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Abstract

Accurate estimation of reference evapotranspiration (RET) is important to quantify crop
evapotranspiration for sustainable water resource management in hydrological, agricultural,
and environmental fields. It is estimated by different methods from direct measurements
with lysimeters, or by many empirical equations suggested by numerous modeling using
local climatic variables. The potential to use some such equations depends on the availability
of the necessary meteorological parameters for calculating the RET in specific climatic
conditions. The objective of this study was to determine the proper RET equations using
limited climatic data and to analyze the temporal and spatial trends of the RET in South
Korea. We evaluated the FAO-56 Penman-Monteith equation (FAO-56 PM) by comparing
several simple RET equations and observed small fan evaporation. In this study, the modified
Penman equation, Hargreaves equation, and FAO Penman-Monteith equation with missing
solar radiation (PM-Rs) data were tested to estimate the RET. Nine weather stations were
considered with limited climatic data across South Korea from 1973 - 2017, and the RET
equations were calculated for each weather station as well as the analysis of the mean
error (ME), mean absolute error (MAE), and root mean square error (RMSE). The FAO-56
PM recommended by the Food Agriculture Organization (FAO) showed good performance
even though missing solar radiation, relative humidity, and wind speed data and could
still be adapted to the limited data conditions. As a result, the RET was increased, and the
evapotranspiration rate was increased more in coastal areas than inland.

Keywords: FAO Penman-Monteith, Hargreaves, modified Penman, reference
evapotranspiration
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Introduction

StHevapotranspiration)2 7|/ }8tat} ato]] ARSEl= 038 HU7VS ol Mo, SRSt Fe-RER
o] HZ3 7, 71502 U 7PJoERE 59| 7|xAta 2 S8 tHAllen et al,, 1998; Sentelhas et al., 2010; Rim et
al,, 2011; Kim et al, 2018), TE5F 2H5-0] AJ7o]| ™ Q5 & 49 W Wl 845 Akt 235 982 SHHAllen et al,
2011a; Nam et al,, 2015b; Hong et al., 2016; Djaman et al,, 2017; Nam et al,, 2017; Lee and Kim 2017), ZHFAlefo] k=
HH2 3471715 5ol dSohe Wit 7ol dalelE2 ol 8sto] AkEshe {o| ok SRS ASshe
Hlolle S| lysimeter)& o]-85t0] TESIAL E4:7] 7|8 $-2 71VdRE o] &sto] it defut eejuzte]
A% AV} 6 02 uslo] glxjelo} o 8517 ofeigo] on), B4 ZHolL} 714 HAE o83t 24
¥© W35t e AEe Ea) =25t gh5o0] 2. 7FIckleong and Kang, 2009; Rim, 2010), E5 SHbAIES. 74, 4

1y, B2 T} S Clofet Q9150 ofs] oJake Hhy) wjol, o] & AlZaks AL A 0 2 ofgiTh(Yun ctal, 2004; Lee ot

3 5 =

TESHE YP|ES o 89 Ao AN QAP 7R e ZAS A (potential evapotranspiration, PET) &
|51 (actual evapotranspiration, AET)S 37g5h= 7F 3=l QlcHPereira
etal,, 1999). PET- Fr0i 7)/gZ2 0l 9] S A, S|k 2hf =o)X 2] 7Hs3h S0 & (Penman, 1948;
Thomthwaite, 1948; Jensen et al,, 1990), E 37} L3 AFefiofxle] 7hadt SHiko 2 7Jojd 4= glom, ojuj] u]= 2}
0] alfafat grass 73-9-0] PET7} 7155 A (reference evapotranspiration, RET)o] EIth, I olli= AETS 2|3 75}
+ Ao g HIsiglo, AAY QIAte] Fe o] B2E|HA] o] 5 3et mello] 25 o] 231 }JtiMoon etal, 2013).

