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Hybrid model for short—term prediction of tide level in estuary
based on LSTM and nonstationary harmonic analysis
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Abstract: The tidal process in estuary is affected by comprehensive factors such as river discharge and astronomical tidal,
as a result, the estuarine tide level is difficult to predict. In this paper, a hybrid model based on the nonstationary harmonic
analysis model (NS_TIDE) and long short—term memory (LSTM) neural network is proposed to predict the estuarine tidal
level for 12-48 hours. The hybrid model carries out nonstationary harmonic analysis of the measured tidal level firstly, and
obtains the time series of the analysis error by comparing with the measured data. The analysis errors are considered as the
input data of the LSTM neural network to predict the tidal prediction error in the next 12 h to 48 h, so as to correct the
prediction of NS_TIDE in real time. The hybrid model is used to predict the tide level in the Changjiang Estuary in 2020. The
results show that the root mean square error (RMSE) of the short—term water level prediction of the hybrid model at 12 h, 24 h,
36 h, and 48 h is reduced by up to 0.16 m, 0.15 m, 0.14 m, and 0.12 m respectively compared with the NS_TIDE model.
For the prediction of the highest water level of Nanjing Station in 2020, the prediction error of the hybrid model is 0.10 m,
while that of NS_TIDE is 0.64 m.

Keywords: estuary tides; LSTM; water-Level prediction; Changjiang Estuary; NS_TIDE;

Wk HEA: 2022-01-03; &7 HHEA: 2022-03-21

FETH : ERAKEFEILS (51979076) 5 hk @ SEAEINE 55 $535 H  (B200204017) 5 TR KFIBHEIH  (NSKA202205)
EE T SRR (1998—) , MEAFFeE, BN R IR E B TIE KM 5E . HFIIRFE . 1025223833@qq.com

WIRES: BRokor, i, 22, Pk : ypchen@hhu.edu.cn

http://hytb.ijournals.cn



402 RS

41 &

T b X N RTE Sl %, WA S
PRIPE SOOI X8 YA S, A AR SR TP
PP M XN R A I 7 e 4, SRR AT R
JEAEEEAE, RN AR T R AR S AR P
SHEE SR T BRI S ] s A i
FERE 32 2 SN P P, A2 3 B AR IR A 5
e, AR AR ELAE ] A7 AR 25 1] A ) oAt Tty
R T IR IRME

G R X FE e 5 1 5 R A K
Wi sh, BA R, H Al T_TIDE £
I 22 MLE 143 #7 (Classical Harmonic Analysis,
CHA) JidEib s moRs BE T s 10 243 ) ) 111 0%
AT, AR AR oKV, 43
FRFIE (URWE-SBA) HATIRZ T, 5 CHA J7ik
AR AE A SE Sy S BE A AT, 5 CHA JF
X I B R AR 22 R,

EFXHIT Y HOFR AL, Kukulka S5OLIEFE LY
ST A IR AR 1T LA S S MR R o3
TEFIE R AE LA . Matte 2573 T/ ABFSE 4
TARRAAS AT (NS_TIDE) AR, 5 F iz
TUXFRHE HE ] % 64T TS . Zhang S5
Cao SFPHEIZAAY N HT T F I BR VL M X8, HAs 1
BIFRY BT R o Gan SFPFER VL H X 0245 7Y
038 AR 1 2 — 2B F9E, & B NS_TIDE X4
(0~0.03 cph)  J3 BTN IR ZZAHXS B, AT 520
TR TT O AR AR, TR BEARR A

£ 5 o 1V SR PR A6 el BT DL L V|
Z—, PRI s AT B s s 2 )
HR TR T YR R A OT %, RIS A
i B E R RO R, EHRARF 6
BAR K S AL Xy SR AT 2R, RERE LA
BRI ML BRFIOC R, SEITIRE,

FIR, B Ik S s B A e ) (o7 Fu) v i 17 FH 3= 2
AR, —Fh oy B, ROR] s AR
Y, S R T AR S WA LR
PESCER, A ISR RSB L AT P41,
SRR GRS, 455K IR s R AN Sy
PRy, PR IR S EIN IR R SE R TR
FENG TE T ARAT 0 e B 8 ) o7 T 7 gl H i
W9ERFE, BRI R O ik b i 3222
L TUTER I LA, TR A R oA
o B —FPEE, Gan LT LightGBM B

http://hytb.ijournals.cn

M, DA AR i A2 8T T RS BT
T AR RS, (R AR A T NS_TIDE %4
FERFHA PR . Chen Z8RU3% 45 —Fpisidk iy =, F
FEAE AW T NS_TIDE Wil 2 B A B A%,
FEFH A BIHBLR (Auto-Regressive, AR) {&1E
NS_TIDE 04 KA (1) J5 362047 T K F KA e K
JERG TR, (H 2SR 7 A — I () 2 00 w5
B GRA A H 2 /075 2 AT 1440 L ¥ 5 T
AR BERUYILE, AR i S A i, AR
FEW 2 B E B

