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Abstract

Pan evaporation has been used as an indirect method for the estimation of reservoir evaporation. Therefore, in this study, pan
evaporation estimation equations using only temperature data were suggested in the case that available meteorological data is limited.
A formula for estimating the pan evaporation were suggested by comparing estimated pan evaporation with measured pan evaporation
in 12 study areas in Korea. The suggested pan evaporation equations were verified in 44 study areas by comparing not only with
temperature-based equations but also with equations using other meteorological data (temperature, wind speed, relative humidity, and
sunshine duration). The study results indicate that the suggested equations in this study provide much better pan evaporation estimates,
compared with other temperature-based equations. Overall, the suggested equations provide appropriate pan evaporation estimates in
most of 56 study areas. Therefore, the suggested equations using only temperature data in this study are considered appropriate for the
estimation of pan evaporation in Korea especially in the case that available meteorological data is limited. In the future, using the air
temperature and pan evaporation data measured at the reservoir, further research is needed to examine the applicability of suggested
equations for the estimation of reservoir evaporation.
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Table 1. Geographical characteristic and data period for 56 study stations

. Geographical classification
Study stations (No.) Lat. (N) Long. (E) Data period Ele(vrit)lon Urbanization rate (%) | Inland area (km®)
4 yr mean 4 yr mean
Sokcho (1) 38°15' 128°34' 1973-1990 17.8 2.24 164.7
Daegwallyeong (2) 37°41" 128°46' 1972-1997 842.5 0.24 314
Chuncheon (3) 37°54' 127°44' 1967-2006 76.8 4.44 314
Seoul (4) 37°34' 126°58' 1960-2014 86.0 47.29 314
Incheon (5) 37°28' 126°38' 1960-2014 68.9 29.33 193.1
Wonju (6) 37°20' 127°57 1973-1990 149.8 1.61 314
Suwon (7) 37°16' 126°59' 1965-2014 33.6 8.80 314
Chungju (8) 36°58' 127°57 1973-1996 114.1 2.75 314
Seosan (9) 36°46' 126°30' 1968-2014 259 2.55 314
Uljin (10) 36°59' 129°25' 1972-1990 49.4 1.21 161.1
Cheongju (11) 36°38' 127°27' 1967-2014 57.4 6.18 314
Daejeon (12) 36°22' 127°22' 1969-2014 68.3 12.97 314
Chupungnyeong (13) 36°13' 128°00' 1960-1990 2425 0.33 314
Pohang (14) 36°02' 129°23' 1960-2014 1.9 5.73 234.2
Gunsan (15) 36°00' 126°45' 1968-1990 26.9 7.59 249.6
Daegu (16) 35053 128°37' 1960-1990 57.6 14.48 314
Jeonju (17) 35°49' 127°09' 1960-2014 53.5 7.59 314
Ulsan (18) 3533 129°19' 1960-1990 34.7 2.29 314
Gwangju (19) 35°10' 126°54' 1960-1990 70.5 10.29 314
Busan (20) 35°06' 129°02' 1960-2014 69.2 29.12 197.7
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Table 1. Geographical characteristic and data period for 56 study stations (Continue)
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Geographical classification

