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Abstract

This study compares cloud radiation model (CRM) and sunshine fraction radiation model (SFRM)
according to the solar altitude using hourly sunshine duration (SD) and cloud cover (CC) data.
Solar irradiance measurements are not easy for the expensive measuring equipment and precise
measuring technology. The two models with the site fitting and South Korea coefficients have
been analyzed for fourteen cities of South Korea during the period (1986-2015) and evaluated
using the root mean square error (RMSE) and the mean bias error (MBE). From the comparison
of'the results, it is found that the SFRM with the site fitting coefficients could be the best method
for fourteen locations. It may be concluded that the SFRM models of South Korea coefficients
generated in this study may be used reasonably well for calculating the hourly horizontal global
irradiance (HGI) at any other location of South Korea.

Keywords: 2 ZA]7HSunshine duration, SD), 2&(Cloud Cover, CC), &3 HAA}
(Horizontal Global Irradiance, HGI), % 2] 4>(Clearness Index), Ef ¥ = (Solar altitude)
71543

A, B, C, D : Coefficients for cloud cover model

a, b, ¢, d : Regression coefficients of sunshine duration

h @ Solar altitude (Degree)

H : Monthly average daily global radiation on a horizontal surface, (W/m?)

He : Estimation value of global solar irradiance, (W)
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Ho : Monthly average daily extraterrestrial solar radiation on a horizontal surface, (W/m?)
Ht : Hourly global solar irradiance on a horizontal surface, (W/m?)
G : Global irradiance

IG : Total global horizontal irradiance, (W/m?)

o : Extraterrestrial irradiance, (1367 W/m?)

IGC : Clear sky global horizontal irradiance, (W/m?

kt : Clearness index (0~1)

MBE : Mean bias error, (%)

N : Cloud cover (Octa)

1’ : Coefficient of determination

RMSE : Root mean square error, (%)

S : Monthly average daily hours of bright sunshine, (h)

So @ Monthly average daily length of bright sunshine, (h)

SE(®) : hourly sunshine fraction

1. Introduction

Solar energy is a clean renewable energy source that is abundant in South Korea. Therefore, the precise
measurement of local solar irradiance and easy-to-use solar irradiance estimation model is requested for
renewable energy and building energy saving. The horizontal global irradiance data of fourteen cities
(Chuncheon, Gangneung, Seoul, Incheon, Suwon, Cheongju, Daejeon, Andong, Deagu, Jeonju, Jinju,
Gwangju, Busan, and Jeju) is used to evaluate sunshine fraction radiation model (SFRM) and cloud
radiation model (CRM), one based on the sunshine duration (SD) and the other on the cloud cover (CC).
They are compared to a statistical SFRM using SD data and a statistical CRM using CC data. In South
Korea, while SD and CC data are measured 79 and 42 weather station locations, respectively, solar
irradiance is measured only 22 stations.

Jo et al. (2012)" estimated solar radiation in Korea using The CC and the SD data to predict the daily
horizontal global irradiance (HGI). The hourly HGI required the correlation between the SD and the CC data
according to the solar altitude that changes with time. The correlation between the measured and the
calculated data is compared according to solar altitude. Lee et al. (2013)? predicted the hourly HGI using the
SD and CC for six cities of South Korea during the period (1986-2005). In this study, the two models to
predict hourly HGI are estimated this model allows interpretation through physical parameters. This study

evaluated the two models using site fitting and South Korea coefficients for fourteen cities of South Korea
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during the period (1986-2015) and compared the corelation of the measured and calculated data according to

the solar altitude of 10 degrees.

2. Data and Methodology

2.1 Measured Data and Quality Control

All data ffor fourteen cities of South Korea during the period (1986-2015) were measured by the Korea
Meteorological Administration (KMA). Currently, there is a central meteorological office, five regional
offices, and 73 weather stations, totaling 79 weather stations. Hourly SD and CC data recorded during the
daytime over 30 years period (from 1986 to 2015) were gathered for analysis. The 3-hour CC data were
linearly interpolated into 1-hour data. The hourly HGI data, which is the value accumulated for 1 hour, was
corrected the average value of the current and subsequent hours. Using the site fitting and South Korea
coefficients from this process, the fourteen different locations whose different distances can be seen in Fig. 1,

Table 1 showed the characteristics of measured data for the fourteen cities.
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Fig. 1 Location of weather files locations in South Korea (O sunshine measurement, @ sunshine and cloud measurement,

@ sunshine, cloud and horizontal global irradiation measurement)
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Table 1 Geographical data and weather database for locations considered in this study

