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Abstract

As the construction and operation of the cascade reservoirs in the upper Yangtze River basin, the hydro-
logical regime has been altered from its natural conditions. Based on the measured flow series of Yi-
chang hydrological station from 1949 to 2022, the flow data series is divided into three periods including
1949~1995, 1996~2014 and 2015~2022 by using the Mann-Kendall test method and considering the
construction process of upstream cascade reservoirs. The IHA-RVA method is applied to analyze the hy-
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drological regime in the upper Yangtze River basin. The results show that the overall hydrological re-
gime alteration is a moderate change (49.2%) from 1996 to 2014, and a severe change (74.2%) from
2015 to 2022 as the construction of the upstream large-scale cascade reservoirs. The large alteration is
mainly reflected in the indicators such as monthly average flow, extreme flow, and flow change rate.

Keywords

Cascade Reservoir, Hydrological Regime, IHA-RVA Method, Upper Yangtze River, Yichang Hydrological
Station

Copyright © 2023 by author(s) and Wuhan University.
This work is licensed under the Creative Commons Attribution International License (CC BY 4.0).
http://creativecommons.org/licenses/by/4.0/

1. 518

KAILAE M EE — KT, e B e il RO E, RARERZ R, EKR, KEFEEE, KB
R B 20 80 AR ST PNIK e g iz e, 6 B DRI L Ui el S A0 R i — b m KB K il
W15 I R i i e JRE AR o /K ZE R I 2 18 B N P B A B 28 7 Ky Tk i /K e 3. IRk, W REHR TS
1A AL AN NG S OKFIK B LAY 5 R KT B AK ST 3, 2 iRk [al & R 2 AR 1) 7

KA B4 AR VT I B 25 AR KA 35 2K SC B R BN A L, & T e AR /K S S RIS B . N
FEME. EEIAKSCHES, Richter Z[1]F 1996 -4 H — R FI/K L4 Fe #r(Indicators of hydrologic alteration,
IHA), 143 E K H R/ 44 <> (Nature Conservancy of the United States)5g3%, HAVNE SHEER . MENK
B FRABS ZI0. fikar g i AR R AR AR AE N AT 5 40 33 AN THA F845[2] [3]. IHA b BT 7 B VR 5 38515,
A B e 250E B FER K SO, BABCN) 2SR o 5 Al K SO 078 F A FUK SCHR AR I 2L
ASFERE, Richter £5[4] /54 R H T 28 4k [ % (Range of variability approach, RVA), KH IHA-RVA & B0
IS5 B AR B

IHA-RVA ¥ B 7 [E PN ANEAS )32 I 7 S, AETT sk B Al b i th R B0 R AP ORI . 250026
[5]1%F IHA-RVA 7E 70 7 KT X AE S K CSCE AR, BEARIMTRIR X 52 NS, AHE SRR
RNESFHIERT, KILEXASREH S SRS ORERESE; ZCHREE[6] LA 0T Nz BE Lk A AT
FR G, AT S5 BRI K BT RN 7 AT R K SO AR, B Lk (1 B A K SO FE 20k 51%:; 5 3
(715X PP B S PCEAIRIE DY 3 1950~2006 /K TG AT 704, o T QI B i ZROK EERERUASE R /)N,
VU B AN s B S WoKPER IS fE, B BN B =k - BN GOKE, PR T H B
KIS, HDL=IoK RIS 3, T E PNEIUK s/ 8] [9] [10]; HAAFHCHEFR, # L IHA-RVA
VPR BE T AR ST R K SO 3, AR/ SCE A B K 70 7303 1] 36.8%0 41 38.9%, 14 S L B4R [11] [12]. ik
LW, EERRNABEIUKERR G HESE NRENFERRLGAEN T, KILREAEX BBy, TIEKITH
WiE, AKCHERABCRAERFEFRRENSE . B ERTFFAIRAAAET R R — AR T 5K 2 BURE 7K P 5
W N IR SCIE B, WA 25625 FE KL RIFERICR UK PERERIRE s R A Tt A sk ishia, w741
(AL BRAEAE IS 70 AN R AL, e I BER, R P BADL F i AR S Y 51, 30 2 Bl A 2% K R J Bt R 55

