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Abstract

To evaluate the utilization suitability of solar radiation models, estimated solar radiation from 13 solar radiation models were verified
by comparing with measured solar radiation at 5 study stations in South Korea. Furthermore, for the evaluation of evaporation estimates
according to solar radiation models, 5 different evaporation estimation equations based on Penman’s combination approach were applied,
and evaporation estimates were compared with pan evaporation. Some solar radiation models require only meteorological data; however,
some other models require not only meteorological data but also geographical data such as elevation. The study results showed that solar
radiation model based on the ratio of the duration of sunshine to the possible duration of sunshine, maximum temperature, and minimum
temperature provided the estimated solar radiation that most closely match measured solar radiation. Accuracy of estimated solar
radiation also greatly improved when Angstrém-Prescott model coefficients are adjusted to the study stations. Therefore, when choosing
the solar radiation model for evaporation estimation, both data availability and model capability should be considered simultaneously.
When applying measured solar radiation for estimating evaporation, evaporation estimates from Penman, FAO Penman-Monteith, and
KNF equations are most close to pan evaporation rates in Jeonju and Jeju, Seoul and Mokpo, and Daejeon respectively.
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Table 1. Study stations and data period

Study stations | Latitude (N) | Longitude (E) | Elevation (m) Data period year (month) Missing data period year (month)

85.50 1974(1)-2010(8 -

Seotl 37934 126058 (1) (8) 1991(1)-1994(12)

85.80 2010(8)-2018(12) 2016(7)-2018(12)

Dagjeon 36°22' 127°22' 68.94 1984(1)-2018(12) 2016(7)-2018(12)

53.40 1982(1)-2015(6) 1991(1)-1996(1)

Jeonju 35°49' 127°09' 1998(1)-2000(9)

61.40 2015(7)-2018(12) 2016(7)-2018(12)

Mokpo 34°49' 126°23' 38.00 1973(1)-2018(12) 2016(7)-2018(12)

Jeju 33°31' 126°32' 20.45 1982(1)-2018(12) 2016(7)-2018(12)

* Missing data period is the period which pan evaporation is not available.
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Table 2. Models for estimating incoming solar radiation

Model T;
(giinbgge Models for estimating solar radiation Suggested by Remarks
M) ﬁzozwosi Allen et al
I e en et al.
A 2 ﬁ:018+0621 Rietveld
@ R, 025 ietve
Ry 7 Models based on the ratio of duration of sunshine(/)
3 - =atb Thi . . .
@) R, TG is study to the possible duration of sunshine(G)
B (4) ﬁ:0 195+0 6761—0 142(1)2 Ogel tal
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R I I\ I\
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E (8) 175: 0.041n(7;,, — Zrin )+ 0.48(5) +0.11 Chen et al. sunshine(/) to the possible duration of sunshine(G)
A and temperature difference(Tmax-Tmin)
R
?S: 0.324+ 0411%* 0.0402(1 — é)ln(l +P) Models based on the ratio of the duration of
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- 0.0709(1 - 5) and precipitation(P)
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G (10) 4 Boisvert et al. | sunshine(/) to the possible duration of sunshine(G),
p

7 7\
—0.0328(1 — 5)1n(1 +P)—0‘0798(1 - ﬁ)

precipitation(P), and minimum temperature(7min)

H(11) Ry =31.2510—0.3764( RH— R,

Models based on the relative humidity(RH) and

Elagib et al. . ..
g eta extraterrestrial radiation(R.)

