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Abstract

This study systematically analyzed the temporal and spatial characteristics of evapotranspiration
(ET) and its driving mechanism in the Dahei River Basin of Inner Mongolia from 2001 to 2022 based
on MOD16A2 remote sensing data and meteorological observations. The temporal and spatial var-
iability of ET and its main controlling factors were revealed by Sen slope estimation, Mann-Kendall
trend test, BFAST mutation detection, Hurst index and Sobol sensitivity analysis. The results
showed that: (1) from 2001 to 2022, the ET in the Dahei River Basin showed a significant fluctuating
upward trend, with a multi-year average value of 255.82 mm/a and an interannual fluctuation of
191.2 mm; the ET showed obvious seasonal differences, with the highest in the summer (140.2
mm/a) and the lowest in the winter (19.02 mm/a), and with the fastest growth rate in the summer
(3.55 mm/a). The BFAST algorithm detected a mutation in ET in 2007, and the growth rate in-
creased from 2.10 to 5.56 mm/a after the mutation, which may be related to the ecological restora-
tion project and climate change. (2) Spatially, the high value area of ET was concentrated in the cen-
tral mountainous area and watershed, and the low value area was located in the southwestern low-
elevation and northern high-elevation areas; 86.25% of the area showed a significant increasing
trend of ET, which was mainly distributed in the eastern and southwestern parts of the watershed.
(3) The Hurst index showed that 89.71% of the regions may show anti-persistence in the future ET
change, which is opposite to the historical trend. (4) Driving factor analysis showed that precipita-
tion (47.6% of first-order effect) and air temperature (29.9%) were the main drivers of ET change,
followed by wind speed, while sunshine hours and soil moisture had weak effects. The study showed
that the temporal and spatial variability of ET in the Dahei River Basin was regulated by both cli-
mate change and ecological restoration measures, and the results of the study can provide a scien-
tific basis for the optimal management of water resources and ecological restoration in arid and
semi-arid regions.
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ZA UK (Evapotranspiration, ET)/&$511 8K 70183 28 K AE) Z& A BE N RS, AF 9B SR
AN e 5114 ) S B A BB 2y AR A BROK A3 A A A SC B FI [1]-[3], JUILAE TR TR IX, ET
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BRI A4S LS BL[S] [6]. HAT, FE AN AMEIEIE ET W70 35 B4 i 7E X R 28 0K 18 B A 7710
DSCE AR 8 S 7 e IR [ 7], o, BN £ L ()R8 IR ET Al 557 V2 B4 M 3R R = T AT AR Y (Surface Energy
Balance System, SEBS) [8]. (Surface Energy Balance Algorithm for Land, SEBAL) [9]LA & Penman-Monteith
AX(P-M A3X) [10]55, XET7 A HIAE B BLHLE] MR RS AL, Wb A . MR, IR B,
HAT ET BIREHE, JFT 2R T AR KIS R4t

FEREJK ET P2 mh J7 T, B R RE R, 24 m B0 P A BUR SR £ CWT R IEH T 28K
B [X IR (/K PR PR S A AR M. tn, AVHRR-NOAA ZEEGR 77 M [11]484E 72T NOAA TLAM
KA 51 ET $dE, 3@ T 2SR5 . LSA-SAFMSG/ET 77 h[12] £ EAKFE MSG T Hy i
Kl BRI A A X S Ak N 18] ) B2 1) ET (55, 1 MODI6/ET JUJ52 24 5l B e V2 ) 4 2R Kl 1
AH 2 —[13] [14]. Hrb, MOD16 Z& B ™ fi it 22 [ B XA 2 R JR(NASA) T 2011 4k A, JE
T Penman-Monteith 77 F2(P-M 77 F2)Fl 71 73 HE 2R il A8 6 i A (MODIS) Bl #4 i 1M i - 1% d AL FH MODIS
RIS E (- T ARSR A R 8 P 55) DL SRR A e (U o XU R RS kAT ET
S, FFAE AR NS 22 I [15]. MOD16 4 £E FRS B2 it 4 BRI &0 I 5 (FLUXNET) #dE
IOUE, BEARMEIUREFEIA S 86% [15], ReBONMEMM R AR AR RANABORERE. Hil, Z3dhEE
BTz T K BHIEVEAS . AR RGBT K A BRS AR A  vFAt [16]-[18] -