BB KSR AT B ilnt, FAAAR 58 & MK ORI Bk 36T 5 B 7K S0 1949~2022 4 Sl &
FEH, FERVL B fURBUBR UK FE R BARIE T 5 T, A KIL RIEAKSCE A il . 3 EER AU R B 2k
T W SRR K P BRI B A AT BB, SR A Mann-Kendall BRAH SR I 30 2 BEAL R &
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PR, SRJE R IHA-RVA VL1770 BOG & 47 HI I KOS AR A A, I 5 BRI K ST A B 38 .
2. MRF*
2.1. Mann-Kendall Z5{k #5351

TEN—FAESHUG SR /715, Mann-Kendall #3546 5612 J0 7 8 IRF 8 IR IR FEA /3 A 288, 3k mT LAHERR /i1
SRR, &N, EE A, s AR 5 4143(World Meteorological Organization, WMO)FifE#z, A
B LA SRR IG5 B a4 AR 4, 3 T DA SRS 56 7 1 1) S AR A 0o

XFF A TS X, Xy, X, (0 SRR S EE), AT LA IE —REF 41 Sy

k i

S =>Ya (k=123--n) 6
i=1 j=1

1 %> )

% =10 X <X @

s SONEUE x KT x iR
B E B 18] P S BENLIRSL, S IRI3MA S T R

k(k-1
E(S)= (4 ) ®
Var(Sk):w 1<k <n 4)
XF SAEFREN, AT AR RIS iR URCA:
UFk _ Sk B E(Sk) (5)
ar(S,)

A UF ST 0. 4A5EREKT a =005, 4 UR OARHE AT U, = 1.96 i, U504 M IS AL, 1
BRI B TR X B b SRR X, X,y X G00E X[, XG0, X0, AT T2k
{UBk:—Uﬁ,

6
k=n+1-k'" k=12,---,n ©

T HA BRI )7 51, 5T Mann-Kendall 25672 5K H 4 ivh 7 515 R URFI UBy. 5 URCKT 0, Wit
FsA BB, 5 URCNT 0, WIRAIA FRERES . FTaH UR(ERTER — %2, HHETiEE
(S8 AP LRI, WA B3 0 LT B R A . B UF AT UBy 4R 7 B 2 /K2R X TR AR RS, %2
AR AL (I T8 IE 2 SR TR AR A 1

2.2. IHA-RVA 3%

ARSI RI IHA 45852 K E R B R RAP P AE 32 NMRIRFEA_E 5838 5 iI4RFs, 35334, 2254, Al
FABMERERAD WERERD . RERE NI A Rk FEGRARE.

RVA 7 T RN R R, KRR ERTIE R Z 2 TRMASEE 15 2 R iR R . Wi
X RIRCE T BIFRARZEAT AL B AT 4R 2 RVA BRME R A K SIS HARMRE I o« A SGEFRIRFTE T 33 4> IHA 45
FRE) 75%- 25% 73 A BV E N5 Fa AR RVA EFRATT IR o 27 JF R SRR I AR A o e 3 i 0 35 Y 7K SCH R
PRERREE RN, R R LN

BANRFR K SCHA AT IR A3 X8 IHA $RFRECALEE Dy BOT- S RIS 2 [F 230 AT B AR K SO A
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D = 0i Ve

x100% (i=12,--,33) )

e

Ne = pXNT (8)

A Dy FRRHE | MEARISUE R Noy B8 | MBIREIERIVIRE TRTE RVA BIE N IEEG N 2R i
MNEPREAERIVIRES FHUHEAN RVA BIE N FEE: BT AR 75%F1 25% 7%, Frbl p = 50%; Ny
FRIERBIRE TS FHL

BOE K SCHRAR R RELE, IR /-7, HoKSCSUEFE 0 < Dy < 33%. 33% <D< 67%. 67% < D; < 100%}H
INBIR G N RE . P REAN G R RS

3. MEXEEHIE

B E KSR KT Bk o, [RIIN 2 = 0k e 6 e e i il SE/KTRIFRZ) 100.6 75 km?, 1877
SEFFRE M KA, T HE 1946 FFFURMA . A SCERIUE B b 1949~2022 SRR R4, TFRKCIEHAAR
A HT AL

