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Fig.1 Distribution of meteorological stations in Fenhe basin
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BEATHRN . 7 ARG AR H 2 Trae Troins
Tean CTHEISHD) Y RHL Uy ny ugg I3 1.

21 HTARABEALBELBERAD L EE YA

Tab.1 Location and average daily meteorological elements of meteorological stations in Fenhe basin

[X 45§ e e BN HRIM TmadC Tonin/ C Timean! C RH/% uy/(m st ni(h d) ug/(m s
.. hZE 3892 111.82 1401.0 13.17 -1.45 5.86 58.05 1.89 7.40 2.53
ke MH 3847 11113 10126 15.92 358 9.75 53.90 185 6.95 2.48

KJE 3762 112.58 776.3 17.21 4.30 10.76 58.46 1.55 6.88 2.07

gtk k& 3758 112.60 785.8 17.50 3.98 10.74 59.45 1.41 7.03 1.88
VINN 37.03 111.92 743.9 17.72 4.94 11.33 59.57 1.58 6.40 211

e WG 3607 111.50 4495 19.56 7.51 13.54 61.33 1.29 5.99 1.72
(it f:d, 3565 111.36 4438 19.63 7.38 1351 64.47 1.44 6.08 1.92
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Tab.2 ANFIS models and input parameters

[T WMASH MNSBREREANE
ANFIS1 Tmaxs Tomin 2
ANFIS2 Tmaxs Tmins Ra 2
ANFIS3 Trmaxs Tmins RH 3
ANFIS4 Toacs Tmins N 3
ANFIS5 Tmaxs Tmins Uz 3
ANFIS6 Tmaxs Tmins RH~ Ra 3
ANFIS7 Trmacs Tmins N+ Ra 3
ANFIS8 Tmaxs Tmins Uz2s Ra 3
ANFIS9 Tmaxs Tmine RHs N 4
ANFIS10 Tmaxs Tmins RH~ Up 4
ANFIS11 Tmaxs Tmins N Uz 4
ANFIS12 Tmaxs Tmine RHs Ny Ra 4
ANFIS13 Traxs Tmins RH~ Uze Ra 4
ANFIS14 Tmaxs Tmins N+ Uzs Ra 4
ANFIS15 Tmaxs Tmine RHY Ny Up 5
ANFIS16 Tmacs Tmine RH~ N Uzs Ra 5
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Fig.2 Topology structure of ANFIS model
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SEAEYZERUE (ETy) 58 6 MaAR 11
MRARBIE 3. HK 3 AT, 5 ETo MR
BN T Toaxs Tmins N« Rar FedAHSCHERSREI AN
Traxs FHIEZRECHN 0.857~0.922; H KA Ry X ZREL
4 0.822~0.877, #t—BI8AIF T ¥ Ry N ANFIS £5:7H
L PN R E =y ity Y-

R ILIX 2 ANl S (28, MED 6 MR
K5 ETo FIFHRMERIUN: Tra>Ra>Tmin>n>RH>U,,
T 7E HR PR R X 1) 5 ANl 55 1) OR TR R

72

AR v B2 6 MR T 5 ETo MAHIHMER
Iﬂj\j Tmax>Ra>Tmin>n>U2>RH, ﬂﬂ&%ﬁiiﬂ[g RH
XF ETo BISZIARE B i T Uy TIFE HRORIMIRHE SR X
Up X ETo MISZMARE L 5 T RH.
A3 pARBEEANMMART S ETy Mk 2K
Tab.3 Correlation coefficient between all input factors and
ET, in Fenhe basin

@? FgE  ME KB A® Mk % #D
Tmax 0.908 0.922 0.881 0.883 0.857 0.900 0.913
Tmin 0.786 0.793 0.759 0.759 0.717 0.773 0.768
RH -0.298 -0.348 -0.145 -0.157 -0.247 -0.246 -0.300
n 0.514 0.557 0.606 0.607 0.608 0.603 0.610
Ra 0.877 0.871 0.874 0.858 0.822 0.876 0.870
Uy 0.189 0.251 0.286 0.212 0.249 0.375 0.449

AT T @=0.01 [ AL .

