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Abstract

The six current models for estimating pan coefficient were applied to test the applicability of models in Seoul, South Korea. The models
are Cuenca’s model, Snyder’s model, Pereira et al.’s model, Allen ef al.’s model, Orang’s model, and Raghuwanshi and Wallender’s
model. The estimated pan coefficients were compared with measured one. The measured pan coefficient was obtained by using
measured pan evaporation and FAO Penman-Monteith reference evapotranspiration. Estimated evaporation by using estimated pan
coefficients was compared with measured one. Furthermore, model for estimating pan coefficient in Seoul was developed. When
applying 6 current models for 10 m, 15 m and 20 m fetch distances, pan coefficient estimates from Snyder’s model were most similar
to measured pan coefficients for all fetch distances. On the other hand, pan coefficient estimates from Pereira ef al.’s model were most
different from measured one. Therefore, model for estimating pan coefficient in Seoul was developed by modifying Snyder’s model.
When applying developed model, estimated monthly average evaporation was 92.1 mm for 10 m, 15 m and 20 m fetch distances and
measured one was 91.9 mm, indicating that evaporation estimate from developed model is closest to measured one, compared with those
of current models.
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I olN
I
o
:
S

B o] S AP T o ATH(Irmak er al., 2002). YA o2
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AF4(=4.903 % 10~ MI/m*/day), T, =H171(K), T,,,=
A 71(K), u,=A 2 m w00 A 9] FL(m/sec), e =3}
3714 (kPa), ¢, ="AZ 714 (kPa), (e, —e,) =230 STF
(kPa), A=tl]7] 2 o] A 9] 3}5-719F HAZAKKPa/C), v
=5 EAAI(kPa/C)olth



560 C.-S. Rim / Journal of Korea Water Resources Association 53(7) 557-567

Table 1. Models for estimating pan coefficients

Models Suggested by
K, =0.475—(0.245X10" *u,) 4+ (0.516 X 10~ 2 RH) + (0.118 X 10™ 2FET) — (0.16 X 10~ * RH?)
1| 5 PR, S Cuenca (1989)
—(0.101 X107 * FET®) — (0.8 X10™ ® RH?u,) — (0.1 X 10~ " RH*FET)
2 | K, =0.482+1[0.24In (FET)] — (3.76 10" *u,) +(0.0045 RH) Snyder (1992)

A+

K =0.85%
3B S O A 0 33wind, )

Pereira et al. (1995)

4 | K, =0.108—0.0286wind, +0.04221n (FET) +0.14341n (RH) — 0.000631 [In (FET)]*In (RH)

Allen et al. (1998)

5 | K, =0.51206—(0.321 10" *u, ) +(0.2889 10" > RH) +0.03188In (FET) — [0.107 10" * RH In (FET)]

Orang (1998)

where, X, =In(FET)

X, X;, X, =0 if  u, <175 (km/day)

X, =1 if 175 < u, < 425 (km/day)
6 X, =1 if 425 < wu, < 700 (km/day

X, =1 if > 700 (km/day)

X X5 =0 if RH < 40 (%)

X, =1 if 40 < RH<170(%)

X, =1 if RH=170(%)

K, = 0.5944+0.024.X, —0.0583.X, —0.1333.X; — 0.2083.X, +0.0812.X; +0.1344.X;

Raghuwanshi and Wallender
(1998)

K, =0.359+10.0248In (FET)] + (0.0079u, ) + (0.00371 RH)
7 | &, =0.447+1[0.017In (FET)] +(0.00069u, ) + (0.002769 RH)
K, =0.4281+[0.00211n (FET)] + (0.00075u, ) + (0.00353 RH)

for FET=10m
for FET=15m
for FET=20m

Present study

K, =pan coefficient, FET=upwind buffer zone (fetch), ZH=relative humidity(%), u,=wind speed at 2 m height (km/day), wind,=wind speed at

2 m height (m/sec)

Table 122 AT 248 FLHAAS AHRGE
ofeh. FRHAASAE Sl 88 RHEL Pein
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(Mean Absolute Bais Error, MABE), Bw3-59] 2 X Mean
Percentage Error, MPE), Nash-Sutcliffe Efficiency (NSE) %]
/\ E 7(4_9_ } ]’;]—
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7Rl FA3HA A7 5 RMSERES F25H 371l
BA 7] 9lek RMSE#He] 00 7P7he52 AP A 0] @ ape
Ao 0w PHFH

RMSE= E i,est Lobe)2 (3)

WA HF L AHMABE)= 277l A3 AP H ghol
A2 & HFoll 7-85H -8k MABEZLo] 0ol 7H7Ha
2 A e B gt RIS oJuldthEq. 4).