KT B R 4 JTRPEKE, EEZ 163312 m®, BiitEZ 498 12 m®, ECEHIA R 114.24 GW, it4E
R HLE 3000 212 kW-h, FLH 30 Ha s KADK I Aivs s BRI S B A mln ] 1. 32 1 iR Zng A1
TRE ARG /NEKEE, K E B G 1949~1980 AR RT AIME R IRVIRAES TS EE R, [R5 08 215 i
WUKEEALT B Bk B2 6km &b, ARHEILIZ AT BRI TIE AN S , WK R SRR &7 51— P 48 Ky 1949~1995
s [ 1996 G, FREBGEE KT B Z HAUKE TR, T 2014 YA, 245 EH—D5%E. f
TOKPER G E R, RCRACRIME R R AT BE, ot E B b5z B oK FE g s RIZ AT 5
RSB, KB REF SR A 1949~1995 4F. 1996~2014 £EAI 2015~2022 4, 43 BT B E /K STk K AR
5P A (RIS 32 7K P S0 ) T 4 52 7K 28 AR [ RE FEE S0 0 91

A KE
— ]

B H 7213m
— TEE 35m

Figure 1. Distribution of key large-scale reservoirs in the upper Yangtze River basin
E 1 KRS EFESKREKESRREE
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Table 1. Key large-scale reservoir construction information in the upper Yangtze River basin
=1 KIIRg EFESRBKERERER

KEE BIEER BESRMLm®  BIERML m? IKPE BistEn  MERMLm® RUFERNL M

e 1981 15.80 15.80 Wi 2013 9.21 777.27
A 1996 10.25 26.05 Rl i 2014 8.85 786.12
0 1997 2.17 28.22 e 2014 5.58 791.70

ES73 1998 25.50 53.72 iy 2014 17.18 808.88
P 1999 58.00 111.72 B — R 2014 79.90 888.78

BT 2003 23.00 134.72 BRIKUE 2014 126.7 1015.48

B 2005 49.47 184.19 I ZZ 3 2014 51.63 1067.11

ESan 2006 11.12 195.31 =70 2014 40.67 1107.78
= 2006 393.00 588.31 A 2016 8.05 1115.83

4 R 2009 64.54 652.85 WEE 2016 22.50 1138.33
#K 2009 14.65 667.50 ey 2021 74.08 1212.41

ATV 2010 53.32 720.82 P 2022 108.00 1320.41
5P 2010 15.93 736.75 SE N 2022 206.27 1526.68
LX) 2011 22.18 758.93 XL e 28.97 1555.65

& 2012 9.13 768.06 TR EP 28.00 1583.65

4. HEWIKES TSR

T Mann-Kendall #5625 B E 7K SCHii &7 AIE 1949~2022 “EAR S, Wik 2 fic. B EFE
. MR E6~8 H). WHoRRE(9~10 H)MER KR EAH —& TIE, HEE KN TRMENRE,
T 20 AETRRIE AR i K AR R 3« MK E(1~3 A)MF /MR s 2 BRI U
& AR E A /N B AE 2004~2014 3R 1B N AAAE RAL R AR5 S AU 72 2016~2021 47 1A] A A7 7
RAZ . BRSBTS B AR IR RS, SRS DR KA, KB R R A SR .

k35 o i KUL BN SR BERE T B B K SO K U B g2, KA IHA-RVA 55 BTG K SOE RE R
AFEPE . K SER R KT AR A=A B, B 1949~1995 4F R AR &7 51 A1 1996~2014. 2015~2022 4EIERAR
WRITH, BEHRE 7RI I pA oK @ b fE, AR 7 Mann-Kendall #3456 434t BT 43 90 20 98748 55 1) 3 A
WRite KH 33 MK ZEFEFR(IHA)FIZE TG BIE(RVA), TR B K SOl A R BEK SCOAR E, ke 2
Ji7R o

4.1. AR

SRS FI B S A PR EWE 3 Fiac. AR LI E 8K E RS G, S5
WEAF N, 1 H~4 ARKI S Z 0, X 58620K PEREE BE IS AT 45 FARXT L, K /K ZE I KR i &,
RN r e s TIK BE B /KBt /N RS o FLBEZK BERF LB K, Rid#a 34 7E 2015~2022 A SENE. % .

g 2 AL EENE PR AR SCR R 2B K I s AR S, aRIbl 1 AL 7 AR,
ST 4 BR. 1996~2022 AFIERAMEDL T, B B SR KIA RIS R B2, A S
AR, FiEEEEN, 2015~2022 A FEA B RRIGHAE M RVA UL E, SRRk 100%.
HHIR B OB AR R AN, KRS, A —ERhNES, RRENE.
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Figure 2. Mann-Kendall test for measured flow at Yichang hydrological station

& 2. BEEKUASENFE Mann-Kendall #8346 3045R
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Table 2. IHA indicators and hydrological alternations at Yichang hydrological station
= 2. HBIKICH IHA 8RRk B