1(12) Ry =27.0682—0.3866(RH— AT— R,)
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Elagib et al. | temperature difference(7max-Tmin), and
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—0.108 Flv—+0.325| —
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Coefficients in Model 3 are estimated in this study (a=0.2153, 5=0.3957 for Seoul, a=0.174, 5=0.572 for Daejeon, a=0.2059, »=0.4778 for Jeonju,
a=0.2104, b=0.491 for Mokpo, a=0.1656, 5=0.5808 for Jeju), Rs=Incoming solar radiation (MJ/m’/day), R =extraterrestrial radiation (MJ/m’/day)
as defined in Allen ef al. (1998), I=sunshine duration, G=duration of possible sunshine, T,,x=average monthly maximum temperature (C),
Tmin=average monthly minimum temperature (‘C), P=daily precipitation(mm), RH=average monthly relative humidity (%), AT=difference
between average monthly maximum and minimum temperature (C), Elv=elevation at study station (km)
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Table 3. Equations for estimating evaporation

Equations Description of equations
= M E=evaporation(mm/day), R,=net radiation(mm/day), Qn==net shortwave
Aty radiation(M]/mz/d@/), Qn=net longwave radiation(M]/mz/day), Rg¢=incoming
p | &= 0-408(Q,, ~ Q) solar radiation(MJ/mz/day), Rso=clear sky solar radiation(MJ/mz/day), o=
e Q,, =(1—a)Ry albedo of water surface as defined in Koberg (1964), c=Stefan-Boltzmann
n a=0. 127exp —0.0258 ) constant(=4.903x10 _QMJ/mz/day), Tmax=maximum temperature(K), Tmin=
m m& © mm « minimum temperature(K), #,=wind speed at 2 m height(m/sec), e,=saturation
a [0'34 — 014 \/;a ] vapor pressure(mb), e,;~actual vapor pressure(mb), (e — e,)=vapor pressure
n deficit(mb), A=slope of the saturation vapor versus temperature curve(mb/ C),
1. 35R—SO - 0. 35} ~=psychometric constant (0.00665Pmb/°C), P=atmospheric pressure(mb),
E, = fu)(e, — Eu) = (1.3+1.404u, ) (e, —¢,) E.=drying power(mm/day), f{u)=wind function
AR E=evaporation(mm/day), R,=net radiation(mm/day), E,~aerodynamic function
E= At~ l/ A *’Yp (mm/day), oA=slope of the saturation vapor pressure versus air temperature
K B =25.410.296(c. —e )" (0.37-+0.00255u ) curve (kPa/ C), 7, =ps'ychrometrlc constant(=0.001568P kPa/ C), P—atmosphe'rlc
N “ s~ P pressure(kPa), u,= wind speed at 15.2cm above the pan(km/day), e;~saturation
F | AR, =154dexp [(1.87—180)(0-1024— vapor pressure at the air temperature(kPa), e,=vapor pressure at the dew point
0.01066ln (0230, )) —0.01544] temperature(kPa), (e; — e;)=vapor pressure deficit(kPa), T=air temperature
(°C), Ry=solar radiation(Jcm®/day)
AR,
E=k Aty E=evaporation (mm/day), k=empirical coefficient (=1.26), R,=net radiation
R =0408(Q,.— Q,) (mmlday), Qmjnet shortwave radiation(MJ/mz/day), Q;/=net longwave
p | Q. =(1-a)R, radiation(MJ/m /day), Rs=2incoming solar radiation(MJ/m"/day), Rso=clear
| o= 0.127exp(— 0.0258R.) sky solar radiation(MJ/m"/day), a=albedo of water surface_a})s deﬁ?ed in
T 5 Koberg(1964), o=Stefan-Boltzmann constant(=4.903x10 "MJ/m"/day),
Q, = [ max, K Tin } [0_34 — 0.4 \/5} Tmax=maximum temperature(K), Tnix=minimum temperature(K), A=slope
of the saturation vapor versus temperature curve(kPa/"C), y=psychometric
% [1.35 B 0. 35} constant (0.000665PkPa/C), P=atmospheric pressure(kPa)
'S0
AR,
E= 0.85A+0.63y E=evaporation(mm/day), R,=net radiation(mm/day), Qn==net shortwave
R, =0.408(Q,. — Q) radiation(MJ/mz/a'@/),2 O.=net longwave radiation(M]/mz/day), joincoming
D | Q.=(-a)R, solar radiation(MJ/m"/day), Rso=clear sky solar radiation(MJ/m /day), o=
albedo of water surface as defined in Koberg(1964), oc=Stefan-Boltzmann
| | a=0.127exp(—0.0258 R, ) -9 2 .
K co.n?tant(==4.903 x10 "MJ/m"/day), T, max=max1r.num temperature(K), Tnin=
Q, = [ max, K Tain,x } [0'34 — 014 \/5] minimum timperature(K), A=.slope of the saturation Vapor versus temperatur.e
curve(kPa/ C), y=psychometric constant (0.000665PkPa/ C), P=atmospheric
% 11.35 B __— 35} pressure(kPa)
50
T,
E=x
P E=evaporation (mm/day), ET,=reference evapotranspiration(mm/day), K,=pan
0.408AQ, +W%u2 (e, —e,) coefﬁczient, O,=net radiation (MJ/rfzz/.day), sz=net short\.zvave Fadiation
ET = a (MJIm"lday), On=net longwave radiation(M.J/m"/day), Rs=incoming solar
F ’ A+(140.34u,) radiation(MJ/m’/day), Rso=clear sky solar radiation(MJ/m’/day), a=albedo
A | Q=0Q,~C, of grass ground(=0.23), T,=avg. temperature at 2m height(‘C), o=Stefan-
0 | Q,=0-a)Ry Boltzmann constant(=4.903x 10~ MJ/ni’/day), Trs=maximum temperature(K),
| T + T . Tmin=minimum temperature(K), u-=wind speed at 2 m height(m/sec), e~
P |Qu =70 [f} [0 34 — 014 \ﬁ } saturation vapor pressure(kPa), e,~actual vapor pressure(kPa), (es— e.)=
M Ry vapor pressure deficit (kPa), A=slope of the saturation vapor versus
% 1'35: -0 35] temperature curve(kPa/"C), v=psychometric constant(0.000665P kPa/C),

