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Abstract: The impoundment of the Three Gorges Reservoir (TGR) and the joint operation of upstream cascade reservoirs have
greatly altered the transport environment of suspended sediment, particularly in the fluctuating backwater zone (FBZ). As a
sensitive region influenced by alternating river and reservoir hydrodynamic conditions, the FBZ exhibits a variable vertical
distribution of suspended sediment concentration (SSC), which directly informs sediment reduction regulation and waterway
maintenance benefit assessment at the reservoir tail. Based on long-term field data from 2009 to 2020, this study used the K-
means clustering algorithm to systematically classify the vertical distribution patterns of suspended sediment in the FBZ. We then
analyzed the formation mechanisms of these patterns using hydrodynamic parameters, including the non-saturation coefficient
and suspension index, and quantitatively evaluated the applicability of the classic Rouse formula and Han Qiwei’s non-
equilibrium sediment transport formula. The results show that the vertical distribution of suspended sediment in the study reach
falls into three typical patterns: low-concentration weak-gradient type (Mode 0, 67.8%), medium-concentration strong-gradient
type (Mode 1, 28.8%), and high-concentration near-uniform type (Mode 2, 3.4%). Mode 0 is the dominant pattern. Spatially, the
reach from Zhutuo to Qingxichang shows a transition from mixed patterns to the single dominance of Mode 0. Temporally, these
patterns respond closely to flood-season hydrological processes, with medium- and high-concentration patterns occurring mainly
in the main flood period. On a multi-year scale, the proportion of Mode 0 has continuously increased and has become the
absolutely dominant pattern since 2014. This spatiotemporal evolution is mainly controlled by the combined effects of backwater
jacking, changes in hydrodynamic conditions, and upstream sediment supply adjustment. Specifically, the strengthened backwater
effect reduces sediment transport capacity in downstream reaches, and the enhanced sediment trapping by upstream cascade
reservoirs continuously reduces upstream sediment supply, jointly driving the vertical distribution toward Mode 0. Mechanistic
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analysis reveals that the different vertical distribution patterns are governed by hydrodynamic conditions, sediment supply, and
flow suspension capacity. Insufficient sediment supply leads to obvious flow unsaturation and a weak vertical sediment gradient,
forming Mode 0. During flood periods, strong turbulent diffusion and adequate sediment supply together produce Mode 1. Under
high SSC conditions, particle settling and turbulence damping weaken vertical sediment sorting, forming Mode 2. The
applicability evaluation indicates that the Rouse formula and Han Qiwei’s formula achieve similar accuracy in calculating vertical
mean sediment concentration. For calculating unit-width sediment transport rate, Han Qiwei’s formula introduces the non-
saturation coefficient to effectively correct systematic errors under low-concentration non-equilibrium conditions, thus showing
higher overall accuracy and stability than the Rouse formula. Both formulas have limitations in characterizing the near-bottom
high-concentration sediment layer, because classical sediment transport theories do not fully consider particle-induced feedback
effects on flow turbulence under high-concentration conditions. The results of this study provide a reliable theoretical basis for
research on sediment transport mechanisms, reservoir optimal operation, and waterway regulation in the TGR fluctuating
backwater zone.

Key words: Three Gorges Reservoir; Fluctuating Backwater Zone; Suspended Sediment Concentration; Vertical Distribution
Pattern; Suspension Index; Non-saturation Coefficient; Sediment Transport Rate
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Fig. 1 Study area and locations of hydrological stations
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Table 1 Statistics of measured data

KL Kl sF-pr RS 2444
S 2009, 2013, 2015. 2016, 2017. 2019 76
SHME 2010, 2011, 2012. 2013. 2014. 2016. 2018 145
keSS 2011, 2015. 2020 46

1.3 M5HGE

NEEAR EF, PO B ST R SV B AT R B BN R R AL . TR kb, SRR
TS I 2 IR AR, IS S MU Rouse BUMN 4, TR S —teggd, MM T e P
L%, b EREmE. TRERE MRS KA HEET . REWIZA B S ERAAET
TR AL S AR, BAFEAEZ RS AR T iavb i R R Y < AR Lk Ak
1iE.