. A Jo b 1949~1995 1996~2014 2015~2022
¥ME  RVATR  RVA LR  #E oFE HE N
1 A 4206 3939 4615 4799 36.8% 7982  100.0%
2 AP 3793 3488 4078 4525 68.4% 7121 100.0%
3 AP 4191 3716 4691 5451 47.4% 8359  100.0%
4 AV E 6190 5459 7277 6978 36.8% 10,912  100.0%
5 A P& 11,915 9438 13,493 11,722 26.3% 15934  50.0%
6 AP 17,877 15,110 20,688 17,370  474% 19617  25.0%

% 1 Hm%s)
7 AP E 29,019 26,119 32,955 29,674  26.3% 25,694  50.0%
8 A V& 26,916 22,923 30,405 25248  53% 22,206  25.0%
9 A Fii= 25,480 21,293 30,602 22,770  158% 17,522  50.0%
10 AP st 18,526 16,673 20,158 13,731  78.9% 14,969  50.0%
11 A 9896 9015 10,948 8335 57.9% 10,501  75.0%
12 A 5901 5407 6494 5875 5.3% 7310 100.0%
B 1d iR 3450 3195 3645 3890 89.5% 6180  100.0%
B/ 3d iR 3477 3210 3675 3917 89.5% 6262  100.0%
BN Td R 3521 3264 3741 3980 89.5% 6334  100.0%
/N 30d i E 3674 3387 3966 4306 68.4% 6790  100.0%
/N 90 d i E 4031 3747 4400 4818 57.9% 7765  100.0%
A 1d g 51,600 45,100 55,550 46,900 15.8% 33,550  75.0%
% 2 H(m%s)

A 3d e 50,100 43,100 53,617 45700  15.8% 33,183  50.0%
K 7diE 44,571 39,600 48,279 40,529 5.3% 32,300  75.0%
ok 30 d i 35,073 30,835 37,708 32,957 15.8% 28,732  75.0%
oKk 90d i fE 28,497 25,283 31,371 26,994  53% 23562  50.0%
FEARHL 1.7 16 1.9 2.2 57.9% 3.2 100.0%

Wrim R E(d) 0 0 0 0 0 0 0
/Nt i H L [A] 52 43 72 45 5.3% 46 25.0%

%5 3 4H(d)

S Kt i L [A] 203 192 229 212 5.3% 194 25.0%
FEIAL Rk 6.0 5.0 7.0 6.0 36.8% 6.0 25.0%

w4 T kT (d) 15.0 12.9 18.2 15.2 26.3% 15.2 0
UL Sk 4.0 3.0 5.0 7.0 47.4% 6.5 50.0%
G 5 Jhk 3 B (dd) 22.8 18.2 30.3 13.0 47.4% 14.1 50.0%
TR IE N (%) 7.5 7.0 8.3 6.6 47.4% 5.0 100.0%
H5d WD FE (%) 42 45 4.0 47 36.8% 45 25.0%
I 76 70 95 119 89.5% 132 100.0%
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Figure 3. Diagram of average monthly runoff at Yichang hydrological station
3. EEHAYRREITE

10000 7 4 1949~1995 —+—1096~2014 —s— 2015~2022 50000 1 o 1049~1995 —+—1996~2014 —— 2015~2022
9000 1  ——25% —T75% - - - 45000 1 o ——25% —75% - - -
8000 40000 -
7000 - 35000 - ‘ t o 1} "l | N
g 600 gaooo L W W At - HH
~ 5000 7 .3 /o Y . = 25000 70 ] g r ' [ ' "‘
1 4000 AP RN Ty S S - V- - - - - % 20000 -
3000 | 15000 -
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b Efy
() HEY 1 A FHRAR (b) HEE 7 AFHRRE

Figure 4. Diagram of average monthly runoff indifferent periods at Yichang hydrological station (The RVA range and mean in the
figure are under natural conditions from 1949 to 1995)

4. HEWWANEERAHERGE(E S RVA BESEEFIEER 1949~1995 FRZKS THI_ETR)

4.2. BERE

M7 2 TR ERE TN, B SR E R/ MEfR R AN E B AR, 1996~2014 4F i Kt &b 25
FESUE, 2014~2022 A K EfAR I 2, EAENCE, Hpmk Ld mEMRN Ld REWE 5 frs. X5K
e HIESEAR” I s AR, AR B S K P BB AT R 0o A3 Tt ot R ) e o 2

BRI BA IS AT U8 T AR I 25 23 i, A E IR R RN, S AR AE I 5 1Y) H BT [ [ A7 7
M. 1996~2022 R H B/ 1 d B MR K 1 d s B BEE 20540 T KRBT 511 RVA FHRIN, B8R
BIARET 25%, JBEEMA.

