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Abstract: Water cycle in a basin is constantly changing. It is an important basis for the allocation of water
resources to survey the state of water cycle and analyze the water balance. The significant hydrological change
period of the basin from 2000 to 2019 is taken as the research period in this study, and the data, including TRMM
and GPM satellite precipitation, remote sensing evapotranspiration, in situ data of meteorological and hydrological
gauges, are synthetically used to analyze the water cycle balance of the watershed. The results show that
(1) the Qilian mountain area is the main runoff producing area, with an average annual discharge of about
45.11x10° m’ to the middle reaches, and the middle reaches is the main consumption area of the runoff water
resources. About 66% (29.92><108 m3) of the upstream incoming water is used in the middle reaches, and about
34% (15.19X108 m3) is used to supplement the downstream area. (2) The Minle-Zhangye basin is the main
consumption area of water resources in the middle reaches, with an average annual consumption of about
43.97x10° m’ including water from upper reaches and precipitation at local area (accounting for 75% of the
consumption in the middle reaches), and the evapotranspiration consumption of farmland in the middle reaches is
about 20.3x10° m’ (accounting for 35% of the evapotranspiration water in the middle reache areas). (3) The
increase in precipitation of the upper reach is the main reason for the increase in runoff in the upper reaches of the
main stream of the Heihe River. The contribution rate of precipitation to the increase of runoff is 96%, resulting in
an average increase of runoff of 0.35%10° m’/a, and potential evapotranspiration has little contribution to the
increase of the runoff. (4) According to the current water resource consumption, if the upstream runoff decreases
in the future, there will be a risk of prominent contradiction between water used for agricultural development in
the middle reaches and water used for ecological protection in the downstream area. Remote sensing observation
of the surface water cycle can be used as one of the technologies of the basin water balance analysis to analyze the
spatial distribution of basin surface water resources, reveal the temporal change trend and the causes, and support
the rational allocation of water resources. The actual evapotranspiration on the land surface is the main source of
the analysis uncertainty, and the key to improve the reliability of water balance analysis is to accurately estimate
the actual evapotranspiration of different types of landcover. The estimation method of land actual
evapotranspiration based on complementary correlation is relatively simple, but the multiplicative empirical
coefficient in the Priestley-Taylor formula, which is used to calculate evapotranspiration in wet environment, is
greatly affected by terrain, and the use of same value across the region will have a significant impact on the results.

Keywords: water resource; hydrology; precipitation; evapotranspiration; runoff; water cycle; water balance

PG b T 5 AU X R PR el el S A 3% LUK L I

i) AT AL, 2000 45 f5, AR U A AR R

B RE, 22 E T LU X L R A A H 4%
LU ST AR N 9 AR S R G A SR, e T P L R R
2%, fe ., AESGER, RE R E SR, ES . &
PR3 X, AEH TR TR L iR T & K B R
FERBK, KBRETFIE RN . Tk E BTk
F IR B R, & T R RN E AR T, P A
1961 4E T, 75 J& 3L i 1992 4E T . Jy 25 it F sk
TR B KAR DL, DA 2000 4FFF 4 38 3o 7K 8 48— I B S i
oK T 6, BE T AN RIE S 4 1 T 2 A T
K, DN 2003 4F T 46 7R T G v 50 B 3% AR R T, K 88
TR AR 4R R AE 36 km L |, T A 4 R G fa HEAR L
iR R 0 T

2000 4 LA, Rl H AR 5k S K SR AT
TARKAEL . PR BRI 30 b A AR A (359 e 7k S

1 2006—2018 45 1 ] 4F - 14 42 I 45k 1 4E 4
T 27.4%", T BRI E R R, R i
1 KB BE TN, X2 U B K 75 LR A ) BB R N 2
— 2001 4E 526 /K e 5 94 BT AR LASE, Wi R RO
WL 7K S A7 42 IR S ik e, R AR R R T
B, R TR 0 S R T R R B AE T R
BN, MARIA R E S B 97 43K T RAESR, i H oK
b NG T N B R o R - - e 2 A
T 1 S 7K B S T B, T TR SR AR S BRAEAE B R
F 536 7 XU 0 B AT VA R o 2 5 4TS T I << T R 9
K JE ™ S A BT BE >, W N 5 I K A PR Y 5 KR
o3 AT, fE HErh UK SR A FRELE S MR R R