2.2 FRISREZRMAT ANFIS {=BUEHIEE

R A NPT [FIER 73 X ANFIS HE 8 A
WG . B 3 AA RIS R 2 . ARG
X 1] R* ¥ 0.766~0.999, NSE ¥ 0.758~0.999, RMSE
4 0.036~0.496 mm/d. Xt LL A5 %! ANFIS1 5 ANFIS2.
ANFIS3 5 ANFIS6. ANFIS4 5 ANFIS7. ANFIS5
L ANFIS8. ANFIS9 5 ANFIS12. ANFIS10 5
ANFIS13. ANFIS11 5 ANFIS14. ANFIS15 &
ANFIS16 #7, 30 R, J5, RZF1934hn 7 0.036, NSE
SEEIHEIN T 0.041, RMSE “FHJFK T 0.077 mm/id. Ky
PE R B RHRE E , 4 R A A B B N R T
TEEIN 2 NMIBREE (Tras Tmin) A RL I, ANFIS2
BLRF-1 Ry 0.882, “F-#4 NSE A 0.876, 13 RMSE
N 0.341 mm/d; 3 AN X IR FER DN sk
Hb DX SRR IR 1 X > AR B IX o FEANHN Tonaxs Trmins
Ra I, ABEUIKE B BRi A2 25K, {H 975 A% B o o
B, BN RERERMAE T RN 34
RGEEEM R, FFH ANFIS6 7 (Traxs Trins
RH. Ry 5 ANFIS2 M (Tpaxs Tmins Ra) KIS
Hhn RH J&, R*SEHGINT 0.059, NSE “Figighn 7
0.046, RMSE “F-¥JB&f T 0.061 mm/d. FEILLKEEAE 3
AN XTI, BT AFRER X ET 4 RH U
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R X SRR L X > i B X s ANFIST 57
FEEADURE FEE 38 B R (G 4 3 DX > gt DX > g b
[X o Xt ANFIS8 #5578 (Tiaxs Tmins Uz~ Ra) 5 ANFIS2
B (Tras Tmine Ra)s 300 up J5, R® SPHGINT
0.044,NSE 343441 1 0.035, RMSE ~F3 [44iK 7 0.063

mm/d. R LG IR FE R . ik X >
PRI X SACHFRHLIX ;. ANFISS B A RSP R B LN -
R X SRR L X >R X . 5 ANFIS2 45
RIAH L, ANFIS6.ANFIS7. ANFIS8 175! 4y 7E ANFIS2
PR BRI EXGIN T 1 AN RER IR, Stk
X F A SR P2 R B . ANFIS6 f5% 7Y >SANFISS 45
BISANFIST 58S, v i A B b [X R ABEHOURS FE R
LA: ANFIS7 B>ANFIS6 1A >ANFIS8 181, %
SR X ETo X & AR E R UK TR Ry -
N>RH>uyp, 1MHHHFHRAMKHEAR X ETo X &SR E
FINBUERFEERIA: n> up>RH, X5 &S REZRM
ETo AHRFEELE 18— 5.

& 4 pFRBA BN B 49 ANFIS A28 ETy B4t &
Tab.4 The ET,simulation accuracy of ANFIS model with different input factors in the Fenhe basin