wtebA Alehe SHgolx] Y | FA E9AIRE ol8sal 3lom, of RET FAlE 5 f2|Uet 7|90 gk &
Ale AES Zort ok fejuete] 39 ofg] ST FAES B8 SR AP AP A FAlE #
Agh= AqL50] 3= AcHRim, 2008; Hong et al., 2015; Nam et al., 2015a). Kim and Kim (2005)-2 HHZ| x]4x(leaf
area index, LAI}Z 11243t FAO-56 Penman-Monteith (FAO-56 PM)3-A]2- o]-85}0] RETE 451910, Kim and
Kim (2008)-2 Penman-Monteith 4]0 2 AFA %] RETQ} ZHFHA] Z2HFES. H]ws}tgit). Choi et al. (2010)-2 reference
evapotranspiration calculator software (REF-ET)2] 177]]2] RET Al-2- &-2519ic} FAHE o]2|st AL E52 SHYE 2|9
24510, S elutel FESl S4S P ofeiglon, o] A RS 717te] ot 7)Mol T oA
£x2 gyt st ol

2 AolA= Ut 97 STAEH, AZ, I, 29, i, FAE, B3z, o, 215) 283 AJeIM AISE 43 pan
AR lol8E 7|0z sl 971 2|9 7| dtE4 vlolHE 28
56 PM ZA], BigRE A} ol 7] B 2k 87t RE5t0] 7|2 242 S Hhgho & §3:510] Ag3t Penman-Monteith (PMRs)&-
19] RET gh2 H|ulsto] -ejuet 214 S 3412 AESIITh 3t 22|uzt =AM A S A Qfeh 5671 2|] 71/

o
[e]
B0l dfslo] 197335 E]2) 7R RS 445t0] AP 2|8 RETSS Blmshi, A137 3418 2Asc

oN

5o modified Penman -3-4], Hargreaves 34, FAO-

1>

¢

Materials and Methods
A3 x| 5! ci|o]Ef

SN ZAET 3 vlofE|o] HIwE 9l 47 pan T LR} Qe 970 A(EH, A2, A, 2, o,
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Fig. 1. Spatial distribution of the 56 meteorological stations and 9 small evaporation observe stations. The
nine stations identified with a letter are used as selected examples.
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modified Penman 3-A1-2 FAOOJ| A Penman (1948) 3212 7405 g-Ao|ch, vigh Sk, R 2748 1&gt 24 /45
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R,—G
RET,;p = 4( ) +(1—=W) f(u) (e, —e,) (1)
'OZU A
_ A

W=1% @

Flu) =0.27(1+ 0.86u,) @)
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ol RETypt 71 &3 b mmfay), W & R52 AW} 7153, €& FoRt 71F0lo] <l WA, 0

w

£ 89 W(on 15), R, 20187 BAR( M), G BEFREUE(F ), A5 SEAA(), e, = 23S
ay

71HkPa), ¢, = AAE7IRHKPa), A= Eo719T L340 71271KPa ), 7= A KPArO), S () B

B, 1y =2 m 2)740] F(mjs)ol T
Hargreaves 3|

Hargreaves -3-2](Hargreaves and Samani, 1985)2 7 /A2 7} A4 Q1 Ad2doilA] 2|11 Bl 2% 7] 23} 7| A=
FE ALY (extraterrestrial radiation) AF&7HS- 0]-835}0] RETE AHY k= HPHo 2 StujQ] A-1xlSol 93] #lske 7|4}
X]—L 271 Sloi|A] Hargreaves 3-4]9] 21-84-8 &19015}Q{tHHargreaves and Samani, 1982; Jensen et al., 1990; Allen et al.,

1998; Hargreaves and Allen, 2003; Temesgen et al,, 2005; Lee and Park, 2008), Hargreaves 3-A]-2- A1(4)9} 74},

o 1T

RETy,, = Kpp X Ry X (T,pey +17.8) X TD"? @)
oltf RETy,, = 715t mm/day), Kpr+ A w74, R, & 5ol 22t 8ol A (mm/day),

T ean s B BA712(0), TD & 27123} 47|12 29| Zpoct,
FAO-56 Penman-Monteith =4!

