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Abstract: Gangneung-Wonju National University (GWNU) one-
layer solar radiation model is developed in order to resolve the lack
of the vertical structure of atmospheric components and fast
calculation with high horizontal spatial resolution. GWNU model is
based on IQBAL and NREL methods and corrected by precise multi-
layer Line-By-Line (LBL) model. Further, the amount of solar
radiation reaching the surface by using 42 types of vertical atmos-
pheric data as input data was compared with detailed models and
one-layer models. One-layer solar radiation models were corrected
depending on sensitivity of each input data (i.e., total precipitable
water, ozone, mixed gas, and solar zenith angle). Global solar radiation
was calculated by corrected GWNU solar model with satellites
(MODIS, OMI and MTSAT-2), KLAPS model prediction data in
Korea peninsula in 2010, and the results were compared to surface
solar radiation observed by 22 KMA solar radiation sites. Calculated
solar radiation annually accumulated showed highest solar radiation
distribution in Andong, Daegu, and Jinju regions, meanwhile the
observation data showed lower solar radiation in Daegu region
compared to model result values.

Key words: One-layer solar radiation model, line-by-line model,
correction, global solar radiation, vertical atmospheric data

1. Introduction

Solar radiation reaching the surface of the earth not only
serves as a crucial role in climate change of global atmosphere
but also is extensively used for industrial activity of human
beings. In particular, as solar energy, one of clean energy
resources, is attenuated by 65% when radiant energy (65,700
TW yr') released from the sun passes atmosphere, the amount
reaching the surface of the earth is about 23,000 TW yr', a
more amount compared to other types of energy sources (Perez
and Perez, 2008). Thus, many countries in the world show
their great interest and have heavily invested in energy power
projects using solar energy. Germany Trade & Invest (GTAI), a
leader in photovoltaic generation, reported that a growing
trend of Germany's annual solar radiation capacity reached 7.6
GW in 2012, and approximately 180,000 photovoltaic systems
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were newly operated for a year, which proves photovoltaic
generation sharply increases.

The U. S. Department of Energy's National Renewable En-
ergy Laboratory (NREL) developed the Climatological Solar
Radiation (CSR) model in 1995 to calculate daily accumulated
solar radiation (George and Maxwell, 1999). A solar energy
map was produced at 10 km x 10 km spatial resolution by
using the State University of New York (SUNY)'s Satellite
Radiation Model (Perez et al., 2002) developed by NREL and
Perez, and was analyzed by using the US Climate Reference
Network (USCRN) data and the Typical Meteorological Year
(TMY) Ver.3 model. The German Weather Service (Deutscher
Wetterdienst, DWD) completed a solar energy map for the first
time in 1999 by using observation data on monthly and annual
average solar radiation daily accumulated from 1981 to 1998,
and a solar energy map using a solar radiation model was
developed by using relevant meteorological and meteorological
satellite observation data based on Kerschgens et al. (1978)'s
two-stream method. Further, a solar energy map was produced
by using the European Center for Midrange Weather Forecasts
(ECMWF) data and the Model Output Statics (MOS) method,
and additional studies that calculate photovoltaic power gener-
ation are being conducted. Recently, new technic, research
actively conducted using the neural network method (Takenaka
etal.,2011).

Solar energy that is released from the sun and reaches the
surface of the earth changes with astronomical conditions (i.e.,
location change of the sun and the earth), distribution of the
earth's atmospheric components (e.g., water vapor, mixed gas,
aerosol, cloud, etc., Yeom et al., 2012; Lee et al., 2013), and
the earth's surface conditions (i.e., geography and topography).
It is important to consider multiple scattering between sub-
strates by dividing atmosphere into multiple layers and input-
ting observation data by altitude. However, as stations ob-
serving the atmosphere's vertical structure are limited, and
observation for calculating radiation characteristics does not
exist except for specific observation, calculation for high-
resolution solar radiation requires a one-layer solar radiation
model that assumes atmosphere as a one-layer to calculate.

Therefore, this study herein corrects the existing Gangneung-
Wonju National University (GWNU; hereafter GWNU) one-
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layer solar radiation model's calculation process on transmit-
tance and solar radiation by comparing results derived from a
multiple-layer solar radiation model. The input data for solar
radiation model operation calculated a correction equation by
using the atmosphere's 42 types of vertical data. The correction
equation calculated solar energy distribution of the Korean
peninsula by applying the GWNU one-layer solar radiation
model, and was analyzed by comparing observation data. The
research results will resolve deficiency of input data to calculate
solar radiation models and will be used for super resolution
and accurate solar energy calculation in an efficient manner.

