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Simulation of Reference Evapotranspiration Based on Random Forest Method

WANG Sheng FU Zhiyong CHEN Hongsong DING Yali WU Liping WANG Kelin
(Institute of Subtropical Agriculture, Chinese Academy of Sciences, Changsha 410125, China)

Abstract; Accurate estimation of reference evapotranspiration ( ET,) is very important in hydrological
cycle research, and it is also essential in agricultural water management and allocation. Using less
meteorological parameters to estimate ET is necessary in areas with limited data. The ability of random
forest (RF) and gene expression programming ( GEP) algorithm in modeling ET, was investigated and
compared by using fewer meteorological parameters collected from four weather stations of Duan, Hechi,
Baise and Rong’ an, in karst region of southwest China, over a five-year period (2008—2012). Daily
climatic data of the four stations, including maximum temperature (7', ), minimum temperature (7, ),

sunshine duration (n), relative humidity (R, ) and wind speed (u,) were employed to model ET, by
using FAO 56 Penman — Monteith equation as the reference, and their performances were evaluated using
determination coefficient ( R*) and root mean square error (R, ;). From the statistical results, the
derived RF-based (R’ was ranged from 0.809 to 0.991, and R, was ranged from 0. 158 mm/d to
0.678 mm/d) and GEP-based (R® was in range of 0. 830 ~0.977, and R, was in range of 0.225 ~
0. 645 mm/d) ET, models were successfully applied to model ET, with different input combinations.
When only the temperature data can be used, the RF models produced satisfactory results (R* =0. 875,
R,z =0.546 mm/d), which can be used as an alternative to the conventional Hargreaves model. The
relative importance of meteorological variables for ET, can be assessed by RF method, the order of the
n, T, ,R,, R,and u,. In most cases, the RF

models were found to perform better than the GEP models. The results were expected to be useful to guide

relative importance of meteorological variables was: T

max 9 min

rehabilitation strategies and agricultural water management in karst region of Southwest China.
Key words: reference evapotranspiration; random forest; gene-expression programming; Penman —

Monteith model; karst region of Southwest China
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evapotranspiration, ET,) /& R L K E W K 68 1 W)
W7, B TR AR Y @ K i 2 R ) R
T K VR UR A B BOK B s e S
HRT, ETo V530 09 b5 o J7 1 2 T R £ Al 4 21
(FAO) 45 K FI A BY FAO 56 Penman — Monteith &
BECLAR R R FAO P — M) G b B 254 1 4 S 0 A
2B, B sE o i EE JE AL B S e A A
Mo A PR TR G A AT TR, el
BN R e At ET BRI 280 Y L SR FAO
P— M 5 28N 58 & B9 G COR BB 3l
AU FIAR R B2 ), B 7E 3k [ 5% RE [R] I 6 X
B RBHE I R Z b s AR A R T HL R B 5
A T AR BT L A 32 B — o R
HA T B D IR S B 58 ET, 25/ 21 2 50 1
B (78 ML i T U R B A0 1) 0 55 ) ) 5
1%, 41 DIAMAN 48 PPAl 7 16 Fp BT, 581, % BLX
By W A B AG T ET,, PR TE fi I AR
HRBIE K TSR ES . REMHARD R4
13 20 RSB ET, B RS 8 J2 — MES BT
PR

AT AR R B A IR 0 10 DR i s A0 R R i AR
R B , 45 i BIL 48 2 2] DT B R Z N T 2 A
SRR T ET, SRS O VR X
ET 8540 7 &, AN Ll M 2% (Artificial
neural network , ANN) 7] AR ANN 25 55 3 6 Hok
S FEAS . SHIRL A6 5 42 W1 38 PR 92 ik 4 A
12: (GEP) iy ET BEAUSE SRAL T B 2 AR 4 3 & 48
( ANFIS ) | Priestley — Taylor ¥ Fll Hargreaves %,
WEN 28 A 48 BF 58 1 32 1 kL (SVM)
B ET, v 4 AR R 2 27 HLASEARUI o B g X
ET,, I A3 8 IF W 3 S, FDRNANDEZ-DELGADO
SUURRAG T 179 FLAR A B A 121 A B0 4
EIPERE , 45 R R W EE L AR Ak ( Random forest, RF)
VL M RE A, LR SVM (R & 07 A% R E0)
BEHLAR MO — R d & UL a 22 > Jr 25, Ho g % ok
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( Reference

