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Abstract

The quantitative analysis of evapotranspiration (£7) is a key component in hydrological studies and the
establishment of water resources planning. Generally, the quantitative analysis of £7 is performed by the
estimation method of potential or reference E7T based on meteorological factors such as air temperature,
wind speed, etc. Hargreaves equation is one of empirical methods for reference £7 using air temperature
data. In this study, in order to estimate more exact reference £ 7 considering climatological characteristics
in Korea, parameter regionalization of Hargreaves equation is carried out. Firstly, modified Hargreaves
equation 1s presented after the analysis of the relationship between solar radiation and temperature. Secondly,
parameter (Kz7) optimization of Hargreaves equation is performed using Penman-Monteith method and
modified equation at 71 weather stations. Lastly, the equation for calculating Kzr using temperature data
is proposed and verified. As a result, reference £7 from original Hargreaves equation is overestimated or
underestimated compared with Penman-Monteith method. But modified equation in this study is more
accurate in the climatic conditions of Korea. In addition, the applicability of the equation between Kgr and
temperature is confirmed.
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and Allen, 2002), E‘r"hﬂ 17401]/\1 7S
Adsr] f1gk HA o s 2] 913 ?7} B AT
AFEol o8 o]Fo14 gtk Hargreaves and Samani, 1985;
Smith et al., 1991; Allen et al., 1994, New et al., 2002).
o]#3t 9+ F Hargreaves and Samani (1985)+= il
9 HAA 7|23} th7] A A e dEALY (extraterrestrial
radiation) AFF WS o] &-8te] 7|EF N ET) S A
g Qe S PSR TE Samani (2000)0] ATl
O3, 71EFTHAFH ET,)S] ¢F 80%+ 71>} e FEA}
A2 AW 5 deS AAS vt Qo A F7HA] B
U] AFAE o8l AgkE 7]dRkE 271 Sl A
Hargreaves &2]9] A-82do] &3] o] EA=ATH
(Jensen et al., 1990; Allen et al., 1998; Temesgen et al.,
1999; Oh et al., 2002, Hargreaves and Allen, 2003; Oh
and Lee, 2004; Rim, 2008; Lee et al., 2008; Lee and Park,
2008).
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McVicker (1982) & 7|=FwAtaS- 2H43517] Y3k 12
N FAe] 84S HIeE F Eq. (D3 2o] Ed5=
2ol 71 £ A9E e &S AASHA
ET,= 0.0075x RSX TF D

Aq7|A, RSE AxHe sl glgEA G &3k
9] o 7F% 3 (Fahrenheit) o] ©$1E 2H= Hi 7| &
o= 31 ]iﬂr A 7122 HitS T A== kol
t} Hit7]29] @91E A (Celsius) 2 $2HsE 49 Eq.

(1) Eq. (@¢F o] yepd 5= 9lrt.
ETy= 0.0135x RS( TC+ 17.8) )

Eq. (2)& Hargreaves and Samani (1982)°] 2]aji- =
7| &S (ET)% A7) 918k SA1 0= AAlE vt
)X RSE AEAEE F53517] ©f
9—“’4, AR 5O ARE o) &
el gk A7} o]
Fo]z] kvt Hargreaves and Samani (1982)F At 2] o
2 44 7 F de a7 ASH BEEA D (extra-
terrestrial radiation, ©]3} RA)¥} 7]-23}o] WAS EA135}
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Table 1. Descriptions for Weather Stations Used in This Study