B N TR RER PG & R, TR 4> RIHGR K
(1 L P WS RE T B B B sl () B i 2 —
N AN R TR VA (Long Short Term Memory, LSTM) #5
2 i1 Hochreiter Z52IE ST (TR 2F S A J—
FPRRR B A 22 M 2% (Recurrent Neural Network ,
RNN)2!, & REAS 5 4 b A B2 A58 [ 1)+ A i 0%
R LSTM BEAY 5 o 7 57 77 50 e 5 Ak Bt i
LRVEMCIT SC R VA TR IO, e BT E Y
IS R T RNN BREETH R . K BICICRE ) 5
SR P R S B R R H
AT, LSTM AR 2 B FH 4 = R IR
*EBO—QJ/_QT‘S‘F Qﬁ jlljz o

Chen ZFPU 58 2 W], NS_TIDE A5 &1 (1) 0] 11
IKAE TR 2 A F RO AR S, P IZ IR 22 )
[T A —E 22 205 8 . BURSCRR T —Fp
FF NS_TIDE F1 LSTM ) 8 W3] 11 0218 A5 T4
KER | FR NS_TIDE&LSTM JR & B 5, & F
LSTM L AIX NS_TIDE [ 40 9 0 {EL 28 1 735 22 7
1E, DAHR il A S TRAORS B

1 WFFE DI R Bk

1.1 5

KA RRKICABY FEEMEE (B 1), H
JIT A 1 b DX T ) 28 U B ok ik | Xl — 1
R AR DU HE o8 3, P28
2.67 m* S, KYLAPTARAES AR 10 H, i
FEFE 1T AR 4 A, e BRA REnEE
AR L, WA B 2FR T1%>, 2
WA A TR R 2R 22 BAE IR, VL3 )
BURIER 2, R e T — BRI R S 5

R,

N



4 TR 25 BT AR ERI AT IR S 1O A A0 28 I 28 A 3m] 101 367 S 400 i e S A Y 403
33930'N S
| 3 |
swoon || 7 50 75 100 125 kmA
| L3 I
I |
230N -
| FHYT(235 km) I
I s ’\ =T (226 km)
32°00'N 7 I
7L (150 km)
31°30N I I
31°00'N I
30°30'N
118°F 119°F 120°F 121°F 122°F
1 KIOREERRAXAZMNKIHESHEE

12 MREM

DU W St A AR I, AS SCRI B K Sk
SO AR Bl p R R ES IR 1 BN o SR . YERA
Ul SVLE U BV ARG R AL 2013 —2020
AR RIS 7K ASE - T R 3ty 0, 5[] s [ B ) S
Bite K2 (a) SMIEMG 2013 —2020 43 &1 72
2, HpismBA @ mWFEREs, H 2020 4
Bf iR 2T 7 o dm o %8 NS_TIDE A5 78 (1% 22
K, WE LU R S H TR = 5%

x 10%
9L

gL
7+

6+

/(m?+s™)
W
T

w4

=}

U

1k

0 1 1 1 1 1 1 1
2013 2014 2015 2016 2017 2018 2019 2020 2021
Ay

(a) 2013—2020 4F i Feek
&2

o 5 BRI, HAANSZ T o, e UK
WlE RS E s B TS R
SR/ N R, RN 2 (b) Geit T A5k KA
SRR B R, KA SR A
PN, SRl SRR/, OB
Ve ZES %l I RIC AR -5 0 3 1%
S TERARE— R 7 Frd, TTHELT i sh 1
ST A N 5 5O S ke A 1 A S G o 3
WIFFE A R T2 AR R MR S 35 ) R B

1.0 | 0.97

0.92

0.85

0.8 [

0.6 - 0.58

HARCREL

04

0o L_0.19

0.0 ! 1 1 1 1
ESiN TLIH = BT [Ep

(b) st R BLI AT G R BT A

2013—2020 FRBWRELRE R S/KIREERX RS

http://hytb.ijournals.cn



404 [ S 1 4%
/i = sigmoid(W, * [h,, x|+ b;) (5)