Study stations (No.) Lat. (N) Long. (E) Data period Ele(v;t)mn Urbanization rate (%) | Inland area (km®)
4 yr mean 4 yr mean
Tongyeong (21) 34°51" 128°26' 1968-1990 31.7 1.53 182.3
Mokpo (22) 34°49' 126°23' 1960-2014 37.9 5.31 174.5
Yeosu (23) 34°44' 127°45' 1960-2006 66.1 8.24 130.0
Wando (24) 34°24' 126°43' 1973-1990 349 2.17 185.6
Jeju (25) 33°31" 126°32' 1960-2014 20.0 7.35 166.8
Seogwipo (26) 33°15' 126°34' 1962-2006 50.5 2.93 162.5
Jinju (27) 35°12' 128°07 1970-2014 21.3 2.36 314
Gangwha (28) 37°42' 126°27' 1973-1990 45.7 3.80 270.2
Yangpyeong (29) 37°29' 127°30' 1973-1990 47.0 0.63 314
Icheon (30) 37°16' 127°29' 1973-1990 77.8 1.56 314
Inje (31) 38°03' 128°10' 1973-1989 198.6 0.69 314
Hongcheon (32) 37°41 127°53' 1974-1990 140.6 1.67 314
Jecheon (33) 37°09' 128°12' 1973-1990 263.2 2.59 314
Boeun (34) 36°29' 127°44' 1973-1990 174.1 1.52 314
Cheonan (35) 36°47 127°07' 1973-1996 249 4.26 314
Boryeong (36) 36°19' 126°34' 1973-1990 15.3 5.04 216.0
Buyeo (37) 36°16' 126°55' 1973-1990 11.3 3.09 314
Geumsan (38) 36°06' 127°29' 1973-1990 171.3 2.37 314
Buan (39) 35944 126°43' 1975-1990 10.7 437 284.2
Imsail (40) 35°37¢ 127°17¢ 1973-1990 246.9 0.54 314
Jeongeup (41) 35934 126°52' 1973-1990 44.1 3.37 314
Namwon (42) 35924 127°20' 1973-1990 89.7 0.91 314
Jangheung (43) 34°41 126°55' 1973-1990 452 1.68 314
Haenam (44) 34°33 126°34' 1973-1990 13.7 228 314
Goheung (45) 34°37 127°17' 1973-1990 53.3 2.76 240.1
Seongsanpo (46) 33023 126°53' 1977-1990 18.6 1.62 169.1
Yeongju (47) 36°52' 128°31" 1973-1990 210.2 0.29 314
Mungyeong (48) 36°37 128°09' 1973-1990 170.4 0.71 314
Yeongdeok (49) 36°32' 129°25' 1973-1990 41.2 0.33 196.6
Uiseong (50) 36°21" 128°41 1973-1996 81.1 0.26 314
Gumi (51) 36°08' 128°19' 1973-1990 479 1.40 314
Yeongcheon (52) 35°58' 128°57' 1973-1990 94.1 0.39 314
Geochang (53) 35°40' 127°55' 1973-1990 220.9 0.22 314
Hapcheon (54) 35034 128°10' 1973-1990 32.7 0.12 314
Miryang (55) 35°29' 128°45' 1973-1996 12.6 0.95 314
Sancheong (56) 35925 127°53' 1973-1990 138.6 0.09 314
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Table 2. Classification of study stations

Elevation

Urbanization rate

Inland area

1,7,9,10,11, 14, 15, 16, 17, 18, 21, 22,
A |24,25,26,27,28,29,35,36,37,39,41,| A
43,44, 45, 46, 49, 51, 54, 55

1,2,34,6,8,9,10, 11, 13, 14, 18, 21,
22,24,26,27,28,29,30,31,32,33, 34,
35,36,37, 38, 39, 40, 41, 42, 43,44, 45,
46,47,48,49, 50, 51, 52, 53, 54, 55, 56

A |1,5,10,20,21,22,23,24,25,26,46,49

2,3,4,6,7,8,9,11,12,13, 16,17, 18,

19,27,28,29, 30,31, 32, 33, 34, 35, 37,

38,39, 40, 41,42, 43,44, 47,48, 50, 51,
52,53, 54, 55, 56

C | 3,4,5,12,19,20,23,30,42,50,52 | C 5,20
D 6, 8,32, 34, 38,48, 56 C 14, 15, 36, 45
D 7,12,15,16,17, 19, 23, 25
E 13,31, 33, 40, 47, 53
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Allen et al., 1998 A+~
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= evaporation (mm/day), &, = net radiation (mm/day) based on Allen et al. (1998), albedo=0.06, u,=wind speed at 2 m height (m/sec), e,=
saturated vapor pressure (kPa), e,=actual vapor pressure (kPa), A=slope of the saturated vapor pressure (kPa/°C) based on Allen et al. (1998),

~=psychrometric constant (kPa/°C) based on Allen et al. (1998),
based on Kohler, Nordenson, and Fox (1955)

