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Abstract

This study develops a hybrid EEMD-Transformer-GRU model to analyze the multi-scale coupling
mechanisms between natural climate oscillations and anthropogenic activities in the Mekong River’s
natural baseline flow regime (1924~1987). The Ensemble Empirical Mode Decomposition (EEMD)
decomposes the original flow data into eight intrinsic mode functions (IMFs) and a residual compo-
nent, where IMF1~IMF2 (high-frequency components) capture monthly-to-seasonal extreme events,
IMF3~IMF5 (interannual components) reveal ENSO-monsoon phase coupling, and IMF6~IMF8 (deca-
dal components) isolate post-1970 human-induced flow variations. By integrating Transformer’s
global attention mechanism with GRU’s gated temporal memory, the model achieves superior per-
formance, yielding a test-set R2 of 0.95, RMSE of 2239.8 m3/s, and MAPE of 0.326%, outperforming
the suboptimal Transformer-GRU model by 2.2%, 4.4%, and 0.03%, respectively. Computational ef-
ficiency is enhanced through EEMD preprocessing, reducing input sequence dimensionality by
38.2%. Benchmarking demonstrates the model’s lightweight deployment capability, requiring only
1.2 ms/sample inference time and 600 MB memory on an i5-4200U processor, with 8.3 M parame-
ters-46.8% fewer computational demands than conventional Transformer-GRU. Key findings in-
clude a 0.89 synchronization between IMF6'’s quasi-12-year cycle and PDO phases, and a <3.2% pre-
diction error for the 1978~1982 wet period, providing quantitative criteria for distinguishing nat-
ural variability from anthropogenic impacts. This framework establishes a multi-scale hydrological
analysis paradigm balancing accuracy and efficiency, offering a practical tool for real-time monitor-
ing in resource-constrained basins.

Keywords

EEMD, Transformer, GRU, Multi-Scale Hydrological Processes

Copyright © 2025 by author(s) and Hans Publishers Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY 4.0).
http://creativecommons.org/licenses/by/4.0/

1. 518

e TIK(ESENCRIA = SN LI e e %K e ol ES N 1N VNI N ES B2 B o 1 AN S B 4
F XA T 22 5ES RG] J8 A WAE L 5 H R E K R 2 —, AMUKEA RN 6500 /1
NERET SRR 24, RN AT FU R RAAT 5 R “OK - BEUR - MR 4l R R IR 465 [ 2] .
H 20 {28 20 ARG AKSOWM LR, V8 AFFRURPI AT REFIT A BRI #5 E K BT K
S, 2P HNS, KRS IR AERSRIEE]. AR, RS NE
B RS 71 R BUK SO S AU . 2015 48, JEAT ME=MIMEETFE BT, @ifiESEs
WA, 51 B R A 2 I T R S B PR FE SR

HRTHE R REET 1990 4R A KM TR S S @ BOWKIKSCAAG[4], (B HARFEMERS T ROt AT Ak
ZRGNF . X RIRTERFEPI DR . (1) LR B R UR IR 5 AR T F( /KU 5 1 5t
WRELGY; (2) Posetlom s fh(tn 1925 SR K5 T LB, BRI T BURITE RGE MR . AR
2258 Garnier 1932 MR I, AT R ISR 25 R B35 TR, # Kol B3
LR HE _ETH[5], ARGKSCER, i SCS-CN BARY[S]. Dyl stARik[6], 24 T MR 55 Blusit,
FERCFRPESRARLNE . AR R R B2 BRI, XA G SO AR M B H X

DOI: 10.12677/0jns.2025.133069 654 FIAR R


https://doi.org/10.12677/ojns.2025.133069
http://creativecommons.org/licenses/by/4.0/

EISIE

FEMHE SR, M — Pt B FIE 2 BON B 2RI SIS R IR S B R 1 o FE IR SRR I,
L ARIABE TIEEG,  BI AR A TP BRI, /S REEE B (1) WANESE: 2 A
REFVE; (3) MZBUASEBIENIRF o L, AW TR IR F AR 25 AR LK) 1924~1987 £EJ8 2~ T
IZ H iR -

BT Z I 18] AR & IR A SRk, AWFFESI NSRRI [7] (EEMD), R IR 4A 7 51 AR
AN ENBIEABR AN 8 MARMERZS R E(IMF) o 3X — Ab 3 TR AL G THAS A o [8] 5 Jo) 39 P 420
FIF4> B ENSO H4F(2~7 418 1) 5 KBS 31 (~11 4 ) I 2 A a5 5 - 445 Transformer )42 ik
BIINHS GRU IR Pt dZ, Mg RIS A ITHESE, SRR BARIRE TIRIER GRS
5 53 10T L B A

i H A 20 AR AT BRI, AWETTRT BUOY B LA R iR 2%

(1) ok PP FEFIAR S REELL, T IOk B AR AR 7 808 AR TREHIE O i AT X i S 5%

(2) B AR AT i SR I RE AT, SO AR R S5 A O AT 2

(3) SCHEIRBHIE AT BCgR A, (e ik X I AT Fr 8K JiE [8] o

2. MRFGF*
2.1. HiEFFESTHLE

AHF TR FVE AT 1924~1987 3% H i & 5 E (AL m3fs), ABFFEMEH Tk H SAGE (Surface Water
Hydrology Group at the University of Wisconsin-Madison)#E 4] Global River Discharge Database [1%(#[9],
PR AR TR 1 R I 2 A R R RN DS, X SRR T TR XIBOK SRR L B8 U A A Tl
WERR R HE R S T AR AR, BB EIE AR e Hh [ 5 1 X E T A5 58 5RD B s ik
Bl 500t 7 T PRV SR 1), 75 22— P AR08 A 208D R s M R TH SR A& ORI K B A B 70, A EE T AR LS
SRR ), Bt E TR R e B g Tk, Wb 1 E R A& B, DRI AT
FUR FH Z A (B 7 12000 5 2R T AL 2 2 3R AT T Ak 34