TR IR AR TR T OIS B R LR
L v 0 R R RRR MR T A A5 AT M A B R R £
PR 0 TR N I I A A X R 1 0
G S T TR S SR AR R o T R A A
S 1 H AT FBEPLARR B A ET RS

Hh [ PG g 0T R L DX R TR R 4 T R 5
FURE AR LABOR AR A A B 4 o &
A5 B0 g0R b K R T E, A B AS
Tl R I X T A (AF P 2 R K R R
F 1200 mm) fHif FHFEM T csiMWAE, £
B AL, HIEAB AR )0, (159 A K AR
SR o L R 2R G 3 A7 A TR I TR
Ui <1 0% K] (5 75 12 b DX 7K S R AR Al R ik M 3%
KU R L TR T I R N A B R R 1 A T T R
G, R K 4375 Bl AR R I 7Y g W S0 R A 16 A b IX
R A R P RN Y R R
AR KT 5T L3 60 a %l X &K B2 T
(=114 mm/a) Mo M RO L o
FAZHIX ET A B T 48 5 0 58 R Wk 52 e ms DA e 5
B2 D D O P D A N ) R = it 3
X 4 S50 5 a(2008—2012 4F) 3% H <4
i, RAAF M RLE F44, UL FAO P—M 21
G5 NARAE, LB T RF GEP B3k 1 ET 7 L)
K AL 5t Hargreaves #EHI X ET, i) BEHLARE, B 78 45
T BEHL AR AR T 58 BT 1 w450, DL 3RS
R ILSHONH BRI T FAOP-M H
B TR AR AN ET,BRL, iz X 3R 9k 2
A AR FH 7K 3 LR 2 A 4l

1 HEEH®

1.1 HEERIR

SBR[ HE VG AL R L X Y 4 ARG
Mo A A EE TR SR E R H &S
Atk T, BB T, FHRRE Ry B BN %L
n F 2 m i BEAL XGE u, 1 5 a 1% H BdE (2008—2012
) ER 1 R . B ET, 5 A S R A AR
R ER/IN, 5 a B H ET X ET 8B 47 HE 57
KK B T 32 10

®1 SRURNERSEERFHE

Tab.1 Weather station locations and climatic data averages

- HiEE(N)/  ZE(E)/  wkEE/ F-H{E (2008—2012 4F)

(°) (°) m T,./C T,./C T/ C uy/(mes™h) R,/% n/h
R 23.90 106. 60 173.5 18.7 27.6 22.1 1.5 72.5 1543.1
i 23.93 108. 10 170. 8 18.9 26.0 21.6 2.6 75.8 1380.0
073t 24.70 108. 03 260.2 17.9 25.2 20. 4 1.6 73.8 1310.3
Fil 42 25.22 109. 40 121.3 16. 4 24.5 19.4 1.4 75.1 1417.0
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1.2.1 FAOP-M iRl
FAO P—M 8R4 ET bR Tk ik

0.408A(R, -G) +v

ET, =

A+y(1+0.34u,)
(1)
X R, —— K PH &4 458 i, MJ/ (m* - d)
G——h Mg B, MI/ (m’ - d)
A LA K YRR R EE 26 1 R kPa/C
y— WA kPa/C
T FI7K 7% kPa
SEBRIK IR kPa
T2 m AR T R
1.2.2 Hargreaves 5%
Hargreaves BT 55 % F1 B AT A0 0 25 <O L 34