FAO+= ZHE Al$(crop coefficients)o]] 7|HF5to] RETE345H= HFHS 7519 2™ (Doorenbos et al., 1997), FAO-
56 PM 3-2](Allen et al., 1998)-& RET A 3-4].0 2 Z2245]9{THPereira et al., 2015). T=3F FAO-56 PM 3412 AJA|T7Y
H}4~2] 3] (International Commission on Irrigation & Drainage, ICID), Al|A]|7]4}7]7(World Meteorological Organization,
WMO)oi|A] 235} CHChiew et al,, 1995; Allen et al., 1998; Garcia et al,, 2004; Lopez-Urrea et al., 2006; Cai et al., 2007;
Suleiman et al,, 2009), FAO-56 PM 3-A1-2- A1(5)9} 74},
¥ 900u, (e, —e,)

0.4084(R, = G)+ |7 5mn

— mean
RETpy = A+ y(1+0.34u,) ®)

ot} RETpy, & 12544 mmiday), A= Z85719k3% £=3412) 7127](PafC), R, & 0}87Hs %Al
(M), G BFREUE (M) o b T827I9HKP), ¢, AAZ7IHKP), 7 BaAVSKPalC),

Tean € & Ba712(°0), ugLmelxu Z2mfs)o|ck.

7|MXIEE XX610] A FAO-56 Penman-Monteith 24!

WA VS EN AT = 7 VA= A llﬂ 7V TRt A0 717kl 7424 FAO-56 PM 342 4.8
Slo] RETS 2517 ofgdth 714 Akart Bk 20| 714 AFao] 24 wigo] AA=|1 o (Allen et al,, 1998), &

712jot, Ziukeh, ElUA| SollA] A E]CHE]{Popova et al,, 2006; Jabloun and Sahli, 2008; Sentelhas et al., 2010), & &17Lof]
A AR (R, )E o) A 7202 251 (Allen et al,, 1998) AFR51SlOH, R S FAel 24
2 2)(6)2} 2t 71 Qlolli= FAO-56 PM g-Al}k 5 Us)ct.

Rs = krs v Tma:c - TminRa (6)
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o71M R, w71 Sl el SRR ), T oz = H1712(0), Tin-& HA71(C), k= 278 AlS(C
Yolek k= UHE Al slebxlelolA] 27 EREET Qe Qlon, w2 g Alole] 490,162, sigixlele
7420192 ARE3SIE B =RojME &, S 25H= A2 ARE5}] O 1 (Hargreaves and Samani, 1982), A1(7)2} 2T},

b= (1) 0

o}7|A] P= B t)7IbkPa)o] 1, Py 4 713 W ti7ISH101.3 kPa), &, = 2AALE M0 UlEA]
of|4 0.17°C-25, }joFx] 2of| A 0.20°C-05 0.2 A& #] QITHKim et al,, 2017).

7V Algshe T4, A, A3, 9, o, B4 232, of 4, X152 971 A 42 pan ST ARt 319 7H 4]
o 7| AR S S Hlgfo &2 AFASH ZEzko] RET Zfel AlAlS —‘5'—/\43]—911:]- o]|= ¢J3l| -2 xHmean error, ME ), Bty
22Hmean absolute error, MAE ), Ha-A| 3 #xKroot mean square error, RMSE )Z -85 0™ AF A2 A(8), (9),

(10)} 2,
N
Z:(XT Ezmm
ME = N ®)
N
ZI|X1 - Ei,p(m |
MAE = N o)
N 0.5
Z (Xz - Ei,pan)
RMSE = |*=— (10)

ot} X = 8 Y A RET (mmfday), E, ,, & 43 pan F:2mm), N 22| 4months)o|c.