i 2R KA 2 SOOI B R PR kR, TE B A A
T AT KR IRA PR E W E B F B, B



. 46 - K3 Hh R T B

%34

T PG AL P IR MR K SCE A, RTAE R KA
Tt SO ) B AR B e R ) A M . 2 T B R
4 R — 25 — 254 W e | Il T Ak 5K T 6
Setadrg s o SeRE™ | e ok ok
SR SCA S R R I L B AT O iR RO 5T, i
T SOK G PRI R R . H TR A R b R
IRATE P 328 SRR ) 5 A e 3o % e, ELATS LA BRI 28 i
FEEGE N o AU FE LA 3R K 9 R n) A S 1]
ZEA N 22 P i SOOI 4 A, I R M KGR i S5
TP 5317

ASCLL 2000—2019 A5 B ] 37t B 7K S i 3 A 4k 1

JWFIE BT BE, 454 5 TRMM 5 GPM. T3 2 %5048 Wi il
(A R K o | B A B Y ZE IR SR S AR
S KOS A S O B R AT TS, LA X i S
FEOK GEUR B 25 AR AL RRAE EAT 23 B, Ry b 3R K B R P
I FH B AR 40, A2 0 b 26 K A9 2R 38 JE% 00T % AR (1) K
J&, B AR S KR 0

1 AREHER

SR AR T R ST =4 (X)) &,
S T [ A RN BT, & IR TR R I AR 34 L B,
BT SUR QLN DS

| — T
[ wisan

B BURECEERME

Fig.1 Location of the Heihe River Basin

HR 5 b K TR BT 3 R 2R L L P 3 AN AR
ST KR o ZRABTFK R ALTE BT 3 . A4 BT & 20
LA HEBT K FR R SR T T & SR 3 /N
WK AR, MEILER, 9 TR AHEXERS
b vl Z5 M o PR T K R A SRt K AT 2 S K
2, £ Mk s, SROA K 00 5 s gl BT g
SR M, VSR 26 5 i G T TS ORR AL R O 224 it
IR AL 438 f b

P & R U A AR B, ARSI 1L & i
B R B A, 2K 2 928 km, 750 L o b, 1§
oy, A FETR I, AR R K R 250 ~ 500 mm, 47§

&1 h 700 ~ 800 mm, &4 I Y IR X . B Pk —
1 S 2 18] Ry v, SR B XKOBE | VDI SE oA,
HIFAE, AEFE KRR 110 ~ 370 mm, 4EZE K4 1200 ~
2200 mm, J2& Vi P4 35 JHR HE 2 IR AL X . IF e L)
TN R, MU RS H, 5 A G AR A T A T A
Hb R A D R TR S B 5 DR AR g R IX
AERE KN 40 ~ 54 mm, 4FFE KR 2 200 ~ 2 400 mm"” ",

2 HBESTE

2.1 BRI
B IR AR R R s . TR EE (GPM



2022 4F

EIRA3R, S5 BT b 3 KOG A 8 RO iy S I G S A T A 43 A - 47 -

[ K LA . MODIS [ifi 1 08 i) T2 ) o iy i 455 8 7= 5

b A T AR (GR 1) .

F1 EEBIRFERILHA

Table 1 Descriptions of the main data
EAN FRME fEF FHERE
S [¢% N
GPMFK % 2SS 10 km, FHTEISH: 0.5 b AR5 NASAZ R A UL
(https://gpm.nasa.gov)
Gl B (E KA AL Gk A oK AR E R 3415 B0 (http:/data.cma.cn)
G S E A Bk EdE 0.5°%0.5° % AR R, DR EE T ERSE (58 00 (hitp:/data.cma.cn)
MR MODIS ™ iir, Z [H] 73 B4 1 km I
MR MODIS? fh, Z5/H1 4 1%+ 1 km NASAMSRILIHEF
(https://earthdata.nasa.gov/)
R MODIS)™ i, 25 [ 43 H¥2: 1 km
KB AR FLDASHKEHIE 7 i, 25 1489 10 km AR
KRAK BT FLDASPi ™ i, 25 8] 43 $F%6: 10 km NASA FLDASH ¥ Rk & 48
T FLDASRE TR ™ &, 258153982 10 km, 455 (https://Idas.gsfc.nasa.gov/fldas)
it " L AU R
et A e - s e P EF 1930 m2zs ] 43 B e sk b R
THITE 2000, 2010, 2020 4£3 1, 2553 BE%: 30 m AR o S A B oo %}g‘GlobeLm 30
AR WYRIE | IF X I2000—2019 4EAEFR AR . FE AR A5 BT HIR A AR S