MABE: %Zl | }[i,esf, - }[i,obs | (4)

T E 9] 2 F(MPE)O A %] MPEE FhetsiA| A7
H 2g oJn|sha, 20 MPEE T8 AP AL ojn|gt
ot whebA MPEZEC] 0]l 717R&-5 A A1 0] @b A2
70 2 WAHETHEq. 5).
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n [ H . —H,
MPE(%) _ %E( i,0bs i,est )X 100 (5)

Nash-Sutcliffe Efficiency (NSE) Z]<~(Nash and Sutcliffe,
1970)9] 7% 2= 3k 12 5 A gho] dshA] Aot
2 ofujs}e), -co k2] 1742]0] #1912 ZH=CHEq. 6). THH XI5
202 AP gho] T Apm 0] gkt 2e-S ofmltet.

n

Z (]121,01)3 - f‘,ﬂest)g
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A7 B, =P8R A 4O SRR T2 ST
= Yet L, A, = BEE 1A o] SEHA AT F2
FUFE U, = 7R E BE AR 0 Bdgk
°laL, n A= 0| F ot

2

A= AR A S Blsh= A0 =2 00 7}

ThaE A Eo]l ¥ 19 ke aE Eral djAld
ATHEG. 7).
(4~ 1)
o Sl o

3.1 90| H2lof| E SUEA

FTUHAAG AP R ol A8 == G ot 342 1]
1A A F9E 5 o, T Al ARy o2
ESY 5akof wepA SA= HgtK(Pereira er al.,
1995). Theba] AA|1 A 0 2 A8z 0] A A} SEH A A
F=0to] A& F A= 2 ARERTh 2 Aol A
7174854 A -l oAl F<th Al E ol- 8ot SURHA
A5 Aoz 5709 RS B85ttt St A= E 10
m, 15m, 20 m, 30 m, 50 m, 75 m 18] 11 100 m= A A5},
ZAd A]ol w2 FUHA| Al Hetet Sl HskE vl
iy

B2 A2 B A oA s SERHAIA S A RS

oflt

Pan coefficient

10 15 20 30 50 75 100
Fetch distance

—e—F1 e E2 -mem E4 —e-E5 -+-E6 —e—Measured
(a) pan coefficient

[Ye]
o
|
[
i
[

o]
o

Evaporation (mm/month)
=
o

10 15 20 30 50 75 100
Fetch distance (m)

~-e--El === E2 -+-E4 ~e-E5 -+ E6 =—e—=Measured
(b) evaporation

Fig. 1. Variation of pan coefficient and evaporation according to
fetch distance (E1=model 1, E2=model 2, E4=model 4, E5=
model 5, E6=model 6, Measured=measured pan coefficient)

F A7t F7retel b SLHA A= S st
S frashs A o2 YeldthFig. 1). 97713
HEH S AR Bt g2 0.784c HE5H 93
TUF291.9 mm A SEHA AT FLF2 T
721E 10m, 15 m, 20 m, 30 mZ Z-85k= 739 Snyder (1992)
of] oJsiA] A H B 27} o2 Bl HlshA TSkt
71 AR ATHE B Aok ol 3ot AE]E 50 m, 75
m, 100 m=Z Z-&5H= 742 Allen er al. (1998)°]] 2Ja A4 AA]
H 2y 471 TS 7HY fARE 232 Bk

32 SUHAMA s LERYH HIt

7120 SLRAATE A5 Slal Al 6712] =E
(B8 1~ 6)2 A-goto] SHPAAGE AL AHH T
YA AGE o]-gote] S-S 417951 TH Tables 2 and
SHE] Bt g2 242 0.784,
91.9 mm/month©|th. SLHAAGE BO] EA5E Aitlof| 2]
51t ZAT) A2]E 10m, 15m 12120 m= AAok= 4%
71 &0| AAEol QlohA] A E B FollA= B 27t
=7k 71 AR 23S Boh AP E Wit
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Table 2. Comparisons of measured and estimated pan coefficient at Seoul station