e i R X i PP X i IR X
R NSE RMSE CPI R NSE RMSE CPI R NSE RMSE CPI
ANFIS1 0.837 0.830 0.394 16 0.766 0.758 0.496 16 0.842 0.832 0.391 16
ANFIS2 0.902 0.898 0.306 13 0.844 0.836 0.407 15 0.900 0.894 0.310 13
ANFIS3 0.892 0.890 0.319 14 0.860 0.849 0.397 13 0.888 0.833 0.391 14
ANFIS4 0.933 0.919 0.275 12 0.901 0.875 0.359 12 0.915 0.906 0.293 11
ANFIS5 0.881 0.880 0.333 15 0.880 0.852 0.382 14 0.902 0.889 0.320 15
ANFIS6 0.953 0.944 0.228 7 0.928 0.900 0.315 10 0.939 0.896 0.309
ANFIS7 0.936 0.936 0.243 10 0.933 0.924 0.279 7 0.955 0.954 0.205
ANFIS8 0.945 0.943 0.231 0.906 0.895 0.324 11 0.928 0.921 0.268 10
ANFIS9 0.962 0.957 0.201 0.942 0.919 0.290 8 0.946 0.894 0.306 8
ANFIS10 0.945 0.940 0.238 9 0.932 0.912 0.295 9 0.932 0.920 0.270 12
ANFIS11 0.937 0.936 0.246 11 0.945 0.942 0.245 6 0.950 0.944 0.225 7
ANFIS12 0.978 0.974 0.154 4 0.963 0.952 0.223 4 0.974 0.943 0.224 4
ANFIS13 0.971 0.968 0.173 5 0.957 0.946 0.224 5 0.959 0.955 0.203 5
ANFIS14 0.977 0.975 0.153 3 0.975 0.969 0.178 3 0.979 0.972 0.159 3
ANFIS15 0.980 0.979 0.140 2 0.977 0.973 0.167 2 0.975 0.971 0.162 2
ANFIS16 0.999 0.999 0.036 1 0.997 0.997 0.058 1 0.997 0.997 0.052 1
ool T T T T T T A
Tl i = D 8= H :
090 5 ‘ HE - + A0.40—§ i HT ; 8
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Fig.3 Box-plot of ET, simulation accuracy for each ANFIS model in Fenhe basin from 2000 to 2016
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ANFIS13. ANFIS14 7F =ik Hu X 13 F 14 Bl o 78
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ANFIS14 A4 CPI HEATE 3 M- X358 4. 5. 3,
e ANFIS14 7E 3 ANp X RS R fe i, RN
ANFIS12, )5 ANFIS13; ANESRERAEXT
TR ETo ALK BE 2 RE BE R I0 g: H R IR ]+ X
T8 > H R [A] A R B > XU+ AR EE - ARG
BRI X ETo PG BERZ AN, B2 KONAN ]
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7E 16 M 1, ANFIS16 A7 (Tras Tmins RHY 2.3 ANFIS A REIREDR
N Upw Ry HIMERURE i, 71 R’=0.998, Ty UHRTRSAN [FIER 7 X % A H3Y ETo W% 5, 3
NSE=0.997, “F-#4 RMSE=0.049 mm/d, ANFIS16 #i% A7 [X HI% ETo fEAF N RS —2, H oAl
FEVYIR IS B A AR SR A& F I, JCHAE SR IX . R RIIR, ETo B AME I 6 H, H/ME LI
712 H.
%5 #»FR % 1960—2017 44 A B 3 ET,

Tab.5 Daily average ET,from 1960 to 2017 in Fenhe basin mm/d
Iy X 1A 2 H 3H 4H 5H 6 H 7H 8 H 9 H 10 H 1A 12 A
R 0.73 1.20 2.19 367 4.85 5.16 457 3.84 2.96 2.03 1.19 0.72
TR 0.95 141 2.38 372 470 4.89 4.41 3.78 2.76 1.89 1.23 0.90
{RHFIK 0.89 1.40 2.38 3.56 4.49 5.27 4.72 4.11 2.91 1.91 1.13 0.79

HE 4 WAL, SHMANRRERN 2. 3. 4.5
I, ETo AADUAS B2 fie e B AL 4331 9 ANFIS2. ANFIST
ANFIS14. ANFIS16 A, [Hk, EH ANFIS2.
ANFIS7. ANFIS14. ANFIS16 FifY, Lhie HAE By
WIS H ETo MBI FE, 45 R I 4, AR,
K5 15 2 ANFIS16 #7 > ANFIS14 175 > ANFIS7
TR >ANFIS2 B7Y . BEARCRE, 4 MR
J5E R BN e X > I 4 X > A AR X
ANFIS16 #i %! % F RMSE “F-#4 0.034~0.073 mm/d.
Hrb, 3 A MBS ES %, RMSE 3424 0.073

