H37E HEI12M I W Vol.37 No.12
82 2021 % 6 H Transactions of the Chinese Society of Agricultural Engineering Jun. 2021

HEF i SWAT #E B g Z /KR EX k% h R E N

2 o', Eawk T, %Xﬁl 2w, BERE AWM, FAR,
L P A R T S RE B BT B A BR AT, SERH 5500815
zﬁaﬁ%mﬁﬁsmﬁiﬁﬂ%lﬁiﬁ*%¢,ﬁﬂ4wmn

OB EETOKE R S AP E X TOKSUE M EE S, KRB R RN . 10 7T LA AL E X A
PURICN T 5, R SUE SWAT (Soil and Water Assessment Tool) AR 7 R4 2 [X 29 A1 sK SCRE RS, R FSZARR . 28K
N2 O K 2R IE TR AL . LTI & 77 SCE I A X RIor o 6 ANRUE, BT IURIE S, W E gL R
AR $EEiR R KR REUCR KRG /K EEMEARE R 3 KIS s, 2T il SWAT BB FEIRE s R, © O3t
TFEA BT AR 9 KA s ARSI S 25 FE B K BB R 0 2 P58 e St RO AR U . 45 SR, oidk SWAT 4%
iﬁﬁﬁﬁ%ﬁ&ﬂ%(ﬁmm,%Hﬁ%%ﬁﬁ%wwmcﬁﬁm%ﬁmﬁﬁﬂﬁﬁF BT AN ) ROBE A K L )
HIARAk, 2 FPE K IR E R IR 20U N B LB T RRe e EREERKFMHREERT, BT
TRV IK EAEAS [ER BB LU A8 4, 2 o157k 3 B RO D& iR BRI e TH0E s AE KRBT /K EE MRS U 52 T
R TS ) ROBE /KRG T /K HE BRI AR o5 B A, 2 i /K vEs 77 350 I R 386 K 52 300 Sl /N P38 K 4k i s T e R . 3%*1?
AR TR 2 K IR /NG R, S Y K T St T 5 A R ROBE E W A 7K 28 A R [ VA 7K B2 52 R AR AL
LR GE o BF 5T AT 9 XK B R 49 /K eieiss T RR A Ja P B o S AR A g & 5 1l

KR EBE; KR Bt SWAT AR, FK# A, RAZE; ©)aKELAA

doi: 10.11975/j.issn.1002-6819.2021.12.010
RESDES: TU991. 64 MRRFRASAD: A

R, EEK, BEIGE, % BT SWAT B8 %GR E X Tk RE RN [J].
82-90. doi: 10.11975/j.issn.1002-6819.2021.12.010 http://www.tcsae.org

Wu Di, Cui Yuanlai, Huang Wenbo, et al. Scale effect of water-saving potential in multi-source irrigation systems based on
modified SWAT model[J]. Transactions of the Chinese Society of Agricultural Engineering (Transactions of the CSAE), 2021,
37(12): 82-90. (in Chinese with English abstract) doi: 10.11975/5.issn.1002-6819.2021.12.010 http://www.tcsae.org

XEHS: 1002-6819(2021)-12-0082-09

R TR, 2021, 37(12):

RE

B, IR, JFERIT K E . R

51 &

H /N RUBE 0 ] P A 7K 48 2 T S R RUBE i | P T A

A E AR T, ol K2 b s K &
1 60%LA o HEMEFH/KEZL) B AV HKER) 90%, &%
DX 7K A T p st e 9 XY K gt A T T K A 3
BAR, MEMETIKTE 1248 SRV X K i ) B
ZH o BEBRTKIE S RABEE— E M SR TR ARF T,
RE—Fhak 2 g & KIS fE, 5 AR REC K3 AR
B, FEX (EXID FrifKeE (BEUHKE) Hib
o Y HT R SR I EOK T K )RR EE X T K
775 BIRR AR 9 7K E 45 it S it 717 i VR VR /KM FH R 2
TF1) 4 VB P K i S A SR R /K B 2 L [l Ak R
I X i A7 A LR, e R KR
X o EBEIUK T K 77 A2 FERE DX PN 38 1] V= 7K 1) 25 52 R
i, HIRE B IR AR B E K &R 8 T2 K&,
1M PR B e [m 9K & A — 5 AR K BRI R AN