22 MRk

DL KA P28 3R 3 SOOI Ry BE Ay, iR 47 1 W) 43 X
TR AP 06 R 5 MR OKAIGIR 4 B o BRI U WEAR
A AR R 3 B SRR i o A M R S TR AR R K
HEIHFE GG AT . BF9E ik S R R A

(D ZE5 MoK TR BE AR5 & BEE, 65
AR EERE K& R 28 50k & . KT Z&#UL & . WBAE
FEHUR B KGN 2 4t

(2) MR K & | HOJE m L MR 7K 43 X S K e
il B AT K AE BR 43 X B9 ) 4, I B A% o X R K
HOPFC R

(3) I3[R KA 20 43 X ) 22 48 S Y 0K A 36 1
(AR W& KR, Bk );

(4) T Budyko 7K $A#E A 355 M) 3 b U0 B
K TR ZR UL X AR T A AL DT RR3E, JF 4B S 1A

(5) 53 B ymy w32 22+ Wb 7 55 R A I 2K UK FE
K1

(6) 5% BB T gt $uk Y AR, B AR T T R
2000 4F LR AR it 2t 3G 70 A9 it BRI R R ek | iAol
FHZK 5 T HHNAE K7 G« 28 80 8 A5 5 00 AN 1

3 &R

3.0 KA EA 3 I
3.1 FEKE

A8 T [ 7K (TRMM/GPM) 55 3l 15 B 7Kk % 1 BT
5%, RIAE A RE I TR R K 5 3 B K A TEAR B 1Y

LR, W15 0.967 . i Tk N E AR 4 1%
K R EE (A 4 A3, HREK a2 B AR R R, N
IR, RS RE % D42 AR 0k A Bk
SR S 3L MEZ A RIE AR B T 2000—2019 4F4x [ T
B R K B0 91k 55 45 2 T e A Bk &, R
Tl B B SORS S TR X A R
F A3 R TRMM, GPM 5 3k 5 W i 4 K &
(AR DG, & I GPM B il & 1 7 3 W K R DUDORG E
150 5 T A1 v T R R B T 3 R O B, A G
iR . 2000 4F 1-5 H i FJ& GPM %#, >k i TRMM
B, 2000 4F 6 H—2019 4F 12 H R 1 GPM %i#E . 5
TSR N 4 A3k A FREOK BB X E, o — B
IR R ZE N 8.39 mm( &l 2) . 43I 2000—2017 4
TR K (22l SRR K B A R JR ) 5 0.59%0.5° 0
& Sl A (B R K BB 22 4R S B K 1 43 0 o 88.86,
89.14 mm, 3 £5 AF A X i 22 fe/IMEL L SR (EL F 3 E
39K 1.00% ., 20.23%. 8.80%.
3.1.2 FlhiTSEPRZE UK B

BT T M SR, BT R T SE PR AR R, T
BN R 7E 2 2K o HE I AS 70 A2 B 9 A 28 1k R, D)
SR ZE R R /)N, 2 M e K A R 2 T AL I,
T AR . 5T R kR B AR Ltk BAME G, AT
2000—2019 4% H B T 25 80 &, 225 13 A8 BE AR OC
S B X E, 4 SRR B O AR R 22 R 4.9 ~
16.2 mm™, 2% & F B 26 B R i R R R Z £, i
K BEAR TR K it 1Al SRS B2, R e TR B 2
SRR K RS T 2 AR 78RR i, DAREK i i


https://gpm.nasa.gov
http://data.cma.cn
http://data.cma.cn
https://earthdata.nasa.gov/
https://ldas.gsfc.nasa.gov/fldas