Code Name Latitude | Longitude Elegfri‘;ion Code Name Le(lti;[u)d € Lor(lgoitglde Elegfri‘gion
090 Sokcho 38°15" | 128°33' 22.9 188 Seongsan 33°23" | 126°52' 184
095 Cheorwon 38°08" | 127° 18 154.9 189 Seogwipo 33°14" | 126° 33’ 50.4
098 | Dongducheon | 37°54' 127° 03’ 1125 192 Jinju 35°09" | 128°02' 27.1
099 Munsan 37°53" | 126° 45 30.0 201 Ganghwa 37°42" | 126° 26’ 46.2
100 |Daegwallyeong| 37° 40" | 128°43’ 772.4 202 | Yangpyeong | 37°29’ 127° 29’ 474
101 Chuncheon | 37°54" | 127° 44’ 76.8 203 Icheon 37°15" | 127° 29’ 90.0
102 |Baengnyeongdo| 37°57" | 124° 37 1455 211 Inje 38°03" | 128° 10’ 198.7
105 | Gangneung | 37°45’ | 128°53’ 26.1 212 | Hongcheon | 37°41" | 127°52' 146.2
106 Donghae 37°30" | 129° 07 395 216 Taebaek 37°10" | 128°59’ 714.2
108 Seoul 37°34" | 126° 57’ 85.5 221 Jecheon 37°09" | 128°11' 263.1
112 Incheon 37° 28" | 126° 37’ 69.0 226 Boeun 36°29" | 127°44’ 173.0
114 Wonju 37°20" | 127° 56’ 150.7 232 Cheonan 36°46" | 127° 07 21.3
115 Ulleungdo 37°30" | 130°55 220.0 235 Boryeong 36°19" | 126° 33’ 179
119 Suwon 37°16’ | 126°59’ 34.5 236 Buyeo 36°16" | 126°55 11.0
121 Yeongwol 37°10" | 128°27 239.7 238 Geumsan 36°06" | 127°28' 170.6
127 Chungju 36°58" | 127°57 113.7 243 Buan 35°43" | 126°42’ 3.6
129 Seosan 36° 46" | 126° 29’ 25.2 244 Imsil 35°36" | 127°17 248.0
130 Uljin 36°59" | 129° 24’ 47.0 245 Jeongeup 35°33" | 126°51' 39.5
131 Cheongju 36° 38" | 127° 26’ 56.4 247 Namwon 35°24" | 127° 19’ 935
133 Daejeon 36° 22" | 127° 22’ 62.6 248 Jangsu 35°39" | 127° 31’ 407.0
135 |Chupungnyeong| 36° 13" | 127° 59’ 240.9 256 Suncheon 35° 04’ 127° 14’ 74.4
136 Andong 36° 34" | 128°42' 140.7 260 Jangheung 34° 41’ 126° 55’ 445
137 Sangju 36°24" | 128° 09 98.0 261 Haenam 34°33" | 126° 34’ 4.6
138 Pohang 36°01" | 129°22' 1.3 262 Goheung 34° 37’ 127° 16’ 53.3
140 Gunsan 36°00" | 126°45' 26.9 27 Bongwhoa | 36°56" | 128°54’ 3209
143 Daegu 35°53" | 128° 37’ 57.3 272 Yeongju 36°52" | 128° 31’ 210.5
146 Jeonju 35°49" | 127° 09’ 61.0 273 | Mungyeong | 36° 37’ 128° 08’ 170.8
152 Ulsan 35°33" | 129°19’ 34.6 277 | Yeongdeok | 36°31" | 129°24’ 41.2
155 Changwon 35°10" | 128° 34’ 36.8 278 Uiseong 36°21" | 128°41' 82.6
156 Gwangju 35°10" | 126° 53’ 74.5 279 Gumi 36°07 | 128°19’ 474
159 Busan 35°06" | 129° 01’ 69.2 281 | Yeongcheon | 35°58" | 128°57' 93.3
162 Tongyeong 34° 50’ 128° 26’ 30.8 284 Geochang 35° 40’ 127° 54’ 221.4
165 Mokpo 34° 49’ | 126° 22’ 374 285 Hapcheon 35° 33’ 128° 10’ 33.0
168 Yoesu 34°44" | 127° 44’ 73.3 288 Miryang 35°29" | 128°44' 10.7
170 Wando 34°23" | 126° 42’ 27.7 289 | Sancheong | 35°24" | 127°52' 138.7
175 Jindo 34°28" | 126° 18’ 476.4 294 Geoje 34°53" | 128° 36’ 445
184 Jeju 33°30" | 126° 31’ 19.9 295 Namhae 34° 48" | 127° 55’ 43.2
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Fig. 1. Relationship with Radiation and Temperature

