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Abstract: To address the limitations of data-driven models, which lack physical constraints, and to enable rapid prediction of
reservoir thermal structure under future non-stationary climate scenarios, this study proposes a hybrid framework integrating
physical mechanisms with data-driven modeling for predicting reservoir water temperature profiles. Using observed data
from the Sanbanxi Reservoir (2007-2016), a one-dimensional hydrodynamic-water temperature model (GLM), a Random
Forest-Bidirectional Long Short-Term Memory (RF-BILSTM) machine learning model, and Global Climate Models (GCMs),
we reconstructed the historical thermal structure of the reservoir and projected its evolution under future climate scenarios
from 2023 to 2100. The results indicate the following: (1) A physically constrained training dataset generated by combining
the GLM model with measured data effectively mitigates spurious correlations inherent in purely data-driven approaches.
The RF-BILSTM prediction framework achieved high simulation accuracy, with R=> 0.9. (2) Projections from GCMs show a
significant increasing trend in future air temperature at the Sanbanxi Reservoir (p < 0.01). The temperature increase under the
SSP5-8.5 scenario is substantially greater than that under SSP2-4.5, while precipitation also exhibits a significant upward trend. (3)
By 2100, the average water temperature in the reservoir is projected to rise by 0.39°C and 0.87°C under the SSP2-4.5 and SSP5-8.5
scenarios, respectively, showing pronounced vertical differentiation. Surface warming is more significant, with projected increases of
0.94°C and 2.04°C, respectively. The annual mean surface-bottom temperature difference is expected to increase by 1.32°C and
1.55°C, with the maximum vertical difference occurring in August. Annual water column stability (Schmidt stability, St) is projected
to increase by 643.41 J/m=(+7.85%) and 1829.47 J/m=(+22.31%), respectively, indicating intensified thermal stratification. This
could elevate the risks of surface algal blooms and nutrient stratification enrichment, while also advancing the spawning timing of
downstream fish. This study presents a novel approach that deeply integrates physical mechanisms with data-driven techniques,
providing technical support for reservoir water temperature management.
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Fig.1 Overview map of the study area



1.2 HHAEFKIR

1.2.1 KL AETA GBI IR T b R B B AR A HT F O CNO5.1 K sl B SR A v [E] S
SR, (A 315G FE A 1981-2016 4E, FI TR CMIP6 A iz bt 2 T READL A /i« ok 9 00 50 40 A0 1 g —
7K BN 7-/K I GLM BEAY4R N . CNO5.L A A6 U I 4 h 2400 424 Hh [l THT A5 65 308 6 000 5
AL A B 5 V2 ST 0.25 90,25 U R B AR 00 FEKAE . N AN B EORIE T R KRS
H S i KT K B BR A =), B8] R 31056 L 9 2007-2016 4, %A T3Szl . A FE/KIR . RT3
JKR 3 A S B RIR T S N KL K A PR A ], IR FAIE A 2013 45 5 H-2014 4 4 H, HP A
J2E 7l N 7T = BRI R R 1 A A LT T e 2K T AR 0.5m ZKRE s 30U 2 v 7K B 23 A S I T 40T 1.1k,
FEWI O AT 1 434, Tk BARAUREN Y. KELLTF 0.5m. 2m. 5m. 10m. 15m. 20m. 25m.
30m. 35m. 40m FAFE 1AL, 40m DURAERE 10m i 1 AN, HEEFEK.