RBBIHERAL T WS BRI, BRSNS 5T 5, IR R A 135
A, M AEAR I BB, 12 X R A K R R IR AR R E ) X 2 — . 1999 AL,
EERE8) T —RINVKABEAESBE TR, GRPHEM(E) . TGRS, XA RIS TR G
X — b X (R A 7 55 R (RTINS B (ET) RIS 25 38 4 7 AL 7 BRI e . SR,  H TG T X sefz
STz ET B BARMET . R L HAE B Z R0 fE T BT BAUREM T, KB
A RUE BT AN A P RS 7 A R R HE . AR B EIRA D ITRIHE R EBRE ST ET KN4
S IRFN 7, DLEAL AR BRI ET 052 o il i S8 Ao B i DX ) i A s . R
FAER KOS, R BIRFA 5 N RIG B0 0 R AR T2 o RN B A X 78 UK IR I 5 AR A RRALE
AT R BOK R RS RGUKIERY, FHREKBIRRA R, N IX K 3 E B4
BIRERMEER K. AUORH MODSI #i3E, 456 2R T80 5%, RERN T A X
ET [ 2 AR AR S LIRS B . E A0 b, ARBEFCR A T G0 I 6] 5 5 A0 A BeR , AR T
ET WK, @30 7 Z A e bRk sh . &5k, @id Sen R L1121 Mann-Kendall &
A, X ET M 18] 5208047 € BiPAs, DRI ET AR40 i 5 20k K LG5 it 24 . Hk, 51\ Breaks
for Additive Seasonal and Trend (BFAST)&i%, LRI ET BFRF AR &, IRABRESBE LA
AT ET BhASHISEM, NHME ET A4t et/ . suah, v 7 BlioRok ET 2f#ass, &
WEFETHS T Hurst 3650, AT & ET I IE 551 B30 AR DG, AT 7K B3 U548 BRI A 2545 52 SR 1) o g
FRAERLAKTE . [FI, AW OB BURTE S ATIRDT T ET X OGRS AR B (AR BEAK. XU (1 i 5
KER, H—BHHR TR ET M ERN . ik ET SR mks B R0, R diEhas
ZIIIETBL DT R AE

AT G RAMCAN G ET B SRR AL 7RI AR, 8 A% X ) 2 KA 83
B R RIK SR B, AEASIKE SRR SR AR M 1 A SR

2. MRIEAEE
2.1. AREXEER
REFREE T — R, MTHRFREEBRE, HEKTAZFEEEXK S 282 an B+
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J\EHEALE 74 (E112°49'18.8", N40°47'29.8"), AL Pi M4 B ZF W& s Bt B PR R T 2R X
TR BRI AR R A, R AR AR B DR (E111°09'44.7", N40°13'35.8") . K BRI i
4K 238 km, IEUREIAN 18,441 km?, VIR EFE 1686.5m, AT 1A AE 986.7 m,  HE 4k S b R A 1 M A AR
FECUL ] 1)o Mg K30 9 B ol X )~ J 2 S B s UF B, AR DAL bR Fe g 335 o =, T e A e
AR, MR AR, REma T X ISR SO R A ) 0 A o K SRR T i s R R R R
ik, SMETR, MK MmAY. 298 FHRIE 6.2°C, FHHKE 3947 mm, EEEHEEZ(6~8
), BARBREKR, ZZ W EFAEm . RIS PRI 27.0 mm, SZREKAR S R ZABUK (ET)
MR, KRR T IEECAR .
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Figure 1. Schematic diagram of the research area
B 1 fARXERE

2.2. BUEXIE

AR MOD16A2 4= BRF i Z& #UR 7= i, 12403 % B Monteith 2 A ZEF Penman-Monteith /A =X
THEL A BRI 3R T 28 BRI T AR, | V2 N T Ak B X R 1) 28 O T 9 . MOD6 7= ity ZEALHE S b
MR AEBOR(ET) BEHIRZEUR (PET). Bl & (LE) R HGE R (PLE), 25 [A143 #4500 m, A
S HEFEATE 8 HA M (MOD16A2)FIAE 4 K (MOD16A3). AHF 9t 3 T Google Earth Engine (GEE)*F & 1144
MOD16 7= &t (1 RUBE ET Hidis,  DASR s B0 A BEASCR JE i ORI 25 — Bk . AR B RVE T b R 500
W (https://data.cma.cn/), 75 2001~2022 4F P 52 S R0 s IR H I #chis , 20ds 28 A4S B2 H &
T BRCRIREE . RGE. PR, FHXHERE . HERR2L.