E =drying power of the air (mm/day), R, A=effective net radiation (mm/day)
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Table 4. Coefficient estimates of suggested equations (1) and (2)

- F= aAiﬂ Q, (Eq. 1) a%ﬂ Q,+b (Eq.2)
o a b
1 1.320 37.668 4.170
2 1.205 24.038 16.041
3 1.177 15.403 49.249
4 1.129 18.433 52.885
5 1.079 39.154 -24.138
6 0.978 35.042 -26.219
7 0.862 62.452 -170.060
8 0.930 83.159 -255.120
9 0.947 16.209 47.091
10 1.101 43.992 -26.464
11 1.154 45.660 -19.266
12 1.286 46.773 -8.051
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Fig. 5. Sensitivity of estimated pan evaporation according to temperature change using MT1 and MT2 equations



C.-S. Rim / Journal of Korea Water Resources Association 50(1) 37-53 45

Table 5. Statistics of measured and estimated monthly pan evaporation for the study period

Temperaure-based equation

j:tlii pan MTI | MT2 | MT3 | MT4 | MTS M Mz V3 Mé v
Mn| 923 92.6 93.3 80.4 84.9 96.0 | 1000 | 96.4 93.3 98.4 82.1

S?X)UI SD| 406 39.0 39.2 453 353 46.6 48.6 55.8 418 54.8 39.1
Sk | 0.176 | -0.141 | -0.133 | 0004 | 0.190 | -0.076 | -0.018 | 0017 | 0.163 | -0.009 | 0358

Mn| 969 89.6 89.4 73.8 70.4 864 | 1044 | 1010 | 949 | 1033 73.1
Inc(l;‘;o“ SD| 39.0 36.3 35.3 40.1 25.7 414 47.5 58.8 37.0 57.9 28.0
Sk | 0.181 | -0.156 | -0.190 | 0.005 | 0.167 | 0000 | -0.042 | 0031 | 0.073 | -0.001 | 0213

Mn| 919 93.6 94.4 84.4 70.1 84.3 95.3 99.9 834 | 1022 62.1

S%"“ SD| 414 38.7 39.2 46.0 304 | 46.1 49.8 58.5 40.9 57.5 31.9
Sk | 0.105 | -0.150 | -0.129 | -0.038 | 0307 | 0054 | -0.006 | 0.041 | 0126 | 0011 | 0571

Mn| 887 93.5 94.1 83.4 58.4 77.0 96.6 | 1005 | 832 102.9 56.6

Se(‘;s)a“ SD| 402 37.1 37.3 442 233 424 48.8 57.7 39.5 56.8 26.3
Sk | 0.144 | -0.142 | -0.125 | -0.034 | 0233 | 0047 | -0.007 | 0049 | 0106 | 0017 | 0325

Mn| 90.0 96.4 97.6 88.8 78.9 90.6 988 | 1015 | 89.5 103.5 72.1
Chfl"ln)gi“ SD| 439 39.4 40.7 482 37.8 493 52.0 58.9 45.9 57.7 39.6
Sk | 0.081 | -0.155 | -0.091 | -0.037 | 0274 | -0.028 | 0.003 | 0058 | 0.120 | 0028 | 0327

Mn| 87.6 96.9 97.8 88.3 76.3 90.1 99.8 | 103.1 | 892 105.1 69.6
D"E?Ze)o“ SD| 428 38.2 39.3 46.6 32.8 455 51.6 59.0 44.8 57.8 36.2