K, = 0.108 —0.0286u,, +0.0422In (FET)
+ 0 1434 11’1 ( rm an )
—0.000631 [In (FED)*In(RH

mcan )

P=atmospheric pressure(kPa), FET=100 (upwind buffer zone, fetch), RH,ear=
average relative humidity(%)

Penman: Penman Eq.; KNF: KNF Eq.; P-T: Priestley-Taylor Eq.; D-K: De Bruin-Keijman Eq.; FAO PM: FAO Penman-Monteith Eq.
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(MABE)= A-&(=1.665 MJ/m*/day), HA(=1.065 MJ/m*/
day), A5(=1.118 MJIm*lday), Z3(=1.076 MJIm"lday), |
Z(=0.941 MJ/m*/day)yS BT},

" of] Angstrém (1924) 3} Prescott (1940)0f] 2]a4] A
o=l Angstrém-Prescott 22 Type A)2] 75 A A AA
© 2 g ARSE| T QA9 2 E Type Eo] H|Ste] T= UA}
it o] & xo]E S Allen et al. (1998)2 Angstrém-
Prescott® & 2] Al4-20.252}0.52 A|ASFIchEE 1). =
o | 25 AP i A A8(=14.20 MJ/m’/day),
A (=14.80 MJim*lday), AF(=14.42 MJ/m*Iday), =3
(=14.85 MJ/m’/day) 12|31 A|5(=14.16 MJim*/day) & T
= A CHE B S BT, NSCAISE A1&(=0.374),
34(=0.781), AF(=0.721), B3E(=0.752), AF(=0.865)=
HoX T2 JAF 4 Bl Sof HlsliA FoskA] o2 Axt
£ H 3tk £35] Allen et al. (1998)2 FAO Penman-Monteith
7S EAF AP Ao A== AAFRFA R E 2 1
dl 1-2 Aetsksict @2k FAO Penman-Monteith 22 2§
sto] SRS APYSh= 749 Allen er al. (1998)°]] SJ5iA] A
Qrel YAt AP R (B 1) S-S T AP 4= 9L
T}, Angstrém-Prescott R @(2d Type A)2] A< 0.183}
0.62= A AR Bl 2 HA| ThE YAF AP RelSof| H]sfiA]
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ok g2 AE H el o, ZF AR Aol A 7 Type
A A= ke F7d5to] YAFRFE Holsh= - (& 3) 7H
A DAF AP A TS B Qo Eot YARFS] vl Y XA
Ttk 72 AZEE] H] Ato] O] AL 3R A0 2 4 A o}
UAFFS Ao B 59 922 Al o= AYH B
4 45t o U2 AE KT