23. MIRF*E

2.3.1. Theil-Sen #&#%0 Mann-Kendall #:3&
Sen RIZ[19]1A1HEZ % Mann-Kendall [20] 535 MEAS 36 2 2 A i [8) 2 21 B s K e 34 I 27 7% . Sen
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R TSN (] e 5 Bl rE A AR A R, T DLR B 2R S, T HEWT RO R R4k T Mann-
Kendall (M-K)#6: 56 I - 0 i 18] 510 20 s o (KD 34 AR 2 15 2 5 2 PG A& AR AE BT BT R ds
FEAWETEH, Sen R Hr ET I8 1 Bt SR (b i3 bx,  Hatk 55T

_ ET,—ET, o

S¢r = median—2——,2000 <i < j <2022
Horb, median s HEREL, ET; M ET 20513808 j A i B TE)P 5109 ET BOEARME . oA IR Ser R
Inf#agA, WA Ser R HI#E Y . Mann-Kendall #3640 & 1) E i f2 T

n-1 n

$=Y Y sign(ET,~ET,)

i=1 j=i+l
+1ET, - ET>0
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Var(S)

z=] 05=0
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Var(S)

,S>0
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Hrb Var r77 2. BEMRE KM o = 0.05 FREMEAKT, RKIYZ| < 1.96 B, EHFBHBEINNAE
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2.3.2. BFAST &3

BFAST &% =2 H J. Verbesselt [21] A7£ 2010 -4 tH, et B AR 8] 7 51 A (0 T73%,  F4i) [8] 7 51
B il N ZET 2y AT Aoy Rk ZE 40 4 [22] o RS F T R R X SRS AR A 41 1)
BT, TEIXLEHNIX, BFAST HEAEA AR [ 7 5 5B I G . AHIEFE R FH BFAST S8748 Ml K sf
] 7 51 Hh R A AR R AR S

2.3.3. FFHTHF(Hurst)ig %

Hurst $5%[23]72 — MroFAd I [R] Fp 51458 B2 14 A AR SCHE 106 20714 . 383d Hurst 48 8UE (H) RN,
ET AR RFR SR IR E T : WS 05<H <1, FoRBHEFIEG R, BRI 51t
B RRF—8. R H=05, UK EFAIE= Fraltt, R —BAKMHECYERBENT S,
RO <H<O05, NuirHr 7RI REFEME, RFRRMBUE ST LMEHHER. K Sen flEL
Hurst fa 8045 &M, AT 7 ET AR REH LA AL L -

2.3.4. ERMS

BRURAE AT W ERRL A AN T TH O RHAAIE, s T HUR . SR AR W S AT
15, Sobol BUBE AT AL [24] /& — P T 07 Z2 0 fR I A2 SR BUB I e 73, T PR B Y i N S 500
A5 RS REE . E HR P B K llya M. Sobol #2192 N T R (1 S B0 PE b,
HRTEAH E R . TERERE T, BUSE B & — P E B BE A TR, H T b2
HORN N B A2 SR s R
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3.1. KBfiiE ET B35 L4S1E