Tmu + Tmin
ET, =0.002 3R, (f +17.8 )

eS

e
a

(2)
Krp R——KAZ KBRS, A5 0l s 46
K H e $c 45 mm/d
1.3 FEALFR MR BT IR

RF 2 BREIMAN 2" 78 2001 4R 45 H () —Fb
LR 2 FE AARE BN SHR D A Sl
B B A B OIS A 0T HonT Ay s A8 e ) BT S
PEAG A5 4E 4. RF S8 3d 2K bootstrap i B 3 153
ZA-BENUREAS SR Ji5 o FH 3 0 A St N7 AH 6T N 1 2
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T 181U [ 7 U] p 3k S R Y 45 R B o7 3 A 3 A
AR WIIAE . O RF Bk AT A LA 2 ~2
B S E < BT R B AL S B BCE (m,,, )
AT A (n,,,, ) o BOE IR IR BHE A m A2
i, 00 T H R IR m,,, = m/3, FEE BEALAR
AR R TR SRR 1 S B B , AR AR Y SR 25 R 2y )
— N RE A B AR YANG 1 R B n,,, 10 BN
HUE (500 ) A L™= AR 52 1 45 3L, TR I AR SR
n,, =2 000,

RF 570 ) 7 A8 4 8 2 0 7 ik R fE B — Bk
SRS 1 742 1 o AR BIL IR P AR SR B 48 A R 25 1Y
e, T RG2S, )% A 2 AN
EE L RN
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1 viM, =

(3)
e

J—ZEEP IV[ML @% i E"JE%‘@

E, . oom —525MNRE (Out of bag,00B) %2
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A8 AR 25
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K2 PR AR, B bk s RAR R Ry 7 MR
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(3 -G -]
R = : (4)
DICAEEO R WO,

_2 (v, =y)*
B (3)
oy, .y ——FAO P— M FIHEAEA A ET, (8
y oy —y, Fly! BFH{E
N o7 o S TR A ) R R, B 731 d

2 HRE5SMH

B4 Dol s a FRR B2 2 W, Hop
2008—2010 4E 1y H AR % kL ) FAO P — M B At
B ET R IINZRAEA, ] 2011—2012 4E () H 2 %
B FAO P— M BRI ET, gk S Ae A, 73 5l
K H RF Al GEP B35 BB AFTLN TAHE TH
ET KR o 4 AR (AU AGE A X B2 FH
HEI50) Ff, AUl R A5 S UG il 1 1 RO B [ T
LERORITE SN N E WY 5 G S R P =N A il D
W PR (T, T, ) I P BT A i A 4L
G BT 5 AR LW FUAE TR, o0l H#r
15 5T RF F1 GEP SRk A B By A i LR 1
MG SARRE IR 2.3 Fin o
2.1 RMIEHARSKEFHNAST RF Rt

BRI

3% 2 7] Il (Har 3/~ Hargreaves #5700 ) |4 il
MR AEALE O 0. 809 ~ 0. 991, R, 119 75 AL 3 [l
A 0.168 ~0.678 mm/d, RF1 N [ Hl £F AR IR &
BOCHRMA W TN T, M T, B9 1K 2 2 98K
B RPESI(E M 0. 842, R, F-YI{E H 0. 603 mm/d,
5 4% % Hargreaves i % 4 [t (R® = 0.858, R,,, =
0.708 mm/d) , K Ji 2 5 K, 7 ELM Ry 6 i
A, RF1 BR B & T4 58 Hargreaves BRI,

TRAORE 4™ ff 5t & WA 1 F < I 48080 A A2
DLAG 3] LG8 HETR I ET, 1 H5 45 21, B & o i L4

Ry =




553 3 ETb G HETREPURAARG L 0925 1 W) R A8 S U 5 305
®2 AEASKEFHATRIEH RF KB E
Tab.2 Statistical performance of RF models and Hargreaves model during test period

e i A B 1 & e/ ()

