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Abstract

Long-term historical runoff analysis is the basis to understand the evolution of discharge in rivers. The
Yellow River Basin is located in the semi-arid region in northern China, and has long been suffered from
water scarcity. It is important to investigate the historical changes of natural runoff to regulate and util-
ize water resources. The present study applied the sliding average analysis, MK test and anomaly accu-
mulation to analyze the changing trend and fluctuation, and used the Pettitt method to test the abrupt
and Hurst index to evaluate the annual runoff with historical data of the Yellow River from 1470 to 2017.
The results show that natural runoff has a significant downward trend. The time series remained strong
persistence, indicating that the natural runoff still keeps decreasing in the future. During the research
period, we found the most abundant natural runoff in the middle and late 19th century and late Qing
Dynasty. Abrupt changes occurred in 1641, 1731, 1757, 1816, 1864 (1861), 1933, 1989. The long-term
time series indicated that the Yellow River has experienced five abundant water periods, two normal
stages and five dry periods, and will stay in dry condition in the future. Natural runoff showed a peri-
odicity of 3~4 years examined by wavelet transform.
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FR TSI R R A, SO RRIG MR TS . RERIMERRBREN S EERRER 2.1%, HE
FETRETEAL. St X H B KR . BT OR SRR I AR A B O AR U A B I B DX P K B B 2 T

B K SOK B RGuE— MRS I RS, RE N BRI R AL ERRE. K
3 527 BRI B AL A R KRB 23 B iRT N AR i & IR AR R AE , P A a3 5 MAE AR AGER R VI[1] [2]. /KFI L
FRIMEEE, DASCAROBENE . 30T AR T« VAT 2 BN & 45 F /K & DR IR B2 1 389 ons ARSI & 7 91 AR A RS M 0K
HAT, &T 3 RIS BR R 7 T I A, (RAEAR I S T I AR /> 25 AR AR i & AN 1. L
REEE[1BT 7 =110k 1470~1998 4F RIMAL I &AL B A AP B RIE 25 R WE S5 [3]HIF 50 BTN I = 1] okl
1919~1998 FRIRFFEFARRENE; IR [4 R FH 3 B B i R R TR, 0T T 1919~1997 SFEH K
SRR B A PR AR BePE L A B B R SR AR 3 2= TSRS AT T 1919~2010 43570 F AR X A2 &
AR I 2 o i L R R I DTRk e . Bl N JSTE B ISR, AR A D B AE 21 a5 R AR
ik A B FIORE B B R TCHEIR /N [6] 0 PRI AT 06 B 78 T s B A BE, IAVURT T A 35 VAT R SR AR I 2 R VB AR AR A o

H AT S U 2 R e Mt i, s 40 AN 8] e 2 A a3, T S et L 34 R AR (RS G ) R R
ST FE A LAAR U IR A T R BT R AR TR AR R R B, AT K B B o AR SOR F R 1470~2017
TR 548 SFRINEIMEIT A, RAZFGH 05, B TL R SRR I 5 7 50 B B (1 s AR A
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TGS, HICKNEM PR EA R 5 1950 FRAKRTRL, 20T =17 bkt R ARAR I & o )i ol R SRR A 2 11
0% A7 o PRI, AR SCSRFH = 1 Tk 7K STt R AR B R A B ] R AR R IR B ARk

F 1 22 S [ 7)) R A TR B R (P BT FLE R R B AT AR ) S OCTTR,  HESR B AT =] sk
1470~1918 SERRFBIME RS, FFIE =103 1919~1997 LE ST BB K 1470~1997 fEK 241, Bt
1998~2017 - %4F (FHI/KBIEAHR) F RIMEIEI B 1919~1997 B FUIH R RE T E -

22. ARFE

AR SL BRI Bl 38R 1] 55 4K IR )75 50 v 1) e T K B 6 JE 30 3 T SR A A R ) B 4R PR AR AL RRAE 5
Mann-Kendall V£[8] (MK)f 465 ; MK AR [9 M Pettitt 22 1013 [R5 RAZ s RIRARIR P 450 i £ 6]
FAEAFSR T RIRBRE /T ATRE: Hurst FE0[ 1145 G BTN AR KRR Z R BB J5-F Bk
[S1%F RAR AT HEAT I Bk Y] 40 S W L R R4 MR s SR Matlab /N 24T T B4 T Morlet /Nt BE b5
HOot R AR 187 HU AT A AT, DAL Y e AR [12] 0 B FCOTVEAN VRGNS IR, RS 5
JLARE R SCHR o Hor B ST VEN BT
2.2.1. FHFERHA

R CPEARIEEN) « GROCBIRFERMIE) (GB/T 22482-2008) 15 5 70 Fbpite, LM B FHEAE
TR 3 AR A LE R 8 K AHGE 1.

