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WE . AEAHE/NENTKE (ET,) BT T2 XK RS 78 8073, R R0 g 14 A48 1970—2009 4F143% H
B4k, B Penman-Monteith 232046 545 0 S S HAEY 78 8GR IR IE G /N E A KW EY 240, 7 HL(E B R4 (GIS)
FAR S T BT Pl /N 22 T K R 1A oA B AR A 3, 255 3R 87 . 1970—2009 4 283 it /N2 VE I K i3 A 4y
A B R b b p a3, A KRAITR /KR TR 573—781 mm ZJA] ;B & IR IR IR L B4R (L) P SR OB /NE T K 4 3R
731.26 ,686. 88 598.24 728.89 719.77 713.59 mm, HH A K A BT K i e K, 405l b 2 A K8 51.67% 51, 11% .50. 96% |
51.24% 50.83% F150.77% ; H V-2 H BRI R REAK B S5 /NGRS 25 PR 52 1 g el B/ N0 30l o 3 i
) 57.29% 26.92% 15.15% 1.41% #10.78% .
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Spatial variation of water requirement for spring wheat in the middle reaches of

Heihe River basin

WANG Yao', ZHAO Chuanyan' ", TIAN Fengxia’, WANG Chao’
1 Key Laboratory of Arid and Grassland Ecology with the Ministry of Education, Lanzhou University, Lanzhou 730000, China
2 Key Laboratory of Western China's Environmental Systems with the Ministry of Education, Lanzhou University, Lanzhou 730000, China

Abstract: Sustainability of irrigated agriculture depends primarily on the efficient management of irrigation water.
Understanding crop evapotranspiration ( ET,) is essential in planning the most effective use of water resources in the arid
northwest China. ET, is not only the important component of water balance, but also an important requirement for proper
constitution of irrigation strategy. In this study, the middle reach of Heihe River was selected as the study area which has
the largest agricultural oases in China. Agricultural development has over 2000 years history own to its flat land. Irrigated
spring wheat is the main crop in this region. With the increase in population growth and farmland area is 2452. 1 km®
agricultural water requirement in the middle Heihe River basin is rapidly increasing. This results in the conflict between the
agricultural water demand and ecological water demand. Ecological environment deteriorates due to vegetation disappearing
at a rapid rate in large areas in the region. In the field, when the crop is small, water is predominately lost by soil
evaporation, but once the crop is well developed and the canopy completely covers the soil, transpiration becomes the main
process of water loss. . The objective of this study was to map the spatial distribution of water requirements and analyze the
relationship between the spatial variation of water requirement and main meteorological parameter during 1970 —2009 in the
Heihe River basin. First, reference crop evapotranspiration ( ET,) was calculated using Penman-Monteith equation with
daily data obtained from 14 meteorological stations in and around the study area. Secondly, the crop coefficients (K ) of
spring wheat in different growing stages were adjusted according to the data obtained from the field studies. Finally, we
estimated the spatial distribution and variation trend of the water requirement of spring wheat in the middle reaches of Heihe
river basin with the use of Geographical information system ( GIS). The results showed that the trend of crop

evapotranspiration (ET,) gradually increased from south to north,the ET', varies from 573 mm to 781 mm during the entire
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growing season. The ET_ in Gaotai, Zhangye, Linze, Minle, Shandan, and Jiuquan is 731.26, 686. 88, 598.24 , 728.89,
719.77 and 713. 59 mm, respectively. The ET of mid-season stage is the largest percentage during the entire growing
season, accounting for 51.67% , 51.11% , 50.96% , 51.24% , 50.83% and 50.77% of total ET, at six meteorological
stations, respectively. Temperature, precipitation, wind speed, min relative humidity and sunshine duration were the
dominant meteorological parameters influencing ET,, and the relative influences of temperature, sunshine duration, wind

speed , precipitation and min relative humidity are 57.29% , 26.92% , 15.15% , 1.41% and 0.78% respectively.

Key Words: crop water requirement; spatial distribution; meteorological factors; the middle reaches of Heihe River basin