mm/d; 9 A RIS FE =, RMSE ~3425 0.034
mm/d; EFZE (3—5 H) MEFEEEZ, RMSE ¥
Y18 0.060 mm/d; EAZE (12 H—IRE2 A) Bl
¥ B m, RMSE “F#4°4 0.036 mm/d. ANFIS14.,
ANFIS7.ANFIS2 #7%4 % H RMSE “F-#3°/y 0.091~0.280-
0.129~0.411. 0.153~0.533 mm/d. 3 MR KE &
NS, 15 A BHhniEs, 5—12 HE
WS, 5 T AR FE 5 22 , RMSE 43124 0.280.
0.411. 0.533 mm/d, 1 H s & i s, RMSE
439259 0.091. 0.129. 0.153 mm/d.
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Fig.4 Comparison of monthly RMSE of ET, simulation values in different regions of the Fenhe basin

2.4 ANFIS B 5 H A 2GR BINTEE

1 HY Hargreaves-Samani (H-S). Irmark-Allen (1-A)
1 Makkink 3£ 3 FHZIRAL, DL Traes Trins RafEN
NI, B ANFIS2 B 5 H-S B DA
Tmaxs Tmins N Ra ENHIAB T, F ANFIST7 #5144
5 Makkink BEFEG; PL Traxs Tmine RH N R AE
BN, ¥ ANFIS12 #ALE |-A #RISTLE,
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ZiRNFE 6. MK 6 ITLLEH, 5T Tmaxs Tmins Ra
P A1) ANFIS2 B BY 7E %43 X (A HURE 82 i T H-S 15t
B, BT Toacs Tmins N Ra AZEH ANFIST FERZE &
A3 DX HRIREALIRS 1 5 T Makkink AL, J£F Toaxs Trmins

RH. n. R, M2 K] ANFIS12 KERILE %45 X [KIAALL RS
EET A B, —J5TH, 7EME ANFIS AR,

ZE R ETo 775 HAME R AR AL A, R R 7R DI 5
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ANFIS BRI R T 5 ETo B AR AR B SRR
PREL, DRSNS —J7TH, ETo 5%
N F 2 AEE R AR MR R, H-S. I-A,

Makkink #5571 3 ANGE 56 4 X FhARLR MR R, T
ANFIS Y U 75 I Z5AE AR B R FH B /N — Fed Al )
FERREIF TS HGRAT AR, TR RREA L FE A 5
Tpth e T IR AR MO R, TR R T A A

FE o 44 N R T A RIS, ANFIS RS (R 40URS B A T
Hofh 3 MR fEACHESIRERE (Tmaxs Tmins

Ra) I, ANFIS2 BB AT LIACE H-S BRIl it
W OETo MRRIBERL; 78 B A AN H R () 55 k)i
(Tmaxs Tmins N+ R, ANFIS7 F% 0] B AL Makkink
R s 75 B A H RS ()R U2 R BRI (T s
Tmins N+ RH. Ry, ANFIS12 AJHUAC I-A f57

%6 ANFIS A5 A AT bt
Tab.6 Comparison of accuracy between ANFIS model and other models

] ] RO X i RO X i (b X
R NSE RMSE R NSE RMSE R NSE RMSE
ANFIS2 0.902 0.898 0.306 0.844 0.836 0.407 0.900 0.894 0.310
H-S 0.887 0.883 0.340 0.833 0.824 0.412 0.894 0.891 0.330
ANFIS7 0.936 0.936 0.243 0.933 0.924 0.279 0.955 0.954 0.205
Makkink 0.905 0.903 0.311 0.915 0.913 0.294 0.928 0.927 0.271
ANFIS12 0.978 0.974 0.154 0.963 0.952 0.223 0.974 0.963 0.184
I-A 0.863 0.858 0.376 0.863 0.858 0.375 0.917 0.915 0.291

