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(P<0.01);(3) 3k AN [7] DX A58 117 75, JAF — T — 97T [X 45879, 3kg/km) A1 11 3 5 977 X358 (66. 6k g/ken ) T 671 52 v, HE GTHR R 40530 40 32.09% 1 26.96%. BL 4, 4 5k b
SWAT ARl 2k Mk i A8 A6 O AR 232 ] LSTM-MLP i 45 455 780 4% T 47 17 0000 A% J, F0000 45 SR 26 1A :(1)LSTM-MLP & {5 B AL NSE>0.9.
RMSE<dkg/km” Y1 T 45 LSTM BiHY(NSE>0.8. RMSE<7kg/km?), {6 SR 476 $2 06 (6125 14 (2) TERREALLAS [ YR v B Bl S v, 109 5 LT XA 66 60%
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Research on phosphorus load prediction of Baiyangdian Basin based on coupling model. GAO Yu-ang', LI Shuang-jiang', ZHENG
Zi-shuai', WANG Hao—jia], LI Xiao-ningl, LI Zi—qiongl, DU Zhao-nan', CUI Jian-shengl, ZHANG Lu-lu'** (1.College of Environment
Science and Engineering, Hebei University of Science the Technology, Shijiazhuang 050000, China; 2.Hebei Provincial Key Laboratory
of Pollution Prevention Biotechnology, Shijiazhuang 050000, China). China Environmental Science, 2025,45(12): 6793~6804
Abstract: This study established an integrated SWAT-LSTM-MLP model to investigate phosphorus flux dynamics in the
Baiyangdian Basin, China. The SWAT simulations revealed three key findings: (1) the average annual phosphorus input of the basin
was 717.3t/a(57.6kg/km>a) during 2019~2023, and the organic phosphorus (78.8%) was the main form, which showd an increasing
trend in 2023; (2) the phosphorus flux showed significantly seasonal variation, the flood seasons (June-September) accounted for
85.57% of annual phosphorus loading (49.28kg/km?), which was significantly positive correlations (P<0.01) with precipitation,
runoff, and sediment load; (3) for the spatial distribution, the phosphorous load of Fu-Cao-Pu River (79.3kg/km? 32.09%) and
Baigou Diversion Canal (66.6kg/km? 26.96%) was higher than other region. Furthermore, in order to avoid the deficiency of the
SWAT mobile in nonlinear varaitions, the LSTM-MLP hybrid model was applied to improve the accuracy of phosphorous load
prediction. The model results showed that:(1) the LSTM-MLP hybrid model significantly improved prediction accuracy (NSE>0.9,
RMSE<4kg/km?®) compared to conventional LSTM (NSE>0.8, RMSE<7kg/km?), particularly in capturing peak values; (2) simulate
analysis under different sediment reduction scenario demonstrated that the Baigou Diversion Canal under 60% sediment reduction
scenario can reduce 35.29% of phosphorus load, which was the most effective regions among all subregions.

Key words: SWAT model; machine learning; phosphorus flux; sediment reduction; Baiyangdian Basin
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The regional overview of the Baiyangdian Basin
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T (I 25 0 5 R AR, O T SWAT B 5 H14%
2 SR A TN A 3 R RO 9 G R LR, AN R e v
F ek A7 5 B4R SR VP A IR A e = T Ok )
AR IUIT R SWAT-LSTM-MLP #4687k
AME AR LR NFEARR Ab B 2R VE AN L 0
3 BT N 1) B 23 R AIE 5 R Sl AL, 36 S 2R v A
BE ), VPl AS R 2 I8 55t 1 (3 2R w5t
R T A G A AR R R B A, 2 AL A X
B IR LI IR LA,

1 MR575E

1.1 WX S

WE 1 R, R I Ak DX e s T 2
P, B K R AR R 2 2 AR
80%, 2 4 - BIBE K4 525mml ™2 3 v s i
= M) 2R S DI CAR B by 3, LR S )
e RT3 G0 4k P 3t S SH 3T X 5 4 K R RO,
11 52 2 3 [ K ORN M 3R AR A iy 8 rp
TR 2230 o 4 A Ao R R N KA, I T A )
B TR EO,
1.2 SWAT BAU R J R e
1.2.1 SWAT MERIFA7E SWAT FAAS Bh L 7w fe
B (DEM)Ed T A H 55 435853 S8 Edi 5T
X il 23 by 28 A 7K S [ B 6 AR S8 K SO AP 3
P 8 iR . ORI A R A Sy
BB o ARYE DEM M 1) 43 1, FEAR
P N V5N S8 HE v B ik B RO HE G 3L R 4 R
FHFE G 2 M K 4 P 220 BT g5 i st 39l
J R 2 - R - K- 7K 4 B R (SPAW) T 44
A K R E S50 AR - 2R 7= ) s vk A
(EPIC) B R Al 85+ e v 2 T [N 1 25 A W oy 2R
JK 3L Wi BTG (HRU) B 5 JiAR 78 28 8 40 135390 )
FoBr e ps vty o7 Bty BENG . Ak EERIR

