450 03
100 100 o7 500 | 06
150 150 00 550
200 200 F : 600 L— : : —0.7
£ 550 £ 55k -1.1 118.6°E  119.0°E  119.4°E
% 300 % 300 13
350 350 -5
400 400
450 450
500 500
550 S50
118.6°E 119.0°E 119.4°E 119.8°E 118.6°E 119.0°E 119.4°E 119.8°E

P11 AN J5 SR IR o3 A 1 o W T B o3 i 22
Fig. 11 Incremental cross-sectional views of temperature analysis for different schemes and the analysis error

RO SER RN L B WU B L B e 075 3 B HT R 280825 U5 58 1 Y3 B 18 26 A B A 5 22 B [

The solid black lines indicate the location of independent field observations. And e is the error improvement plot of the analysis error of Scheme 3 minus the

analysis error of Scheme 1

Ve 1A 1 3 S 1 o B (1 12), AIET 12 FnfE] 13 AT L
A b, RS VAR EIR KT AR 250 b B ke, 0
SR AT U RS AR 22, 1 5 58 3 FEORIEK T iR
3 AT R A [ B, A T LA 5 Sl ISz e+ 9B 3 4 1 R

W2 163 14 70 A1, 4% 21 5 TR SR oA TR
fRE.

4 pgEERE

4T 1R 2 46 8 10 17 A 7 48 R B 7 43 2 UM
R T AL 0 1 L v A T ORI A IR 7, H
K PR, A RE A B LA IR AT . A SCER

106°

110° 114° 118°E

22°

19°

16°

13°

10°

T — T 2 RUBE DU 23 7 05 1%, Rl T A e
A S WL ) bk [ AR 7 56 o i SE R R B BORL
B LS 3 A, #0472 RUBE = 42000 o 150
LRI, AR WA BT KR | A S5 A AR A
2 PF T, KT AT L2 ot A () L0 5k 22 (8] F) A A
FEAE R XK R I Eh 45 b AT VR RS o U HE TR
JE SSHa B A HE A i A i Eh e M SC &R, (AR I
TH I, 52 213 B2 R SSHa LI 1) 24 5, % A 9] 1 15 1)
TE ) R, SRR TR RE B I BEORR ADR E
2B SIS (] 4 B AT GRS o TR I Bk
R AR AN T T B WL B[R] b AN SR | A ]

106° 110° 114° 118°E

0.32

0.24
0.16
0.08

0.00

T 5B 5 /m

—0.08

—0.16

—0.24



79 XTI ST S DU A 2 RUBE A3 77 9 1 I A AT B S T [ e F 5 123

106° 110° 114° 118°E 106° 110° 114° 118°E
T T T T T T T T T T T T T T 0.32
®
22° | 0.24
N
0.16
19° | E
0.08 ﬁ
=
16° 1 0.00 ‘]]EEE
2
—0.08
13° 1
—0.16
10° —0.24
V12 IR Dy G T 51 ) e B S A0 A MG ek A0 A
Fig. 12 Distribution of the dynamic height anomaly analysis increment for different schemes
a. 33 R H I b-d S T 5 L 20 3 Bl i B SR A T R
a. The dynamic height anomaly of true field; b—d. the dynamic height anomaly analysis increment of schemes 1, 2 and 3
106° 110° 114° 118°E 106° 110° 114° 118°E
1.8
22° 22° 1.5
N N 1.2
0.9
19° 19° &
0.6 g
0.3 ﬁ
16° 16° 0.0 %é
-03 %
—0.6
13° 13°
-0.9
-1.2
10° 10° -1.5
1.8
22° 22° 1.5
N N 1.2
0.9
19° 19° &
0.6 g
0.3 g
16° 16° 0.0 %é
-0.3 %
—0.6
13° 13°
-0.9
-1.2
10° 10° -1.5

P13 AN TR] 5 56 B T T AL JBE 2 g 0 A
Fig. 13 Distribution of the sea surface temperature analysis increment for different schemes

a. VT IS ELSE Y05 b—d 23 B0 05 58 1, 2. 3 HR e 1 L3 4 M g ik
a. The sea surface temperature of true field; b—d. the sea surface temperature analysis increment of schemes 1, 2 and 3
Eor A F RO BRI R  FERIAGE, Bl 2 6] [ A R B EARANFE, BB AT K T 5 9 T AR VT AT
TR EEGOR Z E LA 5 TR SRR iR, AR R 1 + 1> 22Ok . K



