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Fig. 1 Spatial distribution of the Yellow River study area and

suspended sediment monitoring stations over Landsat 8 imagery
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Fig. 2 Architecture of the physics—constrained multi—task CNN for suspended sediment inversion
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Fig. 3 Spectral bands of Landsat 8 OLI and their responses to
suspended sediment in highly turbid waters
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Fig. 4 Correlation and linear regression between RANS and

In(SSC) under high sediment concentration conditions

FHAL T A H OGS R 4L, 1248 NIR/Red %
F T o A B K A4 SSC AR THE 5 SSC I ) Hi R
SR, SFEUEURME B T, ] Ik
25 Z R ARAR T, A OCPEIE H 7E 0.7—0.8,

RANS il i IH —fb 5] A 204 (SWIR) i B¢,
BB AU fifk s VA B DX T) P M AR , iR 21 /30
2T AN IG5 5 SWIR WCHD i i AE X 22 5 0 %48
AR R b i B R AR A DG R Bl . 2Rk I R 4K
BERTZHE5 R, RVIHAE =S IPK IS
TF T HA Eam R A BIRE T . K RANSTENZ
FE552 D ME BTSSR AR R T T SE Y
SER L, TR RGOS B ANz AL R RE AR
M5, M RANSIEX N AR In (SSC), fIKRANSTH
YR AR In (SSC), #— L5k T4 RANSAE R
Y5 SSC v BEAH S AT BRRAE S A CNIN SR 1) 45 B

42 REERESWIE

421 HERBETEMESHT

k4 T B 3IF 22 4T 45 CNN 858 7E 25 2 v K Ak
SSC S i g PERE, AR MINZRISrE . iS4
AR5 B T AN R P 3 A A TR, Bk
PRECEALINE S (a) Fi7n. AT DL ESZE R LA 5
WP S, Bl S 7E 20 150—200 AR T
FasE, WM AR RO BR B A, B
& B R 5 10 )b B s S R BT 461 R MK
FIN45 2 55 55 B AT 55 RANS F 451 2 AT 13 B A7
K, R ZAT S P RENS 10 AT 55 SR ALAT AP
LY, B 2R ) R e MR R R I B

FEULIEANE 1, 385 DU ST O fh e 6 B Bl
R K/N . SR F ) R E S
BT A&, Juib)a s A 3 80 B ) i
SO E BRI LR . RIEI, T T M%7
HRARRELIE—SSC KA T HRILRES, 2155
S5k 5 DU Ak i 45 G R TR R Iz Ak
ey, TEmENMUK A Soh R LE,

Skt — A AR F RS e P, TR T 30K
ISR SR RIE LS, 4558 mE S5 (b) B,
A UL Z AT 55 A5 FR A 45 AT 55 CNN ELA B 45 19 95%
WX, UL LSRR R AR I AT ALK
BEALW Uf A AR AR S5 i 0 sl DL 4
AT 24T 55 CNN 753 A 2648 Bl P 1R 224 fefat
FE L AT, R EAK R AR T KO
TE B AR5 R A5 2 X v27 B U0 K (R o M P Y 3 2 85
HAWMHMREREE. BIRINS, S RIEITEMNE
UE T BB AR AN R R0 b 250 T M 2 SRR M
HE— 20 S RE ARG EE Y 8 B VDK AR SSC R T AR Y HLAT
A e 1 AT S 5 R AR AL



2032 National Remote Sensing Bulletin i & 54k 2026, 30(7)
05 300 -
04 200
100
03 £
® o
S 2 0
02 i
i
-100 |
0.1
-200
1 1 1 1 | 1 1 ] 1 1 1 1 1 |
0 20 40 60 80 100 120 140 160 280
0 5 10 15 20 25 30
ik HE R
— WERRBBR (train_loss) HAEHCNN L% CNN FRALCNN

— HESE AR (val_loss)
(a) ZAT:45 CNN Yl Zribi ok dh £k

(a) Multi-task CNN training loss curve

(b) THAEREC SR B AR XA SC R
(b) Relationship between the number of calculations and

the confidence interval of the error margin

E5  ZAT45 CNN AT 255 06 30E i B RRAE

Fig. 5 Features of the training and validation process of a multi—task CNN model

4.2.2 EEIXFLE

SRPTAG AN TR AR B 7 BT 155 2 V7K AR SSC 3 B
WHRPERE . X LA HT T A S5 CNNL 2R 55
CNN DL KR H DU Ak i 24155 F 4k CNN 3 F
BEAY AR 7 A A TROORS B . 3 A 4
B PR 5 SME A HU5 G R AT 6 i o