= o RMSERC} 6 Raplol, Sl AR AR S ABaH ks el i 40l
0, RMSE= £:2] 9l EAalz] EXojA] A=z 02 2-2E 4 9JrhFox, 1981). RMSEL} MAE7} 00f] 7171242 G ALstH
15k slofeich MES) %9 2ol A RET 340 286 Al FH0% gho] AFIAGIA 38 250
T} u| 310} B2 A 0 2 T AR A S 2| ARl A) S0) HakS L 4 9lc o2 Sof MEZlo] 9o 2k
7R 739 ARER|e) el Sigshe 22 olnlstn, $0)0) 2he 7Pl 9 AREAo) sl sidsh

E
71 ojnlgith,
JIEE I S g
AA Do T2 RETE BA517] 5] 5671 |2 2] o, YW Pearson AJ34A|4 (Pearson correlation coefficient) S A

slof 2ajslgon] A2 A1)} 2
ﬁ:(xi—f)(yi—?) (11)
r= 7 n
/zm—xﬂ > (-7

=1 =1

Korean Journal of Agricultural Science 46(1) March 2019 141



Comparison of reference evapotranspiration estimation methods with limited data in South Korea

[¢)

Pearson A4 = ARRg W4 Alo|o] A1 TS H7FSHs oIk gto] gl - 132 + o] 1.2 3] 1)
420] gto] 271l ket HlTBHE o] Wi ZhE Z7KhS SEt, Wl - 12 §HE0] w4 Zho] 2713 o) mlmEe) v
4 gto] 723 bk, nfeby Pearson Zto] - 10] 77H24-8 RET7} 7J4she F4lo]e), 10] 7171842 RET7} 27
She 412 silo] e,

Table 1. Results of the ME, MAE, RMSE as determined by the RET model.

Location Model ME MAE RMSE
CHUNCHEON Modified-Penman -0.139 0.228 0.253
FAO-56 PM -0.707 0.707 0.734
PM-Rs -0.268 0.361 0.403
Hargreaves 0.258 0.431 0.509
SEOUL Modified-Penman 0.088 0.233 0.309
FAO-56 PM -0.579 0.579 0.618
PM-Rs - 0.302 0.430 0.473
Hargreaves - 0.209 0.451 0.500
INCHEON Modified-Penman 0.018 0.266 0.312
FAO-56 PM -0.739 0.739 0.766
PM-Rs -0.643 0.643 0.679
Hargreaves - 0.605 0.631 0.685
SUWON Modified-Penman -0.188 0.274 0.304
FAO-56 PM -0.775 0.775 0.802
PM-Rs -0.426 0.479 0.518
Hargreaves - 0.005 0.318 0.356
DAEJEON Modified-Penman 0.048 0.222 0.270
FAO-56 PM - 0.566 0.566 0.598
PM-Rs -0.213 0.332 0.355
Hargreaves 0.237 0.339 0.428
BUSAN Modified-Penman 0.395 0.529 0.646
FAO-56 PM -0.418 0.418 0.461
PM-Rs -0.363 0.377 0.433
Hargreaves - 0.551 0.594 0.690
MOKPO Modified-Penman 0.274 0.296 0.398
FAO-56 PM - 0.530 0.530 0.555
PM-Rs -0.373 0.375 0.414
Hargreaves - 0.230 0.327 0.352
YEOSU Modified-Penman - 0.042 0.260 0.300
FAO-56 PM -0.873 0.873 0.884
PM-Rs - 0.897 0.897 0.910
Hargreaves -1.225 1.225 1.264
JINJU Modified-Penman -0.101 0.379 0.429
FAO-56 PM -0.725 0.725 0.764
PM-Rs -0.282 0.514 0.579
Hargreaves 0.270 0.526 0.633

ME, mean error; MAE, mean absolute error; RMSE, root mean square error; RET, reference
evapotranspiration; FAO 56-PM, FAO-56 Penman-Monteith equation; PM-Rs, FAO Penman-Monteith
equation with missing solar radiation.
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Results and Discussion