Sk | 0.156 -0.152 -0.083 -0.028 0.264 -0.013 0.003 0.059 0.141 0.027 0.392

Mn | 113.0 96.4 96.5 82.7 89.8 101.1 110.2 102.8 105.4 104.7 91.5

P((’}I‘Z;’g SD| 418 34.1 344 40.1 23.0 33.1 443 55.9 34.8 54.9 29.0
Sk | 0689 | -0.135 | -0.053 | 0071 | 0423 | 0.175 | 0.098 | 0.086 | 0408 | 0054 | 0.626
Mn| 88.1 987 | 100.1 | 907 777 91.5 975 | 1028 | 857 | 1048 68.2
JZ’;‘J)” SD| 433 37.9 39.6 47.6 33.6 475 492 56.8 429 55.5 36.7
Sk | 0145 | -0.155 | -0.063 | -0.031 | 0.178 | 0.060 | -0.023 | 0.018 | 0.111 | -0.013 | 0.421
Mn| 998 | 964 | 95.1 779 | 910 | 1044 | 1204 | 107.6 | 1174 | 109.5 | 102.9
B(;%a;“ SD| 278 30.1 29.1 32,9 20.8 28.0 412 55.8 30.2 54.8 26.6
Sk | 0478 | -0220 | -0.158 | -0.107 | 0398 | 0223 | 0082 | 0.095 | 0467 | 0063 | 0.703
Mn| 974 | 969 | 969 81.5 68.5 878 | 1119 | 1074 | 1024 | 109.4 79.6
1\/21;1;)0 SD| 403 32.6 324 38.2 25.0 39.4 46.0 57.1 38.3 55.9 332
Sk | 0406 | -0.194 | -0.132 | -0.070 | 0428 | 0.093 | 0005 | 0067 | 0229 | 0029 | 0.705
Mn| 1068 | 97.5 97.0 76.8 81.7 9.4 | 1161 | 1094 | 1073 | 1111 91.3
2?5‘; sD| 423 292 | 287 | 352 | 248 35.5 45.1 588 | 37.1 57.6 311
Sk | 0491 | -0.184 | -0.139 | 0053 | 059 | 0315 | 0218 | 0207 | 0539 | 0.167 | 0858
Mn| 929 | 1005 | 101.1 | 939 | 753 90.0 | 998 | 1044 | 888 | 1065 66.5
J(‘ZH%‘ SD| 339 | 354 366 | 437 | 239 | 384 | 453 548 | 356 53.6 26.1

Sk | 0.133 -0.175 -0.059 -0.062 0.322 0.144 0.017 0.045 0.246 0.009 0.540

pan: pan evaporation; MT1: suggested Eq. 1, MT2: suggested Eq. 2, MT3: Hargreaves, MT4: Romanenko, MT5: Linacre, M1: Penman, M2:
Priestley-Taylor, M3: KNF, M4: Debruin-Keijman, M5: Rohwer, Mn: mean (mm/month), SD: standard deviation (mm/month), Sk: skewness
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Table 6. Evaluation of monthly pan evaporation estimates based on NSE
Temperature-based equation
Study station M1 M2 M3 M4 M5
MT1 MT2 MT3 MT4 MT5