HE6 (a) A0, H4E5 CNNELAEILE In (SSC)
REETFRIBBEPIERE (R=0.793, RMSE=
0.641, MAPE=8.35%, Bias=—-0.034), Tl &% {&
AR 1 3. SR, M E EG SSC
R, BAVERE B % T (R°=0.004, RMSE=
2561.20 mg/L., MAPE=60.63%, Bias=194.29 mg/L),
o " E I R GEE R, U B X ] 42
AR .

mE6 (b) AT, MHZT, fEE5 A5
CNN 45 ¥ B2 mll 51 A RANS Y63 el B 55 19 £
1T 55 CNN LAY 1 25 2 1 W PERE . 7EIn (SSC)
RJE T, R=0.835, RMSE=0.619, MAPE=8.58%,
Bias=-0.016; 7EJ5 4 SSCRE T, R4ETFZE 0.710,
RMSE F&fI% % 1374.33 mg/L,, MAPE=57.73%, Bias=
-129.21 mg/L, ‘SEAATE% CNNAHLL, 24T R
In (SSC) REETN R#ERZI5%, RMSE [F£K4)3.4%,
Bias 48 WHE I /D2 —2F; TERUGSSCRET, R°H
JUTR%E (0.004) K4 2 0.710, RMSE F#AIK
2146.3%, MAPE [E{KZ 2.9 F %35, Bias
A (+194.29 mg/L) 7575 Ay i B2 B /0N () A2 Ak 671 D
(12921 mg/L) , Vi FEAEAS XSl 22 48 7k s 41 2
S 5 G

PERBHE T 2R IE T 24155 454 5 RANS Bl B
WU EER: —Jf, 2455 CNN#E g S
BOLEHLR], (8 B 32 T R 4 ) 45 ] B Al 55
FSSC 5 RANS2 i [m] G- 55, 38 {4 76 ] Ji 4 ol
T PR EROGT SSCARfL TR BIURE . X PRBE I 7 I R 2%
PR R Y JE AR AR, TR S T AT S5 AR R A
1R R R DX PR % L R R AR AN S i T 300 R R R
5 E; B—J7i, RANSGIE L5 SSCLEMST
KA 5L SRR LA B AT g R (A X G &R
AR T4t S R, SR SO0 0 L] e AR Ak
RO, g AR by dly B U AT 55 S5 8% F e 2k
PRE R 5T HL A s HLER 24 o) T8 AR 33T, 4
TR B AR e T e AR A IR 2E B OR, R T
B Rk B N B nFa et 5z 1kfe .

HEG6 (¢) AU, Dtk it irB2%A
I IV 0 2 4F % A CNN AT 2 7 3 245 780 v 32 1
AR PERE . #EIn (SSC) RUET, IZALRIERL
SR (0.835) FULT- AR RS M2 (Bias=
-0.001), RMSE=0.614, MAPE=8.62%; TEJ§t4SSC
REET, RRE—F48F1% 0.837, RMSE i#f— %1%
%8 1256.75 mg/L, MAPE=58.33%, Bias=—137.53 mg/L.
AT RACAL B 24T 45 CNN, 0L -3 40 Ak 32 25
Ul = B VEL S € o YRS G S Y NS & BT R 2
HSEL, TEORFF 24155 4510 5 RANS 4 B AT 55 Pty
FAZ DU I BERE |, 2P THIA R RS
RO AT ZR s i J5 4R SSC R (9 RMSE 45 4P A%
29 8.6%, HLAEITEWIRNRUE T HSC T iE M Li &
RS — 2k