29 Type D(2E 6)2] 73 AAFFS AFY5H7] Q1o 12
7|23} A 7] 2-2] 25 o]- 87t W o], NSC 2|32 A
22]9(=-0.300), A X (=0.273), AFA(=-0.169), =
IR H(=0.444), A2 9(=0.248) = A, THE DA AP =2
S ] wsto] QRO oRR] o2 UAF AP RO AtE B
o}, 29 79] 739 Rim (2017)°f] &JsiA f-2futet 2] <of] 25t
St & dl 69] Algho] HAH B2 A B 6 Hh=1
24P ATE B 0L 7| 22 = ES o]-g-5to] At 4t
Aoz t2 242 35,8, 10, 13Ec U2 A& Hol
2] ot

19 Type F(R & 9)9] 79 AAEZ AFdsH] Sloff 4=
A|ZEt 72 A 7S] B o 2 7ol At R & o]-&
= HHo ok AP o AARES 57 AR BFoflA
TEH GAFRFET 2 B2 BATE NSC A53t2 A&
Z]%(=0.400), 2] H(=0.797), A2 9(=0.729), FLA|

Table 4. Comparisons of measured and estimated incoming solar radiation

Models for estimating solar radiation Model type (Number)
Study
station = B C E F G H 1 J MAS
(1) ) 3) C)) (5) (6) 7) (3 © | a0 | Ay | (12) | (13)
AVE. | 1420 | 13.83 | 11.75 | 14.03 | 13.68 | 1422 | 12.41 | 13.19 | 14.19 | 13.31 | 18.08 | 16.85 | 13.76 | 11.73
Seoul | MABE | 2.539 | 2.244 | 1.106 | 2.387 | 2.076 | 3.536 | 1.861 | 1.665 | 2.511 | 1.961 | 6.357 | 5.136 | 2.153
NSC | 0374 | 0483 | 0.833 | 0.432 | 0.542 | -0.300 | 0.562 | 0.672 | 0.400 | 0.616 |-2.145 | -1.216 | 0.517
AVE. | 14.80 | 1452 [13.630 | 14.68 | 1431 | 16.13 | 12.93 | 13.94 | 1476 | 13.94 | 16.70 | 16.07 | 14.36 | 13.63
Daejeon | MABE | 1.323 | 1.159 | 1.055 | 1.239 | 1.090 | 2.885 | 1.909 | 1.065 | 1.295 | 1.455 | 3.526 | 3.283 | 1.092
NSC | 0.781 | 0.821 | 0.868 | 0.800 | 0.837 | 0.273 | 0.667 | 0.856 | 0.797 | 0.803 | 0.062 | 0.153 | 0.838
AVE | 1442 | 14.02 | 12.80 | 1426 | 13.90 | 16.35 | 13.03 | 13.61 | 14.43 | 13.54 | 16.31 | 15.65 | 13.89 | 12.82
Jeonju | MABE | 1.623 | 1.362 | 1.035 | 1.488 | 1.250 | 3.715 | 1.563 | 1.118 | 1.644 | 1.574 | 3.731 | 3.242 | 1.252
NSC | 0.721 | 0.787 | 0.892 | 0.754 | 0.814 | -0.169 | 0.730 | 0.851 | 0.729 | 0.777 | -0.084 | 0.102 | 0.813
AVE | 1485 | 1452 | 13.53 | 14.72 | 1436 | 13.87 | 12.66 | 13.72 | 14.91 | 13.87 | 14.46 | 12.95 | 14.34 | 13.53
Mokpo | MABE | 1.454 | 1.260 | 1.128 | 1.349 | 1.150 | 2.546 | 1.787 | 1.076 | 1.492 | 1.426 | 2.471 | 2.617 | 1.182
NSC | 0.752 | 0.793 | 0.861 | 0.774 | 0.819 | 0.444 | 0.704 | 0.862 | 0.750 | 0.803 | 0.451 | 0.416 | 0.815
AVE. | 14.16 | 13.60 | 12.65 | 13.93 | 13.57 | 11.14 | 1229 | 12.75 | 14.18 | 12.87 | 16.42 | 14.16 | 13.54 | 12.72
Jeju | MABE | 1.516 | 1.144 | 0.941 | 1.332 | 1.110 | 3.401 | 1.871 | 0.941 | 1.548 | 1.463 | 4.280 | 3.234 | 1.125
NSC | 0.865 | 0.910 | 0.942 | 0.889 | 0.918 | 0.248 | 0.790 | 0.943 | 0.860 | 0.876 |-0.083 | 0.399 | 0.917