3.1.1. REMRE ET FEFRTX

2001~2022 £, K EAARIER ) 2 45T B 5 BUR (ET) 2805 2 1025 18] 70 SRR (LA 2). AZS 8] 93 A ok
E, MR ET B3R T E MRS X, 1 ET {8 e 0 XA T i, 24785 ET ks
A[ik 500 mm/a. 4G IR EKRAMANTAT W, PR EERER X AL iR L X ET ERIK, 24
P ET AN 61.87 mm/a, AHELZ T, ARl X 7K K 45 B AN A g Ak b X 1 ET (EROR, B ET
23 8] o0 A7 5 i T M SR AFAE — e A oo . 2001~2022 4F, KSR ERR ET diahiek, ZH0FE MM
B TS LA 3), HAERR ET (T 155.02 mm~346.22 mm 2 [i], Z4E-FH1E )y 255.82 mm/a. #
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Figure 2. Spatial distribution of multi-year average ET in the Dahei River Basin
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Figure 3. Interannual change in ET in the Dahei River Basin, 2001~2022
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WIS, AREG ZRIRERR ET AR RE 2R, Hd 11 MEM I ET KT 28 FIME, 5 11 MR
FRIE K. TEANBIAE 1, 2013 4F ET S, 1A% 346.22 mm/a, HKCK 2021 41 331.39 mm/a; #H
S, 2001 4E ET Mk, 1A 155.02 mm/a, N 2007 (1) 196.15 mm/a, £EBR ET [ KHRIEZ 191.2
mm, SKEEHIZ XS ET BERECECNEIZL. W& EF, 2001~2004 4F f 2015~2019 4F, ET 2HLH] %
R hnasy, M2 ET BARDUONEEME L. X —ilash 5 K Btk A 25 G40 A8 3 T RE 1 SE it
VIR, GniBAHEAR () BUR . MR 555006, PTRex ET g™ 4 7 E 2 m.

3.1.2. KEMREEY ET TH

2001~2022 4, K HS N 25 HUR (ET) R I B 52 1 28345 M AR AURFAE o AR R AR K 50 1 B X IR
Bk, A5 3~5 AR NEZE, 6~8 AR NEZ, 9~11 AN NIKE, 12 AR IKE 2 AN
A28, DMRDT ET R0 B I 23 70 e A . R4 AR B, R BITII ET =15 VEAFAE S5 X380
T K R H IR B A s B — 3, Hrp E 2 ET e, A mdk. WUANFEY LT ET LA 4)
MOKEIIMEIR A HZ5(140.21 mm/a) > #KZ5(55.52 mm/a) > #HZ5(42.49 mm/a) > 4Z5(19.02 mm/a), &w
R T AR BB TR, FEE B KEMAZER ET KRE5 7008 0.77. 3.55.
0.58. 0.39, ¥J& FFt#a%, HMEFEES .. LM KEARE, HRIH FBEHEEL LF G TR E
WA, T E KRR, R E TR RO IR . KA A K IR B . I IR 8
Wrigsn, HZEME N ET 75 2001~2002 4= HILRE, i [F KM AR ET W 20 R EH, RIH
NFE, XA AR5 I AR AR S BCE R AR AR DG . Ak, BRI ET M KBREON R, B
ERE BT, HZ AR RGE IS oy B3, RPN ET B R EZ R G H TR, maE
T A KRR 0 BB IK )
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Figure 4. Temporal characteristics of four-season ET in the Dahei River Basin, 2001~2022
(& 4. 2001~2022 F AR ZE ET B E4FIE

2001~2022 4, KEEJARI A I ZEEUR (ET) S8 81025 (8] 7 BEFE(E 5). HZF ET YWENT
7.63~77.10 mm/a 2 [A], EEKIEEZESAMIELX, PR X AR EUE: B2 ET WEEREK
K, JvT 34.75~350.80 mm/a 2 [&], HAdEl X ET e, Ak, FEMIX &K & ET WHEAN
T 13.41~80.75 mm/a Z [d], ZF[ESpATRHE S B ZRRAL,  EfE X 3 AR e L X O A X &2
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ET #{H/rT 5.59~35.99 mm/a Z [A], (HA A ATHRHIE SEFM, mll EE ARSI, TmiliX
o TR B, AR W R (LA 5).

