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Abstract

Five representative reference evapotranspiration(RET) equations were selected, and these equations
were compared with pan evaporation by correlation analysis. Pan coefficients were also estimated.
Furthermore, five selected RET equations were compared to find the similarity among those at the 21
meteorological stations located in South Korea. Five RET equations selected from 4 different category
were Penman(combination approach), FAO Penman-Monteith(FAO P-M) (single source approach),
Makkink and Priestley-Taylor (radiation approach) and Hargreaves(temperature approach) equations. In
this study, the geographical and topographical conditions were considered for the selection of study
stations. The daily meteorological data measured from 1970 at an interval of 5 years were applied in
this study. The evapotranspiration estimates obtained by applying evapotranspiration equations were
evaluated with numerical and graphical methods. The correlation coefficients between pan evaporation
and RET in study stations were above 0.9 indicating very high correlation; however, the slopes of the
individual regression lines show the values greater or less than 1.0. Hargreaves equation(temperature
approach) shows the most similar evapotranspiration estimates to those of FAO P-M equation from
12 study stations, which are located near to seashore except Daegu station. On the other hand,
Priestley-Taylor equation(radiation approach) shows the most similar evapotranspiration estimates to
those of FAO P-M equation from 8 study stations, which are located in inland.

keywords : reference evapotranspiration, regional characteristics, pan evaporation, geographical conditions
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Table 1. Geographical and topographical characteristics of 21 study stations

Geographical and topographical classification
Urbanization| Area ratio of lake
Station No. Lat. Long. | Elev. Geographical rate of | and and wet land | Area .ratio of topographical
(N) (E) (m) location year 2000 | (6 year average) gradient below 5 % (%)
(%) (%)
coast |inland | ~20| 20~ | 10~ [5-10| ~5 |0-20|20-40|40-60|60-80|80-100

Sokcho (1) 38°15" | 128°34" | 17.8 o o 0 0
Seoul (2) 37°34" | 126°58" | 86.0 0 0
Incheon (3) 37°28' | 126°38' | 68.9 o o
Suwon (4) 37°16' | 126°59" | 33.6 0 o 0
Seosan (5) 36°46" | 126°30" | 259 o o o o
Cheongju (6) 36°38' | 127°27' | 574 0 o 0
Daejeon (7) 36°22" | 127°22" | 68.3 0 o o) 0
Chupungnyong(8) | 36°13" | 128°00" | 242.5 o o o
Pohang (9) 36°02" | 129°23’ 1.9 o 0
Gunsan (10) 36°00" | 126°45" | 269 0 0
Daegu (11) 35°53" | 128°37" | 57.6 0 o) o
Jeonju (12) 35°49" | 127°09' | 535 0 o
Ulsan (13) 35°33" | 129°19" | 34.7 0 o o
Gwangju (14) 35°10" | 126°54" | 70.5 0 o
Busan (15) 35°06" | 129°02' | 69.2 o 0
Tongyeong (16) | 34°51" | 128°26’ | 31.7 0 o) o o
Mokpo (17) 34°49" | 126°23" | 379 o o o o
Yeosu (18) 34°44" | 127°45" | 66.1 o 0 o o
Jeju (19) 33°31" | 126°32" | 20.0 o) o) o) 0
Seogwipo (20) 33°15" | 126°34" | 50.5 o o o
Jinju (21) 35°12" | 128°07" | 21.3 o] o) o)
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71T EAES Aktelr] f18ted Allen et al.(1998)
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2000; Burt et al., 2002; Droogers and Allen, 2002, Qiu
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al, 2005, Trajkovic, 2005).

900
04084(Q, — Q) + vz orguales

A+~ (1+0.34u,)

76&)
RET— 8

o]7]4, RET = 7|52 (mm/day), T. = 2 m =
ool 4] A7) (°C), w = A 2 m EolollA F
(m/sec), Qy = +=WAHMJ/m’/day), Q, = EFE F54
S(MJ/mY/day), es = E38FE7]9HKPa), e, = AAZ7]¢t
(kPa), (es — e)) = W7]9] 23157 52 KkPa), A =
27| 2 7]1€71(kPa/C), A5
& (kPa/°C). 4714 B

ol
ol
0
L
24
=2
R
2
to
o
ol
e
i)