1.2.2 AAEAE XFH AR BN TR EEE R IET CMIP6 1) 5 AN %15 2 (ACCESS-ESM1-5. INM-CM5-0.
MIROC6. MPI-ESM1-2-HR. NorESM1-MM), J7% [Ef4% 1981-2014 4 JHE AN 2023-2100 4 Filfili 4 2
Tl A [ f 3 Ak 2 42 57 S 0 175 5 (SSP2-4.5. SSP5-8.5) ) rlilplfl FEFBLEE B . &8 2 B30 SR I T W
(https://esgf-node.lInl.gov/)

2MRFG &

2.1 FARAESR

R T OR AR ER AR K R PR 7R B AR A (R R L, AR SCHE R — o T BT ] 5 25080 9k 3 A i PRk
JE KR S5 F TRINAE 4L . 35T =ARIR/KFE 2007-2016 ESEI B, 454 —46/K3h 11-/KiE GLM R
RF-BILSTM #3827 SRS . ARSEMREL GCMs, S = HIE K PE I LK IR S5 #, TR Sk SABEIE S T
2023-2100 FE/KIREEMEBES . BABRUM N (O8RS WEAKE TERE. KX, SLZHNLIE
SCMFE R TR IR GCMs di K F 1 8 16 vE (Delta v ) o) s 24T B RUBE R 2297 1, 43
TR BRI (Q)BIREMEE: FIH—4EK3h 71-/KIE GLM BEAIEAN KRB, A 4h
RSN A A BB L R R I 2 IR IR A R Q)RFEIESE: R F BENLARAR(RF) HVE T HARHE
B, WRAEHE T N R s ()RR R ZREE(T0%) . IIHAAE(30%), 4 ZRIFiE B
RASANAERY, RZ&ME RF-BILSTM 58! (G)ARFK/AKETN: T RF-BILSTM BRI AR S AFEH A EL
W, FFRARFAKIRTTIM, o H TN EE R, PPAl SRR A5 AR A 0] 7K 2 7K R 5

—ika G LMIEE
TRKEEH FEREHIRE historical SSP24.5  SSP58.5
S (RF) iE
Step2: FRTRTES
i L) i
RMSE SVM
MAE it ) BILSTM
R 1 5]
MR IERE
1
RF-BILSTMIEE!
Step3:
F3iGRFEN | KEw SHEARIE P SR ET BN KEETME

K2 BrIHES

Fig.2 Research flowcharts



22 [SEERAERESKEITE

DA R GCM K il DX 35k M B 1R 22 K B I, AR WF 78 SR I 384 A2 Ak 72 (Delta) b CMIP6 “fig ik
B HEAT (i 22 1T IEDOY . 195202 (Delta) 38 W G145 23 ] 7 A0 22 A 1E 2 1) 70 it a0 O G 2o XU P4
EVESEIL, W ZE MR A P R R A e AL IR, b, BRI BON R 2%, 3 e 3 P AR N A2 f0 it
ATRCEE; TR R S A B R SO EAEA S, SR A R AT AR, SR AR it 5 L £k
P B AR SR REU(R) ArdEZ (o) 375 M2 22 (RMSE) VAl HE A 141281
2.3 —HEKIRIER
231 BAERE A AT 4K -k GLM BEAR E T KIRARY . BRI B TR 2 2 A IR S AL
PEAENS, 3 AR AR KT L A2 SR AKTH 2 S TGN R RS e .
I6) 120 53 i NG IR SO 2 R K R R A N o R S IR RS e e, T S TR
o K PEZKIR BIRIAE 2 1ok E RO — R R ALK I & . BIREEERE N 0. 22 RRE S, HH
SHUENE 1.

F 1 —4eKE)1-KiR GLM B S 4 (H
Tab.1 Physical Parameter Values for the One-Dimensional Hydrodynamic GLM Model

ZH X A
Kw LR (™) 03
WIS Ce R 0.0013
Ch BB R 0.0013
W 25y Hmin = NALES () 0.15
Himax KRR BE(m) 25
Ck R IR A RCR 0.125
Cw PREVER S VES 0.23
A B Cs BIPNRE R 0.2
Cr IR A R 0.51
CkH Kelvin-Helmholtz ¥ g & 0.3
Chve JRJZ TR A 0