124

MHEEd 4545

A5 RO E, WA TR R IS S L 5] i [R5 16 i 7
2, WET LAAS 2 B v AR 1 /K R TR 45 4, ST LR
RS HE I A5 B o FEAR A O R R 2 I A
4 SSS UL J , ER FE A 43 A A5 3 T AR O A 0 (R N
AE [ R RE TR R BR AR, UE B T AL 1R JEk SSS I RHAE
TR A5 [ Ak v B 3] A P R AN 7T 22086 1, X 3R T2
e JR AR T R R R AR AR T T AR

AR G T 3 J %) V1 e B S R OB SR AT LA
KT R 5] 1 2 — 2 R AR T, W R S A

SE K

TR LI 5 L, X K T R AR 9 23 B R 4 i 2o, R
2Rt — B IE = YRR R . e R T A L AE
SN T LAl A8 0 B 7 LI F) BT, 15 4 A T UL
D7 B A

TE T — BB FE R, BATTREAE R AL 7 i v i A
Z2 9 LI TRk, LE A B Y TR BE L UK R B
S, YT ORWE T = A Bk, SRS B 58 A F WL K
N5 AE 2R =R, o =R
A PR SRR HE I 463

(1]

Stammer D. Global characteristics of ocean variability estimated from regional TOPEX/POSEIDON altimeter measurements[J]. Journal
of Physical Oceanography, 1997, 27(8): 1743—1769.

(2] FHi, 2GR, 8. M E IR AR BUIRZRRT]. AL+ T/, 2013, 33(11): 4-7, 13.
Yin Lu, Li Yanbin, Ma Jingang. Present status of marine observation technology[J]. Ship Electronic Engineering, 2013, 33(11): 4-7, 13.

(3] do3e. TR EE I AR BUR . 2280 KR R[], AERR, 1991, 10(3): 1-22.
Zhu Guangwen. Status, problems and future development of oceanographic observation technique in China[J]. Ocean Technology, 1991,
10(3): 1-22.

[4] Carton]J A, Giese B S, Cao Xianhe, et al. Impact of altimeter, thermistor, and expendable bathythermograph data on retrospective ana-
lyses of the tropical Pacific Ocean[J]. Journal of Geophysical Research: Oceans, 1996, 101(C6): 14147—14159.

[5]  Fischer M, Latif M, Fligel M, et al. The impact of data assimilation on ENSO simulations and predictions[J]. Monthly Weather Review,
1997, 125(5): 819-829.

[6] Ji Ming, Reynolds R W, Behringer D W. Use of TOPEX/Poseidon sea level data for ocean analyses and ENSO prediction: some early
results[J]. Journal of Climate, 2000, 13(1): 216—231.

[7]  Carman ] C, Eleuterio D P, Gallaudet T C, et al. The national earth system prediction capability: coordinating the giant[J]. Bulletin of the
American Meteorological Society, 2017, 98(2): 239-252.

(8] EM, IR, Z9E, 45, PR &5 (IR TTUR R SR 2 AR T[], uBREL 7 1E R, 2016, 31(10): 1090-1104.
Wang Hui, Wan Liying, Qin Yinghao, et al. Development and application of the Chinese global operational oceanography forecasting
system[J]. Advances in Earth Science, 2016, 31(10): 1090—1104.

[9] Fox DN, Teague W J, Barron C N, et al. The modular ocean data assimilation system (MODAS)[J]. Journal of Atmospheric and Ocean-
ic Technology, 2002, 19(2): 240—252.

[10] Helber R W, Townsend T L, Barron C N, et al. Validation test report for the improved synthetic ocean profile (ISOP) system, part I: syn-
thetic profile methods and algorithm[R]. Washington: Naval Research Laboratory, 2013.

(1] EE A, EEE7E, 2ok, 45, FUTI T2 WU 5 5 R = 4R [T]. SR E2A41, 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.

[12] Fox D N, Barron C N, Carnes M R, et al. The modular ocean data assimilation system[J]. Oceanography, 2002, 15(1): 22-28.