A9E AU itk AR, FAO P-M A& 224
Aol F)zate] fEdleh weh F7HA9 s
o B4 glo] A AANA AMEE F Utk EAR
FAO P-M A& 29| fF=aga ARgHgo] 2 o
A Aol da, ZhE SHAHA(lysimeter) & ©]-8-3}
of 4% A v HSE vk dvk(Allen et
al., 1994, Gavilan, 2002; Droogers and Allen, 2002). %
gk FAO P-M 7|5 s Abgshe 4% A4 3
EFoae] Aol s feow MR e A9
QA Z GE 73l A VeSS ZF A9 9
EXA7ZF ¥WE2 gl ik AA P (evaporating
power)= Ul AEZ 4= Ut Allen et al, 1998). 1A
2 FAO P-M 219] 79 Ha7]e, A7, s,
TE, dAHE 5o TAF V1 eawE e shal
4ol A B aeagon) A
o] AtkIrmak et al, 2003).

5 o =
55_@ };l—a‘ Zjlo ]”_

>
)
ol
2
i<
fo
rﬂ
rﬁ

BALL 29k 20084F 2H

3.3.1 Makkink 4]
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_ A Q
RET= 0'61A—0—'y I8 0.12 9)
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(mb/°C), = AFA FFmb/ 0), H= FAZ7]3td
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3.3.2 Priestley—Taylor 4
BALE o]g3k W F9] 3y Priestley and
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st g0l A8st=E AEE v Jdri(Allen et dl,
Z

1998). Eq. (1D Jissst 2 A% 54 17

a7 gabs wgo] glon), Zlkte] Therali Hatel

NFARE Baw s Aol 3tk
RET=aR,TD"*(T,+178) 11

o714 RET = 7|52 (mm/day), «=0.0023, TD
= o FHar)2y HA7]22 2H°C), R= dEEHFEA}
2 (mmyday), T. = 2m EolollAe] & Hi7]2 (°O).

3.5 Pan Zaek

714 kp = pan A5, RET = 7|&5¢A e (mmy/day),
Eun = 2% SEHA S (mm/day) o]t
e7)EAEel dalA ofe] AgAbEel oEiA
A4S 2= o] AAE 1 dtH(Cuenca,
1989; Pereira et al, 1995; Allen et al, 1998). Allen
et al. (1998)2 th¥ 22 pan AT S A%t

2wt gl

O

k, = 0.108 — 0.0286u, + 0.0422In (FET)
+0.1434In (RH,

mean )

—0.000631 [In (FET))!in (RH,

mean )

13)

T NFE (%), FET= fetch A (m)

Allen et al. (1998)°] <Jshd 10Y o]’d2] 713kl of
3l pan AFE HEstd] eSS AsiE
7ol pang ©]&3 7lFF Ik AbguhHe 7)1kt
57t SESA &2 A YA AAHez 1 HEAo]
ASHAE T FAZRE A AA o] A GeA
HAAHOZ pand o838t FHH FTHHE o83l
Ao 7 RE Y AASHAtES A= WRlo] ol&
Ha glom I e Ao pan TR V=S
HAbEAbolol = S = AUTATE Qe HoR

EHJLh AT pan FL S o]&5to] y|=5EAat

S FATHE ASollE 7|E=FEd A= okgtol| FAk)

o) WAIEA] o= W] pane] A= Fol A%

o2 WAIElY] 7lES ke Hlwslke] ot Ak E

o] 9tk Table 2% ¥ AFE A AA=

AL AR ES A L3l Q7 HE ABES B

T} VEsikE A S Qlske] AlakgAe Azt

o34 2% FORTRAN programs 2831t}
3t Al fEvEelA s 712, F
AALFALE O] A5
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Zholl A= 19909 o] F-2 #5E& T d5a7) ol
Hop opgdat A el s g713t 248 Fehs

A7 w = A 2moll A Y FE(m/sec), RHmean = 3 o A ES Husth A 5 vlalEtr]
Table 2. Data requirements of selected methods
Method . Priestley -
. eHno Penman | FAO P-M | Makkink Sy Hargreaves Pan
Variables Taylor
temperature O O O @) O
humidity O @) o
wind speed O O o
radiation O O O
atmospheric pressure O O
pan evaporation O
@ Needed to calculate pan coefficient
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Table 3. Pan coefficients estimated by RET Equations and pan (9 stations)