232 A E R 554 —4K5)J-/KiR GLM BT E By 2013 4 5 2 2014 45 4 [, FiEHIy 2015
8 H 2016 4 7 H AETRIUEI A THEEME 5 SEIIME 132 22, H MAE # RMSE i [ 4371 9 0.404-0.778
H110.601-0.995. HeiF #HIL Y H i X 7K /A 45 SRl 3 fiam. 2015 4 8 A 15 HAN 11 A 15 HEHME S
SEINE Z A AR 43 704 0.81°C. 0.22°C, HRRWRZESMHIN 5.3%. 1.1%; 2016 4F 1 15 013 [ 15 L
PUE 5 S M 2 (5 e K433 0.15°C 0.3°C, SRR ZE ST AN 1%, 2.2%. WA EKFRZ K FAHE,
TR, X R ETE KRR IR T, BN MMEHRESPEOR, SERER R
W%: VASGREE BT, |G RIS E T I 3 m A e . R — 4Kz /KR GLM
BERILE KA AT E M, (B ARELNT 10%, JEF) 7 SZhrR BT BRI, a8 e Sl o
5 SR TR R S

BT ISR B B TR PR, AN DASCIEMLA 5 IR SR, D 1 36 A B AL I ot a2 1 76 0K
SR FH 8 BOAIE J5 (1 — 47K 3 /1-/K I GLM REAL, fiR 4 2007-2016 4 = MU /K i SEBRig AT 2 R R R 5% 1F,
SIS 3 3 K BE KR G AL, e 2B 22 HH AL 55 S 25040 (4090) RIS 50418 (60%) 1) 22 JR TR & B 46, 4t
[B) ) P-4 2007-2013 4FK 73 Al R4, 2014-2016 4FK 73 A4



ki (C) R (C)

KECC) kB (C) ) 7 7 )
10 15 20 25 30 35 5 10 15 20 25 30

10 15 20 25 30 35 5 10 15 20 25 30 3 0 2
T T T T T T T T T

40 -

& MAE=0.524 G MAE=0.675 | = b MAE=0451 | 2 MAE=0.424
2 o RMSE=0.675 EE “ RMSE=0.783 | % wl RMSE=0.829 | & wl RMSE=0.676
2015-3-15 2015-8-15 2015-11-15 " 2016-1-15
30 sof . 80 N 80 5
TE «  SEiE = ZMME = SCME
— FME — TE — FMME — TE
100 100 100 100
3 BEKIR S SRR H
Fig.3 Comparison of simulated water temperature and measured water temperature
2.4 BEHRIRTHIEE

2.4.1 AR JRIA RS T A S R IE R IR A HN K KR A R R, W e AR TR IR 2D, AT
A FHBENLARAR (RE) ZEATRAAE I, I M3 22 A R R E AT it R AT B 1, ARH A2 4P 43l (OOB)
RE SR R R EEZE, BA TN REA S B G e @, T B 2R R RS AL
P, RE BT 7 A 58 IR

242 M) KAZTAC A 4 FEE SRR, 1L SR 22 M 2 (RNN) 7 5 BB FETH R ARG FE A1
LR 230, XA KIS AL AZ M 44 (BILSTM) & — A e5edt i 0 1 22 1 246 (RNIN) 5 1), 2 B2 - AR 2 PP 371 B4
B T KEMNICIZMZ(LSTM) fRE,  IFAE A B3N 7 XUa S BRI .

f,=ocW; -[h., X,]+bp

i, =0, -[h,, X,]+bp

C, =tanh(W, -[h,,, X, ]+ b
C, =f,-C,+i-C

h, =W, -[h,,, X,]+b,)-tanhC,

X, o 9 sigmoid WEREG [her, XK BRBURS TN ERAE —#; Wi bre Wi biv Wey bey Wo
bo AT 2 2] IR R B 2 4

243 ALK HmA BEGBESHET 5GP R A MG R OCE T, A TR F AR 48 R SR AT R
ZHAL, ZOTNEREETE X SHCER R 5288 %R, I LSRR N PP bR, Sk e s it S48
AP, LERT TR B |, Bow TS B RIGE, S48 E WE 2.