Table 1. Standardization of runoff level [13]
= 1. BRREFHFRRISARAE13]

IR Blbaginis K&
1 120<K; FIKAE
2 1L1I0<K; <120 RFIKAE
3 0.90<K;<1.10 AR AR
4 0.80 <K;<0.90 Tk 7K 4
5 K;<0.80 7K A

2.2.2. Hurst 5%

FIAH R/S 43 Hrikit S Hurst 4850 T 48 - AN [FI B[R]0 B 9 Z 7 4 e 34 5 1), b i SE B R AR ARV & 7 S
KRBT . ZITVEFIWFIN IR 250 <H < 0.5, Ty EAERIFEM:, RURE kA it LAk sk
s # H=0.5, ZFEH RGN, RAAREZS); #05<H<1, ZFH GRS, EEREhEAS
AR R R [8]. 454 Hurst TR0 MK i 3446 56 45 5 3L [7) 340 1) R AR A B R SR AR AL FAE o
3. BRE S
3.1. BIRARREERTUITESHE
3.1.1. EARARREBERTILIFE

B RARIR I B R R HBE L 3h R BRass, (BAE 19 T 2 mi HARIE ARG AN 1) B 2 4 B2
B4 506.5 12 m®, KB E919.0 12 mP) BB E(200.0 12 m)H) 4.6 1. RAZR BRI 25 GE
RBNA T RZBr N 0.61 22 F1 0.2, RRGEHEEIE WO A, HomEd, ERBLE K. KH MK it
B8 3] Kendall RECN-2.37, ZK RV E TGS, AT ZE K@ < 0.01). 20 tH 90 FRZFHIZER
b, HERS AT R A R 5h T R B
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Figure 1. Interannual variation process of natural runoff of the Yellow River
L. BARAREREFRENIIE

T RARAEAR It 20 17) 22 W B (55 2). SRV RARRREAE 17 ik BIE R (519.5 12 m¥), 1 21 th4y)
W/ N404.4 12 m’), 20 17 ALK 78%. FARfE EL AR S REUHTE 19 thaddie K, 2518 4.60 F1 0.30, FH
19 tH 20 g A R AR B A 2 S B 3 HARRRIZ . o2 21 el i, RARE I A 4 LR As fk
RI K, Ak 3-202%H1-19.5%. Mt HRE RIS REORE, KRR AR 3 H 7 50N
1.72~4.60 1 0.11~0.30, 19 HZQLISKAR 7 RECECR, R E RN BN ZL .

MITRBNEY], w7 s NS NI A 14], 19 g Dok rb E 2w I T Sk, iEA0I
A EIK G . FR FIN R [15]. 20 20 70 ARG R EANIE T4, KEHRCDREIZI16]. HE &5 E
O . NRIERGEAG BBUR[17] SELAWT . #E230% . SO USSR N I A2 5
i 2 J S R 3Rt R A A I A R AR AR IR L

Table 2. Variation characteristics of natural runoff of the Yellow River in centuries

R 2. BIARRBERER BT

RKNE wME

i B R 7 B CFMEAZ ™ BEF% A% R CE) WAttt R A5 75 52 3
15 AR 1470~1500 479.8 -53 (513‘;‘13) (311‘;‘1) 1.72 0.11 B b
16 gl 1501~1600 518.0 2.3 8.0 (6195%3) (315526'3) 1.99 0.14 RS
17 g 1601~1700 519.5 2.6 0.3 316%% (3126%) 2.79 0.15 S|
18 4 1701~1800 505.2 -0.2 -2.8 (71‘;%2) (2197292) 2.53 0.17 i
19 & 1801~1900 513.1 1.3 1.6 (91;918) (21%%'% 4.60 0.30 e
20 42 1901~2000 502.1 -0.9 -2.1 (81%26'76) (21‘;12';‘) 3.32 0.23 Wi - e RGE - R IR E
21 W 2001~2017 404.4 -202  -195 (52‘(‘)‘;;) (22%'22) 2.04 0.19 YN i
ZHEFY 1470~2017 506.5 (91291'3) (21%2'% 4.60 0.20