2 PRS- i, = sigmoid (W, + [y, ]+ b) 6)
C,=tanh(W, * [h_,x]+b.) (7)

2.1 NS_TIDE #&#! 0, = sigmoid(W, * [h,,x]+b,) (8)
A ] 1 DA TR E , Matte S5 C=fxCo+ixC (9)

T AR S AN 2 L M RS T A b= 0, x tanh(C,) (10)
BPEUEL NS_TIDE, JLEIfLr 8 /) E e Sy i Co O MBIRETBET] . WATIR

At)=Ag+ i(Bkcos(O'kt)+Dksin(akl)) (1)

K Ao R AN n o ESEG kR
Fgls o HE B AP ¢ R, St
Jﬂ%—lﬁ Ay j‘j NS_TIDE ¢E@ﬂ£{$ﬁ7ﬁ1ﬁ*ﬁﬁ{ (Stage
model) , BERAE 7AW (B3N 0~0.03 cph)
SR S VAT &0 P A SPU I sl 1) Sl E e f
P (tidal-fluvial model) , ‘ERAE 7430 (i Ny
0.03~0.05 cph) WYKL S, KXrp Ao, B, F1 D, 3
RS WIZEAHOCR AR R, kR
o= ot el (= 1) + e R =t0) (2)
Qr (2~ to)
Bo=dy +d -+ d, U=
Qu (1 = 1)

D=y d G =1+ d, Ko=)
QR‘(t_tQ)

Krfe MAtr s, £ mARER T M /K A7 A e A Az
BEHL s Qn FI R 235 R i 5 5 25 i RN 22 575 5k 1)
G R RN s o, e ST AN ARTR S SN 15
2120k SR ISR e dy (0=0, 1, 2) g7
53] kg S ) 7K AV A B AR AR e (1) A A SR
Pev Qe Tov Pin Qv T RARHIFEEL
2.2 LSTM #&#&Y

KARHETZ (LSTM) B 28 [ 45 3 ax 8 7 g B
EJARRHEL A ] A SR OC R A T, AR R
FP AV TN AR TR, I A BT A A 3 R o
BICESHAE SR T AT AR T, s
I E A x M E—Boukith b Y N E—FOT
RSP EFFLAFE, AT v, H1T sigmoid 12
tanh PREICAS AR X B ITAR AR WS IR 253 1) 45 2.
S Ja i b T RS P ERITIRE ¢ B TR
0, JeE okt ho HATEAX I (5)—(10)
FiR

http://hytb.ijournals.cn

BT TRRZS R W, Wi W, W, 4RI T
%I‘T?EH’JHE%EF’?, bl’\ bi\ bc\ bo %%IJXHLKET%H
B E M C. Co 530 YR BoT ] | —
JCHPRA &5 by by 535008 2B ITH 2% b
—HIC R s AR AR <A M
FEpi AR

3 LSTM B4HiE

GO o Rithafea

3.1 HiEEE
3.1.1 NS_TIDE 427 b 4 35 iE

FKEEE NS_TIDE 7471 1038 FPE, AR
FH NS_TIDE RISV RA Y, . =708l . BT b Al
B L 2013 —2020 AR KA HEA TR S0 B o DA
2013 48 H R/ B A7 4l (8 760 h)  Xf
NS_TIDE #FATHH 280 =15, [ E R T_TIDE 45
R A ] 3y jS BRI AR BE PR AN A M, AT LR 36
NS_TIDE AR VL A fil g . &l 4 XF e 17
PR AE A 0l BRI 7R 2%, WL NS_TIDE
BRIV AL P BRI L T2 MR A A A Y, L
BT R ZE1E 0.19~0.25 m Z[8] , W s, ML
ui B Uy, T_TIDE 5 NS_TIDE ¥k fig 22 & i 1
K, R R EiE, R R ) 5 e
K, T_TIDE BRI 2E, 1 NS_TIDE H T4 &



4 14

TRIGGE 45 FETARFRAS TR AR R T2 22 10 28 B4 10T 10038 (02 R 0 TR e Y

405

TR AN ARV E T, ARt s T
PEREARAXT AL o AR, Chen 5P 2 5% 2215 4
M1 & B NS_TIDE iR 2R R A PE , BIAFAE—
FE R AAASCE, 1 LSTM BEALREIE A T i e 2
B, BOARSCR A LSTM I %F NS_TIDE [y i 2%
PEATIO DA — 204 i iar KA e S A RORG 2
0 [_INS_TIDE
0.7 ET_TIDE
06}
05
04}
03}
02}
0.1
0.0