AT P I P R AR R T R T R B A e, AR R AR AR R L AOR E E  % IXE
WA B 2000 AT, BN X — M IX B R EARAEY) A T R EAHEMEK , REE N A3 0, B
I BURKT K, #E 2000 A7 F T iz A A H I AL EL SR H) 2452, 1 km® 2000 A B IAL 9 S8k o i X Al
FHZK A 7 PRI S BrR FZK B 84.9% 2 Ak FH/K AOFFLESE N, S 80l A R A= 25 F K Hh i T K R 9 A
IR JE Y H 25 ARBE, anfal HLRI A BB E K A SOR K S8R B 4G+ RS Kb e 25 i 2
IR BC T 28 HEBR TR LAt X T O R ™ i PR S RS A M . A R ZE R
DT 2802 BIEY RS S 2B 7800 (ET,) MR, L, Z2EEWZER (ET,) D e
WIZE B PSRRI AE A T B UL ET, 7775 R e | ASE IR AL B oA A 24 1% T 5L 353 17 ) A R 280 5%
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[, A AT R X T R PR MR 2SS DT DR AR R ) E BT 9 7 AR 22 i X 8, A A A 7R
PEASBFFE 45, Penman-Monteith BRUZEAS [A] A9 M 4 08 B 18 FVERCAE 7 B TR BRI 5 % 1 T S IR 25 1L
B RS B AR A BRI, B ARG i P B A, R L A v 4 M s 28 1 AR Al R S HSE AL, B
RIS R AR 21 21 (FAO ) HE 72 0 VR W 7 7K B Al B A i — R LTS R SOk % FAO-56 HEZZ Y Penman-
Monteith 22X IHES B AR ZEHUR  MRIEFH /N AN R A= B IR VR R 0, X 28] rhiife b DX /N 22 ) 7 /K i s
[ AR 1k 25 S A TR ER , A X 5 2K A b 1) S it B2 (45 R B 2 R A a0
1 #R5H®
1.1 BT IXAHEAL

AT RS TR P S R S, A T AR 4 96°42'—102°007, A6 4 37°41'—42°42" Z ), M§ 4Kk R 1131—2891
m, [T 185 km, AL 2. 1x10%km® , 24 7 ST i 0B R AR 15. 9% AT Al L skl AR TH i 5
IGPEEL ILPRE RAREAF (1) 2 R o PRk A S RE S I o P B A 7 D R XURRT T 2 ok 1 A JBR S e
A F DX - HLTY (R R OBl 1 A . A T B K /INTT 25 R AR A, IX P 22 41 - B8 B /K o H G R ¥ 11
250 mm [ ARJEIED BA R 100 mm, ZAEF- 3428 A i PR AR 1Y 1200 mm [m] AR JE3E 28 2200 mm , 43S0
7 CAEAHNERE 52% ,4F H BRI 3085 h, MRS - 00 IRARSE B 4= 5 KWL+ ) Bask S i vk I LLSE  id A
WA (SRUIEEREE ) At G O ) R GEEL) AT AR R RO A
TER CEUEARTEBADL . FEFMEAREAEY A /N TR SRR LahsE Fi=Eh £
1.2 BdlRis

AWFFEMCER A TR I i i DX R L 30 14 AN 0k 1970—2009 AR A SEIASHE | 24046 H i i <
T H B AR H KR H AR R | H AR H IR BRI H S KOk, B /N (5 Bk TR T 5
B BRI B PRI SR A AT (B ) AR B () S B e rh e FE R R R B T T L
FUBGAIETE] 3 Ak, B SERIBFFE X 30 m 43 BERAYECT R BB ( DEM, [ 1) F1 2000 4E% T™M 5214, T
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Fig.1 The location, DEM of the middle reaches of Heihe river basin and distribution of meteorological stations
A K Az R0y
ET, =K_ - ET, (1)

X ET WS R d K K ITE R AL
1.3.1 ZH/EWZEEE I

RS HEYZAENEN ERE PG A 20 2 EY 2R KRBT 56T
TR BE A AR (41 Hargreaves , FAO-24 Blaney-Criddle ) \FEF 85 (4l B AT (41 FAO-24 radiation , Priestley-
Taylor, Turc) \F&F7% & L H A5 B AL AL (41 FAO-56 Pan evaporation ) FlJE 45 & I )l AL A (U FAO-24
Penman) . ¢ [E#EBE-S K SCHOARZE 51 23 (ASCE ) SR AR AE 11 PSR A5 1T 5200 (4 2 8 40800 B RHE
R HT AL T 20 SV ZE Bt TS A UK B2, 45 1 3R W], FAO-56 #E7£1¥) Penman-Monteith 225X
TR SRR, FEAN R Y A5 25 00 T 0 5 SE D AR e ™