3.1.2. FARARREBEFRFTT W ERIFE

PO AR B PR R A RAME(E 2(2). RARBIMELE 1864 FHBIRA S, HEFIWEZEKT. 57
Ab, MEIFRET LA HAE 16410 1731 1757, 1816+ 1933 1989 4EH LB NI B MBI . i MK RAEH 5675
1989 I RAE AT (] 2(b)). Up H SN s) N, JoHAE 1861 )5, UpfHI/NREIR YR,
YL 1861 E 2 J5, B RKIRZVL & R I B b .
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Figure 2. Yellow River natural runoff Pettitt Mutation Test and MK Mutation Test
E 2. HAXARRZRE Pettitt AL (2)F0 MK LI (b)

3.1.3. HARREREAFNPEREESR

BN FE AR ARSI A AR BRI R R . R PR T, 28R R IRAE I B A il 240 52 20 o SR I
FPRAS, ABMEANBH (] 3)0 3BT A [F I ARSI A T AR I (1) ek /D B o FLaE AT BAG (R 3). MR 5% 50%
H95%E H 20 [8] K AR I m k2D 1 4 43 1—26.8%~21.6% —11.4%~7.1%H1-8.8%~20.5%. X} Lb AL FELT A 5
AN[E I S AR R B ORI B, RN E B AR BRI PR . FEARISIZE T, 1865~1989 A1
1990~2017 FERIRGIR EDIEE KT 1470~1864 F; 5 1470~1864 FAHLL, 1865~1989 A1 1990~2017 KR
IR 1470~1864 4F 52~ 1%, AIRAER AN = 526350 43 AR IR B g DR BERL/N, Yk B 43 260K 23.7%~41.9%
FEKZUE - FbFREARIA . AR A R N 158 Va8 L N S BT AAR I B ek A B R 5] 6
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Figure 3. Frequency curves of natural runoff of the Yellow River in the early and late periods of centuries and sudden years

3. BIiNAREREM LEFMREFHEIE AR

Table 3. Characteristics of the typical frequency of the natural runoff of the Yellow River in different periods
3. BINRARERE ARNRAE AT (L

AEHE L RR R /AL m? RAFEG R G RV /ML m?
LA
1470~1500  1501~1600  1601~1700  1701~1800  1801~1900  1901~2017  1470~1864  1865~1989  1990~2017

5 5822 626.8 652.2 684.0 867.0 680.0 684.0 516.2 372.0

N NER S - -7.7 —4.1 —4.9 —26.8 21.6 - 245 38.8
50 469.2 522.9 514.2 511.1 512.4 476.0 680.0 478.0 295.0
Wb 4% - -114 1.7 0.6 -0.3 7.1 - 29.7 62.0
95 4315 386.1 411.1 365.0 290.0 315.4 544.4 4153 292.6
Wb 4 - 10.5 -6.5 11.2 20.5 -8.8 - 23.7 41.9
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3.2. B RAREREFHIFE
3.2.1. BN RARREEEINESFE

S RIRE R EERMIRSHAT R GE 4), FARERIL 67 K, & 12.2%: MWmIZKERI 72 %, & 13.1%;
SEAAE IR 256 YR, 1 46.7%; RASAKAE I 82 Wk, 15 15.0%; AiAKAEHIL 71 K, 5 13.0%.

Table 4. The basic situation of the natural runoff level of the Yellow River

4. AARREREFHFREREFR

F R FAHRR FIFREAL ™ R T /%
1 FIKAE 690.4 67 12.2
2 i =F K4 580.1 72 13.1
3 AR 506.4 256 46.7
4 P K4 431.0 82 15.0
5 K4 3455 71 13.0

X AN RN 40 8 2 E AL S PR RHIEREAT 0T (G2 5), E 17 tHEZRUK, FoKAF HBUAFEES LA F K FE R B
)AL, £ 20 ik 31.3%, F 21 HAWIHA2001~2017 F)FF R HBLFKE; 16 HLfmF/KER
Bl KANR N 29.2%, HBHL B/ D%, T 2001~2017 FHA R BIRFEKE; 16 £ 17 Ha, F/KREHD
UKL 54 R 63 4F, SR, /3 AR 21.1%F1 24.6%, H 18 & 21 2, “F/KE H BT 2.0%~18.8%;
18 28 LISk, Ah/KEEA Ak K 46 BUARZRR B i, 19+ 20 873 5T 20.7%~25.6%F1 23.9%~25.4% 5 H 2
6], HAGKEAR AL KT 2001~2017 4 HBUEE 7 4 280 8 4. 40 #Til 100 4F, 1 50 4. 20 2Lk
JAE 10 SERRBRE RS, AKEMMRATKES HIHBLT 44 K. 25 R 13 WAL T K, 5 E5E 44%. 50%-
T2%F0 70%, BT WAL AR ARG KA S R % .