Table 2. Result of Kgzr optimization in Each Weather Station

Area |Code Name Ker || Code Name Ker | Code Name Ker
95 Cheorwon 0.00154 | 146 Jeonju 0.00155 | 247 Namwon 0.00142
98 Dongducheon 0.00145 | 156 Gwangju 0.00169 | 248 Jangsu 0.00150
100 | Daegwallyeong | 0.00188 | 192 Jinju 0.00155 | 256 Suncheon 0.00140
101 Chuncheon 0.00150 | 202 Yangpyeong 0.00147 | 260 Jangheung 0.00154
108 Seoul 0.00185 || 203 Icheon 0.00152 | 261 Haenam 0.00170
114 Wonju 0.00149 | 211 Inje 0.00158 | 271 Bongwhoa 0.00138
119 Suwon 0.00161 | 212 Hongcheon 0.00138 | 272 Yeongju 0.00166

Inland | 121 Yeongwol 0.00148 | 216 Taebaek 0.00162 | 273 Mungyeong 0.00162
127 Chungju 0.00151 | 221 Jecheon 0.00148 | 278 Uiseong 0.00137
129 Seosan 0.00165 | 226 Boeun 0.00150 | 279 Gumi 0.00157
131 Cheongju 0.00161 | 232 Cheonan 0.00157 | 281 Yeongcheon 0.00156
133 Daejeon 0.00161 | 236 Buyeo 0.00154 | 284 Geochang 0.00148
135 | Chupungnyeong | 0.00169 | 238 Geumsan 0.00147 | 285 Hapcheon 0.00150
136 Andong 0.00154 || 244 Imsil 0.00147 | 288 Miryang 0.00151
143 Daegu 0.00184 | 245 Jeongeup 0.00149 | 289 Sancheong 0.00151
90 Sokcho 0.00210 | 152 Ulsan 0.00177 | 189 Seogwipo 0.00221
102 | Baengnyeongdo | 0.00236 | 155 Changwon 0.00192 | 201 Ganghwa 0.00169
105 Gangneung 0.00202 | 159 Busan 0.00226 | 235 Boryeong 0.00170
106 Donghae 0.00199 | 162 Tongyeong 0.00196 | 243 Buan 0.00164

Coastal | 112 Incheon 0.00204 | 165 Mokpo 0.00202 | 262 Goheung 0.00161
115 Ulleungdo 0.00221 | 168 Yoesu 0.00237 | 277 Yeongdeok 0.00185
130 Uljin 0.00208 || 170 Wando 0.00201 | 294 Geoje 0.00183
138 Pohang 0.00201 | 184 Jeju 0.00223 | 295 Nambhae 0.00178
140 Gunsan 0.00193 | 188 Seongsan 0.00197

938 BEKERBEMNE



Gavilan et al. (2006), Lee and Park (2008) 5 ¥4 #¢
AT E FUsA Uehd A3to|n Hargreaves et al.
(1985)> T&H0= Qg dgo] A o= A Yehth=
Qb A A wizi7E A AP Eths AFANE Al
Algh v gl

71<& Hargreaves &2 % PM Wl

ek Aol vlals WS(E 5 4570 A5 kA<
=]

S Calibration 717Fo.2, 2009~20117kA1¢) 7]17+S
Verification 717Fe.& FE3ko] 4=3)35}19it) Fig. 2= W
FA9e f1A81aL = EY A - v Calibration 7]
7t} Verification 713+ 98 3 7E5ditd A4
AFE Hlulste] EAIg Zo]H Fig. 3& dfkA]H 9 7
A Aol Ok Calibration 2 Verification 717+ %