2.2. EEMD 43 fi#

MG BRI T AT O, SR el AR S A RS 7 i (EEMD) B0 AL BE S IR E R AT 2
RS fif . EEMD eI AR I = i (1 0 75 R0 2 0o R RS 350, B U T AR B4 B ARAS 43 il (EMD) B i £
E VAR

EEMD 5 Ja £ SR 4R TR B H s Xi) BT R BUAS R S RS N AR RS AN B TR R
7l LI XA F B A B TR R SIS, I Bl 2 Crgabsifae 7 AR, B, iR
e ARV Mibiih= e € /s a1

X = x(t)+ni(t)

XA AR {55 x, ) (EABRHER) EMD 70, K H it T A AEBES B B (IMF )Rk
AR

A TR F A HRANE], RIS T8 —AS IMF &G 2R 0. X i (S5 (1 IMFs
RAVY, RAFERAH IMFs 525, A Rt 7RG RE I & 1 e SR — Bk

1 N
IMF; =3 IMF,
i=1

»

S

DOI: 10.12677/0jns.2025.133069 655 F AR

o


https://doi.org/10.12677/ojns.2025.133069

IS

A, IMF , XR5E A IMF R RAE R, N 2K, IMF; RN S5 205 A IMF .
2.3. Transformer

7E Transformer 4, #7RF A B v 2 3L HE T EAS RIS (] i A8 2 (R AR SR, fi e K 1
Rk &2, BRI 1F 5% R B 8] e 21 1 AP RR R [10]

N N
PE(pos, 2i) =sin (mooozvdmdel j

i+1)=cos| PO
PE ( posl 2' +1) - COS[loOOOZi/dmodel j

Lo, STRTAERE,  pos AIRHIALE R0 B 22 2T Ak A i 1 JE M1
2.4. GRU

GRU R T TN EAT TAF, 303 5 B A SR [ g S5 R A3, A7 28 g i s o O P O
FIBA . HARESE R IR .

\|

Z, =0(szI +Uzh{H}),

rt:a(Wrxt +Urh{t71}),

h = tan h(WhXI +U, (rt Qh{t-1§))’
h =(1-z)0h,_ +2z Oh

FEFRTEDT T, hACRERES, EREM I S AT 2R R AR LS S X —R3E, #ALRE
% R % H A A N0 BRI 2 AR A, BNt K 2 R Bl 5 H B I R ) R AR L

2.5. BEEINGSHIE

PRI 23 80% I ZR4E, 10%I8TESE, 10%MREE . FHA8 F v R A(R?) A4 75 H % 22 (RMSE) 48 F1
PEAG K SCTRAS RS G . R2 4 s A AR AR O Be 17, RMISE AL TIN{E 5 52l,  Transformer-
GRU R 404 WL 1,

3. BRI
3.1. EEMD %@

¥ 1924~1987 4E JE UG I S AR (4. m3/s)iEAT EEMD Z- 153 8 A~ IMF JPHIAT 1 ANk ZE T,
HEMR T REF A2 AR ERIEER R 82 R TRk SO R 2 70 RS RHIE .

IMF1~IMF2 (X3 T i AL B B sy &, BAMREEEE S AR AL, O T B0 R A 1 e
MWHAFIE. B LA 5L, RAEHHEE, 3 1937 4 H B EAE 8500 m3/s 5 7 S IR
KR AW . IMF2 (A HRZ) 6~12 /N A IFE S 5l S e sh 2 Y1k 6.

IMF3~IMF5 (¥4 5 i AR B (2~8 4F), J&7R 1 IRIZKIR B AR I AR L L 248K U A . IMF3
AL R 5 ENSO WA BRI AL I AFE— B R R, EDIE T ARRRRE Y 5t Mg - REBE RAie
Ak . IMF4 Fi AR E T IR G A, JBoR T 7E 1950~1970 4, 7R T V52 [ b oy 34 5 el 1] KA
SIS S B KRR TR B ) T B B AR G

DOI: 10.12677/0jns.2025.133069 656 F AR

»

{5

o


https://doi.org/10.12677/ojns.2025.133069

EISIE

1. Input Layer

Ve

ElE | .
Input ‘—’Li} TIESE

Lz

t Attention Mechanism 3. Normalization and Fully

I-I fullconnectlayer — SoSEE—Y add2
FEIRETE R
( ‘ |
i norml | ﬁ norm2
i \ \
0\ N
BIA—%
t. Normalization and Output
GRU > i— 2ERE P>

v

RATMRE

Figure 1. Architecture of the Transformer-GRU model
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Figure 2. EEMD decomposition
2. EEMD %>

DOI: 10.12677/0jns.2025.133069

658

AR


https://doi.org/10.12677/ojns.2025.133069

EISIE

0.5

x10* IR 5 B S E -5 e 2 % 1A
LN L B R BN AL L AL L . T e T ol T
- o .
23" Num = 500 s A |
| y=0.933x + 562.506 « °°% " ¢ Cieiie
L R2=0.9414 dov S5 ePt,e
L ® o4
2 . i
£ 15 .
m 3
©
i)
L L
(&)
'-g 3
& [ .

® true-predict data| 1

0 Fit data 1
[ L® . 2 o ¥ 5 » 5 5 4 4 o 5 o ¥ o o 5 s N 5 4 o o 1 4 1
0.5 1 15 2 2.5 3
true data x104
Figure 3. Density plot of observed vs. predicted values in the training set
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Figure 4. Density plot of observed versus predicted values in the validation set
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Figure 6. Line plot of observed versus predicted values
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