[13] Guinehut S, Le Traon P Y, Larnicol G, et al. Combining Argo and remote-sensing data to estimate the ocean three dimensional temperat-
ure fields: a first approach based on simulated observations[J]. Journal of Marine Systems, 2004, 46(1/4): 85-98.

[14] Guinehut S, Dhomps A L, Larnicol G, et al. High resolution 3-D temperature and salinity fields derived from in sifu and satellite observa-
tions[J]. Ocean Science, 2012, 8(5): 845—857.

[15] Mulet S, Rio M H, Mignot A, et al. A new estimate of the global 3D geostrophic ocean circulation based on satellite data and in-situ
measurements[J]. Deep-Sea Research Part Il : Topical Studies in Oceanography, 2012, 77-80: 70—81.

(161 2RIT, AR, FR A, S, — A =478 451 v BORHF L R S TR 25 i [0]. wh B R D 4 ekEL2, 2006, 49(11):
1212-1222.
Zhu Jiang, Zhou Guangqing, Yan Changxiang, et al. A three-dimensional variational ocean data assimilation system: scheme and prelim-
inary results[J]. Science in China Series D: Earth Sciences, 2006, 49(11): 1212—1222.

[17] Cooper M, Haines K. Altimetric assimilation with water property conservation[J]. Journal of Geophysical Research: Oceans, 1996,
101(C1): 1059-1077.

[18] AlvesJ O S, Haines K, Anderson D L T. Sea level assimilation experiments in the Tropical Pacific[J]. Journal of Physical Oceanography,
2001, 31(2): 305-323.

[19] Molteni F, Buizza R, Palmer T N, et al. The ECMWF ensemble prediction system: methodology and validation[J]. Quarterly Journal of


http://dx.doi.org/10.1175/1520&#8722;0485(1997)027&lt;1743:GCOOVE&gt;2.0.CO;2
http://dx.doi.org/10.1175/1520&#8722;0485(1997)027&lt;1743:GCOOVE&gt;2.0.CO;2
http://dx.doi.org/10.1029/96JC00631
http://dx.doi.org/10.1175/1520&#8722;0493(1997)125&lt;0819:TIODAO&gt;2.0.CO;2
http://dx.doi.org/10.1175/1520&#8722;0442(2000)013&lt;0216:UOTPSL&gt;2.0.CO;2
http://dx.doi.org/10.1175/BAMS&#8722;D&#8722;16&#8722;0002.1
http://dx.doi.org/10.1175/BAMS&#8722;D&#8722;16&#8722;0002.1
http://dx.doi.org/10.1175/1520&#8722;0426(2002)019&lt;0240:TMODAS&gt;2.0.CO;2
http://dx.doi.org/10.1175/1520&#8722;0426(2002)019&lt;0240:TMODAS&gt;2.0.CO;2
http://dx.doi.org/10.1175/1520&#8722;0426(2002)019&lt;0240:TMODAS&gt;2.0.CO;2
http://dx.doi.org/10.5670/oceanog.2002.33
http://dx.doi.org/10.5194/os&#8722;8&#8722;845&#8722;2012
http://dx.doi.org/10.1016/j.dsr2.2012.04.012
http://dx.doi.org/10.1016/j.dsr2.2012.04.012
http://dx.doi.org/10.1016/j.dsr2.2012.04.012
http://dx.doi.org/10.1007/s11430&#8722;006&#8722;1212&#8722;9
http://dx.doi.org/10.1007/s11430&#8722;006&#8722;1212&#8722;9
http://dx.doi.org/10.1007/s11430&#8722;006&#8722;1212&#8722;9
http://dx.doi.org/10.1007/s11430&#8722;006&#8722;1212&#8722;9
http://dx.doi.org/10.1007/s11430&#8722;006&#8722;1212&#8722;9
http://dx.doi.org/10.1007/s11430&#8722;006&#8722;1212&#8722;9
http://dx.doi.org/10.1007/s11430&#8722;006&#8722;1212&#8722;9
http://dx.doi.org/10.1007/s11430&#8722;006&#8722;1212&#8722;9
http://dx.doi.org/10.1029/95JC02902
http://dx.doi.org/10.1175/1520&#8722;0485(2001)031&lt;0305:SLAEIT&gt;2.0.CO;2
http://dx.doi.org/10.1002/qj.49712252905

T R AR BTN A T A2 RUBE 23 D7 1 1Y) T R SR B WL R TR AR AT 5 125

the Royal Meteorological Society, 1996, 122(529): 73—119.