4.3. FERKHH

m (R) B bk b ORI EE KT CNF)FEEHREFS] 75% 1 5(25% F ) Mn st fE. &8 b ikih
fabringe 3 . W7 2 M3 3 /L, TERBAIFEBMAUKIZEBITRES NG S-S ER T, S Eikehig
PP LA A A, SR S B R AR P O s R R K OB R, P8 R D B R R B
1996~2014 4FARV & Mk e bR 38 B 1 A 47.4%, 2014~2022 4EI51K 50%, 15 B & e 471 4 5 b P e A%

e
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Figure 5. Diagram of annual extreme flow at Yichang hydrological station
5. HEWMERERESITE

Table 3. Flow pulse indicators at Yichang hydrological station
% 3. HEMREMNER

IHA 545 R . . . - e
e O ol RRERPTING RN GREHIPTR Q)
1949~1995 6 15.0 4 22.8
1996~2014 6 15.2 7 13.0
2014~2022 6 15.2 6.5 14.1
12 9 4 1049-1995 — o 1996-2014 — e 2015~2022 771  —+-1049-1095 —+—1096~2014 —s— 2015~2022
—_— 250 —_—75% - -l 6 —25% —75% - - =¥E
5 d
3 = . ll A'. . 1". a A $-Pd
S <. ﬂﬂhgﬂ-ﬂﬂlﬂ-ﬂﬂ!ﬂf-!.’ﬂ
A ‘B\Q‘ \4 \l
: :
B 3 A
il I8
= = o ]
2 A 1
0 : : : : : : 0 : : : : : :
1949 1961 1973 1985 1997 2009 2021 1949 1961 1973 1985 1997 2009 2021
EA Ay
(a) B E G ERE IR (b) B E s %

Figure 6. Diagram of flow change rate in different periods at Yichang hydrological station
6. HEMTENERETLESITE
44. RETWE
IR EE RN T BUR S AR BT — B BB b il . 5672 2 M0l 6 mT L, BEAIN S, JERBIRET

TR AT RS TP INR, FR D> R WA & RBRER . Hrh 2003~2006 4, it
IR A > R AT K, BREIE B L =K T 2003 £ IRE K, 2006 Febl4lfs, HiE
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TEKEEA FE S NN R RS RS R T, BB IR SN A, & S 80 I I 48 b o
P v AL R ek 23 T A P AR R R AR

T YRR o H R B e AR ekl by s AR 1 VOB A . 1996~2014 4R 2014~2022 4, H B bl B h
KRR T 76 oy mIF T2 119 A1 132 IR, 8 BE 43030 89.5% 1 100%. H A IT b It 2K P it 1. 42
WiE, MEANEINHE.
4.5, BEFKITHTE

P BT IHA FaFRIIK TR B, 2B 2831 7 21 SR 15— IS B ~P 2 o538 I AR O S, i 4 oo
BB S 7K SO A SO S T B A SR R B K R IE AT E B E BRI S A TE R A R . AT S, BB IHA
febr B, EEMAS, HESAREE A SR E. SOt 2R e R bR, 1996~2014 4F i H A4 K
BRI, MUASSE N 49.2%, 2015~2022 4F R E T NAS, AR A 74.2%.

Table 4. The group average and overall hydrological regime alteration at Yichang hydrological station

4. HEMSHEFPHMBEKELLERE

1996~2014 2015~2022
IHA $8 475
AR BB AR UL
& H¥BERE 43.9% H 74.7% &
& RS 57.4% H 86.3% #H
WAB & HH L ) 5.3% % 25.0% %
it Bk L 40.4% H 37.5% il
AR 62.2% H 82.9% &
AR K S AR 49.2% m 74.2% #H

5. &g

DNARTS AT I R 7K P S RSB WAL R R I K SO A RIS, A SO TR B K SC 3 1949~2022 4 H
WEVORL, A Mann-Kendall #6561 047 % i {if2 i AR, KA IHA-RVA J7ide ST KT -
TERh K BEBERT B B Sl /K SIS B U RS, B A4 ie i R

1) HEWIKSCERZ LI OKERR A BAT LR,  1996~2014 7K FEFF W] LB, BeAkoK A7 o8 1
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