JAEL 5+ FEF Landsat 8 T3 MY SRR U V0V S SRS 13 B « ) BEML B 5 R 2 2 2] (W Rl 2033
12 37000 - v
/,,’
1o 29600 -
[ ] //
8 B g I',,
) 222200 S
195} ~ 7’
2] P °
= 6 2 ,/,
= o, <:FII Y -
B X o, = 14800 |- ¢
4t '}‘:ﬁ“ = * : s
’,/' ,’/’ [ ]
R*=0.793 7400 © e R=0.004
2 - RMSE=0.641 s oks ° RMSE=2561.200
MAPE=8.35% -e0 MAPE=60.63%
Bias=—0.034 Bias=194.291
Z 1 1 1 1 : 1 1 1 1
0 2 4 6 8 10 12 0 7400 14800 22200 29600 37000
JbrIn (SSC) KB E IR (mg/L)
(a) CNN #i#1
(a) CNN model
12 20000 -
b Vs
v >4
P 17500 - * P4
10 .;l' ° ,’,’
15000 |- S/
’I
8 o ’.:] b //
- % 12500 |
2 ) e
@/ HII\E-H o /”
= 6 2 10000 [~ ° ° s o
B = s
= 75001 L
ar - ° ,1" ° °
S000F o o
R=0.835 0 %° R*=0.747
2F RMSE=0.620 “."P.. o %% RMSE=1282.94
”s MAPE=8.60% 2500 |- ool MAPE=56.99%
A Bias=0.042 WO Bias=137.56
-~ 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 0 5000 10000 15000 20000
SCBRIn (SSC) SEBRE VD E/(mg/L)
(b) 24155 CNNBLRY
(b) Multi—task CNN model
12 - 20000 -
I’, I”
’I’ ’l,
10| - o o~
[ ] at
15000 el
sk g [ ] ,,,/'
o] on 7 Y
~ i ® ’
R % 10000 |- e °/
= 4 3 °
% %f ?’/”
41 = ° e N
7
5000 |- ¢
# R=0.837 ° 7 e R=0.758
2F S RMSE=0.614 % o ®% RMSE=1256.75
s MAPE=8.62% X ‘g,.o MAPE=58.33%
o Bias=—0.001 : Bias=—137.53
7z 1 1 1 1 1
0 5 10 5000 10000 15000 20000
JbrIn (SSC) KPR E IR/ (mg/L)

(c) ZAL55 A LA CNN AR
(¢) Multi-task CNN-Bayes model

Fl6  ANTRIAEEL Y B i) SSC R4 115 SE I X) LE Gt )

Fig. 6 Comparison of Yellow River suspended sediment concentration inversion results from different models with measured values

(test set)



2034 National Remote Sensing Bulletin i & 54k 2026, 30(7)

3FAAIAE In (SSC) RUE T i 70 4 R 1
EMM TR SSC R, XFh RG2S FRET
SSC ¥ B W5 A7 IR A o3 AT FRAE - (e R BEAE A 1 48 %]
ARG RUE I 28 B RN, i X AR
WeAg SOE s T ARE B AT R, R 2540 A
TXEFR . ATLG AR o FAERLEERE B, 24T
% CNN K A ik i A 3l 1 RANS % B AT 55 i —
A HIES T e R AR ZE R AR,
5 SSC N FE T By R* M RMSE 15 31 S i v vl %, B
Bias 4 XHE IS A7 2, FOXT AR 4 BB ) 5%
TL/NT RMSE F MAPE I 35 55038 [ R (I 2 -

Zr LTk, 24155 B R Ak CNN AT 78 59 15
B VD FKAR SSC 1 Jgk iz v v Jre 3 a5 A0 S 1 9 g
J1, S5HALS CNN AL, IR i 5 G2 g T e ik
FEIX B &R G fi 22 0] & ;5% 38 24145 CNN A 1L,
T D A — 2 3R T TR S B I RN
WPKS B, 7EIn (SSC) FHJi 4R SSC X P AR B T #4
SCER T fem R B IR RMSE DL K HE AT 45 (1) fis
25, HMERITE R 2% S VD K A v B i J I T 1
HhELA O ) T S A S (.