0. 4094 (Rn-G) +y %2073%( e,—e.)
A+y(1+40. 34u,) (2)
K, A AR R &R (kPa/K) 5 Re AEHRST (M)/m?) ;6 O TIERGE & (M)/m?) 5y A TR
W (kPa/C) se MEFNIKIZIE (kPa) se, ASEPRKIAIE (kPa) s T SR (C) ,u, 2 2 m ARG R (m/s)
1.3.2 EMRBOTE L
FAO-56 XHYEWIA: & IR/ A w e A K A K 2 B A K PR AE ORI . w02 KRR 4R Fh 2
TR 10% KR B W NE 55 10% 2156 28 5%, A K TIN5 28 56 28N R 46, 2 KR AR
PENR . FHAEIE K N A0l 5 S Bk, 85 4ol i /N2 VR E B, Jn] it it X ey 1 7
AR AR, SRR — S, T LA ML IX 3R /N2 i BN I AR ], 3 /N2 A B 1 FAO-56 i
G BIRRAE S A A — 2 22 57, T e /N VR R B K JRARYE FAO-56 AOSEAAE"S b A7 0% 3L 2y

ET,=

K = Kia + [0.04(uy —2) - 0.004(RH,;, —45)](h/3)™ (3)

Ky =K.y +[0.04(u, —2) - 0.004(RH,;, —45)]1(h/3)*’ (4)
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i > (L)
L

1 J (Ko = Kiprr) (5)

K K VR T R A KR I 0 B R B, K A K IER AR AN A AR
FAO-56 #EFERIVEY 250 RH , J iR BEPY B B/ IMERHRE B9 (% ) su, MHTERT BN 2 m mALRY H
SERIRE (m/s) h TR BENAERIREE (m) ,0. Im<h<10m;K A% i REVED RE AR KR RS
(d) L, HiE HEAKRFENIAE K RE(D) L, i H AT K ER SRS (D), K, K, 70500 F
— AR BB — A KB B EY 2B
1.3.3  SomadR/NE ZE Hice i S R4 b

AR (2) ATRE W S HEY BRI RRZ , B A — W AH DG, PRI 8 4 B 28
B EEENSHFEMWES, M558 (Priciple Component Analysis, PCA ) & —Fls Z 48471k R D
B H IR GEATRPRGET > Bl JFOR AR bk 3 AL A OB B A B G SR LA 28 AR b, T
AE 2 b S WL OSBRI 5 B . T8 3 3 A AT RE RS 2 WM B 52 45 PR AR AR, % 278 st A TR PR . AR
YA MT A AR 5 A DL LA 3R . DS RAREIRAR B, RN SR ET, ()78 i 40— 330, B0 =2 1) 22 5 45
K, TR ZERT A AR AE AL AL 3, (45 B [FIHE bR Ak o [ B R 04845 , &8 b5 Z [0 24 7T Lotk ; @1 448
AR OC R BGERF , SR H e AR (A U I YRR AE ] 5 s D THE 32 00 ST, i E E A B DL B AP BRAE
SPSS B rh5E k.,
1.3.4  ZHEYZEHE N2 ML

RIEAR 2) HAR LA MS B YRR, Wil ArcGis AP Y Kriging LS8 THE(E )7 245 H 40
S AR Y ZE W0 () 23 8] 0 A, R FE v D DX 20 LB IO L T X 5 25 VR 28 I 1 28 (BD 43 A, SR AR AT 4%
Hi DX VR R B, A5 RN A AR K B BE S 4 A K R /K 1) 28 8] 40 A
2 ZERE5HH
2.1 SHEEYZERCR NG E

SN R AR R R, AR A (2) TR XU SR ZE HOR B (R 1) . TEAE
KA1, ET, 784 X HR HL K, AT 60. 71—72. 62 mm Z [8] , SEHI{E A 68. 90 mm , PR AE K403 | 96 7 26
BAR, Tz R ZE R I DT R . AE R R B WREY R AR K B B, ET, A T 226. 83—275.39 mm Z
], P34 R 262. 71 mm , +HEZE R X 78R 19 STk 8N, VEVIZE 18 1 Sk K, A K IE B 35 R K,
Vi 76 10 o ZE O B ST R K, BT,/ T 255. 94—315. 85 mm Z JA] , SEAME 4 296. 11 mm, A= KoKW ET, T
109.04—135. 85 mm Z[H] ,“F3{H K 125.36 mm, HRAEHIE, 1960—2003 45 & 5K, RAR I3 | 1L PHBIX
AR ET, 43520 :1146. 40 [ 1121.09 ,1015. 92 .1053. 10 ,1228. 16 mm""®"  ABFFAGE & G I R AR IR
B P X AR ET, 23514 :989. 23 954, 66 ,898. 65 ,1001. 01 ,1023. 41 mm , A 45 5 517 AFIT 45
RAHYIG .