Sokcho (1) 0.356 0.386 -0.523 -0.218 0.278 0.619 -0.316 0.848 -0.244 -0.065
Daegwallyeong (2) 0.610 0.675 0.262 -0.861 0.199 0.655 0.169 0.802 0.180 -0.602
Chuncheon (3) 0.869 0.864 0.861 0.629 0.722 0.884 0.682 0.937 0.684 0.417
Seoul (4) 0.861 0.870 0.728 0.753 0.664 0.814 0.658 0.924 0.678 0.765
Incheon (5) 0.756 0.773 0.398 0.043 0.487 0.756 0.461 0.885 0.485 0.268
Wonju (6) 0.888 0.888 0.858 0.512 0.698 0.764 0.414 0.868 0.416 0.160
Suwon (7) 0.892 0.899 0.847 0.422 0.646 0.869 0.668 0.889 0.674 0.204
Chungju (8) 0.808 0.788 0.807 0.647 0.691 0.691 0.235 0.892 0.222 0.328
Seosan (9) 0.859 0.869 0.833 0.091 0.584 0.818 0.568 0.912 0.562 0.089
Uljin (10) 0.632 0.635 0.109 -0.456 0.335 0.705 0.026 0.928 0.057 -0.056
Cheongju (11) 0.893 0.889 0.902 0.738 0.768 0.867 0.711 0.959 0.713 0.701
Daejeon (12) 0.841 0.842 0.885 0.653 0.725 0.789 0.597 0.917 0.595 0.602
Chupungnyeong (13) 0.714 0.736 0.492 0.034 0.506 0.879 0.633 0.853 0.684 0.138
Pohang (14) 0.504 0.534 0.145 0.075 0.447 0.727 0.388 0.758 0.441 0.305
Gunsan (15) 0.852 0.862 0.633 -0.195 0.581 0.784 0.610 0.923 0.614 0.351
Daegu (16) 0.761 0.801 0.680 0.566 0.698 0.907 0.770 0.955 0.802 0.790
Jeonju (17) 0.834 0.828 0.893 0.705 0.748 0.859 0.694 0.919 0.684 0.546
Ulsan (18) 0.702 0.750 0.490 -0.315 0.504 0.835 0.498 0.821 0.537 -0.258
Gwangju (19) 0.835 0.858 0.819 0.305 0.713 0.885 0.746 0.897 0.753 0.321
Busan (20) 0.546 0.578 -0.094 -0.120 0.470 -0.105 -0.713 0.416 -0.668 0.329
Tongyeong (21) 0.720 | 0.755 0.475 -0.080 | 0.520 0.417 -0.254 | 0.862 | -0.249 | 0.002
Mokpo (22) 0.751 0.767 0.605 -0.086 0.612 0.663 0.480 0.800 0.485 0.300
Yeosu (23) 0.355 0.334 -0.667 -0.454 0.436 0.771 0.163 0.870 0.230 0.037
Wando (24) 0.589 0.562 -0.012 -0.924 0.316 0.801 0.426 0.660 0.445 -1.010
Jeju (25) 0.685 0.694 0.312 0.011 0.654 0.843 0.652 0.895 0.665 0.364
Seogwipo (26) 0.584 0.605 -0.023 -0.091 0.569 0.599 0.116 0.876 0.152 0.271
Jinju (27) 0.776 0.774 0.727 0.408 0.630 0.714 0.285 0.912 0.301 0.170
Ganghwa (28) 0.820 0.816 0.781 0.370 0.628 0.578 -0.056 0.923 -0.086 0.040
Yangpyeong (29) 0.780 0.742 0.727 0.698 0.648 0.689 0.272 0.908 0.260 0.469
Icheon (30) 0.864 0.863 0.859 0.441 0.682 0.776 0.401 0.896 0.392 0.062
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Table 6. Evaluation of monthly pan evaporation estimates based on NSE (Continue)