- 48 - 7K SC Ml J5T T b 5 5534
120.00 H2000—2002 A PRI 1 R L 2012 45 PR K T 43 A 5
a0l W, JEK T2 2 B (1 4)

g 1750.00 0.90

£ 8000

i& 1700.00 0.80

I 60.00 | 0.70
i 1650.00 =
S g 0.60
e y=1.136x+0.688 g EN
o 4000f R20.736 r 1600.00 050 =
RMSE=8.39 mm N mﬂ
i 1550.00 040 5
20.00 i i
& 0.30 %
1500.00 &

L —— &R /mm —— 7% K/108 m® 0.20

20 40 60 80 100 120 1450.00 0.10

i B /mm
2104 S S e—— 1)
2 DERMKESHALNABEKEITL 2000 2005 2010 2015 2020

Fig.2 Comparison between the monthly measured precipitation
and monthly satellite precipitation

XA B HEATAEAL, B MO 1.22, ZF XL UL 3.

200.00 - Bkl - 350.00
— SLBRZEHUE /mm
180.00 K0S L 300.00
~ SCPRARHCR/10° m? %
L 250.00
=
L 200.00 5F
N
L 150.00 &
1 #
100.00 L 100.00 g
) e
80.00 - L 50.00
*
60.00 . . . 0.00
2000 2005 2010 2015 2020

ANy
3 MEERKEGEEEABEAETL
Fig. 3 Changes of annual precipitation and land surface
evapotranspiration in the basin

3.3 WNAUKIZE & S T OE A 7R RO =

KT 28 2 Al DU 7 A S i BEARLAG Bk . an
RAEKRKNMAARR/NSER R TRimZ b, F2E LI5S R
FIABE ML AR KRB, MENZEL B S
A SR 25 & it 25 5 BEK, AT ik 40%, A SCR FH AR 3%
T IF [ 2K T ) R H R K L (AN B601) S I 1) 78 % i Hi
T I B A I S PR 2 Y AR SCR T FAO 2%
VW 26 il R R AR 40 T ol ) T 28 k), 42 591 T E601
KM 2014 455 2015 4F 4—9 H 92 BE X e, &
— Bk, 8 O MR 22 R 39.33 mm, A T A T
1178.9 ~ 1183.7 mm/a 75 & i, AHXT IR 2E 290 3.3%,

R Hi A5 4 B4 98 18 1T AR (3T LandSat, Sentinel-2
SRR RS PR R 5 AR R A E, TR T
AR ZE K, ZARAEYZE RN 0.65x10° m’,

4Gy
4 KEEBEHERE

Fig. 4 Annual evaporation of the Eastern Juyan Lake

3.2 AR XK G AR

T AR P K B RSP R b 3 K A B 2
Fror X, DMEFGEit 20 4 4 20 XN K B IR+ 25 L TH
M HEHEE . X BB BH R (1) XL
LK BE IR AL 25 AR X R TR 5 (2) AT 7K SO i 23 A
(DA

PRV AR BT Y AR R MO L AR, 22 XA
Fiti 5 AR K — L

LIRS B T SR 1S 1 0P ) N LTINS ES
B, o3 DXt A AT S A A SR

JK B IR FE SR A 0 AT B AR R (1) 28R
W BE 5 UGS, 23 DX T BRR 5 1 X5 D
DX, PO L X S D R A6 CRR A Ul U
WG | R JEE ) 22 S B, TR 28 UK e 22 I W e, KA
AR (2) PR A 2 3k A Al TRE BRI L A T 2%
Ko ARz EROR, Jr X AT E I i 58 B i R AL AR
Al BE X

e A, K SCk 530 A 2 23 X b ZA RN R, 71
DX AR AT RE S 2K SO A

F IR LA o3 DX, PR R 8N R 3 15 S g3
DX: ARIE X5 AN, IR BRI 3 Ay, B e e 358 S BE X
T 5) o 2503 OKBEIEAN G L 7= L HEHE L THFE
KAt B R AR A A Aoy DXOK B IR 1] G &R, JKCF- A
PRI 2.

