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Abstract

Water shortage is an important factor restricting economic development in arid areas, so it is very
necessary to explore the spatiotemporal changes in actual evapotranspiration of artificially irri-
gated forage during the growing season in arid areas. This study uses Landsat-8 OIL images from
2013 to 2021 based on the pySEBAL model and weather station data to invert the actual evapo-
transpiration of artificially irrigated pasture at the Woyuan Dairy Farm planting base in Xilinhot
City. The results show that due to the sufficient water content of artificially irrigated pasture, the
actual evapotranspiration in this area is relatively high, ranging from 0 to 10 mm/d and 50 to 200
mm/m. The change pattern of actual evapotranspiration during the pasture growing season
(May-September) in the study area showed a “single peak” overall, with the peak day being July
25,2014 (5.46 mm/d) and the peak month being July (155.71 mm/d). The boundaries of planting
areas become clearer as the evapotranspiration of pasture increases. In addition, the change pat-
tern of actual evapotranspiration is also well correlated with precipitation frequency and precipi-
tation amount. Comparing the actual evapotranspiration obtained by the model inversion with the
results of the FAO Penman-Monteith algorithm, the overall accuracy of the model is higher and can
more accurately reflect the actual evapotranspiration of forage in the area (R2 = 0.7504, RMSE =
1.2575 mm/d, MRE = 0.9366 mm/d). The inversion results are basically consistent with the actual
situation, and can provide solutions for artificial irrigation pasture water management and pro-
vide a basis for the government to formulate reasonable policies.
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1. 518

AL AN R 3G Ingh thask b BR 03 7K 5 IR ok B J1[1] [2]. K BER A R BN T B K
ZHT F X R R BRI R 2R [3]o AT AT FERK, AR AR KOS AR R AT N TREBR A1 DLZ TG % .
N L REBEPT7E [ MU (IS DU AN 7R K 70 BS0GE B AR S IR AR E AR R AR K . [ 9 AR RO A 7
SCERRN, N THEBE R B bR AR B T 20~40 5[4, BIMEEH A T NS R IX R, 2
PR 5 7 S AN G SR [5] . 1 DK IR K BEIR A B, IR R T RS B L EHR
o WA XS AR S IR B AR WAL s 55— 07 T T AN 2835 30 S B0 R AR 8 A /K 75 SR 0, X 2R
U by 5 e S P R B B SR K IR RBCR, SRAARO K

ZEHUR (Evapotranspiration) /2 27K REVRAIRRAE A 1K) = BUKSCB &, 7E/K . AL /K #
RAEAE AR 6], 1M 5 by 28 HlCE (ETL) 38 % A A 2 AEY) R /K & AR [7] - 4% G 00 Ml AR Qs S bk
W T 235 REZRBOUEM LK P %S, 7RG P TS ERI S BT, (HAEHTX
TR I 25 RFAIE 73 BT [8] [9] 0 4 TR JE 1) 28 WIS B LA S il e B 28 70 236 ET, B, RRERfA 250 S Bk ET,
I 25 e SR R BN A PE o I8 8 T3 B R B B R A S U BT, 0 Bl b R T 1l A Y
(SEBAL) [10]. /0 #ER ALK IE A BUR A AY(METRIC) [11]. Fiib3R it & TR R (SEBS) 2 [12]. K]
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DAk, SEBAL ALK AT B TAEYISERY . RIS M S I 40, — EGA AR REH T
fli B ET, BN [2] [3]. SEBAL AR HIRAEIE, TERFFLIX P9k i v AR o A5 25 71 A5 2 A 5 A
PGB R, T B RS BT E A ME & ET..pySEBAL H IHE-Delft i ¢ it 7T /& (https://ocw.un-ihe.org/) ,
7E SEBAL fERIERE ik N\ python H WG RIEFEFET, wT LA ZsD> N TIEPom g a1, kR E
MIEPE R 2 AT 5 R R 2. KISk, SEBAL BB RN TR e T AREMR AL, T B i it
ST, — BB HEH T HE ET, BB R . Xue 55 AFIH pySEBAL LAY i Uy 7E N F 4 &
M AT SO TG A DR AR S PR AR [13]: SR N T SEBAL AR LU ks AL S T
b BRI JEAC T 28 BORE[14] . B H RO, SEBAL BR8N L REBEA & ET, (& M it —
SBIGIE .