7leTdis A e Aotk 2 2 A

MN o

i3

=
)
o

A AR AukE EAG ol T AMelA ek
e AN 2L WF L el Bitsh A
W9l Lk 2o AEF9Y] mFolth o|s) ol
IE 2 slekA ol 1218 |l AHeA Ky A2
8 W 54 B4 A 83to] A4E | EF WAl PM
Aol olg A} fAre ke viEhlla glglem, 5
3] 1913} o] iFA el 925 Aol A e A

e s HAT 5 Ui,
A A W7k AN wrh Ao Bk
ELE

A
913 NSE Al5=¢} RMSEES A& 2 A4 sle] )
o Table 33 4+= W5 ¥ 3fetx A
3k Agx grF AxE A ste] vekd Aol w3k

e
L
N
o
X

N
2

At

I
B
o

-
N
o

=
o
=)

o
=)
]

B
=)

Potential Evapotranspiration (mm)
00
o

2
~

Aug Sep

‘ [0 Hargreaves [ Modified Hargreaves Penman-Monteith ‘

(a) Calibration period

160

140

120

100

80

60

40

S i

Potential Evapotranspiration (mm)

Jan Feb Mar Apr

‘ O Hargreaves [ Modified Hargreaves Penman-Monteith ‘

(b) Verification period

Fig. 2. Monthly Reference Evapotranspiration at Cheorwon

464 Z99E 20134F 9J]

939



Annual Potential Evapotranspiration (mm)

Annual Potential Evapotranspiration (mm})

1,400

B

1,000 )

800 f--dtoodoot

600 -+

400 +--1

200 4--+

—'— Hargreaves -~ Modified Hargreaves -~ Penman-Monteith

mmmmm

e e e e e B e I T i i T I o A T S I S I B o

Year

(a) Calibration period
1,400

O Hargreaves O Modified Hargreaves & Penman-Monteith

o . S-S

1,000 R R e e

800 -

600 T-----

400 -

200

: :
2009 2010 2011
Year

(b) Verification period

Fig. 3. Annual Reference Evapotranspiration at Geoje

olgh 7|ES a1elste] Calibration 7]l tigh 2|5 19.8199] W& VeI Qo & AF-e] AijolA=
H A3E AR AFg. 4), 2 AFA AR =4 F NSE 0.667~0.964, RMSE 6.873~182022 e} d5
23 Ky, HA3E Aas aete] e A3t 7S A7t g 98 gR1E F AATh viAwS &
Hargreaves 320l &J$t Axjnr} £2 A3E Leha 9l 23} el A g2 2009~2011 30l i) 71E%
S5 golst 4= itk WEA| Y] 7-9oll= 715 Hargreaves WS AP sta ASe HUME S8k Ayl(Fg. 5),
2o 9)st A7t NSE 0.370~0.932, RMSE 10.441 ~ Calibration 7]13tellA] €13k ule} o] 2 Ate] Axpr}
205069 W92 YeERtAL Aot ATl A A A 71 FAe vjE)] et A9 1 S-S 1T 5 3

QFgk &2 ol A1 = NSE 0.889~0.980, RMSE 5408~11.159
o] M5 vehfaL
Al Ak 4= Qlok iAo Aol Ve 54 31.845% vEhfaL vk Z1euh & Al A A4 RE &4
o] Ao A= NSE+= 0.877~0.988, RMSE® 4.067~

o

2 o

940

el Aehert A AHENEE 8 ~0927= vehtal glew, RMSE®]

oJgk Aol A= NSE 0602~0.940, RMSE 8284~

t} 7)&E FA9] A9 UEA A= NSES] W9]71 0168

7350l 9787~

BEKERBEMNE



Table 3. Accuracy Assessment Results in Each Weather Station (inland area)