2.5 ANFIS 2RI AT a4 94 NN
3 ¥

2 4 TT%0, ANFIS14. ANFIS16 H A RADIRS i
BiEe. NIGIEMEER ANFIS FETLLE Yy i vz Ak
RE SRR AR, B efEmigdk . ik RiE4R
X & BENLIERE 1 Aol ME R, RIS 7 X
FREEL 1 ANk S E NI UES, s 2R e D # AL
ANFIS14. ANFIS16 #5821t SIS UFSL (1) ETo, 44
THE SRS FAO P-M BT (AR TE ETo #HAT LUES,
BT RL I AT RS A A IR 18 NG T R IE 7,
MR 7T ATLUEH, 18 NMHE T T ANFIS B4R
¥ e AL B R, R N 0.955~0.998, NSE M
0.939~0.998, RMSE & 0.050~0.247 mm/d. [Xl i,
ANFIS BERYLE Yyl IS AN [R) 4k 7 [X 2 TR H AT AR i
PIRTREHEYE, TR AR ANFIS HBI81 R H 2%y
T Al X

£ 7 HFRBARE 565 ANFIS A2 A 5T 4% 4 M o 47

Tab.7 Portability analysis of ANFIS models between

different sites in Fenhe basin

Y FE Il sh R? NSE RMSE
T 0.965 0.963 0.184

ME KR 0.965 0.963 0.197

I3 0.971 0.967 0.177

ME 0.978 0.974 0.158

ANFIS14 KR K& 0.977 0.967 0.191
I 73 0.985 0.976 0.150

7L 0.977 0.970 0.163

I %3 AN 0.955 0.939 0.247

NE 0.973 0.967 0.178

ME 0.998 0.997 0.051

T KR 0.993 0.993 0.088

I 73 0.988 0.985 0.119

ME 0.994 0.990 0.100

ANFIS16 KA KR 0.998 0.998 0.050
I 3 0.995 0.990 0.097

I 3 0.996 0.994 0.074

Bty AR 0.992 0.979 0.143

NE 0.992 0.990 0.097
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Simulation research of reference crop evapotranspiration based on

ANFIS in Fenhe basin of China
GE Jie!, LIU Yuan*®, LUO Shugi®, CAO Qixin®
(1. Power China Northwest Engineering Corporation Limited, Xi’an 710065, China;
2. Shaanxi Provincial Water Ecological Environment Engineering Technology Research Center, Xi’an 710065, China;

3. Northwest A&F University, Yangling 712100, China)

Abstract: [Objective ]in order to effectively improve the calculation accuracy of reference crop evapotranspiration(ETy)
in Fenhe basin, [ Method] Daily meteorological data in the past 58 years (1960—2017) were collected from seven
meteorological stations in Fenhe basin and it’s vicinity. According to the combinations of different meteorological
elements, 16 ET, calculation models were built based on adaptive network-based fuzzy inference system (ANFIS),
and were compared with Hargreaves-Samani, Irmark-Allen and Makkink, which applicability were evaluated.
[Result] (MWThe non-linear relation between ET, and each input factor can be well displayed by ANFIS model. The
simulation accuracy of ANFIS2 model established by only inputting Tmax, Tmin and R, can meet the usage
requirements (R?=0.882, NSE=0.876, RMSE=0.341 mm/d). With the increase of meteorological elements, the
simulation accuracy of ANFIS model was improved. @The simulation accuracy of ANFIS model was higher than
that of Hargreaves-Samani, Irmark Allen, and Makkink models when same input condition. 3The ANFIS model
had strong generalization ability and portability in the Fenhe basin. High accuracy was shown in mutual portability
of ANFIS models established in different zone (R2=0.983, NSE=0.978, RMSE=0.134 mm/d).[ ConclusionTherefore,
the model based on adaptive network-based fuzzy inference system (ANFIS) can be used as a recommended model
for the calculation of ETy in the Fenhe basin in the absence of meteorological data, which can provide a technical
support for the efficient utilization of agricultural water resources in the Fenhe basin.
Key words: Fenhe basin; reference crop evapotranspiration(ETo); ANFIS; portability
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