FRBURAE 21 AR 25 A B AL, (BH R SR AR — € E R . AF ET SR EE R
PETARIR . DM KBHARSTSS, HREARIRY, ZRE/ERas 2=z 1k, ET EEET HRE N
IKIPFER . WAL, ZFFHIRERA R — D] T AR R . FREETRETT . K AR
AT IGE, RN KA, &R, 1 RIRA R MR EN, BONZZEN ET LTI EEIKE)
. B2 ET o, LR Feil B s KBRS e, SRR A BE AN PR, K7 78 0
TEIENE, [N LA AOA RN, R4 ET SN . Bk ET M E 0 B 1O URIZE A BRI
BRIk AR BB ST 58, BEA R N2 B, R AROR 33 R 2R BOR S BB B 2 R B [25]

BT, KBRS T 1 ET LRI 8]03R] -5 2B 225 10 70 AR iE, e rpob el s Aok A4
DX ET fieimy, ET HOBME R T Ro0m, HOONETNKS, LT85, KRHRUEA 215 28800
I 2 AR AR R T A — IR — KA I K IR R, B B izt R K P, e X
EWNEENI P PN R
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Figure 5. Seasonal ET distribution in the Dahei River Basin, 2001~2022
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3.1.3. KB B /R IEIFE

% 2001~2022 4K BIRIH A HUR (ET) I S RRFIE /S BT (L ] 6)45 IR B, ET B a7 51 19748 55k
AEAE 2007 E A Ao N T PR FURAR AT S ET BARAGE S, A 5T BRI 4 2001~2007 A2 (B —B
YA 2008~2022 E (55 M ).

M AR EoR, fE 2001~2007 4F, KEEIAIR ET LA 2.10 mm/a (I R 2108 EIt, BR g%, MmE
2008~2022 4E, ET Ky LTH#EREE R, 153 5,56 mm/a, £UZH B ET LI B K#EaH. ET 4
2021 SIS BINAE, HmiE N 331.39 mm. X —RATARESZ B MEALA . FEAKIG I AL AR VK48 it (LB #F
EARIEEE) 55 K 22 ) L Rl , 330X ET A2 578 i Ja PR 3G .
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Figure 6. Characterization of BFAST mutations in ET in the Dahei River Basin, 2001~2022
B 6. 2001~2022 F A BRI ET #) BFAST SREEHHIE

3.2. ET == [a| (L #a#h

2001~2022 4RI ET @A B E WS M AW E R E 7). oras RaER e, K
Ak ET WAk s BAA B B 1 2 A) 5 P o ABEAASKR, ET 23 IE L IX & S X IR AR 1 86.25%,
OIATYE TR, A s AT AT, Hodh 5 R G A 1 X 38 85.90%, 2 A R 7E VG R R A AR B HALIX
FEEZ R, ET £ RSB M X 13.74%, F2 00 T A X i mnpa A, K R 52 T EEsn
X3 7 12.69%, FEAL T AAbE. X P A2 RRHE rT RESZ B 2 AR R 2, a0 SR A A
B R O SR DL R K SRR P S . RARIT R BEIRA ET 1 BT A R S i
B, W FE X AR 2 R AR, AR SRR K KR RT R E T ET I N

3.3. ET BURFLL#EIE (Hurst)

2001~2022 R BIFIR ET MRFELIEARWRFE AT 8)K B, ET 1) Hurst FEEGE I EEAT
0.15~0.82 2 [f], 73 [l A0 A7 AE o35 () X 98022 57 o A4 Hurst FRELHIE A5y, R BFIRIBA R ET 224
3 5 IR RO R R B A AR

ARG R R, KB HIX ET RILH RFFEMARARE, SHFFRX AT 89.71%, | Z 04T
AR XRY, W XM ET Aok Bibiasl 5id XMk, BIEMXRE EFEss, KRk
T, IR AT R RRAE (0 X 85 EE 10.28%, EE S AE T EMLIX, RWIXL X ET
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ARRMZMES G % —F, RIWB BRI . XA A 2 7 ] REZ B 561 HEA0E &
A BRI AURAACSE RN, Rl R AR K B GRAFBONRRE (P JFIX, ET fARfbiésh s A
SEELE, WA BR B A S R G SRR RN X35, ET S 5 R SR SRR AL .

1 1 1 olololl-/zR 1 1200:0"/1]:;
o te Ad
TN T
o =)
L &
:r ,,,,, ;
L ETHa% AL
he | E[RTERNS
. PN, R % bt
s R
0 25 50 0 [ [FEAN
111°0'0" %% 112°0'0"%%

Figure 7. Spatial distribution of significance of ET trends in the Dahei River Basin, 2001~2022
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Figure 8. Hurst index and future trends in the Dahei River Basin, 2001~2022
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