4.2.3 #RBIGIE

hy AT IR 2 AT 55 A Ak 45 B b 28 ) 2% A5 7Y
PIHERRYE . TEEME SGE S, A8 B IE R e
PE VR ST 2E R ROt SRz AR T 3 e
AT RGEVTA -

L AR 25 4 AR LU P DL, 24T 55 A
Ak CNN BT fy 5% 22 45 A e R AR v, 2B 1Y
EIEIEA, FRE(E FEERELEOMT, M iE 7
22 WD, RO SR REA S R
ZAL45 CNNEAIR 2, 2 T, HAT55 CNN Y
BR A e R AT, R R T, B R 22
FERE R, Rl AR VR s th R 5 a2 B
LR RIS g . I = XTI L, AT 55
2 ) BeHE A ASUE A Ak 25 A A, AR e R AR E M
I 76 B Al 15 LA DUty A b ik — 25 4 71 T A

RIXT S8 (Al 0 A & AR BE ), AR ALTE
B VbR AR R B AR R ER2E A RIRCR

WF5% T R F ) LT 38 R IE & 7 ik . 4
I BIR G FEALAl FABEHLIN 53 . 676 A FEAS [H] I
s TE T oA N R4 KSR, B
J 2013 4E—2023 AEFR KR (3—11 H ) W 24E
HFRAE4k, SSC Il A 12.04—19621.46 mg/L, H.
U REA S L2 60% ., fEILIERE I, S X
6 E (0K JEE 48 A 0 B R B/ (RP=0.655+0.059,
RMSE=1620+192 mg/L.) , & B A5 Y 4 A [m] ] B |
ANFEEGEZET L DLEARR S KT R
BONFREM T ERE . I MR, X —45%
VLI Z A 55 A LAk CNN BRI A S AR A |- L
ABEERERE, 0 H X —IH AR R 505 R
BB, RS AE BT T K U S5 i 28 22 iKY
o P YRR e R R ), B R 0 TR S
FHPEFNHET 1 T -

Sk WA R A R[] SSC e I el P G TN E
W TR REATR FE R 50 Ry 4 A IXR] 432047 AT
ZEXIGUE, ZERMFE VR, G5RRYIBIR L AR
W BE DX [] 1 50 M REAAAE 22 57 7E 500—5000 mg/L
e B X ], RERIER IR (R*>0.76, MAPE<
23%), XFZXEEEAT R SRR TR
PRI mm 1 B Be AT G . ZEAIRHR B2 IXTH] (<500 me/L)
BT UIZEEAMRIA L (U 14.9%) HRKIAOE
B985, BRADEEA T TR (R=0.621, MAPE=
35.2%) . TEMRRMREEIXE] (55000 mg/L), A2 G
FK 5206, RMSE 4 %F (8 48 K, {H A 4% 22
(MAPE=26.1%) {54ERFAE AT 823236 [, B RANS
WM S5 e — @ B B2 1 i VR B2 IX B OGS A
FR)EL, BT BT, AR A X E] Sy
500—10000 mg/L 1) &5 & V7K A& X SSC<300 mg/L.
PRI B K AR, 7 b 78 32 X () A AR R A7 P )1 5 s
F FHAEXFPERE AL X T SSC>15000 mg/L 4% 3 25
WREE 2R, U 25 SO B 8 204 T R A

®1 FREISSCIXE THRE A XIWIEMREITHER

Tablel Model performance evaluated by five—fold cross—validation across different suspended sediment concentration intervals

A X [/ (mg/L) AL i H/% MAPE RMSE/(mg/L) B
<500 101 14.9 0.621+0.087 94.2+18.6 — i
500—2000 158 23.4 0.762+0.054 208.5+45.2 RUf
2000—5000 234 34.6 0.814+0.041 652.3+89.4 520N
>5000 183 27.1 0.773+0.062 1724.6£312.5 RAT




JEI L 45 LT Landsat 8 115 Y 8RR IF- DR VD VR B o s 8 S - Ay ML S R 2 > IO R 2035

Ry 3 — 2 PR A AR TR X A [ K A6 27 25 1R A 1
BERE S, SR K-means S8 77 1 0 REA 1Y G 1 45
it (B—B, Bt R) BEAT I v e, H52il
FEARRI N A 3L IUAE , 3 IR A3
KHY | rh A S AR ok A R B S AR T R K
o B R B — R Hmg, RIS
MIREAR ISR . 55 3FRFEATRAL, Z5 R UK 2 o .
A DU RYAE 3 b T A T ] 42 PR e ) 0
(R*>0.7), Ferboxl v 45 5 S5 A4 18 et A KA ) 000 RS

fER T (R=0.856, MAPE=21.8%) . {4 %
IR KA 1 FOE2 05 5 50585 . FRA N HL ARG, A
RUKGFEWE A T B 5 8 RS 3RV AL /K AR ) RMSE
AP ER R, (A FEPE T X (8] SSC ALK =
(F¥5>8000 mg/L) . Z5RFH], BT 241552
T ML 20 45 B RRAE 22 7R X AS [l 2 £ 1 B AT
(R, BEASIE I R T 9 2 2 AR Kk Ok
S350