0.72

IR iR % m

PRSI W=/ R o W e ]
El 4 NS_TIDE 5 T_TIDE ¥ FRiZEXTEL

3.1.2 HEEXH
TR EE 2 2 BR AR 2 MR | ik g 2l
A= BIRTEYIZEE RIS E, FERIE
£ FIPAS I A P AR B PR RE A B I,
JeE AEMAE B0 UE I 550 YR RS RE . AR SOk
JH NS_TIDE #ERIYE 2014 —2020 4F 5 7K 7 TR 1% 22
JPA B (3t 61 368 41~) A FHIALKLS, I
2014—2019 4FiR 2P H 8 (352584 4) HIF
LSTM #RII1%5, Hoh 70% 881 i ZsE, 4
30%%5 i FHVEIRELE , 26 FH 2020 4F 7 I 15 2 24
(8 784 4%) FEMIASE, MAAAIMERE,
3.2 NS_TIDE&LSTM B4z

A SCHE 9 NS_TIDE&LSTM i & 5 5 1
NS_TIDE SR 227 A, 8 LSTM FiR1 i
I NS_TIDE #ifizi%2%, #EMi%rIE NS_TIDE iz 4%
B, RS RO B IURAS BE . LSTM B fyAE

i Uty NS_TIDE B 52 i) 751
R B BRARAS5
iz [ - E
LSTM,-1 * LSTM,-t * LSTM,-L :
I . E— TJ’
e T T

N

S 35

\ |

S -

i Esl (REEN &)

l

DR B 5]

5 HEREZRE

http://hytb.ijournals.cn



406 RS

41 &

ZAnE S Fis, BRI AZ . ROR)ZE KR =
WAL . Hor i A JZ 43 7 5T NS_TIDE 421
RZEEATRAR AN 53, T HIE R LA HCH e 2%
IANZR; BROEZ 5y 2 )2 LSTM 4% J 4z
PSR it 2 R ST PR AR A TR 25 R,
RUTIR FH 2225 T A X

LSTM A5 5 S 5505 B30 o Bt 3 i kA 7 e A
), RS iR, T BRI R BRSO,
LSTM 280, @E#ZM4 08 H . LSTM idfs
ZIoUEH . AR ARG . RS E
FE VAR AE SR AR B A PERE (DA AR R 22
RMSE £AE) VERPEALTENR, BICRIBLmHIES
BOER, SRE T E T RIS ST Y
TEAGFE BRI 308 B/ IME T Y B SR E i S50

LSTM 240 S AR )20 I 2 e e T AL
R, Bt b SREERIRE, SElas
AT G o W R LSTM 280, A3
B4 HEBOTREE, £ 1S T REZECT IR
FERSIEAE M TRINI rAid iR 25 . th3R 1 A0, 3d
I LSTM JZ2450A B TRORAS B4, B S)280%
B 30, FEARRZESRTE, REHIME R AT U
o WON T BN RIYERE, KRR SR 2
LSTM 280 E R 2 2.

£1 7FE LSTM EHMERYFRIRE

LSTM J2%L KiE4E RMSE /m
1 0.087
2 0.084
3 0.087
4 0.090

FEXT LSTM 2t 2 o8 B DA K i 3 2 i 4
JUECH, Wi T 20 T H A T,
RIEEERWE 6 (a) Fn, AIRDULILY%)Z LSTM
HEIZM TR 128 I i Z 25080k 100
B, RRDRERE SRR o RS BRI 2 A R 1)
FESH, B TR I G FTERE, Wi
ERAHR ST, AT T 5 AR R ST Al A )
K, diRmE 6 (b) Frn, FIEIHLRSE N 128 B,
AR R ZE f /N R, G B A A BRI B
A B TR 2 B D S5 BOCR , [RlE A] fiAsE Y
Yms P, Bo6 (o) MR AZIREKE
PRI RE, AT MU ARSI 24 h IS iEAE
BRI/, BRI T 24 h BICHE F9000 s 4 kS 1

http://hytb.ijournals.cn

o, XrTRE SN EIEA &, Bit, BRISHK
FALTER . X T 12 h, 36 h Fl 48 h [y TR A5 7 2
B IrkFE L, SEEG A RNEE 2 iR,

v () EfifhEmd s

0.092 -

0.090

0.088 ) A /\\

0.086

ﬂj ﬁ*ﬁlﬂni #/m

=

S
N\
|

L

\
v

L

N

0.084

0.082

0.094

_ ) SAEHR T
0.092 |
£
?E 0.090 |
B 0088 | S ¢
0.086 |
0.084 | ‘
16 32 64 128 256
HERSF41
0.092 _
0001 | (¢) It AB s
0.090
£ 0089 f
§§ 0.088 \
B 0087 | ! o
§ 0.086 | \ /
0.085 - /
0.084 | -
0.083
0 12 16 20 24 28 32 36 40

i AN B (A
Bo HAUSHIM
e F )R br it [ —2 LSTM Mook, HT)2
LSTM MZTTHL, Atk hzocsi]