BT RBIER I ABORE IR T C& Ty ik, TR A& M RS FEY ET, YA RN EH, HEXF AT
TEBACR BT, [ MR T b o D, AT P R R 28 55 T pySEBAL 28U 45 &S Rl BHis S s N\ T HE
WEARCRE () BT, AR S0 AR Y S 8N T HERA B BT, MIE FH s BT AR K 2 BT, i 2SR . it A
W N LHERE B3 1 K B R 1, NIBURT BA AR DGR T TR ) € S A B Ak 95

2. M EF*
2.1. WARXER

WFIE X AL T P9 58 3k VA XA R 20 880 B A MRV e T AL AT IR SR 0 A S PR i i, o 4 1 1 R AR B 4
WRHRR VG X | SR 45 A T R 5 1A i 1 7K HE M o P P B B M, AR TR X AR AL T
Ele WXL ERWE 1 FTR, %X 3 B RO EOE, R EIRZ) 155 km?, B 5T X AR P4
1 foR[15]. @ TR 2. ETRREEAEX, P55 0°C~3C, TR 90~120 d [16]. 71
Bk & 295 mm, PR 2B HAE 7.8.9 =N H W[L17]. S FIIAHXTR EEE 60% LA, 4F28 K & 7E 1500~2700
mm 2 [f].,
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Figure 1. Overview of the study area
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2.2. pySEBAL {HEEI R

SEBAL (Surface Energy Balance Algorithm for Land)# 7 f& DL B oA fit 8 37 60 K f) 28 B e Je A

74, 1998 41 Bastiaanssen fsGH2 H[18]. pySEBAL #7142 Hessels %5 A\ 7E Python R85+ 1 & ) SEBAL

BERCAR, T AR Ae P U A E R AT R R GE R AR AGE BRI R G E, S
B ET, 1AW~ [19]:

JET =R -G -H Q)

A, AET B Gl B (WIm?); A AZKIFRAL TR R, B4R BB R (WIm?); G A3l B (W/im?);
H o HGE B (WIm?) . 148 ST E R, (W/m?) R BEE . shE /KA i E B AR IR, A
AF:

R, =(1-a)R, +&R |, — 50T, )

A, Ry, BIEH R KA EHAR ST (WIM?), BINSHE RS R SIAHER R KBRS, MKk
BHWIM?) o o MR IER (). g B NDVI A R E (LA K200 06 RIS BIR R LLR ST 2R, Al )L
LIRBEL NGB R . o ASLBEITHUREZHEL, N 5.67%10° (WM K, T A RIEE (HRMmgLi A
TRATHRE) (K)o pySEBAL FiH Bastiaanssen J1- & FI450 7, ¥ HiE#GEE G 1HE N R, —H4r[18]:

G =T, guuum (0.0038+0.007c)(1-0.98 NDVI* ) R, 3)

s,datum

A T dawm JIFE TR IE X HCT 5 T2 4 PR (DEM) SR FEAS IE i PO R T (Ts) o ik e 2 0 ] s A
k= Ok = 1SS Y52 X E AT 0N VTl 711 ol 1 -6 2R W S W v St N s R i SO Y R = P S
KA

H - pxC,xdT @

r‘ah
X: p WERERE (kg/m®); Cp NS E K LA (Ikg-K): dT Dy BRI BE Z, A0 Z, AbIERE 72, Tl
BO01mA2m; ry NELRZ B 1M bu(s/m). A5 T RE “a” M “b” NEHXNAGRMHE
FEARE, DI EA IR TR AR 2 R [ 20] [21]

dT =a+bxT, sum (5)
a= dThot ~ choId (6)
Ts,datum,hot - de,datum,coId
dT.,, —a
b — hot 7
S (7

s,datum, hot

B R A SRR 875 b BA Ok NDVI IR 3. 2 Jaafar £ Ahmad BTk, 4 IR SUT00R S 3 v
KRR IEAT 702K, KB F NARRE IR LR 61 NDVI H G, #1500 T EM MG R ARG R/ MA
ke, AR TTHENI Y NDVIELE 0.03 A1 0.2 Z (A& 7C[22]. BLE#E R TRATFEAE, B
BRI . Ky, FEEEERGH HEE. T RSN RPN Ry HF G, LA BN &K
DHEFR) (2308), T Q K H v EE H 2 K 2 BUEF) (23K 9), KT H T T
F ET 3N SR 1R 2 [23] -