2 1 ) 7R 3 [ 40 A 16 A CE I FEOGIEG, 35T MATLAB R2023b % 4F-F- & 3 57 22 5 [al RS R, gy
WIZEEET 2007-2016 F-ALHE = BOR KBS G LFE U BE R K IREGE 1 2 U0 & Bl 58, T BRAS [ 42
Febr BN 72 R I ZR 2, IS5 BRSO #EAT A — AL B . 25 BEOK IR I PR g, 4%
T 5 P71l 3 1| 274 (2007-2013 4F) Rt 4K (2014-2016 4F) NS BAE S S 5E X S={A R HHs, 8 5 Ko dia }
ARSI Dx(x=0.5. 2. 5. 10. 15. 20. 25. 30. 35. 40. 50. 60. 70. 80. 90. 100)fI/KiE
¥ . EEXT 2023-2100 KT TR, MWERKE REIEE. R BACRHRRSERE GCMs 11

()

@

®

4)

®)



VIR ARG O AMEE . i st i), A KIR S SR AR AR 2 2 8AH 5% (Tw=0.73Tair+5.13 (R?=0.87.
MARE=13.6%))[28, H 5 A\ FEifi & A 5 55 (r=0.16) , KRN K I A R A iR im i 456 A it 15 215
RRN e VAL B 308 1o A W B FO AR AR TR st VR K TP A SR R A B K - B A T 2SR . 55T CMIP6
TG AR AR SR AR AR B AR RN E I, B AT RE A T 5N B 2
AR [EI, ER TN R IR M AR IR S 4 1 7K A R R AZ Lo B PR 5 (281, R R AR R )
XA TY AR TN 45 R AR AT IR o [RIOA 7 IR e i, X e A B SR F P s S R e
HAERRIRFFAZL
# 2 RF-BILSTM LR S 4k &
Tab.2 RF-BILSTM Model Parameter Settings

B4R (RS MR Jingic]
Ve [50,100,200] 200
RF )2
T/ AR [1,2,5, 10] 5
B2 [32,64,128]
Wi = R G £ [64,32]
M. [64,32],[128,64]
IlGEBIES [0.001, 0.005, 0.01, 0.05] 0.001
BILSTM & LR KN [16, 32, 64, 128] 32
et # Adam
IEARIREL [50,100,200] 200
Dropout & [0.2,0.3,0.5] 0.3

2.4.4 BEAMRIFN AR IUE RB(RY). BT MRRZE (RMSE) FIF- 3 2408 12 22 (MAE) VR LS 27 118
BUKEEVENFE R . R2ALT 0.8-1 USRI F; RMSE FI MAE /)y, A5 20 T 0 5 SRk 47 (351

2.5 K BEHMEIERR

251 kAR Z BT EKERRIEZME TSI RBOUKER 4 ZiREE, TSHEBK, 75 ZEBiE.

TSI=T T,

A T NRZEKECC); To NEZEKE(C).
2.5.2 KAkAE R JE Schmidt 258 B (St) & — AN T Sk AR B 1n] bl BE 22 R R A I FR A s8], 4 Stk
(D), REITBOKES ZFT RN ERE(R) » KERRE EBRGEE). AR T ps:

== _[ A - p -p )a’
ZO
A, Z RKIR(m): 2R K% EFTTEKIR(M): dZ S2/KIRTEIBR(m): Ao &K FERTHA(M?): p SE/KIR Z
X INE IR FEE (R 7K AT 35 5 2 (Kgim®) s p 2 P DX /KA P AR ARUSL R T 35 %5 1 (kg/m®) o
253 KEBAKEAAR D FEIH N TEIKEKEA S, R T KSRGS 2 A
Mann-Kendall(MK) £ 3887, MK £i:3 7] DLTE 95% ) Fil i€ 15 BI{E (p <0.05) MM g1t HAESE =B,
IXHAR T AR 18] P 5 B0 h BT Gt 2 S 3 i LA TR A R h v e
3ARGAR
3.1 CMIP6 ZRRAKEITE 5%
B 4 R 5 R BOR, SURBIIACR R T K IR R KT 0.95, o B2 1, RERLCRM:

(6)

O]



FE/KH R 7E 0.5-0.7 210, o fE 0.7-1 Z[], W30 Pk DL i 72 o A SCRERFEFPHT 1. A 2. 71 3
FIRT 4 fE 0 (RIR S MK B AR DU A — 2, 24 INM-CM5-0.MPI-ESM1-2-LR . ACCESSCM2 FI MIROCS),
LAmZIIEE, R, PR, =8, DR &P R a5 F 38 TRl 7 R KAl g
LR, PRSP IUBOR B, HUCh = BRI, DI 2 B &P
Bh T RRAR B AR A e 1, SR mBRese M. DRk, e DU R A &~ 3 45 R S R A T3
A7 (i o

[ v NORESW2-W| ® R ¥ NORESW2-NM
T 0.2 © ACCESS-ESNI-5 % R 0.2 © ACCESS-ESHI-S k£t
0.4 -0 AR 1.25 OO 5t
¢ winoce * Zh g3 @ wiRocs * =HR
A WPI-ESNI-2-LR st - A wi-EsN-2-LR R

2. 0.99

(a)=R (b) &K
5] 4 1981—2014 A F) AR R T AN S <R K R BRI
Fig.4 Taylor diagram of the relative measured average temperature and precipitation

under different climate pattern scenarios from 1981 to 2014

32 BETFMBERESFHARIFEREKSE, BT HEE

K5 27x, SSP2-4.5 Fll SSP5-8.5 U fihHE ¥, AR R EZE ETHES, AkEKE £ ER
FERRIRG A, ERFRRINEY. £ 5 8oR, 21 thawmly] SSP2-4.5 S M 5 F Fh i 2 4,
SRR Gia T AR SSP5-8.5 AR 5t T HE IR H S AR IR, SARRESIN AL . fE/K B 5 4%, SSP2-4.5
SRR, M RTINS Y, N SSP5-8.5 AEIE N, T WAL I Ky 2
W na s, IR R R AR K

16001 sy, =0.0411x+1116.9
o ¥,=0.0235x-0.807 ibnaiatiets
2 E =7 O K =
AAAAAAAA 1,0.0549x-94.668 1500 ¥,=2.9961x-4885.8
20 1400
;E 19 é 1300
X .
T sl = 1200
1100 +
il ——ssp2-4.5(y,) ssp2-4.5 (y,)
W ——— §5p5-8.5 (y, .
i Ssp. (y>) 1000 sspS-8.5 (y)
i j i g g i i i - . . . . . . :
2020 2030 2040 2050 2060 2070 2080 2090 2100 2020 2030 2040 2050 2060 2070 2080 2090 2100
A i
a——
(QF BRI (b)FEH &K

8 5 ZHIR K 2023—2100 V1SR . FoKEREL

Fig.5 Average temperature and annual precipitation variation of Sanbanxi Reservoir from 2021 to 2100



3 SRR EARIR . BRI AR AR 5 R R B AR R

Tab.3 Internnnual variation characteristics of temperature and precipitation in different periods and paths at Sanbanxi Reservoir

i 4 SSP2-4.5 SSP5-8.5
2023-2100 0.233** 0.559**
S
2023-2060(i 1) 0.315%* 0.416**
(°C/10a)
2060-2100(iz 1) 0.172%* 0.608**
2023-2100 11.52* 24.24*
Pk
2023-2060(i 1) 0.41 29.96*
(mm/10a)
2060-2100(i2 1) 19.91* 33.65*

*%7” Mann-Kendall K56 2:7E 2 2 MEKF 0.05 LA R, ~FRREEHEAKT 001 HEHEE.
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