Table 5. Frequency characteristics of rich and dry grades in different centuries

5. MR E B RFHFRINRFFE

1% 2% 3% 4 % 5%
L) I B
FHUR OBEM% R R FEUK B RV BIE% RV %
15 1470~1500 0 0.0 3 4.2 19 7.4 8 9.8 1 1.4
16 1501~1600 9 13.4 21 29.2 54 21.1 6 7.3 10 14.1
17 1601~1700 7 10.4 14 19.4 63 24.6 13 15.9 3 4.2
18 1701~1800 10 14.9 15 20.8 48 18.8 13 15.9 14 19.7
19 1801~1900 20 29.9 10 13.9 31 12.1 21 25.6 18 25.4
20 1901~2000 21 31.3 9 12.5 36 14.1 17 20.7 17 23.9
21 2001~2017 0 0.0 0 0.0 5 2.0 4 4.9 8 11.3

Fo K AE R E K AEFR KA A K AR R A AR PR ARG 7K AF o 3 A B00] SRR VAR 83 48 3 S Al 4 A e e
IE(EE 6), PRI B F K ERMKFE 2, FEPUELSPKEL ML, 256 G- F/RKEFIEPEHDL 60
R, EEFAF N IR HIE 23.4%, 1 AITE R HILAEE5 08 34 IRAN 28 IR, HOBE LR AFHE AR H & L4 700 h 24.5%
F118.3%, UiIAFAKELUELLZFERITREMER K, B PEREEE P 2 4, 34, 4 FM 84, MR
SIEF] 30 . 10 R 13 A3 Ik, IETFHILER KT AN 12 451708 H~1719 4F)FI 13 (1665 F~1677 ). iE
FHEMFEHGEARLERIE 2 F. 34 44, 54, EF 3E. 4E, SERBIRBEEASERTFE, EF 2 E)
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HERZ 12 0, EAHEL 2 4EL 3 AEDL RIIR (HIER SN 28.6%, EFEHIL 2 £, 3 L IR FIEFEEN
f) 8.8%. MG LA E S 20 5 9 4E(1994 £E~2002 £E)F1 11 4E(1922 5~1932 4F).

Table 6. The frequency characteristics of the continuous runoff of the natural runoff of the Yellow River (Unit: times)

& 6. ANARRREEGF PHFMBSFEERL: X)
HILREL 248 34 44 S4E 64 T 8HE 9 114E 124F 134F LA

UH BER EBREL %

&

%EE 23 8 1 2 - - - - - - - 34 139 24.5
T 30 10 13 1 1 - 3 - - 1 1 60 256 23.4
A 11 9 1 3 1 1 - 1 1 - - 28 153 18.3

3.2.2. EIMRARREBERT LI B MHFE

F KARZ ARG W S B RRAE (] 4) . S0 RARER IR A A AR B 2, B AR R
Fo-Ali AR AL, F B 5 AFEKEBL 2 A TIKEBA 5 ANRKBL(EE 7). 857 SR 223 B s AR I B 1) F A R
FKB K BORIRS K BER ] RRARERAR AL 20 AL T 28.8~116.0 12 m*. —0.8~3.9 12 m® A1—9.3~—120.4 12 m* 25
TRIEHE . &M B AE EE AR 5 R B0 AL T 1.55~2.94 F110.12~0.24 SEEIN, BONREIZL. 19 e El], FKB
(1819~1864 4F)FIAl /KB (1865~1901 4F) AT Bt N R IR AR A it 2l o AN A 5 R 5 _Ead ki 21
(I GAR p R AR I (A1 AR ) G, J0E— 2D AIE B 21 1 A8 o5 ) & M

6000 A

% R A

R 4000 | e (04 ) T

>

K 2000 -

Bk

S i-aar. RS I R R O - B
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Figure 4. Accumulation process of natural runoff anomalies in the Yellow River