4 BRI

HEGIE LSTM RS NS_TIDE 12 22 (1) F ) 44
fig, ASCPARRTul 2020 4F 1 H J 2020 4F 9 H#
WA A E], AR LSTM AR BEF T AR R 1R 2



4 1t TR A5 FETAERSTRA AT R ST O 22 I 2 4 1] A 0 SR s T 407
x2 HEARHRSH
2R 12 h TR 24 h THELAL 36 h TELA] 48 h TR
LSTM 2%k 2 2 2 2
TS [256, 256, 200] [128, 128, 100] [64, 64, 100] [256, 256, 100]
RS 32 128 128 64
i ABH B 12 24 36 48

AT . LA 24 b B0 A ], 7 X E T LSTM £
AU FME S NS_TIDE SEPRTl 2%, I LSTM
X oA SR 15 2 114) T 245 S B SR AE A B (B 05 Ak
NS_TIDE SEPRTMIR2EA — & 2= 5, (HIEEK
BB A I M T A NS_TIDE iR 2%, [Fm, %f
L 7 (a) FIE 7 (b) ATRUEBL, XFF A
SRAYFES), LSTM Y Fum M RE B AL,

NS_TIDE

08 |~
0.6 |
04 |
02
0.0 f AS\ A
02 F
-04 |
-0.6 |
-0.8 |
A Y W20 (2R (O
1010/0\ 1010/0\ 7,07—0/0\ 10'10/0\ 1010/0\ 107—0/0\

]

— LSTM

IR PR /m

(a)2020/01/20—2020/01/30

08 |
06 f
04 f
02}
0.0
02 F
-04 f
-06 |
-08 |

Q o)
o-% o~

IR P2 /m

(h)2020/09/20—2020/09/30

6

A
Sy O N

o
00

200
]

7 EERih LSTM #EIRZ T 5 NS_TIDE FulliR 2=t tb &

FIRINRIERA T A LSTM #EEIFiH NS_TIDE
BOWL R 2= ol A7 M . S #E — 1R E
NS_TIDE&LSTMAE AT RE , X 2020 4F Fg 5t v
EAEB B KA AT R, B8 S 24 h FUL I Y
NS_TIDE&LSTM #5:%4 5 NS_TIDE #5# Fi i 7K vz
X, R, SKAART 6 m B, AR
TR SEME LA el MK T 6 m B,

NS_TIDE&LSTM #& &I i i K5 fF 2 0 &t F
N )

—NS_TIDE
—NS_TIDE&LSTM

10 = — 55k iz

IKAE/m

2+

(PP PP P P Pe Py Pio Ry Ry Py P

I 1A] (2020 4F )

E 8 NS_TIDE #1 NS_TIDE&LSTM #& B p i
ok iz B 2 3 EE

B9 (a) 424 h HULHIR NS_TIDE&LSTM £
15 NS_TIDE #2778 mg mtvb b 2= m] (2020 46—
9 H) Bymul KA X Ll . NS_TIDE&LSTM il
WZRKA 5 S AR E 40T, LSTM BRIt b I
1IE T NS_TIDE BERIF WifE . &9 (b) 2k 2020
A S5 e KA S [ () R0 K A7 i 2k UL, P RL
i S S d5e v AKAVAEL 43 30 R 11.02 m, 10.48 m Al
10.38 m, NS_TIDE&LSTM 457U 7 f 2 7K A5z 114 F51 3000
W2EH 0.10 m, B FEMLFNS_TIDE FLA LB

Kl 1045317 12h, 24 h, 36h, 48 h #i LT
NS_TIDE&LSTM iR U £ 4 3l 1 2020 4F-28 I
A7 A SR TR R 4 AR 2% (RMSE) ,
wE 10 (a) Frs, ANFE L AINS_TIDE&LSTM
TN R IR AE 45 3 A5 A T8 IS K T RS EE 44 48
NS_TIDE, LA 24 h #ife } 4], NS_TIDE&LSTM £t
RLKS NS_TIDE i KA 00 5 34 5 iR 22 M 0.19~
0.25 m [ Z 0.09~0.15 m, X} T-48 h THHRKG A 3
TARIRZ R 20 0.04 mo =57 RS B T4
X TR A 2 i 5 B 4 DA S s i T AR e A L
B 10(b) FE 10Ce) /3R Se it 1 A7 w5 A L
BT 2E . AT 10 (a) 18328 R K A3 T30 5
#%, NS_TIDE FRUAE =3 o7 i) Tl 52 22 4 3