EF:M

e ®)
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EF,, = QxEF, ©9)
QiEE LT AR
0 =1+0.985x EF, x{exp[o.osx(es —ea)]—l} (10)

A, e ARESE&E ETTRIRBMARE, e N mE LT Ehr&RE. EEH ET, AW
8.64x10" x Qx EF, x (R, —G,,)

ET, =
2 A% p,

1)

A, EToy TAERHEY H bR SR (mm/d), 2 AHEERGEEKG), pw AKEE(KG/M®)o Goy  H ¥ 13
Ol R (W/M?), SRR RN 0o Ros AR M T 5E 4 (Wim?), a5
Ry =[(1-a)xR, —110]x7,, (12)

X, Ra N HHIAN K FHEEST(WIM?) o 20 WRABH R, 28R KAMEALS R Em. KT
PySEBAL LT Z 4075, ¥ Hessels % A\ pySEBAL3.3.7 F/ft[24]. 1998 £, o EML & Al 4 234
F## ] FAO Penman-Monteith J5 V5 HRAEMI R B, HIEARFEE N .

900

0.408A(R, -G -
ET. = ( " )dl_}/-l—-i-273u2 (es ea) (13)
° A+y(1+0.341,)
ET, = K, xET, (14

b ETo NMIBEZREUR (mm); Ko AEMREL R NEME 2 ES (WIim?); G 3 HGE 8 (W/mP);
NTRRFE (P C); T A HFESIR(CC); Uy A 2 K E AL KGE (m/s); A NHATKIR E #2841 % (kPa/C) ;
e AMEFIKIRE (KPa); e, N SERRZKVAE (KPa).

2.3. BESAE

(1) 1EEEE

Landsat-8 OLI 2% B4 Rk 5 T 5% 15 b ot 4 25 J&) B W (http://glovis.usgs.gov/), 7% 1A 43 #5230 m, EHik
JAIAN 16 Ko Wil 2 firzs, 16 2013~2021 A KZE(5-9 H) L sib =B 3k 25 i@, HTGEH X
B ET,o

K FRAR S BE ok F 2 B AL S HUR R IR AR KR 0 M #is MERRA-2 (The second Modern-Era Re-
trospective analysis for Research and Applications version 2), H75[8] 43 # 24 0.625° x 0.5°, W[5 HEZH
NI

DEM %4 A Y T b 31 2% 18] 044 2= (http:/www.gscloud.cn/), %5 [A] 73 #8258 30 m.

F Landsat-8 OLI 52458 3 2R 7T X K/, PAGaE pySEBAL A TSRS (8] BT A7 19 R Tl Ak 3 45
18 QGIS F1 ArcGIS, pySEBAL #E#Y H & A7 KSR IEAL T

(2) "RHE

RGEE R A 3 [ [ S0 AR S R (NOAA) [E Z A A5 J2. A0 X 33 (NCEL)
(https://www.ncei.noaa.gov/) Fl PR e i 5 . B HCE R A b N 5 AR iE R T A Rl 2013~2021 EAEK
ZE(5~9 )RR AMXHEAE . HERH, KE. BKESEIZEE.

A FAL I K 2K B TSNS ASZK S e N 58k I B FEY R 8L, Wk 1 PR
[25].
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Figure 2. 25 Landsat-8 images from 2013 to 2021 used for pySEBAL irrigated pasture ET,
estimation