. Calibration Verification
Weather station = =
Hargreaves Modified Hargreaves Hargreaves Modified Hargreaves
Code Name NSE RMSE NSE RMSE NSE RMSE NSE RMSE
095 Cheorwon 0.762 | 18.713 0.973 6.337 0.691 20.666 0.980 5.256
098 Dongducheon 0.609 | 23.743 0.972 6.352 0.650 21.980 0.985 4.491
100 | Daegwallyeong | 0.874 | 11.860 0.889 11.159 0.878 11.723 0.904 10.400
101 Chuncheon 0.703 | 21.587 0.977 6.064 0.633 22.662 0.988 4.067
108 Seoul 0919 | 10.718 0.945 8.813 0.927 10.046 0.920 10.483
114 Wonju 0.707 | 22.077 0.960 8.139 0.622 22.658 0.973 6.009
119 Suwon 0.819 | 16.104 0.969 6.617 0.826 15.430 0.984 4735
121 Yeongwol 0.600 | 23.773 0.970 6.458 0.529 25.618 0.977 5.723
127 Chungju 0.737 | 21.153 0.967 7.485 0.701 20.641 0.981 5.200
129 Seosan 0.859 | 13.948 0.976 5.708 0.921 9.787 0.961 6.898
131 Cheongju 0.844 | 16.213 0.977 6.274 0.800 17.256 0.988 4.236
133 Daejeon 0.844 | 15.881 0.973 6.644 0.900 12.009 0.972 6.309
135 |Chupungnyeong| 0.754 | 17.300 0.902 10.925 0.754 17.146 0.903 10.758
136 Andong 0.688 | 20.676 0.967 6.681 0.633 22.025 0.963 6.962
143 Daegu 0.932 | 10.441 0.951 8.852 0.883 13.012 0.927 10.265
146 Jeonju 0.746 | 19.349 0.980 5.408 0.785 17.701 0.974 6.129
156 Gwangju 0.882 | 12.962 0.975 6.010 0.851 14.144 0.980 5.126
192 Jinju 0.671 19.911 0.955 7.372 0.587 21.606 0.978 5.023
202 Yangpyeong 0675 | 23.121 0.968 7.245 0.560 23.760 0.980 5.076
203 Icheon 0.764 | 20.038 0.964 7.803 0.590 23.358 0.970 6.283
211 Inje 0.796 | 18.253 0.968 7.211 0.695 19.627 0.969 6.223
212 Hongcheon 0.537 | 27.589 0.975 6.445 0.489 27.077 0.987 4.323
216 Taebaek 0.791 16.006 0.940 8.603 0.775 16.334 0.954 7.347
221 Jecheon 069 | 22.128 0.962 7.791 0.598 23.015 0.980 5.168
226 Boeun 0.722 | 21.071 0.964 7.561 0.575 23.545 0.979 5.218
232 Cheonan 0.822 | 17.776 0.967 7.691 0.769 18.017 0.974 5.998
236 Buyeo 0.803 | 19.154 0.946 10.031 0.634 22.109 0.984 4.648
238 Geumsan 0.682 | 22.816 0.962 7.849 0.496 26.355 0.980 5.271
244 Imsil 0.670 | 22.636 0.965 7.360 0.522 25.151 0.981 5.074
245 Jeongeup 0.699 | 22.133 0.971 6.860 0.737 19.465 0.973 6.187
247 Namwon 0549 | 26.022 0.966 7.125 0.517 25.081 0.979 5.204
248 Jangsu 0.662 | 20.941 0.968 6.467 0.610 22.016 0.971 5.993
256 Suncheon 0.370 | 27.893 0.952 7.710 0.285 28.043 0.968 5.923
260 Jangheung 0.652 | 20.186 0.939 8.483 0.748 15.494 0.918 8.823
261 Haenam 0.890 | 12.544 0.947 8.707 0.782 15.551 0.965 6.207
271 Bongwhoa 0.386 | 28.238 0.962 7.059 0.168 31.099 0.962 6.656
272 Yeongju 0.807 | 17.032 0.935 9.906 0.694 19.207 0.877 12.198
273 Mungyeong 0.789 | 17.832 0.950 8.721 0.637 20.668 0.906 10.523
278 Uiseong 0.423 | 29.556 0.961 7.663 0.242 31.845 0.978 5.481
279 Gumi 0.720 | 19.999 0.959 7.644 0.719 19.618 0.939 9.118
281 Yeongcheon 0.703 | 20.179 0.949 8.406 0.662 20.077 0.938 8.581
284 Geochang 0.627 | 23.227 0.957 7.888 0.417 25.967 0.951 7.507
285 Hapcheon 0.679 | 22.143 0.948 8.951 0.574 24.423 0.980 5.265
288 Miryang 0.669 | 21.691 0.952 8.295 0.657 21.261 0.973 5.908
289 Sancheong 0.614 | 22.237 0.949 8.059 0.513 22.144 0.895 10.278
H46% 9% 20134F 9/ 941