http://hytb.ijournals.cn



408 [ S 1 M %
12 — 5 — .
(a)IKP7 L FEER () d5 s 7K Aoz A 1) %) JRy 3 s oK PR
1
ok 11.0
9 -
- £105
g 8 =
% <
T 10.0
6 -
5| — Ns_TIDE 95
NS_TIDE&LSTM
S — Sk
1 1 1 1 1 .0 1 1 1
O Bk A5 1 19 B\ B\ A5 B 19
60 6 1l o o 9 g\ o B\ B\
A0 0 00T 00 00 -0 0 2020 200 00
B 1] B} ]

E 9 NS_TIDE 5 NS_TIDE&LSTM 1% 2! i i it =Tl 7k fr it F2 e 3Lk

L (a) BB K AE 025 CINSTIDE B 12h
0-25 o - [ 24 h
0.20 36h
0.20 | 0.19 X348 h
E 0 150A16 0.16
0.15 1477
§j§ = 0.13 ol
oy 0,108 IR
5 0lop 0977 00004/
7 —
0.05 |+ =
0.00 S — — =110
AN Sty =YL BT 3 g
L (b) 5 0.25 I NS_TIDE = 12h
025 1 024 24 [ 24 h
36h
0.20 | {20 N 4sh
£ 0.17
S 1
#0415 b RS 5& 9
§ — 12 01058 0.120.12
I = = 0.0
ey = . =
005 | EH — —
0.00 = - = =
MNEE — YL, FATLU, T
025 | (G oo CINsTbE 5 12h
57 == [ 24 h
i 36 h
0.20  0.19 e X9 48 h
E 5015216
W05 F| foadlss 0.14
o — 0.11
‘% 010 | H 0.09
I — 07008/
005 | H —
0.00 ———"ut — - ——
VLR ZIE BRI, e

http://hytb.ijournals.cn

E 10 NS_TIDE #1 NS_TIDE&LSTM % 12~48 h FR#s E 5t it



419 TRIGGE 45 FETARFRAS TR AR R T2 22 10 28 B4 10T 10038 (02 R 0 TR e Y 409

T XAV 7 (1 T R 254 TR . | IR A2
FEFNS_TIDE Tl 25 R AR IE /), SO AE =A%
L T 1 BE 1925 4k 55 NS_TIDE il ¥4 fig 25 {41
Ao (HEEARTS, ISR mn s S Y
T, LSTM FERIYYBEHL LT Hb A IENS_TIDE () Fi iy
g5, HIURY IR ZEITE 0.17 m DAY

R TR R B TR i A, B 11 S
TS EA ARG R 12~240 h (A& N 12 h)
LI NS_TIDE&LSTM Tl $ A% HU 1E 4% 3 5 2020
R KA IR R R 25 . W 11 PR, W&
TR A3, 2 B 2 PR R B ik,
TR B A A B2 A . DA AIRNS_TIDE Tl
By it 22 0.04 m N =S LB,y AT AT X
TUBASE . V08 VTS L S R BT, BT
fe b BE R I A (B 53512 48 hy 204 h, 228 h

R R4 h.
02 | —TEFTE —ITE BT A
0.20
E 018
G
) 016
J% 0.14
T ony — R
oo b B e
op7 BT B
co8 r f'ﬁﬂlﬁﬁ*ﬁ)glﬁﬁ
24 48 72 96 120 144 168 192 216 240
UL/
B 11 12~240 h TR ER R AR B E &k | BB B K LRI 5 1R
RE
o oy >
5 45 i

AT NS_TIDE HEHBIHI LSTM #2744
TR KA IR AR, RN A TR
FIVRREAS U (I 12~48 h (A I, 7520458
mr,

(1) LSTM M S HBURPEDF5E 45 L 3R], &
MIAIN LSTM JZ 806 B T4 m B BUAS E, (HLSTM
JEHT 200 2 B AL A R G A R s A5
T e A A B 1 8 S AT T 00 7 3 K B AR ), D
8 81 HP AR e D R R B B, BRI RE AR R
R IRE B