K BT PR 3 A e, K AR R R
AR o ek T I IX, JEOR Y B Ak K b, MR K
SRR CIDII B/ D e 3 O E R S T oY 2 S I D N
TR A T DA ML ] 3 T 7K, RN Sk KA A 22 4



2022 4F

EVRIER, 45 FE T /K A8 P18 UL ) R 3] 38 1K P 23 A - 49 -

S G S8

SRR

W FAAEIR X B
DR AR RS

Fig.5 Scheme of surface water cycle zoning in the Heihe River basin

JUBE FRAE o G T Ui 4 b T K i AR e AR
2000—2019 4F- 1 7K 7K A5z 0] F2 5040 SR B3 11 1 3 4 i AR
fit . K i 2 AR RS QAT LIS R (s R AR,
3.3 R KRG 4

PRUAS T] 43 DX 7K SC b B 2% 1 AR ), 328 Je 2 T8 119 25
K 25 AN ], 75 3 T 454 XK P 2 20 (36 2) % 4%
oy X FREUR TR

(1) BE 53 X1 KO- i 3 i 28 1l R 5 3 IR R &
B2 AT LXK (53X 1~ 4, 13)BIRAEBCL I IE
FH Bl ORI A JE 22 B &R 73 AT A 5L IX (43 X
5~12. 14 ~ 15)Z8HUE &, 1SEIR I G TR IX ZE 8L &

(2) % 43 X 12 7K - 5 31 5 1 2% 0 & (IR o X
12 [ 245 - oK B 528 0k A ) 5 8 IR AR ik
HZHAERX 11, 12 8RR IE R H X
ST B 2R UK 58 BRIE R 2 AR 4y
X 5.6, 143 EAEBERERBUKEE 24X 115
12, 471X 5. 6 5 14 (P = B A AL, 28 100 Ak 55 04 i
2t M Am 25 BB AR L) , MR 4l A2 IF R B0 45 X 2R 1l &
HPFITIE

(3) B b — 25 1 T AT J 22 150 43+ JE R0 4% 43 X Tl

UL, TPA R F X o 455 K1) 245 K G
a3,

BT RR I b Ui A A UK N A A T AR 3/ ok
T R E A0 e B o AN L e 2 UK i e v
BB, BT Loy B b 2z . TRk 7 5 KRR X
T 00 T 20 2 M (8 543 X)) 45 K IR 24 14.25%10° m’
(7 S X HF ), 5 2015—2019 40 I35 /K ST
AT S AT 357 T itk K (R B 9T i 3k A B =) I 3l 2 T B
AR, 4 10.6x10° m)) AR T, BB T 4% KR FF 0 4
PP

R 4543 X 22 45 - 35 3t /KA BR 4 AT 0 (36 3),
AR L XA 3 X, ) R R 2y 45.11%
10° m*/a( 1 ~ 4, 13 543 X Jth 2 A1), Herb S0 10
47 19.00x10° m*/a( 2 5 43%) , i bk K i £ 5
TFEIX, 1R 7K 24 66%(29.92x10° m'/a, I i3k 7K
2550 X5 145545 X By &) HF A e i #E,
29 34%(15.19x10° m’/a, 5 543 X 5 14 543 X i i)
HF AN 7T U FFE (5~ 6, 14 54 X)) THFE K TR
58.68x10" m’/a, FLrP I | TR . R R —Af 2 Pl Ak ¥t
T5 T BLIHAE X, ARSI FE I SR K R 2 i K 24



- 50 - 7K SC L T o5 3 1

F2 RAmiERKEIRS XA

Table 2 Descriptions of the zones of surface water cycle
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Table 3 Average surface water cycle pattern in each water division from 2000 to 2019
K 1K HRKAEER 53 X MR KAGER 43 X R KA X HFIKIGER 43 X KA X HFIKIGIRGF X T AKX P4
PRSP IX AP BAG(10°m) BokE/(10°m')  Mokdb/(10°m’)  ZEEcei/(0° m’)  #cki/(0°m) B0  m’) a0 m’) fR%/%