Location Latitude Longitude  Altitude Period Solar Cloud  Sunshine  QC Error
Station (No.) (°N) (°E) (m) (years) radiation cover  duration (%)
Chuncheon (101) 37.90 127.73 71.7 1986-2015 (30) o (¢ (¢} 5.96
Gangneung (105) 37.75 128.90 26.0 1986-2015 (30) o (¢ (¢ 5.73
Seoul (108) 37.57 126.97 85.5 1986-2015 (30) o (¢} (¢} 5.65
Incheon (112) 37.47 126.63 68.9 1986-2015 (30) o (¢ (¢ 7.14
Suwon (119) 37.27 126.98 33.6 1986-2015 (30) o (¢} (¢ 6.59
Cheongju (131) 36.63 127.45 57.4 1986-2015 (30) o (¢} (¢} 5.37
Andong (136) 36.57 128.72 139.4 1986-2015 (30) o (¢} (¢} 5.92
Daejeon (133) 36.37 127.24 77.1 1986-2015 (30) o (¢] (¢] 6.14
Daegu (143) 35.88 128.62 57.8 1986-2015 (30) o (¢} (¢} 5.89
Jeonju (146) 35.82 127.15 53.5 1986-2015 (30) o (¢ (¢ 6.00
Jinju (192) 35.20 128.12 20.4 1986-2015 (30) o (¢ (¢} 6.50
Gwangju (156) 35.17 126.90 70.9 1986-2015 (30) (¢} (¢ (¢ 6.08
Busan (164) 35.10 129.03 69.2 1986-2015 (30) o (¢} (¢} 542
Jeju (184) 33.50 126.51 30.2 1986-2015 (30) o (¢} (¢} 5.73

The irradiance data has been checked for continuous data sets without gaps and simulation purposes. The
missing data had to be filled using quality control of Muneer and Fairooz (2002)”, Younnes et al. (2005)",
and Lee et al. (2013) method. This study used the following criteria of quality control:

* missing irradiance data,

* global hourly data that are greater than the corresponding extraterrestrial solar irradiance,

* hourly data with a solar altitude lower than 5° (low accuracy measurements)

The error percentages of quality control ranged from 5.37% (Cheongju) to 7.14% (Incheon) for fourteen

cities as in Table 1.

2.2 Sunshine Duration and Cloud Cover Model

The solar irradiance is mainly determined by the sky condition and it may be quantified by means of the
clearness index and the two models predict hourly clearness index for South Korea coefficients. The South
Korea clearness index derived from 13 cities except Jeju is shown in Table 2 and Table 3. The clearness

index for South Korea coefficients, kt is defined as:

H,
ke =7 (1)

0
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Table 2 Clearness index with sunshine duration and solar altitude (1986-2015) for South Korea coefficients

Solar altitude « (degree)

Sunshine

duration 10 20 30 40 50 60 70

5< a<l1s 15< a<25 25< a<35 35< a<45 45< a <55 55< a<65 655 a
0.0 0.026 0.051 0.076 0.096 0.114 0.125 0.136
0.1 0.045 0.093 0.139 0.181 0.217 0.241 0.264
0.2 0.051 0.106 0.158 0.207 0.250 0.278 0.304
0.3 0.056 0.116 0.176 0.230 0.278 0.312 0.339
0.4 0.062 0.125 0.192 0.251 0.306 0.339 0.373
0.5 0.067 0.133 0.206 0.272 0.329 0.369 0.404
0.6 0.073 0.141 0.222 0.293 0.356 0.398 0.433
0.7 0.082 0.150 0.235 0.312 0.380 0.427 0.464
0.8 0.092 0.160 0.249 0.333 0.406 0.453 0.494
0.9 0.103 0.173 0.265 0.355 0.434 0.484 0.524
1.0 0.122 0.209 0.311 0.406 0.491 0.552 0.594

Table 3 Clearnness index with cloud cover and solar altitude (1986-2015) for South Korea coefficients

Solar altitude « (degree)

Cloud cover 10 20 30 40 50 60 70

5<a<ls 15< a<25 25< a<35 35< a<45 45< a <55 55< a<65 65< a
0 0.080 0.192 0.317 0.418 0.509 0.576 0.619
1 0.071 0.181 0.305 0.412 0.504 0.569 0.614
2 0.067 0.168 0.286 0.391 0.482 0.543 0.592
3 0.060 0.154 0.266 0.366 0.454 0.514 0.563
4 0.056 0.145 0.248 0.345 0.432 0.488 0.535
5 0.053 0.135 0.232 0.326 0.407 0.461 0.507
6 0.045 0.112 0.194 0.276 0.349 0.395 0.438
7 0.034 0.085 0.145 0.210 0.268 0.301 0.339
8 0.020 0.046 0.077 0.109 0.134 0.151 0.172