Station Eq. Regression Equation r Mavg P kp
1 Y1 = 0816 X - 0.059 0.947 2.440 0.797
2 Y2 = 0.937 X + 0.088 0.953 2.958 0.966
Incheon 3 Y3 = 0.725 X - 0.198 0.956 2.203 3.060 0.661
4 Y4 = 1.115 X - 0.958 0.928 2.455 0.802
5 Y5 = 0935 X - 0462 0.903 2.401 0.784
1 Y1 = 0862 X - 0.346 0.952 2.253 0.747
2 Y2 = 0964 X - 0.221 0.958 2.687 0.891
Suwon 3 Y3 =069 X - 0.117 0.959 1.977 3.015 0.655
4 Y4 = 1.057 X - 0.762 0.941 2.424 0.803
5 Y5 = 1.041 X - 0.440 0.948 2.698 0.894
1 Y1 = 0902 X - 0.166 0.953 2.405 0.843
2 Y2 = 1.012 X - 0.018 0.958 2.868 1.005
Daejeon 3 Y3 = 0.702 X + 0.04 0.964 2.058 2.851 0.721
4 Y4 = 1.056 X - 0475 0.942 2.535 0.942
5 Y5 = 1.032 X - 0.105 0.944 2.837 0.944
1 Y1 = 1.059 X - 0.385 0.930 2.893 0.934
2 Y2 = 1.239 X - 0.363 0.927 3.472 1.121
Busan 3 Y3 = 1.029 X - 0.989 0911 2.197 3.095 0.709
4 Y4 = 1.709 X - 2.652 0.888 2.637 0.852
5 Y5 = 1.157 X - 1.072 0.856 2.509 0.810
1 Y1 = 0.833 X + 0.058 0912 2.681 0.851
2 Y2 = 0937 X + 0.331 0.917 3.281 1.042
Mokpo 3 Y3 = 0.747 X - 0.218 0.934 2.134 3.148 0.677
4 Y4 = 1.158 X - 0991 0914 2.656 0.843
5 Y5 = 0.900 X - 0.202 0.889 2.634 0.836
1 Y1 = 0.758 X + 0.067 0914 2.928 0.776
2 Y2 = 0.843 X + 0.330 0.913 3.513 0.931
Yeosu 3 Y3 = 0671 X - 0.319 0.876 2.214 3.771 0.587
4 Y4 = 1.086 X - 1.447 0.838 2.651 0.702
5 Y5 = 0.796 X - 0.593 0.844 2.411 0.639
1 Y1 =0.790 X + 0.125 0.965 2.800 0.827
2 Y2 = 0866 X + 0415 0.962 3.345 0.989
Jeju 3 Y3 = 0.749 X - 0.392 0.960 2.141 3.382 0.633
4 Y4 = 1.097 X - 0.985 0.951 2.727 0.806
5 Y5 = 0802 X - 0.235 0.928 2.477 0.732
1 Y1 = 0917 X - 0.324 0.920 2.821 0.822
2 Y2 = 1.026 X - 0.188 0.922 3.331 0.971
Seogwipo 3 Y3 = 0.765 X - 0418 0.895 2.205 3.429 0.643
4 Y4 = 1218 X - 1.465 0.846 2.714 0.791
5 Y5 = 0.832 X - 0.336 0.841 2.518 0.734
1 Y1 = 1.066 X - 0.703 0.951 2.437 0.827
2 Y2 = 1.179 X - 0577 0.955 2.897 0.983
Jinju 3 Y3 = 0.839 X - 0.359 0.949 2.112 2.945 0.717
4 Y4 = 1.340 X - 1.3%4 0.926 2.594 0.880
5 Y5 = 1.271 X - 0.747 0.931 2.999 1.018
Eq.: RET equation, 1: FAO P-M, 2: Penman, 3: Makkink, 4: P-T, 5 Hargreaves, r: correlation coefficient,
M. average RET estimated from model, P.v: average evaporation from pan, k,' pan coefficient, Y: RET,
X: pan evaporation
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Table 4. Quantitative measures of evapotranspiration model

performance at 21 locations in South Korea

(n=96)

Location | Model | METy | METe | SDum SDp | Maxy | Maxp | Ming | Minp ME MAE | RMSE
1| 29% 1.066 5.682 1.200 0481 | 0481 | 0504

2 | 1934 0.859 3519 0.651 0580 | 0580 | 0.616

Sokeho T 070 | 2513 | 1416 | 0937 | 4862 | 4841 | 0316 | 0941 | -0235 | 0550 | 0646
4| 2262 1.137 4377 0.633 0252 | 0381 | 0455