Bold italic NSC (Nash-Sutcliffe coefficient) numbers indicate the models for estimating solar radiation in the order of providing appropriate
results up to third model. MAS: measured average solar radiation (MJ/m’/day), Avg.: estimated average solar radiation (MJ/m’/day), MABE:

mean absolute bias error (MJ/m’/day)
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Fig. 1. 1:1 relationship between measured and estimated incoming solar radiation (based on Model 3)
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Table 5. Comparisons of measured and estimated evaporation according to solar radiation estimation model (based on Nash-Sutcliffe coefficient)

Models for estimating solar radiation Model type (Number)
Station | Equation A B C D E F G H 1 J MS
Ol |6 @6 e | o @ | O | dday| a2 | d3

Penman | 0.799 | 0.846 | 0.897 | 0.823 | 0.847 | 0.621 | 0.791 | 0.870 | 0.829 | 0.903 | 0.594 | 0.719 | 0.840 | 0.905

KNF 0.886 | 0.890 | 0.886 | 0.891 | 0.900 | 0.742 | 0.879 | 0.910 | 0.892 | 0.895 | 0.645 | 0.744 | 0.897 | 0.883

Seoul P-T 0.660 | 0.730 | 0.725 | 0.696 | 0.721 | 0.324 | 0.546 | 0.740 | 0.714 | 0.815 | 0.503 | 0.675 | 0.712 | 0.751
D-K 0.674 | 0.748 | 0.769 | 0.712 | 0.742 | 0.349 | 0.587 | 0.766 | 0.727 | 0.837 | 0.462 | 0.647 | 0.732 | 0.791
FAOPM | 0.814 | 0.849 | 0.904 | 0.832 | 0.851 | 0.691 | 0.826 | 0.871 | 0.835 | 0.897 | 0.651 | 0.741 | 0.845 | 0.910

Penman | 0.789 | 0.839 | 0.901 | 0.811 | 0.843 | 0.516 | 0.829 | 0.873 | 0.819 | 0.925 | 0.676 | 0.735 | 0.844 | 0.845

KNF 0.928 | 0.940 | 0.951 | 0.934 | 0.944 | 0.751 | 0.905 | 0.951 | 0.933 | 0.938 | 0.778 | 0.786 | 0.945 | 0.891
Daejeon P-T 0.610 | 0.698 | 0.807 | 0.648 | 0.704 | 0.139 | 0.676 | 0.758 | 0.669 | 0.881 | 0.527 | 0.640 | 0.706 | 0.738
D-K 0.588 | 0.679 | 0.800 | 0.627 | 0.689 | 0.104 | 0.684 | 0.747 | 0.646 | 0.866 | 0.460 | 0.575 | 0.690 | 0.731