573 R [EREN i % 573 ORI [EREN (87
RF1 Toin T 0. 809 0. 834 0. 857 0. 869 0.678 0.617 0.583 0.533
RF2 Toin T hoax Ry 0.914 0.906 0.901 0.912 0. 459 0.456 0.485 0.438
RF3 i T s U2 0. 848 0.874 0.908 0.907 0.617 0.529 0.478 0. 455
RF4 Toin T 11 0. 906 0.918 0.922 0.938 0.493 0. 451 0. 434 0.368
RF5 T i~ T Rt 21 0.927 0.918 0.924 0.923 0.436 0. 441 0. 435 0.414
RF6 Toin T lg 110 0.931 0. 948 0. 959 0.957 0. 437 0.352 0.329 0.314
RF7 T i~ T Ryg o1 0.948 0. 950 0. 946 0.953 0. 366 0.342 0.364 0.323
RF8 T T <R, 0. 827 0. 876 0. 892 0.903 0. 656 0.554 0.514 0. 461
RF9 Toin Toax R, Ry 0.925 0.925 0.921 0.936 0.434 0.414 0.438 0. 381
RF10 Toin T R, 1y 0. 852 0. 887 0.919 0.918 0. 624 0.517 0. 460 0.432
RF11 Tin T R 0.921 0.957 0.956 0.967 0. 460 0.362 0.337 0.271
RF12 Toin T oax Ry Ry g 0.935 0.928 0.933 0.939 0.422 0.415 0.414 0.374
RF13 T Towe Ry 1ty o0 0. 947 0.973 0.981 0.979 0.399 0.283 0.251 0.225
RF14 Toin Thax R, Ry 0 0. 966 0.977 0.973 0.980 0.310 0.251 0.270 0.218
RF15 Toin Toae TR Ry oy o 0.984 0. 990 0.991 0. 990 0.218 0.170 0.168 0.158
Har Toin +Tas R, 0.814 0. 868 0.876 0. 875 0.693 0. 687 0.754 0. 697

£3 TEASKEFASTRIEH GEP REFE
Tab.3 Statistical performance of GEP models and Hargreaves model during test period
o HiASH \ & — L B

o it H i 2 o Tt [ERE) i 42
GEPI T T 0. 830 0. 849 0.872 0.877 0. 646 0. 580 0.554 0.517
GEP2 Toin T Ry 0. 906 0.908 0. 899 0.917 0. 485 0. 456 0.496 0.423
GEP3 T oin ~ Ty <12 0.799 0.878 0.918 0. 900 0. 696 0.511 0. 450 0. 469
GEP4 i T v 0. 895 0.919 0.916 0.924 0.511 0. 442 0. 450 0.415
GEP5 Toin T Ry vy 0. 889 0.911 0.911 0.924 0.523 0. 440 0.474 0. 407
GEP6 Toin Ty lg 12 0. 900 0. 902 0. 928 0. 956 0.505 0.458 0.418 0.312
GEP7 Toin Toax Ry n 0.932 0. 945 0.934 0.943 0.411 0.370 0. 401 0.353
GEP8 Toin T SRy 0. 835 0. 840 0. 890 0. 885 0.633 0.616 0.512 0. 500
GEPY T T R, Ry 0.914 0. 908 0.907 0. 866 0. 457 0. 459 0. 482 0.539
GEP10 Toin Toax R, 1y 0. 865 0. 855 0.927 0. 899 0.579 0.556 0.419 0.472
GEP11 Toin T R\ 0.901 0. 946 0. 946 0.941 0.491 0.375 0.361 0.365
GEP12 Toin T R Ry 1y 0. 859 0.914 0.916 0.934 0.611 0.461 0.468 0.379
GEP13 Toin s Toae Ry Uy o1 0. 920 0.951 0.976 0.961 0. 449 0.334 0.241 0.297
GEP14 Toin T Ry Ry o0 0.919 0.974 0.970 0.974 0. 442 0.235 0.273 0.240
GEP15 Toin T R, Ry uy 0.942 0.972 0.970 0.977 0.375 0.244 0.272 0.225
Har T i T R, 0.814 0. 868 0.876 0. 875 0. 693 0. 687 0.754 0. 697

K FRefe 8 S it ARG B . Ik, RF2 (RF3 Fil RF4 43 6 DA 5 BMEHEIT 4 ol s R B A0 3 2k

SITE RFL AL E5IA Ry u, Ml n, 5 RFL A LG, H
KGR Frd i, Jorh gl A B BB 500 RF4 32 5 fe

B2 RDEE B 0. 842 H4 A 0. 921, R, 1 -3
{HH 0.603 mm/d FEMEE] 0. 437 mm/d, HK T A
FEX B () RF2 AR (S35 R* =0. 908 , -3 R, =
0.460 mm/d) , 5] AXGE R RF3 A5 - e/ (3
R =0.884 V-3 R, =0.520 mm/d) , X i B A |f]
SEH X ET, 1 8 2% AN A, AR 75 b s 307 45 4t X
ETBr T SR &, 32 n 1952 W 55 K, ko Ry, FI
u, o RF FERIA] L2 i AR ;@Eﬁi%@fﬁfr g
D3R 32 25 ) A A 5 R Bz T