PEXIESEIE 5 AN K SCoh R s A S 11T R0,
B H R AR R LR 1 s

F1 B R RIEIREDRL

Table 1 Overview of data from each hydrological station

KT A Fhy % A & (m®s)

B b vl 2019~2023 23.46+22.03

05 Btk 2019~2023 41213291

Tk 2019~2023 3.53+5.52
R 2019~2023 3.21+1.63
B XISy 2019~2023 5.71+3.48
TE: B TR A K O 2 YT K S A% IR e R A

EEI RSN

F2 HEEREBTHFALBESLER
Table 2 Reclassification results of land use types in

Baiyangdian Basin

75 TH AR R AR (%)
1 K H RICE 0.366
2 £ AGRL 58.99
3 [N FRST 0.696

% T
4 . RNGB 4295
Hb T
5 i PAST 3.533
6 HAR LA RNGE 8.060
UK
7 KA WATR 2237
8 T 5 R X A URMD 4.339
9 W HIRA T URML 16.095
10 Y WETL 1.341
11 JicHh BARR 0.048

*3 BEFEERETIEEBESFLER

Table 3 Reclassification results of soil types in Baiyangdian

Basin
5 R SNt R ME BRI
1 1 R 4 CMc 11048
2 AR i PR LVk 11053
3 W R RS LVg 11076
4 RO KA LPk 11385
5 TGRS P L RGe 11395
6 i KA L RGc 11400
7 AET VRe 11441
8 RPEM R FLc 11476
9 AR FLs 11525
10 WgEE L GLm 11535
11 T R LVh 11880
12 KA WR 11927

SWAT A0 3 3 AU A ki U5 Qe B, R8P
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TANHE K F G 1 K AR IR I i A4 ik 4 SWAT
B o e o LY VN Y R e i IR PSR R T2 N

SN R 2R SR Ry R R
TEIWLZR 2 gk 3.

1.2.2  SWAT BATHdkIE  AWF5TR H 29551
PIK 5 SWAT 5574 2 04k, 0, 47 My 3 2% () 2040 (an
DEM. tHHuFIH . +38). KRG Lt as
GrEd, I 45 G 400 8 s R 4 HE R AR S
Ks WA 4.

4 SWAT iBITHIRE RKIR
Table 4 SWAT operation data and sources

LTSt ISR Bt ks IIE
DEM %## 225 (8] 504 2 (https://www.gscloud.cn/) 30m
R P A Kt rpERRE B 0 PRI SR A O (http:/www.resde.cn) 1000m
BLESRIEER T —— ) AER B 1000m
(https://iiasa.ac.at/models—tools—data)
RIEES /¢ Google Earth #4242 HT
IR FHK IO
KRG E GHHR IERN TR WS Sl e SIS
RAREA B CFSR (I FER
AR ADEE‘%jjgiéwmmME‘ GRS ) (RGETTSFE %) (2019~2023)
HeU A R AN AETEF YR B A SRR 250 N A A

1.3 Hlas2:>d

1.3.1 LSTM JRF  LSTM 1 Jy 11 ¥ il 28 4 4%
(RNN) 1) e A5 280 DR L R il 4 R AR G R,
2 T T A B0 23 L LS TM F) 1] sigmoid B
gl 1445 B tanh bR ECHR Y RS A RS T
ST ST AR R B AR A v B N
HE, TP g B0 H A, B W 7K SC 3 B2 % 3 % 1) 5%
. LSTM J27% 50 AN G, ki oh BUR FH 2 PR 4
bR £ (ReLU), fL 44 2% 3 ¢ 17 38 N 5F Al o8 0 1h 2%
(Adam), ¥I4E 2% > %20 0.00 1. Y15 124 150 4tk
AN LS KA 1 PR IE AN REAR A N AL
WSk

1.3.2 MLP JRFl MLP f&—FhFEali it mrisish <
25 BN BRI RN 2 2, 8 e AR 2
T PR BERAE B 2 B R 1,38 T4 2% TRl R A
P 2 S AT 45 B MLP T8 3 S i A 3R vk
W5, R P B 2 I T S50 el I s 2 BRI A
¥ £ A L i M T 5 2215 AR5 Hh MILP A
PR BRI (64 Fl 32 MR T0), B R HCh ReLU;
RN 1 AP TGO R AU R AR N
Adam ¥J4H5 2] % 0.01, 7548 EL 100,315/ 4,457