Kci = Keprev +

x1 TRBHEBNETRERKNENSEENMENLE

Table 1 The evapotranspiration of spring wheat at different growing stage in different station

g ETy,/mm
Stations PIGHE K& e K] KA /LK
Initial stage Development stage Mid-season stage Late-season stage Growing season

[E)=) 70.28 274.76 315.85 128.88 789.76
iS4 69.64 261.01 292. 64 123.08 746.38
RUR 60.71 226.83 255.94 109. 04 652.52
I 72.62 275.39 308.87 127.60 784.48
L+ 69.49 263.83 301.82 135.85 770.98
e 70.70 274.44 301.57 127.70 774.40
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Allen ZF g AT DUFHZE & DWIN (978 & it 5 PM A BUBTHIUE SR T LhE, 78 & LS PM s B AN [A] , 5 22
XEWLIE HEATAC IE ™) 76 6 w5 P WA 7 1 LU B A 45 B R, e RA(RY) 7E 0,84 L I 7 iR 2%
(RMSE) fE 2.04 mm LL'F
2.2 HINEEMRE

#Wid(3)—(5) WA AR /INE 4 MERIBMEY RZEK,, DL 2008 455 & E o6, 15 H 2008 -4
INEARR AR B K SEDRB L (K 2) . ARVIIIEY RE80R0E  fEAE K KT W (7% 54—81d
&) NEMFR B 0.38 3 & 1. 24 FEA K IIEY R AR R, TR A KR W (#EFh 81—106d J5) , 1EW Z 5L
H1.24 f%%£0.5,

12 - 114
N ET.
» Kc = c
* .
10 |- - s L2
g o‘. D
. .
m » g 110 &
5 8 = B “ * ‘(L)
g W " g
B ! . Jos &
© ‘; . 08 3
5] L. . * °
g ° K ’, 8
S . + Ho6 ©
g .‘ . !
~ *
© 4 0’ +
- -
A .
et L oLl uno‘ 104
2
0.2
0 : 0

1 6 11 16 21 26 31 36 41 46 51 56 61 66 71 76 81 86 91 96 101 106 111 116 121 126
Day after sowing/d

E2 SREFNMNETREKNMREDRBHMESEKE
Fig. 2 The crop coefficient curve and crop water requirement of spring wheat at different growing stage in Gaotai county

Att&?‘)]/ﬁﬁ, Bi{iiiig%ﬂ, CftKEP/ﬁJj, DA KK Y

2.3 SEWAR/NE KRR T A

AU TR KRR TR BN R A R W G A KRR . N TR
A PR %8 ST P i A /N2 T KA B S, AR SO /N AE 5 T B 5 AR T (H R B K
i H AP KU | H e/ MR R H BRI AT 2o 2B, MO R BOERE L3 2., W] LR 3 — 283 e [
T Z AN RE & R AR, il H R /KR H e/ MHXHREE 1, SEBTEATZ AHSCHEAR SR, 3282 Ar

x2 REETFZHEEEXRBER

Table 2 Correlation coefficient matrix among climate factors

B/ VAR RE

. i 1N Rt . . H REET4L
i H Ttem . . Min relative X .
Temperature Precipitation Wind speed o Sunshine duration
humidity
S Temperature 1.000
K Precipitation -0.278 1.000
KGH Wind speed -0.315 -0.047 1.000
Fe/MEXTIEE Min relative humidity 0.181 0.468 -0.006 1.000
H HEAF4L Sunshine duration 0.128 -0.057 -0.032 -0.003 1.000
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TR T DL IO e Sy A i AT R B B AR PR R TR S R BUE R R AR (A, A O R BUE
M B RRAE(E e HorikoR | BRTTERR LR 3, AT LR AT 4 > E R0 BT Tk R 53 89. 895% >80% , iX
4 FEAY A FACFE T B 5 MEAER T 89. 895% (S ., Pk HITT 4 A 3 a8 A s H -

R3 FEERIRERE

Table 3 The eigen value and contributive rate

B %y FHIERR S E At
Principal component Eigen value Contributive rate/% Total contributive rate/%
1 1.690 33.799 33.799
2 1.205 24.103 57.902
3 0.972 19.444 77.346
4 0.627 12.549 89.895
5 0.505 10. 105 100. 000

x4 ERSHETERE

Table 4 The principal component loading matrix

T E a0 =AM I ES
The first principal The second principal The third principal The forth principal
component component component component
SR Temperature 0.678 -0.446 -0.053 0.534
[%7K Precipitation 0.769 0.367 0.021 0.076
K# Wind speed -0.371 0. 665 0.463 0.443
o/ NHXTIEE Min relative humidity 0.703 -0.433 0. 180 -0.349
H BEAY %% Sunshine duration 0.076 -0.491 0.850 -0.135