2 RESEBHES A S 4 TEE R RN RIS R

Table2 Validation results of model performance under different spectral feature groupings

S FRAEHA FEAEL R RMSE/(mg/L.) MAPE/%
%1 RIS 2 (K 7)) 281 0.812 456.2 38.1
%2 rP A SR (T ) 334 0.856 1087.5 24.6
%3 R A A R P ) 61 0.734 2894.1 41.7

YR BE AR SR R T 38T 3 12 4~ M AL 7K SOl
e L. e PR RENTEE, SSCAERE k12—
19621 mg/L, JGIEFREARfLIR BERC K, Behf A3
T T A U KR B MR S SRR
TEZE B AKERLLE 2000—5000 mg/L 4 T i85 i 56 %
T AR T R B B R R, R0 HRGE T %
VAR JEE DX ) ) e ol Yl 3 PR 5
4.3 B8 F 5 iE

SR T Landsat 8 & B IR I 78 1Y) SSC 77
ai 7E 28 RUBE b A3 M, 6k BT 9 12 /> i 7Y
S A BT A R AT T X AT . ARl S v
B )PP AR AR, BEHC L 2 N L i Sk
Pyl R AR TR AR AR 34k A3 B ik
T R I B R T8 0 e B KT 5 K A R, fE
g 4 T M AR B SR R VD A RS A A A 25 57

M 2013 4E—2023 4 (1 H 385 b i 5 Al 5 SsC
XFHEZESR (B 7) TLAE H, P s 1) A8 £k k34
SRS, AR R S R RR A H AR A SSC R
ASAVRRAE o SR M AE TR 40 s B w5 A A — 5 i 22
(FEAE BE 11 335 RMSE 34 1829.08 mg/L) , 3% 1] AE 54
VYN LR A IR VR B2 YR VD B A S R 6, &
FOREAITLEAR S VD AR ST 0 T RS 32 i AIK T
TUIEE .

T 2013 4E—2023 4F Landsat 8 3 5214 14 I

AR, SRR RESE G—SH), % (6—8H°)
MEZE (9—11 H) 3FMZHEFHSSC, 458 m
B8 fizm . Al ULEEAA I, B3 SSC eI B] [ 5
MR FENZETEZES, M LRyt LR
TR EE T R R A SR, A A RIS

Hr, FZ (3—5H) SSCHE AL TR LK
S, R T ZE A 25 N BEKARVE R, e Vb vk B A X
BN, EEZZABEKRAR. FRd R
FAERIRIE W) R B 2l 559 S I e ;. B
(6—8 ) SSC . EHEK, JLHAELED 21
BO (X, RAERD W E RS B . 1t
MG 5% T PN X L RICAS AR &
B R YIA C, S =F K 3 Z1 0 /K 3h 1
SRR SRIMAER s Bk (9—11 1) SSCHKE
TG T T B, A I T B AT G 4 A X 5K R KR
3¢ B Z A A K ol U8 VD TR TR S R RN 1)
LR SEM T AT B AR K P IR 5 AR O R A
T, SSCHE—LREAK, RIREEKE 28 h ek
B 4 BRI, HOA TR SSCAEAE N Ak rh I
WA “BERK—EFDET R EZ
K" B ATHERAE, AR VDR B R Ak
R 5 AR AR A I B o o 4% 21 s ) 0 A A% ) 3
A—F, FRFP VLT H 2 0] 5 5 R AT
Rt e e, Mg 22 5 B SR B AR R v
IR B i s (L X3 FEL AR b 1 o



#EREF® 2026,30(7)