[20] Mullen S L, Buizza R. Quantitative precipitation forecasts over the United States by the ECMWF ensemble prediction system[J].
Monthly Weather Review, 2001, 129(4): 638—663.

(211 ZRglh. B AR BB R AUERFSE[D]. 3 & b B A%, 2008.
Li Wei. Numerical study of the kuroshio front to the east of Taiwan[D]. Qingdao: Ocean University of China, 2008.

[22] Li Wei, Xie Yuanfu, He Zhongjie, et al. Application of the multigrid data assimilation scheme to the China Sea’s temperature forecast[J].
Journal of Atmospheric and Oceanic Technology, 2008, 25(11): 2106—2116.

[23] Li Wei, Xie Yuanfu, Han Guijun. A theoretical study of the multigrid three-dimensional variational data assimilation scheme using a
simple bilinear interpolation algorithm[J]. Acta Oceanologica Sinica, 2013, 32(3): 80—87.

[24] Han Guijun, Li Wei, Zhang Xuefeng, et al. A regional ocean reanalysis system for coastal waters of China and adjacent seas[J]. Ad-
vances in Atmospheric Sciences, 2011, 28(3): 682—690.

[25] Han Guijun, Fu Hongli, Zhang Xuefeng, et al. A global ocean reanalysis product in the China Ocean Reanalysis (CORA) project[J]. Ad-
vances in Atmospheric Sciences, 2013, 30(6): 1621-1631.

[26] Good S A, Martin M J, Rayner N A. EN4: quality controlled ocean temperature and salinity profiles and monthly objective analyses with
uncertainty estimates[J]. Journal of Geophysical Research: Oceans, 2013, 118(12): 6704—6716.

[27] Gouretski V, Cheng Lijing. Correction for systematic errors in the global dataset of temperature profiles from mechanical bathythermo-
graphs[J]. Journal of Atmospheric and Oceanic Technology, 2020, 37(5): 841-855.

Assimilation of combining satellite remote sensing and in-situ observation
based on space-time four-dimensional multi-scale analysis method

Liu Hanyu', Li Wei"?, Han Guijun', Shao Qi', Liang Kangzhuang’, Hu Yan', Wang Ru', Hu Song'

(1. Tianjin Key Laboratory for Marine Environmental Research and Service, School of Marine Science and Technology, Tianjin University,
Tianjin 300072, China; 2. Tianjin Key Laboratory for Oceanic Meteorology, Tianjin 300074, China)

Abstract: Fully integrating the use of satellite remote sensing and in-situ observation information to build a high-
quality underwater temperature and salinity fields is a frontier topic in the development of marine scientific re-
search. Currently, the vast majority of assimilation systems use assimilation schemes that require the assumption
that elements have some artificially predetermined relationship between the surface and underwater. As a result, the
temperature and salinity analysis field was more man-made and could not objectively reflect the real state of the
ocean. This paper proposed a scheme that did not make any relationship assumptions, only relied on the comple-
mentary effects of different types of observation data in time and space, and combined the satellite remote sensing
and in-situ observations for spatio-temporal four-dimensional multiscale objective analysis. Compared with the ex-
perimental results of assimilating these two types of observation data separately, it was found that the method could
not only obtain more accurate temperature and salinity profile structure characteristics, but also reflect the detailed
information of the mesoscale changes in the sea surface, the multi-scale information in the observation data was ex-
tracted to the maximum, and the effect of “1 + 1 > 2” was realized, and constructed a completely objective temperat-
ure and salinity analysis field. The results also showed that assimilating satellite remote sensing sea surface salinity
data can effectively improve the analysis of temperature and salinity, which proved that the role of satellite remote

sensing sea surface salinity observation on temperature and salinity assimilation could not be ignored.

Key words: multi-scale analysis; satellite remote sensing; field observation; multi-grid four-dimensional variational method
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