Table 4. Accuracy Assessment Results in Each Weather Station (coastal area)

. Calibration Verification
Weathe rstation = =
Hargreaves Modified Hargreaves Hargreaves Modified Hargreaves
Code Name NSE RMSE NSE RMSE NSE RMSE NSE RMSE
090 Sokcho 0.791 13.698 0.807 13.158 0.852 11.713 0.833 12.459
102 | Baengnyeongdo | 0.605 19.819 0.667 18.202 0.670 18.936 0.790 15.098
105 Gangneung 0.783 14.807 0.785 14.758 0.752 15.143 0.760 14.894
106 Donghae 0.773 13.323 0.784 12.998 0.824 12.491 0.843 11.813
112 Incheon 0.920 10.109 0.918 10.233 0.883 11.473 0.913 9.849
115 Ulleungdo 0.850 12.348 0.896 10.300 0.756 16.160 0.877 11.474
130 Uljin 0.785 13.909 0.810 13.071 0.863 10.577 0.827 11.871
138 Pohang 0.902 10.581 0.904 10.472 0.940 8.267 0.949 7.594
140 Gunsan 0.940 8.923 0.943 8.734 0.906 10.929 0.913 10.495
152 Ulsan 0.870 11.773 0.939 8.097 0.881 11.537 0.949 7.542
155 Changwon 0.935 8.284 0.943 7.751 0.909 9.368 0.926 8.456
159 Busan 0.696 16.030 0.842 11.536 0.667 16.608 0.858 10.843
162 Tongyeong 0.922 8.528 0.926 8.327 0.910 8.284 0.925 7.542
165 Mokpo 0.911 10.293 0.921 9.718 0.940 7.794 0.914 9.286
168 Yoesu 0.602 18.937 0.817 12.862 0.186 | 23.811 0.716 14.075
170 Wando 0.874 11.273 0.862 11.778 0.853 11.947 0.822 13.114
184 Jeju 0.804 14.627 0.878 11.511 0.685 18.481 0.862 12.222
188 Seongsan 0.896 10.034 0.891 10.285 0.830 12.442 0.831 12.422
189 Seogwipo 0.811 12.616 0.918 8.290 0.797 13.310 0.920 8.359
201 Ganghwa 0.895 12.747 0.964 7.412 0.850 13.367 0.969 6.056
235 Boryeong 0.903 12.273 0.954 8.501 0.883 11.364 0.984 4.205
243 Buan 0.883 14.158 0.962 8.059 0.861 13.991 0.988 4.106
262 Goheung 0.813 16.170 0.943 8.916 0.671 17.277 0.950 6.706
277 Yeongdeok 0.895 11.484 0.911 10.564 0.747 15.977 0.775 15.048
294 Geoje 0.932 9.436 0.935 9.248 0.912 9.285 0.959 6.315
295 Namhae 0.924 9.921 0.964 6.873 0.840 12.872 0.953 6.949
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