2036 National Remote Sensing Bulletin
10* ™ RMSE=866.33
=866. n.lg/L
u® '- ‘. =3 .'
L ]
J10r 'Hl'...' Y
g L . 5 #
= me %
é 102 + -'. -.. q:f ..
| |
Y - =
a ‘ L ]
0" - 71
A
ST T
(a) =Mk
(a) Lanzhou Station
104+ RMSE=1513.93 mg/L
| |
Y 'v = ..
% :-1.'."'. .. -
é [ ] .é .'l =.I.ﬂ
S10°f w® " =g aue
% s % = " - LY
fF = = ‘_: L !
SR
O »Q\b S
(b) KBk
(b) Toudaoguai Station
RMSE=1829.08 mg/L. & i .
104 °® N,
— = = ¥
= LI LI ] % Tt L
&0 = ey, H - l'.'
Bl ffamat o e s ¥ g, e Y
2 o M "'-q.. - - LR
« ’ ‘-l. mt Wy "
- B
102 L Y -
: . . L i . i . \ .
3 A N ™
q)@“’ N %Q\" '\9\‘0 N ’\9\% r&\q ’»@9 Y W@?’ ’»@?) Y
Ay
(e) febd F
(¢) Huayuankou Station
P17 347K SCk Landsat 5 38845 S0 SSC ) A i 8] 7741 He 45
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Abstract: The Yellow River is characterized by hyperconcentrated sediment loads and highly imbalanced water - sediment relationships,

making accurate retrieval of Suspended Sediment Concentration (SSC) essential for water — sediment regulation, flood control, and

ecological protection. However, remote sensing retrieval of SSC in hyperconcentrated waters remains challenging because of spectral

saturation in the red and near-infrared bands, attenuation in shortwave infrared bands, and complex nonlinear relationships between optical

signals and sediment properties. To address these challenges, this study developed a physics-constrained multitask Convolutional Neural

Network (CNN) framework for SSC retrieval and investigated the spatiotemporal dynamics of SSC along the Yellow River mainstem during

2013—2023. Based on daily SSC observations from 12 hydrological stations and corresponding Landsat 8 OLI imagery, 676 high-quality

matched samples were constructed. A novel spectral index, termed the red and near-infrared to all shortwave infrared normalized ratio

(RANS), was proposed to characterize the relative relationship between scattering enhancement in the red/near-infrared bands and
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absorption suppression in the shortwave infrared bands under high-turbidity conditions. RANS showed a strong correlation with In(SSC)
(Pearson 7=0.901, R*=0.81). To incorporate this physically meaningful spectral information, RANS was introduced as an auxiliary regression
task within a multitask CNN framework. Bayesian optimization based on a Gaussian process surrogate model was further employed to
automatically optimize model hyperparameters. Results demonstrated that the proposed multitask self-optimizing CNN outperformed both
the single-task CNN and the non-optimized multitask CNN. In the In(SSC) domain, the model achieved R’=0.843 and RMSE=0.614, while
in the original SSC domain it achieved R*=0.837 and RMSE=1256.75 mg/L, substantially improving upon the single-task CNN. Five-fold
cross-validation confirmed stable generalization capability (R*=0.655+0.059, RMSE=1620+192 mg/L). The highest retrieval accuracy was
observed within the 2000—5000 mg/L concentration range (R*>>0.81, MAPE<23%). Monte Carlo experiments further demonstrated superior
model robustness and reduced uncertainty. The reconstructed SSC dataset revealed pronounced spatiotemporal heterogeneity along the
Yellow River mainstem. Spatially, SSC exhibited a distinct pattern of low values upstream, peak concentrations in the middle reaches, and
declining concentrations downstream. The Longmen-Tongguan reach showed the strongest sediment accumulation, whereas the Xiaolangdi-
Huayuankou reach displayed significant sediment reduction during flood periods. Seasonally, SSC consistently remained low in spring,
peaked in summer, and gradually declined in autumn.These results indicate that integrating the RANS spectral index with multitask learning
and Bayesian optimization effectively improves SSC retrieval in hyperconcentrated waters. The proposed framework provides both a
reliable methodology and long-term dataset support for large-scale sediment monitoring, hydrological modeling, and water - sediment
management in sediment-laden river systems.

Key words: the middle reaches of the Yellow River, hyperconcentrated sediment-laden water, suspended sediment concentration retrieval,
Convolutional Neural Network (CNN), multi-task learning, Bayesian optimization, Landsat 8 multispectral imagery
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