Weks H e 2021-02-23  fEITHH: 2021-04-01

BEEIH : B K QAR A 2 — R N RSN KR — o [E KV =
ﬂ%%@ﬁﬁﬁ/\ﬁ KIDKBFE AR E IE S TE %8 (U2040213)

PEE TS SR, TARIE, BFFCIT 1A e X K B oK SCRRI .

Email: 1269133531@qq.com

KIBEMES: Bk, 22, TR DN KRR L 5HAR.

Email: YLCui@whu.edu.cn

H, BIFERAKEZRH. ST, EERRL¥E
P T 2 R A] U K R A R R S T K 1
T,

BT REX P AREREK SR, 157K 75
bR R RN, Blanke 2855 28, /X IR A
IKHE SR AT (1) T3 7K B o > AR ROR XU R R A s
ALV 3ok Xof /K R VR [XC ) R E R b 25 R PR e O S
BT 5 KRER AT E N BN s A RS A T R B,
BNV FEBE T K VPN AR A AE R E R, SR, AR
K 77 (R RIE 9E 32 S B T A ROBE B9 7K it 8 oy
UL R K I BE R AR IR D .
Ah, BEATIE TS BT AR GeREBEEOK 1T /K8 775 7% 1& [l ) /K B
SR FH PRI REBE 5 7K T8 T B R A A AR ) 22

A8 S E R E K T 7K 8 77 B v S5 75 B4 SR YT /K 4 it i
Jo BREBE /K &, T8 1 [l U 7K 2 55 R F R B T 7K
1, TR ENEKEZ R HEHATII R, HEREXE
TREUK T /K8 0 B SR K P B, % KR
FEDX [P 2 8] e o i, 0 A SR OB AR & 3R A /K P 1l 22
R —MHEBLTHE. Hf, SWAT (Soil and Water
Assessment Tool ) B 7 & — /N BAT W) BEELAth 1) 43 A7 =K ST
AL, & B BB, W T HESRAE YRR K



#5123 R IMAE. BT Ot SWAT M) 2 7K X 19 7K 0 R ROsE 83

B ok P SWAT BRI T £ /K 5 E 3hie
WAL, WA R HIABADLEE XA [ ROBEAS [ 5 R A& 4t
BRI K. Wu ZPIBEF o SWAT FEALR 1 T [A]
/K EZ R SR I77%, Foath 7 EIEKEZ R H
RN, R W ZECOR T 2 [l )5 /K 25 42 R
HIREBE K B 5 5.

R E— 2D R SR AN [R] B T UK 3 T BE ROBE (1) A% 46 R
B, ASCLE AR PG SWAT BEAY K Wy £525-2611
H 1R B U 7K B SR v S R SR K & T L
HFEA b, DAL I E X A RO R T X, AR
P05 BT AS [R5 KA S5 T A% G R EUK 5 7K 715 7% & [n
VA 7K 5 52 R R RE R 5 K8 DI AEAS [R) RO i AR A B A
3N 2 BT K SIAEAN A ROBE AR A R 1 22 S S FL LA
DU A E X /K BE R 1 7K e80T ARE AT J) B it vk 5% Ak i A