& AollE 233U S| SLUF 4714 RET APd5-41e &3l A% RET gk vl s}l on, 2= Table 1
Itk ME ke HIIL”E?} 3} modified Penman F-A1E- 57 Z|A(A1E, U, v, FAk, Faz)ollA] FH)Q] gk HolH,
A2 971 BE 2|of|A] -2()2] Zho] LISkl Hargreaves Z-A12] 79 37 2]&(F3, oA, KIZ)oA] oK)
STk MAE®} RMSES Am{EH = A3} B FAO-56 PM F-4]0] 77 21 (&3, A&, 13, 44, o,
32, AF)ollM SEF-FABIATE EE S A H(E, A, 79, i, 15)0llA modified Penman F-4]0] -F-A51

1, Hargreaves 3412 73-9- Q1%} 5322|545 A|9J%t 271 Sk 2] (4, of<)eilA] Hargreaves 3-4]0] 423 pan S

o AR 2102 Uebgte:
4% pan ST ARR} Q1 971 (@, AL, 213, 49, T, FAY, B, o, 1)olA PMRs BALE 0] §31o]

AP RETQFFAO-56 PM 3]0 2 AP35t RETS |1 5}o] Fig. 2 2 LRk
LS TWMI (International Water Management Institute)of|A] AJAJE A 2|7t 7]1S2}2E 0]85}0] FAO-56 PM Z-Alx}
Hargreaves 2-A1-S- H] a1 3+ 27} Hargreaves -2-A]0] FAO-56 PM Z-Alat 8 AFst A Droogers and Allen, 2002)5 A2 ¢

o 1=
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Fig. 2. Relationships between estimated ETo (reference evapotranspiration) by FAO-56 PM (FAO-56 Penman-
Monteith equation) and PM-Rs (FAO Penman-Monteith equation with missing solar radiation) at nine
selected meteorological stations using scatter plots.
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Fig. 3. Relationships between estimated ETo (reference evapotranspiration) by FAO56-PM (FAO-56 Penman-
Monteith equationg)and Hargreaves at nine selected meteorological stations using scatter plots.

Table 2. Results of the coefficient of determination as determined by the reference evapotranspiration

model.

Location PM-Rs Hargreaves
CHUNCHEON 0.992 0.982
SEOUL 0.984 0.968
INCHEON 0.982 0.958
SUWON 0.990 0.976
DAEJEON 0.990 0.977
BUSAN 0.976 0.936
MOKPO 0.982 0.948
YEOSU 0.980 0.906
JINJU 0.985 0.962

PM-Rs, FAO Penman-Monteith equation with missing solar radiation.
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304(1998 - 20173) 567) /2] RETS] HHEES 7510], Fig, 4 2 Lehigich gt sjobx @iz} UjgA]ele] RET o]}
wishe 17 9jsjol Q1 2]2lel 5671 A|eke S A2} slekA] 2] 2 Lo} 213 30417} 7}7] 30| RET Hi5}S Fig.
5 9} 70| LRI, 4] 717 5 U&7 ef s} sfekx|ede] RETe) o] &3ton] UjgA]e] siokA|o] 25 RETY)
a3} BEUA) 27161900, Z718.2 sleblelo] o 2 AL oF 4 I}, T HiE JeE ol 9ejUfe} RET
© W7 mEHAT} 2715H 2AIE o 4 9o, o= RET 2712 QI3 #ijel e 4afo] 2712 mojzr),
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Fig. 4. Normal distribution of mean FAO56-PM (FAO-56 Penman-Monteith equation) reference
evapotranspiration to 56 meteorological stations.
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Fig. 5. Normal distribution of mean FAO56-PM (FAO-56 Penman-Monteith equation ) reference.
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0] 0.692 71 2 S7I5AIE Holal Rlom, Fof |o] -0.5422 7P TA| fashs FAIS Holal ok e Af2E
e 591 390 5671 = Aol 2| e 7, A=2 02 RET7F 57 16h= FMIE & 4 ok A2 (12 -
28)2 AQIS 7IRIoIN 7F5, AE, I, 24T 47N A o] BE 7RIS Holat glom, 7R Aol A ZHashe FA)
2232 A9 k.

Conclusion

2 Aol M= 197315 E] 43 pan 2k 2187} Qs 97 AiGEH, A, U, 49, T, B4k B ol 217)
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