(2) NS_TIDE&LSTM Ji A5 (1) 11412 4% B 1

WALT NS_TIDE #5581, JuHAE 2020 45 R 5t vl 4 5
KA b, BERIIN 25 R 0.10 m, LT
NS_TIDE BRI 0.64 m, 18 335 5200 2 RE R % EE
TRAHRITER YT 2020 4R 44 24 h BB KA .
THASE BAREIAS Pl 35 5 iR 225311 R 0.09~0.15 m
0.09~0.15 m }% 0.07~0.15 m, 1fif NS_TIDE 4351 A
0.19~0.25 m. 0.20~0.25 m % 0.18~0.24 m,

(3) AR BRI Sk B P e 45 R 3R
B, LABER NS_TIDE T34 5 i1 22 0.04 m i
B, YTBH. =900 BT NRE 5l Y e A B L i
KBES3 3/ 48 h, 204h, 228 h } 84 h,

T 2R R, AR SCE 1Y NS_TIDE&LSTM
LR B8 A5 A AR A b A 7R I 138 67 e B T
{H3Z LSTM B8 [ 527 ] RE T IR, IR I
it P 5 PRUORG AN =, e ) S b ]
PR B A AT i — 2058 . [, AR
iV A R SR N U o | P N P W S
JIFFEA—8%, HAEH AR 038 PR it —
AR

& £ X

[1] PAWLOWICZ R, BEARDSLEY B, LENTZ S. Classical tidal harmo—
nic analysis including error estimates in MATLAB using T_TIDE[J].
Computers & Geosciences, 2002, 28(8): 929-937.

[2] GAN M, CHEN Y, PAN S, et al. A modified nonstationary tidal har—
monic analysis model for the Yangtze Estuarine tides[J]. Journal of
Atmospheric and Oceanic Technology, 2019, 36(4 ):513-525.

[3] CAOY,ZHANG W, ZHU Y, et al. Impact of trends in river discharge
and ocean tides on water level dynamics in the Pearl River DeltalJ].
Coastal Engineering, 2020, 157: 103634.

[4] YU X, ZHANG W, HOITINK A J F. Impact of river discharge seaso—
nality change on tidal duration asymmetry in the Yangtze River
Estuary[J]. Scientific Reports, 2020, 10(1): 1-17.

[5] KUKULKA T, JAY D A. Impacts of Columbia River discharge on
salmonid habitat: 1. A nonstationary fluvial tide model[J]. Journal of
Geophysical Research: Oceans, 2003, 108(C9 ): 3293.

[6] KUKULKA T, JAY D A. Impacts of Columbia River discharge on
salmonid habitat: 2. Changes in shallow—water habitat[J]. Journal of
Geophysical Research: Oceans, 2003, 108(C9 ): 3294.

[7] MATTE P, JAY D A, ZARON E D. Adaptation of classical tidal har—
monic analysis to nonstationary tides, with application to river tides[J].
Journal of Atmospheric and Oceanic Technology, 2013, 30(3): 569
589.

[8] ZHANG W, CAO Y, ZHU Y, et al. Unravelling the causes of tidal
asymmetry in deltas|]]. Journal of Hydrology, 2018, 564: 588—604.

[9] LEE T L, JENG D S. Application of artificial neural networks in

http://hytb.ijournals.cn



410 RS

o 41 %

tide—forecasting[J]. Ocean Engineering, 2002, 29(9): 1003-1022.

[10] CHEN B F, WANG H D, CHU C C. Wavelet and artificial neural

network analyses of tide forecasting and supplement of tides around

Taiwan and South China Sea [J]. Ocean Engineering, 2007, 34(16):

2161-2175.

[11] SALIM A M, DWARAKISH G S, LIJU K V, et al. Weekly prediction
of tides using neural networks [J]. Procedia Engineering, 2015, 116:
678-682.

[12] MEENA B L, AGRAWAL ] D. Tidal level forecasting using ANN][J].
Procedia Engineering, 2015, 116: 607-614.

[13] YANG CH, WU C H, HSIEH C M. Long short—term memory recurrent
neural network for tidal level forecasting [J]. IEEE Access, 2020, 8:
159389-159401.

[14] GRANATA F, DI NUNNO F. Artificial Intelligence models for predi—
ction of the tide level in Venice[]]. Stochastic Environmental Resea—
rch and Risk Assessment, 2021, 35(12): 2537-2548.

[15] BEMT, 286, T AR T 2 Rh i 22 19 4 1) XU T 48 K ) 77
TR ECE (D10 7R84, 2019, 38(3) :290-295.

[16] JEEAS JRES U, 5 TR G ERMBIS /RS BP HEH
R LA K LTS #EE AR , 2020, 39(1) : 78-85.

[17] ZHANG Z, YIN J, WANG N, et al. A precise tidal prediction mecha—
nism based on the combination of harmonic analysis and adaptive
network—based fuzzy inference system model[]J]. Acta Oceanologica
Sinica, 2017, 36(11): 94-105.