1| 2861 1285 4915 0.870 0.464] 0464 | 0491

S 2 | 1.900 0.902 3.389 0.496 0497 0497 | 0.566
3 | 2327 | 2397 | 1402 | 1.139 | 4606 | 4205 | 0.377 | 0683 | -0.070| 0.299 | 0345

4| 252 1428 5.164 0.561 0.185| 0323 | 0422

1| 2958 1227 5.065 1.006 0518 | 0518 | 0551

lcheon |2 | 2023 0.947 3675 0.555 0417 | 0417 | 0.452
3 | 2455 | 2440 | 1498 | 1.075 | 4973 | 4407 | 0391 | 0.769 | 0.015 | 0.410 | 0471

4| 2401 1291 4732 0.545 0040 | 0265 | 0311

1| 2678 1324 4,608 0.711 0434 | 0.434 | 0.459

2 | 1977 0.953 3,627 0525 0276 | 0303 | 0.401

SUWON T on | 253 | 1478 | 1191 | 4851 | 4099 | 0404 | 0534 | 0171 | 0308 | 0387
4| 2698 1.445 4,994 0.606 0.445 | 0456 | 0559

1| 27% 1304 4815 0.770 0460 | 0460 | 0492

2 | 2.008 0.954 3614 0.558 0287 | 0292 | 0.367

Seosan T RS | 2295 | 1479 | 1150 | 4902 | 4251 | 0471 | 0586 | 0.193 | 0330 | 0.408
4| 2697 139 4873 0.641 0402 | 0412 | 0504

1| 279 1402 5.183 0.758 0453 | 0.453 | 0482

Cheongiu | 2| 2009 0.972 3674 0.522 0334 | 0346 | 0.452
3 | 2479 | 2343 | 1497 | 1.255 | 5021 | 4451 | 0432 | 0561 | 0.136 | 0.258 | 0334

4 | 2848 1515 5.139 0.634 0505 | 0507 | 0598

1| 2.868 1.434 5.232 0.636 0463 | 0463 | 0493

N 2 | 2058 0.989 3736 0.605 0347 | 0370 | 0.479
Daejeon 555 | 2405 | 1521 | 1284 | 5,140 | 4487 | 0478 | 0520 | 0130 | 0262 | 0.343
4 | 2837 1482 5.179 0.712 0431 | 0441 | 0517

1| 2987 1212 5.042 1085 0497 | 0497 | 0522

Chupung-| 2 | 1998 0.905 3.395 0.626 0493 | 0493 | 0.547
nyeong | 3 | 2444 | 2491 | 1428 | 1.084 | 4756 | 4226 | 0475 | 0.838 | —0.047 | 0.397 | 0446
4 | 2.806 1.496 5312 0.651 0315 | 0473 | 0581

1| 3242 1.206 5.429 1298 0493 | 0493 | 0514

ponang 2| 209 0.834 3703 0.824 0649 | 0649 | 0.697
3 | 2516 | 2749 | 1465 | 1.078 | 5234 | 4837 | 0495 | 1.045 | -0.233 | 0.464 | 0552

4| 2689 1276 4918 0.913 ~0.060 | 0278 | 0.340

1| 3032 1.309 5.640 0.993 0.556 | 0556 | 0593

o | 2| 2076 0.964 4152 0578 0397 | 0400 | 0.457
3 | 2574 | 2473 | 1517 | 1.143 | 5651 | 4891 | 0525 | 0761 | 0.100 | 0378 | 0445

4 | 25% 1.306 4514 0.706 0.062 | 0225 | 0.297

1| 3337 1371 5621 1196 052 | 0525 | 0550

b 2 | 2164 0.929 3714 0.783 0648 | 0648 | 0.727
3 | 2588 | 2812 | 1507 | 1.231 | 5035 | 4976 | 0507 | 0.943 | —0.224 | 0.369 | 0433

5 | 2924 1486 5.199 0.835 0.112 | 0304 | 0359
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Table 4. Quantitative measures of evapotranspiration model performance at 21 locations in South Korea
(n=96) (continued)