FAOPM | 0.862 | 0.895 | 0.927 | 0.876 | 0.895 | 0.689 | 0.868 | 0.910 | 0.881 | 0.938 | 0.780 | 0.814 | 0.896 | 0.881
Penman | 0.876 | 0.914 | 0.938 | 0.894 | 0.912 | 0.552 | 0.845 | 0.919 | 0.892 | 0.935 | 0.711 | 0.749 | 0.910 | 0.920
KNF 0.926 | 0.925 | 0.894 | 0.928 | 0.926 | 0.726 | 0.867 | 0.921 | 0.927 | 0.882 | 0.768 | 0.769 | 0.923 | 0.888
Jeonju P-T 0.773 | 0.850 | 0.906 | 0.809 | 0.844 | 0.194 | 0.730 | 0.861 | 0.810 | 0.931 | 0.575 | 0.657 | 0.844 | 0.886
D-K 0.759 | 0.838 | 0.910 | 0.795 | 0.835 | 0.164 | 0.740 | 0.855 | 0.793 | 0.920 | 0.524 | 0.605 | 0.835 | 0.886
FAOPM | 0.899 | 0.922 | 0.919 | 0911 | 0918 | 0.697 | 0.855 | 0.918 | 0.911 | 0.919 | 0.786 | 0.807 | 0.916 | 0.907
Penman | 0.667 | 0.730 | 0.818 | 0.694 | 0.739 | 0.684 | 0.793 | 0.803 | 0.684 | 0.836 | 0.681 | 0.707 | 0.744 | 0.736
KNF 0.810 | 0.815 | 0.828 | 0.815 | 0.825 | 0.633 | 0.770 | 0.824 | 0.809 | 0.792 | 0.558 | 0.483 | 0.822 | 0.749

Mokpo P-T 0.479 | 0.585 | 0.695 | 0.524 | 0.589 | 0.538 | 0.613 | 0.686 | 0.521 | 0.792 | 0.707 | 0.739 | 0.598 | 0.595
D-K 0.460 | 0.571 | 0.700 | 0.507 | 0.578 | 0.551 | 0.635 | 0.685 | 0.500 | 0.784 | 0.689 | 0.740 | 0.588 | 0.593

FAOPM | 0.746 | 0.779 | 0.819 | 0.760 | 0.783 | 0.705 | 0.789 | 0.811 | 0.756 | 0.827 | 0.688 | 0.676 | 0.784 | 0.763

Penman | 0.858 | 0.895 | 0.934 | 0.874 | 0.896 | 0.761 | 0.876 | 0.926 | 0.875 | 0.919 | 0.719 | 0.775 | 0.900 | 0.905
KNF 0.915 | 0911 | 0.875 | 0.916 | 0.910 | 0.534 | 0.753 | 0.872 | 0.913 | 0.823 | 0.603 | 0.589 | 0.907 | 0.857
Jeju P-T 0.682 | 0.725 | 0.773 | 0.701 | 0.730 | 0.533 | 0.713 | 0.771 | 0.723 | 0.813 | 0.756 | 0.784 | 0.736 | 0.736
D-K 0.684 | 0.733 | 0.793 | 0.705 | 0.739 | 0.582 | 0.744 | 0.790 | 0.724 | 0.826 | 0.724 | 0.781 | 0.747 | 0.755
FAOPM | 0.867 | 0.889 | 0.906 | 0.877 | 0.888 | 0.749 | 0.849 | 0.900 | 0.876 | 0.887 | 0.731 | 0.747 | 0.891 | 0.882

Bold italic NSC (Nash-Sutcliffe coefficient) numbers indicate the evaporation equations in the order of providing appropriate results up to
third equation. MS: in case of applying measured solar radiation; Penman: Penman Eq.; KNF: KNF Eq.; P-T: Priestley-Taylor Eq.; D-K: De
Bruin-Keijman Eq.; FAO PM: FAO Penman-Monteith Eq.
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