P i
N 1 /L,r‘\.,’
A\ A
F ana o

’\\ ety
l} /Bl /}L
2’}\ Hubei Province Y,

5

1

3 .e
A /"\ N ’:_“.k"
el N i

Jingmen City

P

Y
{ ‘k"\-.._,-._
éHﬁmevg R
g

km
03060 120 180 240

The Yang-shu-dang watershed %,

RFITI
1 MR57E%

1.1 AREXER

BIF 0 IX 3 3 A0 T 9 AL 44 ¥ VAT 8 X W 8 I ek
(30°50'N, 112°11'E) , HAVE WL 1. WL
FHEX=TER, = TR/ TM—%MICRAH,
ST TR X A — A A X K, THIARZ) 43.3 km?.
0 X @ R KBTS, 24 PR 17 °C, Sem
iR 409 C, ZAEFFEK 965 mm; B IR K
RUONFEH . o AR A, L R T AR o BB
60%; IR DU ERIBOKFE o 3o BFFCIX 2 B K
Fes MRAEFHR SR, KRR RN E. i, g
N BEBAEY), R X R AR .
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Fig.1 The location of study area and ten sub-basins division
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£33 Bl SWAT B8 E ek it 78 X Rl 70 2 AT
Rt — B ¥ % TR 2 A K SO R T
(Hydrological Response Units, HRUs) , #/5 Lk HRUs
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Fig.2 Spatial data of the study area
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(SWAT Calibration and Uncertainty Programs) #f4H1[1]
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AR SCHEBE [ /K B R R R EOR A Wu 2513
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R [ B AR IS, DA I R 7K B AR R 4 T 45 3 v VR
[FIHK S LTI it 4, Jiid 6t HRU FAH R 7K
SRR 21 8N IR0 00 N 3 VR ] V1 7K B N ] VR =] )
K, HE— 25 25 A YR K L I R B R AN B B
BEK R, S84 T b R &R BT K I A B
SR N AT [ A K & VRT3 22 SCHR[25]
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AR SCHEBEFH /KR SR Wa Z5EPOR S ) 92,
A BRI T 0dE SWAT B RLALL 1 %% HRU AN Al 7K
TRRAENE K &, B SRS 3 5T I AN [F 7K IR
AN HERE K &, Bt A RUBE K T 25 -1 IR 30T B 7K
SORFIRI AT, AR L S B K &,
X T2 R R U K B S R B B A K &, R EER
FI Wu S5 9k (01 ) K B 2R B S vk . &
Xof v R T 2 KR HE DX, W KUR IS oy il T L YEE K
KESE, BfRAnT:

AIWC,,=AIWC,  +AIWC,  +AIWC, (1)
IRF,,, =IRFP,_, +IRFR,,, (2
AIWC,,, ,=AIWC_,-IRF, (3

A AIWC, 5+ ATWC,pens ATWC, pog 2 ATWC, 1o 73 A
TR R SRIEFIIE . JEHE DL R K % 4% 4 B HE
FI7KE, m’s ATWC e AHE R R FE[H H /K R A
FHH B HEE T K&, m®; IRF, o R i 25 2 1
FEREEA /K, mPs TRFP, o NI ) 55 AR EE [ UK
m’; IRFR, VA () 5 A F B R K, m EL oA
& WL SCHR[26].
1.4.3 FAREAFEFE
AR b R ] V3 7K A ) P e VR FH K R 5
ik, GETIKEIINE X, AR50 REREEUK T K
T 25 R (A1 A 7K 2 2 R F AR S K A0 B A SRl R
WSP,=AIWC, ,-AIWC, (4)
WSP, =AIWC, . -AIWC )

T WSP, Al WSPe, 735 92 R AR SEREBE UK T 7K
73 5% IR VA /K R R T KYE 1, m’s FAF b
A a 73 ARG R I K Tt AN 2 ) o

BEAh, oK B R AR A, e L3
INERY &S

v, = WSP, /AIWC,,, (6)

W, = WSP,, JAIWC, (7

K wo T Wy 3 NAE GETT K R AN R [R])H /K B 2 R
K2, mim’,
1.5 TKBERKE

RERR 2 PRI I R B AR R, AR SR
WEFR XS S B T 3 KK ST

1D SRR AR . T IRIE S E 30%013Y
W&, DUR BRI AR LA 0.405, BEE 30%IE1H
JE A 0.53, AT 33 3 HE TR B2 /N R VA E K K 5
FE Y HE R N SR R S T L