Location | Model | METy | METp | SDum SDp | Maxy | Maxp | Miny | Minp ME MAE | RMSE
1 | 2778 1333 4922 0.768 0.440 | 0440 | 0462
, 2 | 20% 0.927 3.709 0.609 0312 | 0347 | 0.450
Jeonju 3 | 2525 | 2338 | 1448 | 1.212 | 5109 | 4358 | 0520 | 0563 | 0187 | 0279 | 0355
4 | 2914 1.486 5.135 0.747 0575 | 0575 | 0665
1| 3117 1158 5.450 1.362 0487 | 0437 | 0503
e 2 | 2104 0.864 3717 0.852 052 | 0526 | 0577
3 | 2539 | 2630 | 1454 | 1051 | 5244 | 4814 | 0547 | 1.038 | ~0.090 | 0.418 | 0.486
4 | 2801 1.301 4981 0.955 0.171 | 0316 | 0379
1| 2506 1.306 5.058 0.874 0.469 | 0469 | 0492
_ 2 | 2080 0.904 3550 0.683 ~0.406 | 0410 | 0509
Gwangiu =) | ous7 | 1441 | 1074 | 4938 | 4447 | 0588 | 0675 | 0001 | 0278 | 0342
4 | 2847 1336 4953 0811 0.361 | 0378 | 0464
1| 3472 1.029 5.803 1.692 0.579 | 0579 | 0.606
B 2 | 2197 0.870 4,083 0.873 ~0.696 | 0.696 | 0.719
3 | 2637 | 2893 | 1482 | 0.878 | 5607 | 5078 | 0592 | 1.407 | -0.257 | 0.634 | 0.722
4 | 2509 1041 4255 0.939 0334 | 0442 | 0501
1 | 315 1.069 5.383 1470 0502 | 0502 | 0.520
o | 2174 0.845 4058 0.879 0448 | 0448 | 0481
Tongyeong
3 | 2626 | 2623 | 1433 | 0.955 | 5488 | 4746 | 0619 | 1.170 | 0003 | 0457 | 0521
4 | 2501 1085 4499 0.951 20032 | 0224 | 0.284
1| 3281 1199 5.733 1391 0600 | 0.600 | 0.624
2 | 2134 0.940 4142 0.644 0548 | 0548 | 0.601
Mokpo =070 656 | 2681 | 1488 | 1073 | 5675 | 4972 | 0619 | 1.049 | 0026 | 0454 | 0531
4 | 263 1.189 4674 0.868 0.048 | 0.237 | 0.303
1| 3513 1039 5.497 1697 0585 | 0535 | 0603
2 | 2214 0.863 3.942 0.842 0713 | 0713 | 0.760
Yeosu 3 | 2651 | 2928 | 1459 | 0934 | 5485 | 4828 | 0612 | 1.321 | -0277 | 0.628 | 0.719
4 | 241 1.061 4316 0.846 0517 | 0545 | 0625
1 | 3345 1187 6.279 1583 0545 | 0545 | 0563
, 2 | 2141 1.028 4,426 0.5%5 0659 | 0.659 | 0.694
Jeju 3 | 2727 | 2800 | 1521 | 1.081 | 5991 | 5540 | 0739 | 1.246 | -0.073 | 0.457 | 0530
4 | 2477 1.140 4516 0.861 0323 | 0409 | 0.472
1 | 3331 1.038 55% 1533 0509 | 0509 | 0527
, 2 | 2205 0.797 3.855 0.962 0616 | 0616 | 0.651
Seogwipo
3 | 2714 | 2821 | 1342 | 0929 | 5320 | 4955 | 0813 | 1.241 | -0.108 | 0.461 | 0523
4 | 2518 0.923 4,052 1107 0303 | 0.348 | 0.400
1 | 2897 1248 5016 0.985 0.461 | 0461 | 0480
N 2 | 2112 0.894 3.600 0.781 032 | 0344 | 0425
Jnju 3 | 2594 | 2437 | 1463 | 1.133 | 5018 | 4415 | 0577 | 0.755 | 0.158 | 0.338 | 0407
4 | 299 1.3%0 5.223 0.965 0563 | 0570 | 0.662

1= Penman; 2= Makkink; 3= Priestley-Taylor; 4= Hargreaves; METy=mean ET of 4 different model (mm/day);
METp=mean ET of FAO Penman-Monteith model (mm/day); SDy=standard deviation of ET from 5 different model
(mm/day); SDp=standard deviation of ET from FAO Penman-Monteith model (mm/day); Maxy=maximum ET of 5
different models (mm/day); Maxp=maximum ET of FAO Penman-Monteith model (mm/day); Miny=minimum ET of 5
different models (mm/day); Minp=minimum ET of FAO Penman-Monteith model (mm/day); RMSE=root mean square
error (mm/day); MAE=mean absolute error (mm/day); ME=mean error (mm/day); n= the number of months
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