4. TARREREEFRRALE

Table 7. Stage characteristics of natural runoff of the Yellow River

= 7. BINRAREREMERIMEFHE

BB W BRHIE FEH PWEAL L EBOKME Fh /ME FEh B L A R
1478~1533 ik B 56 484.1 624.2 1508 344.7 1484 1.8 0.12
1534~1580 FKE 47 538.6 698.9 1570 352.0 1568 2.0 0.12
1581~1641 SEIKEE 61 492.4 820.0 1632 326.7 1640 2.5 0.16
1642~1718 FKB 77 536.5 910.0 1662 444.0 1696 2.0 0.12
1719~1761 FKE 43 512.7 740.0 1755 357.0 1732 2.1 0.20
1762~1818 ik B 57 484.6 707.0 1785 273.0 1804 2.6 0.19
1819~1864 FKE 46 607.0 919.0 1819 322.0 1823 2.9 0.24
1865~1901 FhiK B 37 408.8 587.0 1885 200.0 1877 29 0.24
1902~1921 FIKE 20 535.1 695.0 1910 415.7 1919 1.7 0.15
1922~1932 FhiK B 11 352.5 430.3 1925 241.4 1928 1.8 0.16
1933~1993 FIKB 61 536.9 802.6 1967 365.2 1991 22 0.18
1994~2017 KB 24 395.1 544.4 2012 267.2 2002 2.0 0.18
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PRI FARZ IR TR 3Bt — 25 /0BT BT K AR I B /K BERIR K BE % BE M AR R (2 8). o, FEK
BTSRRI 1R 48 45, Bk 77 4, BHEAY 20 4F, ZBCPISERTE N 550.8 14 m®, BHFME 8.8%,
I KA AR S AR K AR 3.6 fifs TR /K B RFSEI R AN D F 3K B, Ko 57 48, AR 114, P
N 3T 4, ZBCFIINERT RN 425.0 14 m’, BUHEAERD 16.1%, B P H IR KR R /2 R KA 4.7 £

Table 8. Stage characteristics of natural runoff and dry water section of the Yellow River

= 8. EIARARFERE K ELAAEK B I B MEAFE

KB Rk B

BIZAE 8 CPHEALm® BET%  FKER RUKER TS S8 CFREMLw FET% FKER RUKES
1534~1580 47 538.6 6.4 18 2 1478~1533 56 484.1 —4.4 7 16
1642~1718 77 536.5 5.9 17 2 1762~1818 57 484.6 43 12 21
1819~1864 46 607.0 19.9 26 6 1865~1901 37 408.8 -193 1 26
1902~1921 20 535.1 5.7 7 2 1922~1932 11 3526 -30.4 0 11
1933~1993 61 536.9 6.0 23 13 1994~2017 24 395.1 -22.0 0 19

S 50.2 550.8 8.8 18.2 5.0 T2 37 425.0 -16.1 4 18.6

3.2.3. EOMHEGERER 1922~1932 5 HEKER 1994~2017 SR ELER

UG JARE 7K BE 1994~2017 455 B A E SR 7K BE 1922~1932 4EHEAT X LL 20 Hr (6 9). I WAL /KB 1994~2017
I 13 MEKER 6 MuitE, RARZRENMEN 395.1 12 m*, & KMEN 5444 12 m° (2012 4E), f/MEN
267.2 12 m’ (2002 4E); 1922~1932 4EMAVELAKBA 9 MEKER 2 MiktiKE, RABRHRELIMER 352.5 12
m’, BEZERIRBTEMEG 30.4%, fRMEAN 430.3 12 m® (1925 4F), f/ME AN 241.4 12 m® (1928 4E). 1994~2002
SEESERKEF I IMEN 352.1 12 m*)N 1995~1998 4EF1 2000~2002 4, 1922~1932 4EHELEAGKEF 5 A
1926~1932 4, TEELERKBUAFEL MK BRI A5 T7 372 1922~1932 FFH0N™H . 20 tHAR 24,
AR R AR IR B R AL TR K B R T4 . A8 AL 3R AR WX S R34 00T T 1922~1932
SEMSME RIS, ULHARR B DUE SR K B AR M . = I Tk, 1922~1932 4F 11 FFIERBUIE IR 5 H 4K
P AR S B 1 = (AR

Table 9. Sequence comparison of two typical dry periods in the Yellow River natural runoff

. BINRARERE 2 MARFKKERFFITE
R ERSE R PREZ R BRES EH BREZ RH RS

1922 ik 1929 HilizK 1997 ik 2004 ik 2011 K
1923 Tk 1930 HilizK 1998 itk 2005 ok 2012 K
1924 FiZK 1931 ik 1999 T 2006 FiZK 2013 Pk
1925 i 1932 LILVi\ 2000 Tk 2007 i 2014 P
1926 Fi7K 1994 A 2001 Fizk 2008 Fizk 2015 Hizk
1927 Fihizk 1995 ik 2002 Fiik 2009 Tl 2016 Hizk
1928 ik 1996 HilizK 2003 ok 2010 ik 2017 Tk

3.3. B RARERERBRMRHE
V] RARAB IR B AR B A 5 . 18I RARAR I B /N A 3015 B /N R B3 S5 2k A Nk 5 22 B (A
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Figure 5. The Yellow River natural runoff real-part contour map and variance map of wavelet
coefficients
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Figure 6. Hurst index of natural runoff of the
Yellow River
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