2 R BN 1) )5 iR 7 (mean—square  error, MSE). 545 %
A3 BFIREE T LE 20%(test_size=0.2),BEHLFN T % H
42 IR PR S50 AT 520

1.3.3 WLE¥F RGBS BB AL
FE, A 9% SR FH 2 5 A5 i N 555 s 1O 110 4 955 [ g
. REE MY R, T Min-Max JH—1k, LA
TFAS 7 R 5E I 55 v M 2 R I TR 0 R v e
LSTM-MLP & & 18 LSTM $LHUF 4141, MLP 52
AR M A e S A R SR IR e ) 5 R Ak S5 R R
7N, LSTM-MLP  #% B 7E [ 3 3 i 1 & 700 0 A ¢
LSTM 15 22 5 /N | RS 1 o v 7 B0 S i 23 2 I )
J7 H0AE SCI UEAR 4K 27 3] 22 45 ] 2 00 3 T2 AL R
771,

1.4 JREH

1.4.1 SN FEMRA B R g T AR
gh4r SWAT I B L 5 LSTM-MLP (L2522
PB4, LU T Bl fan N (A F0L 5 SO RS B e o
SWAT H Rt A e vb Rl 6 far, LA A2 [A)
WIBE TN . AR IR 7 00 PR A — U R E A
LSTM-MLP #ii \.LSTM JZ %% >] SWAT 5% 2= [¥) i} /7>
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I 25 A o A A U0 A ASE PR N v T AR I i
2R H015:(SCS) 15 7K 3T ma B 5475 A Ak 2 B LU R T
WA 52 A B8 7 38 A S B AN [F) 4 1
AR S B A AR AR, VA S G 1 ek R . SWAT
(13 4) B AL ) DR B 0F A s B WP I R A
LSTM-MLP 5% 2 fE$E T+ T 15 315 kb K3 1)
T RS k%R S 7 AT HE ) A LA AR ARl
h KBS B A THT Y ¥ G 428 I B ARG U B A T
M7 Hr.

1.4.2 BIRVPMbRAE R 2w b T AT vEAl
TR A PR RO T B8 D), 2R H T 4 A REU(NSE).
YesE R ELRD AN 7 M 22 (RMSE)E Jy # DoAY
Pl BRI 5 0 T HLA% 2 B8 % Fil RMSE Al
NSE WA FEFR K EAT VRN A T SWAT #5228, )
1 NSE Hl R 3X PAN 5 b A iy B L vk 20 34
Hn .

S (006 )

NSE =1- — (7)
ZtT:l <Q<t)bs o Qobs)
. [ZL&qi—%mxgm—giﬂzz(&
|:Z:T:1(Qfl)bs - Qobs> ijl(Q;im - Qobs) }
RMSE :\/ ,_1<Q:)1; - Qs/im) (9)

L Q) FUIIME, O, FRELIIME,O" RoREE ¢+ W%
(I3 O, TR WML 1 32,

75 SWAT A7) kil Fi vp A WF SR T
SWAT-CUP # A+ (1) > DA o PR SL 5 2
JiR (SUFI-2), LA A4 A% 7Y 23 50 318 i BEDLRG J5E . T
SR AV R T B R Bras i oK
PRI e A K] SF A FL A AR R I 1 1 0 3l
FIH 2019 44 2020 4F 19 H V5400000 4k 7F 4 A%
T B 0P 57,2021 4F 42 2023 A 1) 508 WA T
B[R 55 E 6T TP A 47 (RS Ve, T 558 D0 45040 1)
BR AL IERE T AW XL Biss s EE. HRKET
FF 77 B FAS W 2022 48 (1) ) 7 24 0000 B4k 1k
TSR
1.4.3 BERURELER  RHELE RWZR 5 Fis B

[t H PR TR e RERD ¥R T 0.70, 5030 1 1
R® Byt 0.75, F WIRTALAE R s LA T R AT R A
(RIU A BEST ST TP S (AU, 1 2505 s A A
() R* (e AE A HE B3 8 e 0.77, 560k 468 3t 0.79,
S 7S R AR i R READLRGG B2 RV A 56 ) PAY A T
G5 RASAFAE € I 22, (B AR RCR & NGl
REW A1 200 S WLt 1 A R A TP A7Af (1 I 25 A2 4K
RFAE.