2) ERERKFHRE T WEnis, HKJE
FE RN KR P, HEKED R KE, Hrpy
KPR FEAAS U AR B EC /K, VR TAT KO U R R R
RHATHIBC K, PTHE = Bl B v AR R 2 = AH B 1 2R &
KR ZRE, Avclid R ZKMH RS2 0.83,
S A TR K EE E R K R 2R 8, BHIILIR I 0.65 K42 =
0.75,

3) KA KB . AU RS G K
TR AR X S A () B RAS 5X, 2 PR A R A2
BB 3 AN KR LR 1.

£ 1 TEKEETERAEHIACR

Table 1 Critical depths of different rice irrigation modes

T 151 B VEE IR

Flood Intermittent

PN i B

Reproductive stages Duration irrigation/mm irrigation/mm

L FH ] Steeping stage 05-20—05-29  20-40-80 20-40-80

JB 7 i Recovering stage 05-30—06-07  10-40-60 10-30-50

4 BER EHKE Wet  06-08—07-05  10-40-60 10-40-60
Tillering stage JFAKEDry  07-06—07-14  20-60-80 0-0-0

R A5 2254 Jointing booting stage  07-15—07-30  20-60-80 20-50-70

JhAEFTTE Earing and flowering stage 07-31—08-09  20-60-80 20-50-70

FL#IY Milky stage 08-10—08-18  20-60-80 10-40-60

i ] HK)E Wet  08-19—08-26  20-60-80 0-20-30
Ripening stage %t Dry 08-27—09-03  0-0-0 0-0-0

1.6 REX

T K IR BERSE, 75 EER B T X AT R
Xlor. dEMAXRISHTFREEL CLE D, BL“F
WIREE” R AR B, DAEE N LR, M R
TR E R EA N PRI I A X R4 6 AN REE, R
MFZRET KE2OE BN NSRS, 1R 2 s,

*2 MIRREME
Table 2 Determination of study scales
Filk Sub-basins A Area/hm®

JRJE Scales

1 1 489

2 1,2,4 1083
3 1,2,4,3,7 2232
4 1,2,4,3,7,5,6,8 3438
5 1,2,4,3,7,5,6,8,9 3625
6 1,2,4,3,7,5,6,8,9,10 4330
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ML E T ERIRE TR AFEE T B
T TR A K I FR, BT RE— E R AT A [Al
IR\ w2/ A TP P AN S I =R D Lo p
S AR A 5 R T8V K A I K 0 R
R o

2 HBR5HH

2.1 HEERESHIELER
.11 HESHALBAE

JHiL SWATCUP #A4FH() SUFI 2 Sk TR p
()2 AT SR 2 Hr, () IR SR P Sz ) e s ol A A k47
REIE S RE, R R B UK S 3 HHUE L 3.

2.1.2 A R

FIH 2005—2009 /K FEA B B H 10E H Seii
Wi BIFRREGss #7 FEe 2007—2008 4ESZilliE H ET LA
KA RS 2005—2008 4 24 H 7K Y5 A TR 7K R B A
IKEGETHE N R AL TR IE . FIH 2016—2017 4F
IKFEAE B AV OB HSEARR . 2T 4 5T
HAVH B 2016—2017 SESCMIIEH ET A /K& XA
ATIRAIE . AR IE S B0 0F J5 H 45 R W3R 4, RIS BT AR IR
17K 7 R RS o #r B BB O ER K BT,
ARG T U 5 56 VI 9 4D B Tk P 7K o S S A AU AT
Xk, AR 5 53R 6. FiEH DAR A A HE ET
S SRR A% B LS 2 SCHR[26,30]

R3 BMERBK RGBSR ERNE

Table 3 Sensitivity parameters and their values for the hydrological model of the Yang-shu-dang watershed