KK = T o1 T R Ry, 25 2R SRR REF2
RF3 H1 RF4 [ Y545 15 26 98— 3,
FEHY RF5 \RF6 1 RF7 43 5 76 45 8 RF2 \RF3 Al

RF4 (30l B 51 w, o0 F0R A5 3K B2 3975 31 42
BB R A IR T 1. 65% 7. 35% 1 3. 04% |-
B Ry 2 MW /NT 6.09% . 31.15% F1 20. 14%
RF7 #7 (SF-1 R® =0. 949 ,5F-34 R, =0. 349 mm/d)
(RS B2 W B 5 T RF6 (735 R* =0. 949,73 R, =
0.358 mm/d) il RF5 (*F-3 R* =0.923,°F-¥ R, =
0.432 mm/d) , X ] DLl A4 B 09 51 2 POk i
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Fig.1 Rank of importance of meteorological variables

influencing ET,

B BRI N Ry +non +u, FI Ry, +uy 0

iR RF8 ~ RF14 43 JI7ERL A RF1 ~ RF7 fy &
filt Bl A R A3, 4 2 W) WA ALK BT 1 3 4
BB R AR T 3.92% .2.09% _1.13% .
3.15% 1.19% 2. 21% F1 2. 63% , V-3 R 5, 53 5108k
JINT 9.45% . 9.35% . 2.31% , 18.08% . 6.02% |
18.99% F1 24.93% , 3% 7& N 2 2% Uk 19 BE & R 5
R K BFR ST, B O B i AR Hy AR X B ORI
o BE AR DRE B ObORE G BEES E H O RO eR R, R BH
JIE ) b HE 245 1 R R, T ORI )2 K B 4 3 R, 2
MM H PR R SR A R TIX 2 MR,
LS R, AT 45 ET B RG S o i H R,
e S, AR B RS I S B RS . K
=] H R R 2805wl AR BB LI K PR 5 s, R
REF n 405 2, DR O A Sk 20 OB s ST A HBR
FF 50k T 53 K BH i i S B, 25T AR,

BLR RF8 myfm A+ (T, . T, M R,) Ftk 5
Hargreaves & B AH [F] 4 /> ol i RF8 A& Y fi 45 2 45 1=
F Hargreaves fL %I SE-3 R* 3 /n 7 1.98% , V-
Rysp W8/NT 22.88% , R 0 7E AN A A E 4 1, wT LA
fdi ]I RF AR AL 58 Hargreaves #25Y, DL§ 5 ET,
IR R )i

AL RF1S i1 75 FAO P— M M [F 0y fir <
SN T, B A R R R R (E R =
0.989,F¥ R, =0.179 mm/d) , R4 RF15 {) %y
A F5 FAO P—M M6 (HE5 RAIR A 2257, Ird
[EWFRENEN T IFAREZI FAO P-M B,
XIE T FAO P— M £33 1 48 I 3 f0 25 S8l ) o
T, g — T A S 8O R A A
B AR = B DA H P ECER B TR R s T
ABRZE T RF B 0K RE Al 4 31 X 26 58 2%, il 1
2 MR 2 R

2.2 WEHARSKEFHNEST GEP #& it

&R

KIHH T AFMILHFHEG AT GEP &
B ETRERURS BE 7T W, GEP #8578 B % A5 47 Hb 455 40
ET,FI' 4N T 2Z M AR K & 4 A3l 53 R?
)22 FE Dy 0. 857 ~0. 965,34 R, 172 4155 F
J0.279 ~0.574 mm/d, [ # GEP1,GEP2 GEP3
Fl GEP4, 7] WL, 5 RF #AIAH[E , 5] A n (1) GEP4 B
K& F 5l Ry M u, ) GEP2 FI GEP3 71, [A]
KE,7EK# GEP2 .GEP3 I GEP4 [y JERl F5IA u, .n
IR, 155 ) GEPS \GEP6 il GEP7 5 R i K Bt
B, EY R BT 0.11% . 5.49% T
2.74% -4 R, 4% MUK /N T 0.86% .20.49% Fi
15.60% , H.# GEP8 ~ GEP14 5 GEP1 ~ GEP7, Af
WY RF BB —4F, 5L R (EFSEADR B2 2 5 v