Models for estimating pan coefficient (/)
Fetch
distance 1 2 3 4 5 6 7 2,
E
Avg. 0.705 0.764 0.674 0.732 0.702 0.725 0.784 0.784
RMSE 0.132 0.109 0.154 0.118 0.134 0.122 0.101
10 m MABE 0.104 0.083 0.125 0.091 0.105 0.095 0.076
MPE 8.639 0.961 12.714 5.025 8.943 6.042 -1.645
NSE -0.562 -0.069 -1.137 -0.239 -0.598 -0.342 0.088
Avg. 0.710 0.774 0.674 0.744 0.712 0.734 0.785 0.784
RMSE 0.129 0.108 0.154 0.113 0.128 0.118 0.101
I5m MABE 0.101 0.082 0.125 0.086 0.100 0.091 0.076
MPE 7.922 -0.304 12.714 3.498 7.634 4.788 -1.687
NSE -0.485 -0.042 -1.137 -0.142 -0.458 -0.250 0.083
Avg. 0.716 0.781 0.674 0.752 0.719 0.741 0.785 0.784
RMSE 0.126 0.107 0.154 0.110 0.124 0.115 0.101
20 m MABE 0.098 0.082 0.125 0.084 0.096 0.089 0.076
MPE 7.202 -1.200 12.714 2.476 6.693 3.937 -1.672
NSE -0.415 -0.033 -1.137 -0.091 -0.368 -0.193 0.087

Avg.: estimated average pan coefficient, RMSE: root mean square error, MABE: mean absolute bias error, MPE: mean percentage error, NSE:

Nash-Sutcliffe efficiency coefficient,

E

T
—"=measured pan coefficient

Table 3. Comparisons of measured and estimated evaporation at Seoul station

Fetch Models for estimating pan coefficient (X))
distance 1 2 3 4 5 6 7 Pan
Avg. 102.500 94.500 105.200 98.700 102.900 99.800 92.100 91.900
RMSE 17.824 13.263 19.390 14.966 18.129 16.017 11.386
10 m MABE 13.277 9.529 15.447 10.941 13.534 11.721 8.196
MPE -11.434 -2.872 -16.862 -7.190 -11.807 -8.469 0.000
NSE 0.802 0.890 0.766 0.861 0.795 0.840 0.919
Avg. 101.700 93.338 105.200 97.100 101.400 98.400 92.100 91.900
RMSE 17.180 12.865 19.390 14.004 16.951 15.119 11.387
I5m MABE 12.755 9.203 15.447 10.150 12.568 11.008 8.191
MPE -10.558 -1.572 -16.862 -5.488 -10.209 -7.025 0.034
NSE 0.816 0.897 0.766 0.878 0.821 0.858 0.919
Avg. 100.900 92.500 105.200 96.100 100.400 97.500 92.100 91.900
RMSE 16.573 12.662 19.390 13.461 16.180 14.550 11.382
20m MABE 12.260 9.065 15.447 9.703 11.943 10.559 8.190
MPE -9.704 -0.669 -16.862 -4.386 -9.103 -6.023 0.026
NSE 0.829 0.900 0.766 0.887 0.837 0.868 0.919

Avg.: estimated average pan coefficient, MABE: mean absolute bias error(mm/month), NSE: Nash-Sutcliffe efficiency coefficient, Pan:
measured pan evaporation(mm/month)

4= (.764°] 1, NSE Z|4=7} ZFzF -0.069, -0.042, -0.033,
0.109, 0.108, 0.107, MABEx= Z+Z} 0.083,
0.082, 0.082, MPE= 2121 0.961(%), -0.304(%), -1.200(%)

RMSE:= Ztz}

E 23
Hhde] &

A A=lE o

EREERTEEAR

1—

=13 39

.o

MABE, MPEZ}©] 0] 7P7H2-4-2 2 4] 0] ©

O—I—O

W S

= 0.674°]31, NSE A7} -1.137,
RMSE+=0.154, MABE= 0.125, MPEX 12.714(%) 24 T
Zz40 714 P&k 2 21o] 2 B 9t NSE Z]423ko] 19]
TS 5 A gho] YAt oJn|shH, RMSE,

A=A
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© 2 gt ey 3.2 JHrtm 24 S At dis
F&-5H] et Qi
T A E A== AMSSte 2=
A E 10 mE Aol A 23 57t B 5
0.702, NSE A4~ -0.598-2 H o] A 713 B=7
HAck TG A E 15 m=z H-85t= 49 2
FUHA Al 0.710, NSE A]4--0.4855 H oA 713 #54L
3} 2 2polE KAt TG A2 E 20 m= H-§5h=
g 10] Pt JLHA Al4=0.716,NSE Z|=-0.4155 Ho
A 7V BEE 2 2folE Both