A [ A ST S R A

ﬁéfiﬁﬁi? Parffe%ers 241 % X The meaning of the parameters Parame;er values of different larElldAuse type? .
ranking K faH ot b TR
Village Paddy field Forests Dryland Bare land
! CH_KQ) Effective hydraulicjcz(jjfc(tf\i/?j?f nfﬁ?fa/fn% alluvium/(mm-h™) 20.43
2 MSK_X I 5URR 22 9 B LE 5 K 7 Flow weigh factor of Muskingum method 0.14
3 MSK _CO1 I ARV R HAE 22X Calibration coefficient of Muskingum method 0.4
4 SURLAG Hb R ARG E R 2L surface runoff lag coefficient 9.19
5 GW_DELAY Hu R KT TR EE Groundwater delay time/d 0.63
6 ESCO AR AMER T Soil evaporation compensation factor 0.7 0.93 0.3 0.95 0.12
7 USLE K USLE J5 2+ i)+ 3842 1K F Soil erosion factor in USLE equation 0.11
8 EPCO YR ISCHMED T Plant uptake compensation factor 0.5 0.69 0.33 0.57 0.93
9 CN2 HIe SCS &4t HiZ8 %L Initial SCS runoff curve number 90 30 47 74 71
10 SOL_AWC TR KZE Available soil water content/(mm-mm’™) 0.36

x4 HRUESRBUKOERRIE 51IE
Table 4 Calibration and validation for the hydrological model of
the Yang-shu-dang watershed

i34 Period T H Ttems R* NSE RE/%

1% H 2 Daily discharge 0.83 081  -17.37

g | 1% H 7 & # 5 5 Daily ET 090 090  -1.87
Calibration 4 7K JFEE H /K 5 ATWC, jocal / / -7.67
(2005—2009) gy K FEEME A K B ATWC e/ / 15.59
SEB K E AIWC,, / / 2.75

ISIF 3% H 4291 Daily discharge 0.90 0.89  -17.92
Validation % H 7 R 75 & Daily ET 0.95 0.90 -2.38
(2016—2017) #E7K & Trrigation amounts / / 9.46

e KRB K ATWCo pna 2 ATWC e Z F1.
Note: Agricultural irrigation water consumption (AIWC, o) is the sum of
AlWCoypnd and AIWCOJC}].

2 4 AT50, oo SWAT B B A B (R 2%
B (R*>0.80, NSE>0.80) , i&H T4 B4 3 42k () /K 178
L. B3 5 AT, RLIEHIF 2005 4EAR [ K J5 2K
1) HE R FH 7K B AR R 22 B R T 20%, 4 A LR
4 2005 FEKFEAL B B BN EEAE (358 mm) , BT
T EAEAy, S BREE R oK T T R IR R K FH S fR S K
JE AR A B A 0 2 T AL X IR R KB SR, (EL7E oidt SWAT
PR o ply 3R] KR AR S AR KR, TR AR 1 L R % 78
I3 R T K EESR DR bt 5 B0 T K R K B RO
PR, WA EUE 2005 BRI A EE o (H AR T
FIRNF 563K 6 TRIZR, dk SWAT AL BE A U

Ut DA [R] KR 2R P I P K

RS RIEHAGATELERTE Rl R A7k 2 EBE S TMEXT L
Table 5 Comparison between simulated and observed Agricultural Irrigation Water Consumption (AIWC) of the Yang-shu-dang watershed
in calibration period