RENRAIAFRB R DAL, AR AELN AN SIS ERR N A YRR
x; = (Si1, Siz» Sizr Siar Sis) 1)

Forb, S 51 % R AL 5 AN AN AKURAR IR B b &

RERB LSRG ZESR, TlERL R K Z R m, XA T2 50 AT A ik
A B, (EANEI SR AL TG — B WL, AT R85 B8 A5 25 1R 500 A ) i [ 445 ) AR A

TEUIEAY B, 51N K-Means SIEEVEN BT MLk /54 JE A FEATREZI . K-Means BEE T /My
RN TR Z  (Within-Cluster Sum of Squares, WCSS) SEIIFEA D, HHEMEECA:

J = ko1 Zxec X — well? (2

FHAKNRREG CoRE kAR w RN O R SRR RW B R, RN AL
PR R ZE F e AR, I SEBNT 4004 4544 1) B 3l

RBR RIS R AR P R DT AE L IR B S SR R, AR SRS S SR A BSGEE R UR AL SR B
TERIE TR AT, (S HILE FOTERIE S (] PR EFEORC I EE B IR, T PR BEA LT 4R 10 AT B S 201
JRER AR A A, (A I 2 KBTI R, RN T T R ZE BN S R R A R
o BARER A 3000 K, WSHRIME N 1 X104, BRI BAD R

VAR B P T2 T g ) AT A —Ah AR B

2R DIbRHELL [ N 3EIT K-Means 254K

3R e 5 BT 231 (Silhouette Score). Calinski-Harabasz $6#0(CH 8 %) Davies-
Bouldin ¥8%0(DB f& %) = N Fabrifi g S R H, R REBOCRIR R R WBIEMW; CH 48
Btk 2R I 287 2= A S s DB BN U % 7] 43 25 R koK 120221

WHAIEIZ M Rouse AR AR FAIR HINAFATHL A, BT A RIE DMk B 2 2UAE T B 8 BT Bt
TV EBELSMIEH . Rouse A AR THfyb 448 F W RN /3 ARM, R Rouse AXAFE—
AR R, HZ A AR B RS A SE R A 2 R T 8 H4E . B O P A R 23 Bt
Ji TR BT AR IR P A RIS, HAFR T AP S F R RIURY T ) 43 Af 4 T 2324,

2t Rouse AR MRIEAN:

[2)

w= () ®
AR N
5= (559 @

S, WK « 0 RITREG w JRHLRH S REb s S, WRia R, TS, EhiE
WME: a NIKEHSH AHRE (a=0.05): 1 N HIKHEREFARSRL, 27=0 B, §=S,: AFMIERE
c=1-f (L), HPSHBRETEWE, SOHBLHD LS, BRI B & & B
MRS e, BRI GER A i SRIZIn( S PFIBRII A E L8, O B AR A R A
o BIFIBIRZ = -

KU,



2 BB REL SR LKA

NPRAERIE TS5 R AR AN S TG, WF OB AL T 12300 B ) = AN /K SOl S s ATV S 4
JRAIE T E TR &R A e D S ML R AT R AR A, RIS S48 — MBI, DR BGZAT 7L X
Sl A B A A ) MR 2 0 A R AE

XX LRSI T L ST YL NG R, H AR ER Z 2 FE, Bk T 545 Rouse FLRH LA
M B (EARRD JEZSN, KEFARRIM 2 n 20 es (B 2), LR 2 U LUHE
A, WA R R M 7 0t 4 A el AT A AR BE

0 0
—— 5 S
02 t BSE 02 t
% %
%0.4 3 %0.4 3
= =
%0.6 3 %0.6 3
08 08
1 1 1 1 1 1 1 1 1
06 07 08 09 E.l 1.1 1.2 06 0.7 08 0.9
AR S Vb EAE
0 0
1)
02 | ——RCE 02 t
K N
%0.4 - ;_%0.4 3
Eo.e s Eo.e s
08 08
1 1 1 1 1 1 1
0.9 0.95 . El 1.05 0.9 0.95 1 o 1.05 1.1
AR VbR FEXT S A
0 —a—TEE R 0 —— LA
0.2 02 L
% 5
_;%0.4 - ;_%0.4 L
3%0.6 - 3%0.6 L
08 08 L
1 1 1 1 l 1 1 1
0.7 0.9 11 15'-3 15 1.7 0.8 0.85 0.9 0.95 15 1.05 1.1 1.15
AR b A ARV A

B2 HRELSHE
Fig. 2 Typical Measured Vertical Suspended Sediment Concentration Profiles
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Fig. 3 Evaluation metrics of K-Means clustering performance
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Fig. 4 Schematic diagram of three typical vertical suspended sediment concentration distribution patterns
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Table 2 Statistical characteristics of three vertical suspended sediment distribution modes
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Fig.5 Annual distribution of suspended sediment vertical distribution patterns
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Tab.4 Statistical summary of hydrological and sediment parameters for different modes
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Fig.7 Distribution characteristics of key hydrological and sediment parameters under different modes
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Tab.5 Comparison of the calculation accuracy of vertical mean concentration between Rouse formula and