1 1~3 - 33.72 30.87,2.15,0.70 14.72 13.60, 0.90, 0.22 19.00 -

2 4~5 - 9.68 4.28,5.40 3.33 1.35,1.98 6.35 -

3 6 - 7.11 7.11 2.58 2.58 4.53 -

4 7 - 9.80 9.8 2.87 2.87 6.93 -

7.8,4.53,1.22,3.23, 16.08, 11.36, 1.93, 6.66,

5 8~14 35.25 19.80 1.0,0.57, 1.45 43.97 236, 1.41,4.17 11.43 -0.35

6 15~16 6.93 5.07 0.24,4.83 6.84 0.39,6.45 5.38 -0.22

7 17~19 14.52 2.76 0.33,1.12,1.31 3.22 0.4,1.48,1.34 14.25 —0.18

8 20 14.25 17.64 17.64 30.08 30.08 1.71 0.1

9 21~23 - 8.09 0.45,6.25,1.39 6.57 0.4,5.22,0.95 1.52 -

10 24 8.16 18.97 18.97 27.98 27.98 —0.85 - 3.0
11 25 - 16.69 16.69 10.05 10.05 6.64 -

12 26 ~27 — 30.80 124,184 30.80 15.23,15.57 0.00 —

13 28 ~ 31 - 18.68 11.11, 5.56,0.61, 1.4 10.39 7.1,1.94,0.6,0.75 8.30 -

14 32~35 8.30 3.73 0.57,2.43, 0.6, 0.07 7.87 1.06, 5.36, 1.25,0.19 3.76 0.4

15 36 ~38 3.76 3.85 1.67,1.84,0.34 5.13 2.29,2.55,0.29 3.09 —0.61

e (DL RO S ZERICR Ik 2 2%, A A S+ - M R R s (2) BRI L, AR 52 R AN Rl B (L, 1 B S (E A A P-4
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Fig. 6 Annual measured and Budyko simulated runoff in the
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upper reaches of the main stream of the Heihe River
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Fig. 7 Attribution of runoff variation in the upper reaches of the
main stream of the Heihe River
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Table 4 Evapotranspiration of main land covers in the middle reaches of the Heihe River basin

2000 4F 20104F 2019 4F

Irix B B ZEACkE ZERCRE mBl AR REURR mBl ZERORE Rk

/km® /mm /(10°m’) /km® /mm /(10°m’) /km® /mm /(10°m’)
s RHCEK, DNEAEENT) 38085 372.23 142 3806.5 428.29 16.3 395482 442.86 17.5
SRk it 6310.63  292.8 185 619027  329.6 20.4 5564.56 3555 19.8
fudiit) ) 592652 1183 7.0 595432 127.0 7.6 591047  137.6 8.1
. RH(HEXRE) 522.12 236.0 12 544.66 306.5 1.7 652.23 319.4 2.1
i) Fh 731.54 145.8 1.1 680.93 187.6 1.3 68519  206.1 1.4
B 2913.35 124.6 3.6 294526 151.2 4.5 2 822.63 167.3 4.7
LA ZzEﬂ(E%ﬁ%i) 810.49 252.9 2.0 859.55 311.0 2.7 928.49 330.3 3.1
o) HH 263.96 192.5 0.5 249.59 259.7 0.6 274.75 274.8 0.8
ity 2538.62 164.6 42 242332 197.2 4.8 2207.3 219.4 4.8
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Fig. 8 Actual evapotranspiration of the Minle—Zhangye basin
(water resources division 8) in 2019
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Table 5 Evapotranspiration data collected for comparisons

Hodfi 25 [Al43 3% /km 23 3 P[] 35 ] iR:S
o e et . B LAP-MAZ g 3R
v - AR B DX ZEEIOR Bt 5 HE e 2013—20144F Shunlewoﬁh—WallaceXﬂ%*ﬁﬂ[3]' 33-34]
o i SR A R B (1982—2015) 10 AT, 1982—20154F HAMAEER
FET Mo Fe Rl i P10 BRI M 45 K A H MR8 7 5 AT 2000—20174F SEBSfig - "
e s s - N DAP-MAE IR Ay BEA |
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Fig. 9 Comparisons of annual evapotranspiration data
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