[& 2. 2013~2021 % 25 i@ Landsat-8 1% T pySEBAL ZE MM E ET HE

Table 1. Crop coefficient table
=1 FIARRER

H#A 5 H 6 H 7H 8 A 9 A
1EW) 2 B (Ko 0.28 0.64 0.76 0.79 0.56
3. BREHh

3.1. pySEBAL =& ET, B #

1Al SR B R >, X 2014 AR K TS A HES TG . L 2014 961, it F X A4
KFH. H ET, I B RFE

3 & 2014 FH T XA B AR KR H SERRZR B E I 2 A AR S A B, ET, a8 0~10 mm/d,
3(c)~ 1 3(d) P Z& BOR B BB X SO B AR X . 14 3(a) AR R A T AR K 5L, B L X 28 i
BIME 9 3.51 mm/d, RS> XIHAE 2~5 mm/d Z (8] 4] 3(b)H 6 H Z&HE M 28, HER 4.1 mmid. 5]
3(c) H R X 5 AR P X 28 HiCEE ZE RO, PRI FE I, MR IX ET,7E 6~7 mm/d 18], FEEHEsd 5t
AERE X 3N T 4 mmid, 2518 6.17 mm/d 94K FEAN i EKF . & 3(d) AR EE ET, 8 4~6 mmid, ¥1H
9438 mm/d, FENEKTFEI, ET @WK, JEMEXFECRE. 9 ABEXNEIZER, Kl 3(e)d ET,
BIE N 219 mm/d, ZEESFAAIE), A 2014 FAKTEE H HAKKT.

4 7 2013~2021 “EAFF 5T X AE K Z2(5~9 ) H SERR & BUE R 2 0 A AR - A B 7 . 5 ARFFEIX
R ACFRAR, s, ZHETE 2~4mmid, ¥ME 2.98 mm/d. 6 HAEPugd K, ET, ME T
3 4.31 mm/d.7 H R X S5 AERE X 2 HOR 2 573 53, 405 ET, 78 5~7 mm/d 2 [8], 31H 1A % 5.46 mm/d,
MR XA AR X ET, /N 3 mm/d. 8 A4 ET, KA 3~5 mm/d, 34{E°N 4.12 mm/d. 9
HE TR TERR, FE X 5IEMIE X ET, 840 THARKT 1~3 mm/d, B, K 3. K4
HET, G Boodinde, KEGHFEA—F, WE “5~6 AK, 7 L3, 8~9 A Tk MM
(R 4 BRI P S EAKEE A ET, S EIA . R P,
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Figure 3. Spatiotemporal distribution and frequency distribution histogram of actual daily
evapotranspiration in the 2014 growing season
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Figure 4. Spatiotemporal distribution and frequency distribution histogram of actual daily
evapotranspiration during the growing season from 2013 to 2021
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AT 2014 FH ET,fER RN E L TR AL, 193] 2014 £E KT ET, B 2940 LUK
AN 5 Fios, ETLfE 50~200 mm/m G A . 2014 4F 5 HAF 5T X 44 K384 X8, ET, KT 100 mm/m,
BIfE v 128.76 mm/m. 6 HWFFLIXZABUK &R, KX ET, &1 120 mm/m, ¥{ETH 5% 138.67
mm/m. BN 7 HEI ET, A BI04, A4 ET, 7€ 160~180 mm/m 2 [a], HJ{E N 155.71 mm/m. 8 A 4K
%y ET A IAR, ARFE X8 T BRI 2, 230X % ET, 7€ 140~160 mm/m Z [f], ¥{H F#{% = 133.6 mm/m,
WEAT 6 H.o 9 A MERI SN B, HEZREEAEE 120~140 mm/m 1], ${E 117.25 mm/m H4EKZE
H ET, S AICfH -

H S bR 2R 2 (] o A RO [ Bhas 5 B A —3, 5 AMm AR, FEX 5IER X A
ABUOKFaE; 6 AP NPRIE AR BL, [P X AE 25 8] 20 A B g i B, 28 SO R s
7 FAREAE IR AF B B, AR SEPR AR IR R ONE s 8~9 A NAEKZFEI, AERE X ZAHE Rl T
B, AR TR X 2 B T PRI
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Figure 5. Spatiotemporal distribution and frequency distribution histogram of actual
monthly evapotranspiration in the growing season of 2014
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Figure 6. Bar chart of daily precipitation (blue) and line chart of daily actual evapo-
transpiration (orange) during the 2014 growing season
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ASCIE IS RIS R T SRk 2014 4F 5~9 H IEM AR RIR A X EN 5 ETL C R, Wk 6 frs. HEEK
R (27.6 mm)RA7E 2014 45 6 H 16 H(EE 170 K), FEKRERBE AR LEN 7L X A K F2 i (6~7 H)#
Z, ERWAEIG M9 H)Bb, X5 ET, WHMEREA — 3. B8 0] DA S 3R K S0 K A
WOEDET, R MR KAERKIIR B, 405 ET, XBHiFH &, X552 SIREXT ET, MR E SR A
_ﬁo
3.2. pySEBAL #EENEE 547