GEP8 BRI % 4t Hargreaves 155 8 {fi i i) L 4
HF A6, 78 4 > uh s GEPS B B i 4% 2 ¥ I T
Hargreaves f5i %1 | 515 RIEE T 0.58% 1 R, sp U8
/NT 20.20% o HH FE T H A Bk 7 AR 1 S TR AR B
B, GEP Bk i — 0 i 2 RE 98 A= 1 Bt 1) U8k
R AT . BRI SR, Bz HAh 5 %
BHEF, GEP8 5 AU A DL A Hargreaves 5 HY , Az i
4 A3k S (R T A )3 AN S (T, .
T, R,) GEP BRI KKK 435 Ky

Ra 2
ET, =1.0013 (7 ™) " 4 1n(In(T, +T,.R,)) -

(6)
0.981 15.009
R T
0.557./T,, -1.375 7
ET, =0. 192 T
o =0.192e0 (5 ) -
R, +T,, +2T.., +13.9937T . 2.209  (8)
R.T,, o
TR, ’
ET, = ( : ) ¥
TR, ~TLI85T,,
T, R, T,
(9)

5876.43 7 18.72

2.3 RF 71 GEP #&3Lt
FeaER2 3 AL B TR A A S 1(T,, F T,.)
M AL G 10(T,,, T RN wy) 72 A ) RF B
TERERT GEP BRI Ah HoAb g A4l & T RF 4
RUKS FE ¥ TAHN. GEP BLRY SE-3 R o 20 BI/N T
1.20% 2.26% 4. 12% 6. 84% .18.23% .10. 04% .
3.48% 16.20% 11.33% F1 56.30% . [ 2 4 T
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i # (2011—2012 4F) RF8  RF11 #1 RF15 L) &%
GEP8 .GEP11 il GEP15 BRI 45 R 5 FAO P—M
THE 45 A T80OM AR 2R v 103 R LR R 5 o
AR EE AT UL, RF8 RF11 Al RF1S 55 750KE i 52 T A

N GEP8 .GEP11 il GEP15 Ki#l 5322 FI 3 3 it
8,

R —E R GEP 535 7™ A i B 1L ik B A2 B8 4
JEE P 7 1432 S (] Gz K T RF 599% , {2 GEP #11 g
g 7= A A A e M DR A e 2 ] A R R A, X — T
TS 74725 41 1 20 f PR 8 B 22 IR i BB R R, O3 —
J7 T LA TR o

81 120823140600 y=0.894x+0.387 [ y=0.942¢+0.193
R=0.872 R2=0.947 R*=0.988
61 _ 6F 6
5 o < o <
- g g
g £ g
Ear < 4r E 4t
3 % =
S - g
o g) — 2
= = 5L ° E Ll
2 = 2 z 2
1 1 1 1 1 1 1 1 1 1 1 J
0 2 4 6 8 0 2 4 6 8 0 2 4 6 8
FAO P-M ET,/(mm-d") FAO P-M ET/(mm-d"") FAO P-M ET/(mm-d"")
8 8 8
y=0.835x+0.516 o cf y=0.923x+0.269 ¥=0.965x+0.095
R*=0.860 L0 R*=0.930 ° R*=0.965
O
_ 6 = 6 ~ 6
2 ) s o T
£ b £ ° g
g £ £
< 4+ = 4r = 4 Q
= = =
% = ]
=] o =9
= o |
g a2t g2l 3 2t
(o] o
(e} o
1 1 1 J 1 Il 1 J 1 1 1 J
0 2 4 6 8 0 2 4 6 8 0 2 4 6 8

FAO P-M ET,/(mm - d-)

FAO P-M ET/(mm-d-")

FAO P-M ET/(mm-d™)

K2 & RF8 RF11 RF15 1 GEPS .GEP11 .GEP15 fiAIZE R 5 FAO P— M 25 5 o &% 1 Bl s &
Fig.2 Comparative scatter plots between ET, of RF8, RF11, RF15, GEP8, GEP11, GEP15 and
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