4 JEHT 4 AT BT, AT LUE H F K | F R M BE R S — F2 A1 5 R R, 5T
kAR R, B A — R STk R, H BRI 45 = 32 4y e mik A K, IR XA DY o s sk ok, PRI,
H P25 K o RGeSO 2 A B I 08 S o /N2 i K A R Y AR

DA H P20 K X fie/ VDR B A RO B o LA /N K g IR i EATAR AL
MZITmH ST, % P T2t 0.05 1985 B AR, 45 R LK 5

x5 ZTEESHER

Table 5 The results of multivariate regression analysis

HIEEY ' bt R EL PR 2 ,
Regression coefficient Standard coefficient Standard error
# 1 Constant -78.905 4.050 -19.483
S Temperature 7.039 0.813 0.107 65.782
F#K Precipitation 0.058 0.020 0.037 1.578
K Wind speed 20.738 0.215 1.134 18.290
/XTI E Min relative humidity -0.065 -0.011 0.074 -0.880
H FEAF4L Sunshine duration 4.343 0.382 0.128 33.853

FUEAFEN: YV =7.039T + 0. 058P + 20.738u, — 0. 065RH,, + 4.343SR - 78.905 (6)

Ao, TN, P R KE, w, IXGE, R, i/ MEXHREE, SR 9 H FEETEL,

P IR0 R BOZ R T T BRAS IR bR A [l B S 1 S IR TR T AR AL AR B 25 A B X
INFZ IR AR A AR S0 T A3 LR, HAF U K KGR e VR R B R H BRI 550 R 43531
i B T 57.29% 1.41% 15.15% .0.78% F126.92%
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WAL ArcGis XFH Y Kriging MUGETHHE 7 245 0 23 2 1 E Y 280 128 [0 5 A, SR 5 FR A 25 b IX 11
YEVI 2B, 1 MR /INE SR B B & KR K B 1 2s [ 50 A (8] 3) o ASWFGE R A SURIE 1) 7 ik 5 2%
VEDZE B AR AS REA T A7 X 14 AN S AR LSS R AT T 23 URAE, 12 3 A2 8 A H4xF
B1R2E (MAE) AHXFEI1R2E (MRE ) D45 iR 25 (RMSE ) VE ARG 50 fFRIE , 25 A 4y Lh s SR ansk 6.,

R6 SEEYEHENLZXBIEER

Table 6 Cross validation of reference crop evapotranspiration

3A 41 5H 6 H 7H 8 H
I H Ttem X
March April May June July August
24 NF 14152 2% Mean absolute error/mm 3.30 9.86 23.43 29.06 27.10 15.10
FHXF 24152 2% Mean relative error/ % 13.23 15.70 16.60 16. 80 16.07 15.04
17 MR 2 Root mean squared error/mm 4.86 13.11 30.46 38.43 37.36 21.72

HIE 3 ATLAA  TEANRVAE KB B  ET AR RIEL . FEE/INE A KA (Bl 3A) ET 7E 21—28 mm ZJi],
A XK ARARIR AU 6. 88 mm; AE KL F W (K 3B) ,ET 1E 176—233 mm Z[A], 4 X7 7K it AR A IR 4 2
57.02 mm, Im{FM) ET, & TR K PP RAR  TER/ N2 A K I (K 3C) ,ET, 7F 292—399 mm Z[A], 4>
X T KR, BN E 107. 13 mm, &G 5IEFEX A ET, & TR PPN R 728 /N A KR
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Fig.3 The Spatial distribution of mean annual water requirements of spring wheat at different growing stages in the middle reaches of
Heihe River basin from 1970 to 2009
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Table 7 The variation of mean annual water requirements of spring wheat at different growing stages in the middle reaches of Heihe River

basin in 2008

ETc/mm
H liem DB E KK e Kesfiity e KA
Initial stage Development stage Mid-season stage Late-season stage
SFEIH Mean value 24.24 203.50 340.39 97.48
ZEAK IR & Variational scope 6.88 57.02 107.13 36.49
FrifEZ Standard Deviation 1.57 13.31 24.22 6.78

Hi 1 4 AT LLE BRI iR NE K (ET, ) IZS R 22 5 R . A J N ET B A A B
ML A TER/NE AR WI(F 4) BRI ET 76 573—781 mm Z 0], G &G HIX K ET 5T
SR AR (L PHRNP SR I F /A AR Y ET, 25 18] 22 5 KR 207,51 mm,

ET./nm

II' . 781

1573

0 40

B4 1970—2009 £E2APHFEENEEHTEKEZTELHE

Fig.4 The Spatial distribution of mean annual water requirements of spring wheat in the middle reaches of Heihe River basin
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