Temperature-based equation
Study station Ml M2 M3 M4 M5
MT1 MT2 MT3 MT4 MTS5

Inje (31) 0.875 0.872 0.817 0.405 0.632 0.834 0.619 0.910 0.630 0.306
Hongcheon (32) 0.865 0.840 0.832 0.513 0.733 0.839 0.526 0.909 0.519 0.107
Jecheon (33) 0.815 0.798 0.812 0.683 0.718 0.816 0.533 0.948 0.527 0.461
Boeun (34) 0.884 0.890 0.902 0.270 0.676 0.888 0.659 0.903 0.655 -0.057
Cheonan (35) 0.861 0.848 0.879 0.430 0.738 0.679 0.206 0.932 0.180 0.235
Boryeong (36) 0.896 0.906 0.822 -0.238 0.478 0.680 0.176 0.867 0.165 -0.414
Buyeo (37) 0.880 0.864 0.866 0.088 0.634 0.485 -0.354 0.884 -0.384 -0.287
Geumsan (38) 0.784 0.757 0.744 0.255 0.575 0.591 0.037 0.839 0.023 -0.122
Buan (39) 0.881 0.902 0.791 -0.586 0.361 0.812 0.429 0.810 0.433 -0.877
Imsil (40) 0.740 0.701 0.742 0.385 0.729 0.499 -0.294 0.908 -0.347 -0.086
Jeongeup (41) 0.696 0.669 0.750 0.647 0.774 0.484 -0.194 0.863 -0.234 0.343
Namwon (42) 0.798 0.768 0.749 0.326 0.680 0.762 0.283 0.898 0.277 -0.104
Jangheung (43) 0.782 0.779 0.695 -0.090 0.465 0.732 0.273 0.820 0.292 -0.467
Haenam (44) 0.804 0.811 0.839 0.141 0.681 0.479 -0.216 0.870 -0.244 -0.076
Goheung (45) 0.851 0.876 0.788 -0.251 0.577 0.650 -0.023 0.858 -0.020 -0.781
Seongsanpo (46) 0.718 0.759 0.488 -0.969 0.523 0.407 -0.479 0.864 -0.479 -0.768
Yeongju (47) 0.754 0.757 0.603 0.122 0.444 0.700 0.217 0.854 0.248 -0.229
Mungyeong (48) 0.823 0.829 0.762 0.661 0.759 0.823 0.555 0.902 0.574 0.375
Yeongdeok (49) 0.669 0.696 0.378 -0.042 0.424 0.675 0.087 0.887 0.126 -0.272
Uiseong (50) 0.830 0.841 0.776 0.336 0.523 0.815 0.606 0.805 0.628 -0.090
Gumi (51) 0.737 0.722 0.513 0.207 0.298 0.642 0.136 0.808 0.195 -0.040
Yeongcheon (52) 0.748 0.713 0.620 0.727 0.546 0.595 0.068 0.877 0.084 0.520
Geochang (53) 0.825 0.822 0.674 -0.018 0.411 0.738 0.360 0.774 0.385 -0.540
Hapcheon (54) 0.838 0.853 0.783 0.218 0.588 0.843 0.591 0.833 0.609 -0.230
Miryang (55) 0.804 0.806 0.731 0.378 0.632 0.715 0.300 0.887 0.316 0.094
Sancheong (56) 0.751 0.713 0.593 0.572 0.608 0.607 -0.030 0.878 -0.010 0.101

Dark NSE numbers indicate the evaporation equations in the order of providing appropriate results up to second equation. MT1: suggested Eq.
1, MT2: suggested Eq. 2, MT3: Hargreaves, MT4: Romanenko, MT5: Linacre, M1: Penman, M2: Priestley-Taylor, M3: KNF, M4:
Debruin-Keijman, M5: Rohwer
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Fig. 7. Spatial distribution of estimated pan evaporation using MT1 and MT2 equations
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Table 7. Comparisons of evaporation equations based on geographical characteristics (Number: average NSE coefficient)

Temperature-based equation
Cluster M1 M2 M3 M4 M5
MTI1 MT2 MT3 MT4 MTS5
A 0.775 0.783 0.606 0.061 0.575 0.697 0.236 0.880 0.243 -0.005
B 0.67 0.719 0.367 -0.86 0.239 0.667 0.205 0.794 0.205 -0.697
Elevation C 0.799 0.799 0.595 0.328 0.641 0.713 0.373 0.867 0.388 0.280
D 0.824 0.808 0.781 0.493 0.677 0.732 0.312 0.885 0.311 0.123
E 0.794 0.786 0.692 0.267 0.575 0.743 0.337 0.874 0.348 -0.001
A 0.782 0.783 0.646 0.157 0.576 0.698 0.231 0.873 0.238 -0.030
B 0.865 0.871 0.763 0.749 0.69 0.772 0.591 0.935 0.601 0.781
Urbanization rate
C 0.715 0.734 0.198 -0.031 0.611 0.408 -0.034 0.736 -0.001 0.385
D 0.815 0.824 0.632 0.239 0.683 0.839 0.611 0.918 0.621 0.357
A 0.664 0.679 0.181 -0.287 0.506 0.602 0.059 0.843 0.087 -0.029
Inland area B 0.817 0.814 0.758 0.334 0.623 0.739 0.345 0.884 0.348 0.089
C 0.844 0.865 0.702 -0.061 0.583 0.729 0.322 0.894 0.330 -0.040

MT]1: suggested Eq. 1, MT2: suggested Eq. 2, MT3: Hargreaves, MT4: Romanenko, MT5: Linacre, M1: Penman, M2: Priestley-Taylor, M3:
KNF, M4: Debruin-Keijman, M5: Rohwer
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Fig. 8. The change of estimated pan evaporation according to elevation change at Suwon station using MT1 and MT2 equations
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