S WO FAG Aol oot Fth AZlE 10 m,
15 m 112]11 20 m& A ot= 75 7|Eof A+2HE<] &l5f
A AA 1 B Foll A B 29] A gke] WS 7Y
AR 2THE B AT} AP ot SRS 94.5 mm/month
o], NSE 2|57} 212} 0.890, 0.897, 0.900, RMSE+= 22}
13.263, 12.865, 12.662, MABE=212}+9.529, 9.203, 9.065,
MPE:= 212} -2.872(%), -1.572(%), -0.669(%) S X g}, HF
Hol| ZAT) A2 AR 2 AFESIR] = 2y 30 AL
B ZHP A A4 105.2 mm/month©] 1, NSE 2|47}
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2 ATolA -85 6712 TEHAAL e FollA 7P
¥t AVE Hol= 29 2(Snyder, 1992)E 0]-85}o] A&
2ol tishA At SEHAIA G A 2 P-S AlQteral
T}, Snyder 2 (X3 2)= 1A o 2] A2 =] oJaiA A&
Jo] 55 v} 2Ith(Marco and Fonseca, 2002; Sabziparvar
et al., 2010; Tabari et al., 2013; Stan and Neculau, 2015;
SreeMaheswari and Jyothy, 2017). 2% 2= 34t} A=, &
&, 2120 5T AR E o]8ot] FEHAATE 4P
gt SLHAAS(K)E 25171 916l =2 Aol A At
H 552 Egs. (8~ 10)2} £ Feh A2 of| whaba] 217]

£ FHE Eth 8RR FAH A(FEDNE 10
m, 15 m Z12]1 20 m=2 A8t FE5(u, )= km/day, At
S(RHYE %2 B85tk e A5 oot A-&A] <
oM SLHA AT FH Avlet 35 1o L A tis ol
webA] F7toks A= ek

K, =0.359+1[0.0248In (FET)] (8)
+(0.0079u,) + (0.00371 RH)
for FET=10m

K, =0.447+[0.017In (FET)] ©
+(0.00069u,) + (0.002769 RH)
for FET=15m
K, =0.4281+[0.00211n (FET)] (10)

+(0.00075u,) +(0.00353 RH)
for FET=20m

A AT 2 Aol A AlARE 2R (Egs. 8 ~ 10)°] B
A2 10 m, 15 m 12]3120 m R0l th2 RS} B wa}
o] P=ZH} 71AF ZARSH 7S H T Tables 2 and 3). )
AE 10 mE FYPAATE BYst= 7% RMSEE
0.101, MABE+= 0.076, MPEE -1.645mm/month, NSEX|4=
+£0.0880]| 11 Fot FLHPAIAG= 0.7840] ). AT A=
£ 15 mZ &-85}= 42 RMSE= 0.101, RMSE= 0.076,
MPEX: -1.687%, NSE A5~ 0.083°] 1 By S A Al
=0.785°]ct FG] A2 E 20 m2 A-835= 79 RMSEE
0.101, RMSE=0.076, MPE=-1.672%, NSE |5 0.087
o| 1 Pt ZHFHA| A= 0.7850] o, S ZHHA AL
£0.784 24 = Ft] A2|ollA ALl AR S BTk

T =] ATLA] 9] 732 Doorenbos and Pruitt (1977)=
7178 840t SEHAIZE Q1R17E 23 o] 1 2 of] whetA
ZHP A AS=0] 1S 0.40 ~ 0.852F1 W ESH B QITh 5
SHHA A A= dHEE et F5ol o 03~ 1.1
AL E Hol= 710 2 Vel Allen ef al., 1998; Gundekar et
al., 2008; Rahimikhoob, 2009). Smajstria et al. (2000)+= %
ghul=r E2 e rhollA SFEHA A= ti=h0.8 Aol A

Z 9 & A2 Gof| A= th=F 0.7 A =afal skt
2 AN AXE FEHA AT AP RS A-82t Axt
Z A=E 10 mZ AHc= A AP E Hd SUHA
A== 0.7840]11 G FHAAIGO] /191 0.691 ~ 0.894
oltt. TN AT E 15 m=z AAsH= H¢- A E ot S
HAAAG==0.7850] 2L L8 ST H A A2 H91+=0.706 ~
0.8730]ch. ZG] 71215 20 m= AA5H= 49 Wt FRE