[18] BAO W, BIN W. Real—time tide prediction based on an hybrid HA-
WANN model using wind information[C]//2018 14th IEEE Interna—
tional Conference on Signal Processing (ICSP). IEEE, 2018: 604~
608.

[19] TU Z, GAO X, XU J, et al. A novel method for regional short—term
forecasting of water level[J]. Water, 2021, 13(6): 820.

[20] GAN M, PAN S, CHEN Y, et al. Application of the machine learning
LightGBM Model to the prediction of the water levels of the Lower
Columbia River[]]. Journal of Marine Science and Engineering,
2021, 9(5): 496.

[21] CHENY, GAN M, PAN S, et al. Application of auto-regressive (AR)
analysis to improve short—term prediction of water levels in the Yan—
gtze estuary[J]. Journal of Hydrology, 2020, 590: 125386.

[22] HOCHREITER S, SCHMIDHUBER J. Long short—term memory[J].
Neural Computation, 1997, 9(8):1735-1780.

[23] WILLIAMS R J, ZIPSER D. A learning algorithm for continually run—
ning fully recurrent neural networks[J]. Neural Computation, 1989,
1(2):270-280.

[24] JOZEFOWICZ R, ZAREMBA W, SUTSKEVER I. An empirical ex—
ploration of recurrent network architectures[C]/International Confe—

rence on Machine Learning. PMLR, 2015: 2342-2350.

http://hytb.ijournals.cn

[25] BAO W, YUE J, RAO Y. A deep learning framework for financial ti—
me series using stacked autoencoders and long—short term memory/[J].
PloS One, 2017, 12(7): e0180944.

[26] FISCHER T, KRAUSS C. Deep learning with long short—term mem—
ory networks for financial market predictions|J]. European Journal of
Operational Research, 2018, 270(2): 654-6609.

[27] KIM H Y, WON C H. Forecasting the volatility of stock price index:
A hybrid model integrating LSTM with multiple GARCH-type mod—
els[J]. Expert Systems with Applications, 2018, 103: 25-37.

[28] ZHENG H, YUAN J, CHEN L. Short-term load forecasting using
EMD -LSTM neural networks with a Xgboost algorithm for feature
importance evaluation[]]. Energies, 2017, 10(8):1168.

[29] KIM T'Y, CHO S B. Predicting residential energy consumption using
CNN-LSTM neural networks|J]. Energy, 2019, 182: 72-81.

[30] MA X, TAO Z, WANG Y, et al. Long short—term memory neural net—
work for traffic speed prediction using remote microwave sensor da—
ta [J]. Transportation Research Part C: Emerging Technologies, 2015,
4:187-197.

[31] ZHAO Z, CHEN W, WU X, et al. LSTM network: a deep learning
approach for short—term traffic forecast[J]. IET Intelligent Transport
Systems, 2017, 11(2): 68-75.

[32] GUI G, HUANG H, SONG Y, et al. Deep learning for an effective
nonorthogonal multiple access scheme[]]. IEEE Transactions on Ve—
hicular Technology, 2018, 67(9): 8440-8450.

[33] 2555, B KT KWL IR 0F DS 7l A7 Ja
DA IRVEHR ] P FE U BORA2 (RE2B2R0 , 2007, 7(2) -
31-38.

[34] WEBP ALK ST BRI B TS IEE (1979 —1999)[J]. Tk
#,2001,25(6):54-57.

[35] ZHANG E, SAVENIJE H H G, WU H, et al. Analytical solution for
salt intrusion in the Yangtze Estuary, China[J]. Estuarine, Coastal and
Shelf Science, 2011, 91(4): 492-501.

[36] CHEN Z, XU K, WATANABE M. Dynamic hydrology and geomorph—
ology of the Yangtze River[M]//Large rivers: geomorphology and ma—
nagement. Wiley Chichester, 2007: 457-469.

[37] LEI Z Y, ZHANG J S, KONG J. Numerical simulation of water
level under interaction between runoff and estuarine dynamics in
tidal reach of the Yangtze River[]]. China Ocean Engineering, 2009,
23(3): 543-551.

[38] YIN K, XU S, HUANG W. Estimating extreme sea levels in Yangtze
Estuary by quadrature joint probability optimal sampling method[J].
Coastal Engineering, 2018, 140: 331-341.

[39] Z&/N  FERIEE KR , 45 A 1K VT RGE 2 g 1t i) Bl sl g 748
RHS PRI ek, 2019,38(5):553-561.

Rttt 2 07