LHRKIR CRE IR BER KR

TR 7KV FH 7K

EAY Year AIWC from local water sources (Rivers and ponds) AIWC from Zhanghe Reservoir
B Simulation/10°m®  S2E Observation/10°m’  HIX[#:% RE/% A Simulation/10* m® S2{H Observation/10*m® AAXHi5%3 RE/%
2005 585.92 762.92 -23.20 728.92 544.95 33.76
2006 498.91 558.57 -10.68 692.82 695.09 -0.33
2007 673.47 613.86 9.71 347.92 294.32 18.21
2008 594.22 612.61 -3.00 619.30 532.38 16.33
YA Average 588.13 636.99 -7.67 597.24 516.68 15.59
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Table 6 Comparison between simulated and observed irrigation
amount of typical field in validation period

e Vear B S HiRH
Simulation/mm Observation/mm RE/%
2016 225 185 21.62
2017 284 280 1.43
I{H Average 254.5 232.5 9.46
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Fig.3 Changes of water-saving percentages and water

supply proportion of ponds over different scales under the
scenario of increasing drainage areas of ponds
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Fig.4 Changes of water-saving percentages and water supply

proportion of Zhanghe reservoir over different scales under the
scenario of increasing water utilization coefficient of canal system
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Scale effect of water-saving potential in multi-source irrigation systems
based on modified SWAT model
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(1. Power China Guiyang Engineering Corporation Limited, Guiyang 550081, China; 2. State Key laboratory of Water Resources and
Hydropower Engineering Science, Wuhan University, Wuhan 430072, China)

Abstract: Agricultural water accounts for more than 60% of the total water consumption in China. Among them, crops
irrigation accounts for about 90% of the total agricultural water consumption. Therefore, it is highly demanding to
transform the water management in modern irrigation systems. Alternatively, water-saving transformation can be utilized
to save irrigation water, where the Water-saving Potential (WSP) is a key parameter to evaluate the performance of
system. It is also necessary to consider the scale effect of parameters. Taking the Yang-shu-dang (YSD) watershed in
Zhanghe Irrigation System in Hubei Province of China as the study area, a distributed hydrological model was
established in this study using the modified Soil and Water Assessment Tool (SWAT). Some datasets were collected to
validate the model, including the daily discharge at the outlet of YSD watershed in 2005-2009 and 2016-2017, the daily
evapotranspiration in the typical experimental fields in 2007-2008 and 2016-2017, the irrigation water consumptions
from the local water source (drainage channels and ponds) and the Zhanghe Reservoir in 2005-2008, and the irrigation
amount in the typical experimental field in 2016-2017. The simulation performance of model was also assessed using the
Relative Errors (RE), the coefficients of determination (Rz), and the Nash—Sutcliffe Efficiency coefficients (NSE). The
results showed that the modified SWAT model presented an excellent performance to simulate the hydrological
processes and irrigation water consumptions in a multi-source system. For example, the NSE of daily discharge reached
0.81 in the calibration period, whereas, that of daily evapotranspiration reached 0.90, and the RE of irrigation water
consumption was only 2.75%. Moreover, the sub-basins nesting was used to divide the study area into six size scales.
Three water-saving scenarios were set for the study area, namely the increased drainage area of ponds, the increased
water utilization coefficient of canal system, and the rice water-saving irrigation. The traditional and new WSPs were
calculated under different scenarios with the modified SWAT model, particularly considering the reuse of return flow in
different scales, further to analyze the change rules. In the increased drainage area of ponds, the traditional and new
WSPs first increased, then decreased, and finally stabilized with the increase of scale area, while the change rule
depended mainly on the variation in water supply proportion of ponds over different scales. In the increased water
utilization coefficient of canal system, the traditional and new WSPs gradually decreased, and then stabilized with the
increase of the scale area. The reason was that the great variation in the water supply proportion of Zhanghe Reservoir
over different scales. In rice water-saving irrigation, the traditional and new WSPs first decreased, and then increased as
the scale increased, while finally remained stable. The change rule depended on the changes in the ratio of paddy fields
at different scales. Finally, the relationship between two WSPs depended mainly on the changes in irrigation water
consumption, and the reused amount of return flow at different scales before and after the implementation of
water-saving measures. This study can provide decision-making basis and guidance for water management and water-saving
reconstruction project layout in irrigation systems.

Keywords: irrigation; water resources; modified SWAT model; water-saving potential; scale effect; reuse of return flow
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