Al Alg== 0.7850] 21, A8 LA AIG2] H 9= 0.696 ~
0.888= Hict #EH SUHAAG2] H-2 0.7840] 1,
A SHEEA A=) H = 0.498 ~ 1.321-2 H ot whahA]
=9 A AL} vl ste] FARE Xt B o)

2 AN TEH STLHA AT A SEHA A
£0] 2ol & Hol= o= U5H FLHAAR K7t 57
H SEHAl SHEHE)T FAO Penman-Monteith(FAO

ET
)2 Aol

P-M) 7|1ESIAIH ET,) S H(K, =
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= JS e w ZF A7AHES UM A= AR A BEF] Aol A A L] AR ghS E ST NSE 2|4
o] THHA| SHFRTE o2 FAO P-M 7| &5 A1 = 2E TG A=A 5LoHA 09190111, RMSE+= 22t
Alo]] AL U]z 7|AFQAE QoA AH A FTFS 11.386, 11.387, 11.382, MABE:= 717} 8.196, 8.191, 8.190,
HE=t}71 3 4= Qe FAO P-MA] 9] -9 of| | 2] 4=2] o %ok MPE= ZF2} 0.000(%), 0.034(%), 0.026(%)S E At}

= U2 = 7138 A S EARE, B EARF T8 1 7] Table 10f|A4] B ojF+=H}e} Zo] 1A A5 &JsfiA
Hatopuet 37158 71 e Al 5 57190 9 Ao 67112] =& (Models 1 ~ 6)3 & Aol A Aot =
= Ao BH=THEq. 2). BHof| 2 A toll A STHA A (Model 7)= 285t S-S Ao, AP H St
AP Sl AIXE SEH A ARG 4P 23 (Egs. 8 ~ 10)2] ZXH SEFke] A2 A A th(Figs. 2 ~ 4). 5
735 o] gAloll Y vlA]= 714 840] 2 viA=] o A= E 10 m= A 5= 7492 Aol A Ao =g <
1F) A E AR I SR B 5= 714 AARAATE 093024 71 ¥ o e Bl 1 39
8235 AUSDT] JFS Tt B HSE T AAASE 090224 7H FSskA] ¢ Avkg Bk
HAAAGZH A E SEPAASTES o 2 |9)E Ho|1 ZAH ATE 15 mE AH5= 739 QA 2 Aol 4] At
et olefgt o= FUHA SLFFAOP-M 7| = 23 o] AYAE 09302 71 o g g B
SO Hlof] GFS H| A= U 7 A(DIHEAR, 9 39 AAAGE= 0900 2 A 714 S 5HR] e A2
BFEAE, 7127 SEHA ARG A A Y] 4 71 e s Bk =3 9] A2 S 20 m2 A= A9 GA 2
& ANED gt o g 2 G gt E Hol= Ao AtollA AlHe R o] A AIG=0.93 224 714 F et
2 ek e Btk 2 30 A AG=0.902 =4 71 F25kA]

9 AZlE 10m, 15m 1212 20 m= AAsk S 42 AvHE H ot

< ootz A4 H T STUHF2 BE TG A w2bA] A-&2] 9] A9 FLHAASE o]-85t FAO
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Fig. 2. A one-to-one relationship between measured and estimated evaporation (fetch distance=10 m), Model 1(Cuenca, 1989), Model
2(Snyder, 1992), Model 3(Pereira et a/, 1995), Model 4(Allen et a/, 1998), Model 5(Orang, 1998), Model 6(Raghuwanshi and
Wallender, 1998), Model 7(Present study)
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Fig. 3. A one-to-one relationship between measured and estimated evaporation(fetch distance=15 m), Model 1(Cuenca, 1989), Model
2(Snyder, 1992), Model 3(Pereira et a/, 1995), Model 4(Allen et a/, 1998), Model 5(0Orang, 1998), Model 6(Raghuwanshi and
Wallender, 1998), Model 7 (Present study)
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Fig. 4. A one-to-one relationship between measured and estimated evaporation(fetch distance=20m), Model 1(Cuenca, 1989), Model
2(Snyder, 1992), Model 3(Pereira et a/., 1995), Model 4(Allen et a/, 1998), Model 5(0Orang, 1998), Model 6(Raghuwanshi and
Wallender, 1998), Model 7 (Present study)
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