The Angstrém(1924) proposed monthly average daily radiation to clear day radiation and Ogelman et al.
(1984)” have correlated (H/Ho) with (S/So) using the polynomial equation. Lee et al.(2013) modified the
original model to predict hourly global solar irradiation for 6 meteorological stations in South Korea. The
original Angstrom-type regression equation related monthly average daily radiation to clear day radiation at

the location in question and the average fraction of possible sunshine hours.

ol @
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Coefficient values a and b for Eq.2 were calculated by regression analysis. The sunshine fraction, SF (t),

as a function of solar altitude is given by Lee et al. (2013):

1(t) = I, < sinh(c+dx SF(t)) 3)

Coefficients ¢ and d for fourteen cities were shown in Table 4. Site fitting coefficients are regional
coefficients, and South Korea coefficients are coefficients calculated using CC and SD in thirteen cities
except for Jeju. The coefficients of SFRM for South Korea are derived by the clearness index from the CC
and HGI data in 13 cities except for Jeju (184).

Table 4 Coefficients of SFRM for site fitting and South Korea (1986-2015)

Location c d c+d : : r
Site fitting South Korea
Chuncheon 0.150 0.483 0.633 0.905 0.905
Gangneung 0.157 0.494 0.651 0.913 0.912
Seoul 0.123 0.463 0.586 0.885 0.886
Incheon 0.131 0.484 0.615 0.890 0.891
Suwon 0.139 0.449 0.588 0.864 0.863
Cheongju 0.144 0.477 0.621 0.897 0.897
Andong 0.156 0.458 0.614 0.897 0.896
Daejeon 0.152 0.491 0.643 0.899 0.899
Daegu 0.158 0.468 0.626 0.881 0.879
Jeonju 0.144 0.472 0.616 0.905 0.905
Jinju 0.153 0.500 0.653 0.913 0.917
Gwangju 0.146 0.484 0.630 0.906 0.906
Busan 0.137 0.493 0.630 0.896 0.897
Jeju 0.152 0.494 0.646 0.917
South Korea (Except Jeju) 0.145 0.478 0.623

Kasfourteen and Czeplak (1980)” estimated solar irradiance based on cloud cover for 10 years period
(1964-1973) in Hamburg, Germany. Younes and Muneer (2006)”modified Kasfourteen and Czeplak (1986)
equations for the different datasets. Lee et al. (2010)” used the method with 20 years of data (1986-2005) for

6 meteorological stations in South Korea.

[GC:A sinh — B (4)
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The coefficients (A, B, C, and D) were calculated using the data from the same fourteen cities of Fig 1.
(See Table 5) The coefficients of CRM for South Korea are derived by clearness index from the CC and HSI

data in 13 cities except for Jeju (184).

Table 5 Coefficients of CRM for site fitting and South Korea (1986-2015)

Location A B C r
Site fitting South Korea
Chuncheon 991 67 0.72 24 0.863 0.859
Gangneung 998 51 0.75 2.3 0.843 0.845
Seoul 976 83 0.77 2.1 0.850 0.852
Incheon 986 70 0.75 24 0.852 0.851
Suwon 932 61 0.74 2.5 0.835 0.833
Cheongju 1006 75 0.74 2.3 0.857 0.855
Andong 945 48 0.73 22 0.845 0.846
Daejeon 1040 71 0.75 22 0.851 0.852
Daegu 1006 72 0.75 22 0.865 0.866
Jeonju 977 73 0.77 22 0.860 0.862
Jinju (1986-2014) 1015 54 0.73 2.1 0.856 0.857
Gwangju 1022 70 0.74 22 0.853 0.853
Busan 999 70 0.78 2.6 0.859 0.858
Jeju 1060 97 0.79 22 0.871
South Korea (Except Jeju) 991 67 0.75 2.3

The two models were evaluated using the root mean square error (RMSE) and the mean bias error (MBE).
The strength of correlation r” of site fitting and South Korea coefficients varied within similar ranges: 0.833 ~
0.871 for CRM and 0.863~0.917 for SFRM (see Tables 4 and 5). The overall averages of fourteen sites
fitting location were 0.854 and 0.853 for CRM, respectively, and 0.898 and 0.896 for SFRM, respectively.
The difference in the correlation between the site fitting and South Korea coefficients was very small similar

to Lee et al. (2013) studies.