F5 BIFIERIE SWAT HAMEELER
Table 5 Calibration results of SWAT model in Baiyangdian

Basin
IR A5 R NSE IR R NSE
B 0.93 0.86 T 0.98 0.92
7 B 0.89 0.85 - Jr ki 0.97 0.97
Wiy 0.77 0.72 B by 0.89 0.88
KHXIE 093 0.91 KMXIE - 0.79 0.77
1R P 0.85 0.78 1K E 0.93 0.92

2 HRE5SH

2.1 IV UE R 8 N ) S A R AR

FEAERR IEE L AR SWAT B (Rl £ 51 (1]
2), FAVEEARAE 2019 %5 2023 48], 4F TP AJu[ (1)
SEEIME K 7173t 34 TP NI g 29k 57.6kg/
(km*a). BARIT 7, WL A0 12.2kg/(km™-a),
A LB AT A 45.4kg/(km™-a), 1 HLBELE TP (1)
i B R, 78.8% AH G ME S M 1 — B 5, TP 3]
Bt 5 FIFERERUR AR Je v A L A L
—HE, TP IR A7 g R4 AR 5 S Ye 70 AN J0] A A
2 ) 2 B0 HH W 3 1A AR 6 Bk (R>0.75,P<0.01). 1% 4
gt JLIL[R) e W, A2 9t 485 7 0 b AR ot 11 3 e T 3
YN e

FEAE P R b, 11 i e i ek i g ol i A A
SIRFAE I A I o SRR (P 3). 2 v
(6~9 H)HTP A fifif & % = T 4F WU (=047,
P<0.05), HLSME 50594 49.28kg/km” Fl 8.31kg/km’.
VI TP £ oy 424 5 511 85.57%, JLILATE 7~8 %
7K S F 3 H BB 8 0 {7 (18.03kg/km® A 25.33kg/
km?). HH 52047 8 B, TP 0] i fif 5 [ 7K 48 (7=0.50)
PRV (r=0.77) S e b 5747 (r=0.89) 35 5 A b 2% 1F AH
F(P<0.01).
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Fig.2 Interannual changes and driving factors of phosphorus input process from 2019 to 2023
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Fig.3 The process of phosphorus input and the intra—annual variation of nitrogen components
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Fig.4 Spatial distribution of phosphorus input load
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km®)>¥iE (X (13.9kg/km?); 1] TP A JA[5 (1) K /N I3 )
2 RF gk T X4 (294.376)> [ VA 51 i X 3
(207.17t)>2% X~ Jo— 7 T [X 35k (149.50t)> 3 7] [X 45K,
(63.540)> VT [X (2.68t). M\ L35 1 2% 0] 43 A1 K A, 7
T DA v G A HE AR TP A T - R T X R
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26.96% (154 755 (1) 52, AR d5 K10 22 SO i
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BRRA N 14.36%, 1M [ B e /s O3 X (192.2km?) 5T
BREAE 6% 5T~ T el TP AR A
B A ) T (7=0.56,P<0.01).
2.3 W N FER) LSTM-MLP #8456 4F
ARFFLIETHIEE N LSTM 5 LSTM-MLP £,
XIS FE AT B IE I 12 45 18 5 R 47
S o SR T 48 AN ISR S 12 A
H IR A A B 22 Min-Max VA—1bAb B DL
TR EE E PE R RGP R 1 R, R M N 7 &
IR 10 GIUAME TS RMSE 5 NSE. O EL 4k
JEASER S LSTM [F P 5 2, 4E 10 HT8 A uF Hid
K% HT RMSE, FF AT RO £ 4556 (0=0.05).
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Fig.5 Comparison of test and prediction results of sub—basin TP input process by LSTM model and LSTM-MLP model
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Fig.6 Effect of soil and water loss reduction on nitrogen input in Baiyangdian Basin
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Table 6 Phosphorus flux in the Baiyangdian Basin compared

with major river basins in China

ok iﬁifﬁ%ﬁﬂ A3 0 ﬂii@ﬁm:l?ﬁ ik
(km?) (t/a) [kg/(km®-a)]

BRYT i 453700 14810 32.64 [49,13]
IO 314000 370 1.18 [49]
HETRT 274700 3700 13.47 [49,50]
S PRIk 160000 8910 55.68 [14]
I B U A 26971 39000 1446 [46]
[ EVE itk 12456 717.3 57.59 AW

BT A A s VR T R (R
58.99%) re 5 AT R (B WL | L 78.8%), LA
9k % AT KRB B 2w S A A Oy
3 A L A KR H 2R G0, 5 (1) 9 B AN A2 B K
R B 50 k21— 0 TR T S T A7 A 5
R . SRR USRI R AEAE
7 4 1 0 ] PN 2 B ) 2050 e D TR0 v G X 6 Xk
IKAE A AR s A,

3.2 [H PN YA A et R R R 2R LA

ME RS o E E R LR

Table 7 The main influencing factors of phosphorus flux in the Baiyangdian Basin and their comparison with those in major basins
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