ALV R R R R B E 5 &% T Penman-Monteith 5035 A R (13) (14), ¥
PYSEBAL 5 7Y fsz y5i N TP SRR B S B A8 IR ARG BB o SR T T X ASE 4L 45 SR 24 5 Penman-Monteith 5%
4 BHEAT EUBE, 45 N & 7 Bk, R? = 0.7504, RMSE = 1.2575 mm/d, MRE = 0.9366 mm/d . 5 Penman-Monteith
HIRERAHLL pySEBAL RIS il T AR AE KR ET,, HBLAL SR RIS LU R HE S8\ T HE R4S
ET. ki

[y
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o
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Figure 7. Accuracy verification results
E 7. BEWIEER

4. WigE4ie

T I AT A DX A A K TR S PR AR R N S AR T DA AT X SR PR AR R R AR K T
(5~6 A)ZAHEIZH Tm, I A)ENATINE, J5H8~9 H)ZEi K. W7t XML AAE 5~7 A%
WM, SO 7~9 HZHASTE K, X R U2 HE BRI FL AR R AR, BIF T DXORh R DX AR R X 2
SRR AR ZES,  MTH S e T O A K R B e K, R E e B WA AR .

PYSBEAL H5 7 % Jsz A 5 S b 28 AR 7R A AR KR I L A, 5 K R At LA IR i A
el IR i BORIE AT [X S BrR ZE B 14 55 Penman-Monteith 503511545 BAHEL R IAF] 7 0.75, #iH
PR S 45 AR HOAE 96 RMSE = 1.26 mm/d. MRE = 0.94 mm/d 443 9 41 45 50 1) 2 1] ) 22 PR
BN, R pySEBAL HER A DU A B e v N T HE A S B S

SEBAL 8 N FH Tl AR ET, BRI ZBIA R Z, (FA%F15) . Jingyuan Xue %5 A
FIF pySEBAL HEBLEINAIAE JE AN AAT 73 Tl ST Al R AW I SERR 28 BUR[13]: s is5E A
5T SEBAL FEAYfh 5 L BRREF JER HZABUE[14], #AARERE. 25 E S AWM SEBAL 1
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Rl B R TR 2K Bl [26]

AW FAIAFAE— LA e 2 b, 11T 2013~2021 47 A i 78 X XA 25 SRR & T = 8ib = IR,
AR BCR D AT BE S 0TI ST 45 B w22 . 2014 S5 H HE — 5B TH, B MEY REUGEHE T i
I A E M. 340, PR AR X S AR R, 7T S XTI fE 2 S 30 ET, (WIS,
58 FH S0 2% SR B 7 s 0 36 00E 1T R 2 15 380 B i (A S

AWPFEIET Landsat-8 KGR, S5 A MIERE T AR AR E s, FIH] pySEBAL KA 85 AR iy
TR S 2 2 o A 2 b N T VB R A M\ 52 B 75 St B 2 A A L RIS RS 55 56 U 193 5 1T 40T pySEBAL %Y
GO KA BEE A FHU RS

(1) HF 7T X Ao 25 R B A K i 1Al A8 b W ., ET, #E 0~10 mm/d Al 50~200 mm/m 2 [&]. 5~6 H#f 7T
DX A S R 2R R TG N, 7 H ik BI4AE (5.46 mm/d. 155.71 mm/m), 8~9 H iZ#iE L .

(2) # Penman-Monteith S5+ 5.45 FAE NIUEE X pySEBAL 5 7Y fz i 52 b 2% i B 45 S HEAT K B 06
IEM 1, R?*=0.75. RMSE = 1.26 mm/d. MRE = 0.94mm/d, 2 BI7ZERT 78X 1§ F pySEBAL F5 7Y 5z 5 52 b
AHCE SRR, AR AL X SE bR A B I 2 AR A

EI RO E R R R B I A, (HRE S RO K B B ) e 38, DA B SRER 22 37 1 5 E Tk
SRAG IR P PO EE S AR AR RS D 2 B E A . AT 05 T R A S e S B AR R A B T
b THI B SE AT A, DLACETTE N1 XA JE IO HE R SRR A TR B, NIBUR
il € 5 B I BUCRERHEE JI IR

SE
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