3. Results and Discussion

The method of comparison is used the mean bias error (MBE) and root mean square error (RMSE) for the
fourteen cities. The MBE shows the long-term performances and a negative MBE value indicates the

amount of underestimation. The RMSE shows the short-term performances and the amount of the errors
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indicates the scattering of data around the regression.

Table 6 summarizes the error of the two models with site fitting and South Korea coefficients to estimate
HGI for fourteen cities listed in Table 1. The CRM has a smaller MBE in all locations and the SFRM has a
smaller RMSE in all locations same as Lee et al. (2013). The MBE of site fitting coefficients varied small
ranges: -1.61% ~ 2.56% (Seoul) for the CRM and 2.08% ~ 8.95% (Seoul) for the SFRM, but the MBE of
South Korea coefficients varied considerable ranges: -20.90% (Seoul) ~ 10.18% (Jinju) for the CRM and —
5.69% ~ 11.81% (Jinju) for the SFRM. The RMSE of site fitting coefficients varied small ranges: 26.64% ~
30.39% for the CRM and 21.19%~26.53% for the SFRM, and the RMSE of South Korea coefficients varied
similar ranges of site fitting coefficients: 26.52% ~ 30.98% for the CRM and 22.31% ~ 27.92% for the
SFRM. The overall averages RMSE of the site fitting and the South Korea coefficients were 26.61% and
28.83% for the CRM, respectively, and 24.13% and 24.38 for the SFRM, respectively. Comparing the error
of two models in Table 6, we can see that the CRM with site fitting coefficients and the SFRM with site
fitting and South Korea coefficients are a good method to protect hourly HGI. Compared to the results of this
study and six cities of South Korea during 20 years, the MBE and the RMSE improved 6.71% and 5.62% for
the CRM, respectively, and 2.94% and 6.28 for the SFRM, respectively. This improvement is due to an

increase of 10 years of measurement data and the correction of hourly HGI data.

Table 6 Error of two models with site fitting and South Korea coefficients

Cloud cover model Sunshine duration model

Location Site fitting coefficients ~ South Korea coefficients Site fitting coefficients ~ South Korea coefficients

MBE (%) RMSE (%) MBE (%) RMSE (%) MBE (%) RMSE (%) MBE (%) RMSE (%)
Chuncheon 1.17 28.11 5.62 28.64 4.62 23.47 7.52 23.79
Gangneung 2.12 30.39 8.99 30.70 2.75 22.66 10.52 23.80
Seoul 2.56 29.72 -20.90 30.52 8.95 26.53 -5.69 26.24
Incheon 1.97 28.75 0.15 28.84 5.36 25.05 0.99 24.76
Suwon -1.61 30.15 -11.77 30.98 6.81 27.68 -3.42 27.92
Cheongju 0.72 28.20 1.53 28.37 4.76 24.10 4.07 24.06
Andong 0.97 28.45 -1.05 28.45 5.27 23.32 4.95 23.54
Daejeon 0.61 28.49 7.28 28.76 5.44 23.62 10.26 24.40
Daegu 0.13 26.64 -0.48 26.56 3.03 25.13 5.84 25.51
Jeonju 0.72 27.92 -12.19 28.21 6.33 23.34 4.62 23.22
Jinju 1.80 27.41 10.18 27.93 6.88 21.19 11.81 22.31
Gwangju -0.22 28.15 4.64 28.23 7.09 22.83 8.60 23.05
Busan 0.90 28.37 0.96 28.54 2.08 24.35 2.50 24.28

Jeju 2.26 29.77 2.96 24.51
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The MBE of the two models according to the solar altitude of 10° were shown in Fig. 2 and Fig. 3.
Comparing the MBE of the site fitting coefficients, the average MBE was similar (see Table 6), but the CRM
difference of MBE was more than three times for the solar altitude below 25° and about two times above
25°. The MBE of the South Korea coefficients of the CRM and the SFRM showed a similar tendency to site
fitting coefficients. The largest MBE regions in the site fitting and South Korea coefficients were Jeju (184)
and Seoul (108) for CRM, respectively, Jeju (184) and Busan (159) for SFRM, respectively. The SFRM of
site fitting coefficients in this study has a smaller error of MBE for all solar altitudes. The CRM of site fitting
coefficients at the solar altitude above 35° and the SFRM of South Korea coefficients at all solar altitudes are

also good alternatives for the generation of hourly HGI.