non-equilibrium formula

AEN fibr Ak B 0 Bl B2

RMSE 0.116 76 0.060 85 0.189 08 0.155 32

MAE 0.0672 0.0391 0.1262 0.128 1

RRMSE 0.161 62 0.188 55 0.083 45 0.020 44

R? 99.36% 95.56% 88.09% 69.16%

RMSE 0.122 81 0.062 28 0.198 31 0.150 75

T AR MAE 0.0710 0.0399 0.1334 0.1257

RRMSE 0.171 60 0.203 38 0.082 42 0.019 88

R? 99.42% 95.68% 88.17% 70.95%

Rouse A3

10



Mgt kG, WRARIRNZERA K. Rouse A:7E RMSE Il MAE J7 B, 1M APk
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Fig.8 Scatter plot comparing measured and calculated values
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TR X &Y &M B, B i R SO R R LR, T DARE— 2B R I AN [ A )
MARELREMH T WLEERIN. TIRETH Qo MM ELIRX e bz, RS ERERES &
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* 6 Wb RMERVEESI
Table 6 Mean and standard deviation of sediment transport rate
(a) BFTHIVE Qs
N 0 1 2 BSYEN
7 Rouse AP Rouse  ASF#§  Rouse AP Rouse AP
R? 09800 09884 09712 09810 0.9983 0.9985 0.9949 0.9967
RMSE 38077 28983 106928 86907 86983 80880 6.7344 54480
MAE 19774 13822 68940 48572 6.6478 64013 35527 25535
(b) JEEHIDE Qo
&2y 0 1 2 ST
Ik Rouse  AF#i  Rouse  AF#if  Rouse A1 Rouse AP
R? 08262 08285 04962 05219 04327 04482 0.8185 0.8250
RMSE 0.8981 0.8920 36881 35927 122692 121012 3.0893 3.0328
MAE 05289 05248 3.0903 30275 10.8252 10.6994 16147 15895

Gt d R EoR, NPT ARER TR (Q)) MITEFHRILE T EELT Rouse ARG
FfaEtt. NatkEE, ANPEARMIE /LR ®IX 09967, ¥7HRIRZE RMSE [ % 545, WEMT
Rouse Ao EANFRHTH, AP ARMRARFEAAE, FARERER 1 4, NPEARM
RMSE #H [t Rouse 2K T 3T 20%. XRUEIL5INEMEAE REL, APl A A8 s
RAEF K XX RSP SR, B IE T 4248 Rouse ARG MW ZE

TR RV Qso MHEH, T RH Rouse AL RAPE D A, HitH 45 R 5 Sei{E vl
BREEMRT Qs ML T 4 ML B/ PRI B I 28I 45 0 B R IR P 28 R M Z e AN . BARAS Pl 2
R TRZ ARG T Rouse AT, EAMI 1 A 2 (FERERM) F, WA ARMIe 2540
B, M LURE B sl & A= (30 I v b it R

CEEORAE, EMATERIEHITD R Qs ATV ARIEE R B AE EIFFEA M, RHARAEK.
WRFE S AE IR AR e TR A B35, Rets T AU P b A B L . X T IE R HD % Qws
BA A R TGE ITiRE, A R — 5.

4 ZEip

AT 2009—2020 £F =K FEAZ B [0 7K [X B PRI Bt R i Sl ), 38 3d K-Means 226131
AR AL MR, IR AKE R bR S G s Yh A THEE, 0B B L A R AL B ELE L
177 RG0H, BRI EELR:

(1) B AL AT BAT W] AR . BT TR BB o 3 2 20 A T A0 00 = Al g R . IR
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i (67.8%), AWFFIBER EEN LA T L, WRIEEFRY, B4 H0riE
AR B SRR R AR Rl E, BRI R B RE B A, e AR A T B
I, T2 R BRI 0 A LLRREE BFE, JEAE 2014 SFLUGIEHICN F SR, R AR S FKIX R
g AT H 2 AR O A7 17 IR P 55 06 R S5 A AR X a 3

(2) NFAEL AN T ZRZKB T Peb RO B e/ SE Rz . Ho, ARMANJEE
FEUWKFUERID B )1 5 e g < M ILEC R 2R, B R AR bR R AL 2R3 Y HLS 0 UTRE 2 R AH X 58
o FEVEID B AR RITEIL N, KIRAL TR AAMEALIRES,  BIAE Z53hy HOrE AR, tXE DU RO 2
(I A EERR L, TR BUNIRIR FZ G5B FZ R A0 A7 K RERID BTN, FERGR ANy B S e 2
R HEILFEET, &SRR R MR 2450, XN PR s R A fE RS T fvd
FAER FURLAE AT R RN L R TP JE A IG5, A0 3 17 73 LE I RE S, M R et o R A 42 2] Y
oA -

(3) Ao 3 2 A A 2 2 () AT i) FOBE 1 25 2R Bt W R AR R A, AR B Sk 1 22 Bl [ K X 7K
BN LU RIRM AR . AR 8] b, ARSI RK X YRR K 3 IR, KT A T o
FEUKFRID REJ190ES W R D B AR R I BOBHIE K, LS R IR RS9 BE LTI A . 1
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