MBE(Cloud cover-site fitting) MBE(Sunshine duration-site fitting)
40% 40%
20% 20%
0% 0%
-20% -20%
40% -40%
60% -60%
80% -80%
101 105 108 112 119 131 133 136 143 146 156 159 192 184 101 105 108 112 119 131 133 136 143 146 156 159 192 184
——5° - 15° ——15° - 25° g 25° - 35° 35°-45° —— 5 - 15° ——15° - 25° e 25° - 35° 35°-45°
45° - 55° 55°-65°  —@—B5°-75°  seeesss5°.85° 45° - 55° 55° - 65° & 65°-75°  seeses5°.85°
Fig. 2 The variation of the errors of MBE according to the solar altitude for site fitting coefficients
MBE(Cloud cover-South Korea) MBE(Sunshine duration-South Korea)
AD% 40%
20% 20%
0% 0%
-20% -20%
-40% -40%
-60% -60%
-B0% -80%
101 105 108 112 119 131 133 136 143 146 156 159 192 184 101 105 108 112 119 131 133 136 143 146 156 159 192 184
o 5° - 15° o 15° - 25° el 25° - 35° 35°- 45° —— 5 - 15° o 15° - 25° e 25° - 35° 35° - 45°
45° - 55° 55° - 65° —®—65°-75° sesses 5°-85° 45° - 55° 55° . 65° & 65°-75° sevess5 . B5®

Fig. 3 The variation of the errors of MBE according to the solar altitude for South Korea coefficients
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Fig. 4 and Fig. 5 showed the variation of the errors of RMSE according to the solar altitude for site fitted

and South Korea coefficients. Comparing the RMSE of the site fitting coefficients between the CRM and the
SFRM, the difference was about 5% for all solar altitudes. The RMSE of the South Korea coefficients of the
CRM and the SFRM showed a 5% difference as site fitting coefficients. In all cases, the errors of RMSE

decreased with increasing solar altitude. It can be seen that RMSE increases to 70% at 10° of solar altitude

and decreases to 25% over 30° for the SFRM model. The largest RMSE regions in the site fitting and South

Korea coefficients were Jeju (184) and Seoul (108) for the CRM model, respectively, Seoul (108) and Seoul

(108) for SFRM, respectively. The SFRM of the site fitting coefficients in this study has a smaller error of

RMSE for all solar altitudes. The SFRM model of South Korea coefficients at all solar altitudes are also

good alternatives for the generation of hourly global solar irradiation. From the variation of the errors of

MBE and RMSE, it is found that the SFRM with the site fitting coefficients could be the best method for
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Fig. 4 The variation of the errors of RMSE according to the solar altitude for site fitting coefficients
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Fig. 5 The variation of the errors of RMSE according to the solar altitude for South Korea coefficients
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fourteen locations. The SFRM models of South Korea coefficients generated in this study may be used
reasonably well for calculating the hourly horizontal global irradiance (HGI) at any other location of South

Korea.

4. Conclusions

Solar irradiance measurements are not easy for the expensive measuring equipment and precise measuring
technology. The hourly HGI was calculated using the SFRM and CRM of SD and CC for the fourteen cities
in South Korea. This study compared the hourly HGI and two models according to the solar altitude using
hourly SD and CC data. Results of cloud cover and sunshine fraction models have been compared with the
measured data on the r’, MBE, and RMSE. The difference in the correlation between the site fitting and
South Korea coefficients was very small, similar to previous studies. Comparing the error of two models, we
can see that the CRM with site fitting coefficients and the SFRM with site fitting and South Korea
coefficients are a good method to protect hourly HGI. Compared to the results of this study and six cities of
South Korea during 20 years, the MBE and the RMSE improved 6.71% and 5.62% for the CRM,
respectively, and 2.94% and 6.28 for the SFRM, respectively. Therefore, further study is required to increase
the measurement period and correct the Hourly HGI.

We analyzed the variation of MBE and RMSE according to the solar altitude of 10° for the CRM and the
SFRM. Comparing the MBE of the site fitting coefficients, the average MBE was similar, but the CRM
difference of MBE was more than three times for the solar altitude below 25° and about two times above
25°. Comparing the RMSE of the site fitting coefficients between the CRM and the SFRM, the difference
was about 5% for all solar altitudes. The RMSE of the South Korea coefficients of the CRM and the SFRM
showed a 5% difference as site fitting coefficients. From the variation of the errors of MBE and RMSE, it is
found that the SFRM with the site fitting coefficients could be the best method for fourteen locations. The
SFRM models of South Korea coefficients generated in this study may be used reasonably well for
calculating the hourly horizontal global irradiance (HGI) at any other location of South Korea. Further

research is the optimization of South Korea coefficients and the expansion of the research scope to 22 cities.
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