2. Solar radiation model

Solar radiation released from the sun and reaching the surface
are classified as direct and diffuse solar radiation by physical
process, and these elements can be observed in a separate
manner (i.e., direct, diffuse and global solar radiation) on the
surface. In other words, the solar radiations reaching the
surface are observed and attenuated by clouds, aerosol, and gas
components in the atmosphere, which are varied by wavelength
(see Fig. 1). The ozone layer in the stratosphere absorbs some
parts of visible and ultraviolet ray areas at 0.4 um or less,
while water vapor and carbon dioxide absorb infrared wave-
length regions at 0.75 pm or more.

a. Multi-layer line-by-line solar radiation model

Solar radiation energy entering at top of atmosphere is
absorbed, diffused, and reflected by gas components, clouds,
and aerosol in the atmosphere, and the surface. Under the
assumption of a plane-parallel atmosphere, provided that the
definition of solar zenith angle (0), azimuth (¢), and p = cos0
on radiation process directions is used, a general solar
radiation transfer equation is as follows (Dave, 1974).

WAL D) = g (1, )= (0100 (1)

In this equation, 7, stands for optical thickness by wavelength
and J, stands for a source function.

In atmosphere, although solar radiation transfer equation can
be simplified by neglecting the Planck function, it is not easy
to find accurate values with the equation if multiple scattering
is included, resulting from many layers and the surface of the
earth. However, provided that a phase function (P,) does not
change depending on azimuth (¢), downward flux of radiation
in a T layer can be specified as follows.

F(9)= Idv[znj?lx(rv,ﬂ)ud/ﬁ/loﬂFoe#/”‘}}- @)

Herein, F|, stands for solar radiation flux entered in atmos-
phere, and as solar radiation calculated in this equation
drastically changes by wavelength, the Line-by-Line (LBL)
method that calculates by densely dividing wavelength spacing
was used to accurately calculate transfer equation values for

=

IE Diffuse tion

= 2000 Direct tion n
Glob o

L) Extraterrestrial radiation

£ __©,. Rayleigh, aerosol

Z 1500 H,0 15. June 1

] .o Water vapor = 2 cm

g 1000 Ozone = 0.35 cm-atm

= D i Aerosol = 0.2 7

= Y

t H,0, cO,

= nee , H O, CO, b

= \/\ / H,0, cO,

7]

2 Al J

'Q. 0 V. ST —— -

w 1.5 2.0 2.5 3.0

Wavelength (um)

Fig. 1. A comparison of the extraterrestrial spectrum with the diffuse,
direct, and global radiation (W m™ um™") on June 15.

solar radiation, meanwhile Stamnes et al. (1988)'s discrete
ordinate approximation was used for transmission and diffusion
calculation by atmospheric components.

This method is based on Chandrasekhar (1960), and with it,
a multiple scattering process of layer was included to calcu-
lation by Stamnes et al. (1988) For absorption line data, as
intervals by wavelength are not constant and are arranged in a
random manner, band models for the equation (2)'s trans-
mission function calculation produce errors in some parts. For
a range of solar radiation wavelength, coefficient by wave-
length was calculated at 0.002 cm™ intervals from HITRAN2k
absorption line data (Rothman et al., 2003).

b. One-layer solar radiation model

The intensity (/,) of solar energy reaching the surface of the
earth can be written as follows based on Beer's law (Siegel and
Howell, 1981).

I,=1,c080+1,. 3)

Herein, 4 stands for wavelength, global solar radiation (/,,)
can be divided into direct components (/,;) and diffuse
components (/,;), and provided that atmosphere is a one layer,

direct solar energy reaching the surface is calculated as the
following equation (4).

1, =1,,exp(=7)). 4

Herein, /), and 7,, respectively, stand for extraterrestrial radi-
ation and optical thickness resulting from absorption gas, and
atmospheric transmittance can be specified as ¢, = exp(—7)).
For absorption gas and particles, the following empirical
equations were used to obtain each transmittance ratio of
optical thickness on air molecule, aerosol, ozone, water vapor,
and mixed gas.

toi = exp(_kol lm())’ (5)



30 November 2014 11-Sung Zo et al. 25
a) b)
1350 1.005 1344 0.9933
L R=0.9879 y=1.0023 + (-0.0124"x) + (0.0021°%%) + (-0.0001"<") R=0.9486 y=0.9935 + (-0.0016°x) + (0.0006*¢")
F 1.000 .
I § 1342 %o b 4
g 1300 3 ¢ e b Losssz 8
098 C 1~
s s S s
= £ = 1340 £
S 1250{ ¥ ) POss0 g g Foses E
= ® ® Global Radiation c = c
% ‘. Error of Transmittance | 0-98% © % 1338 el
] ] = o L =
g 1200 .‘%. . L g.980 '6 o 0.9930 ..6
- 5 - 1336 5
'g [09sTs £ g * Global Radiation ~
o 1150 w O 1334 +  Error of Transmittance [ 09929
F 0.s70 * e,
1100 T T T T T r - 0.965 1332 T T T T T 0.9928
0 1 2 3 4 5 6 T 8 200 250 300 350 400 450 500

Total Precipitation Water (cm)

Total Ozone Amount (DU)

Fig. 2. Global solar radiation of LBL solar radiation model (black point) and error between GWNU and LBL solar radiation
model for transmittance (red triangle) with total precipitable water (a) and total ozone amount (b).
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Herein, k,,, k,; and k,,, stand for classified wavelength ab-
sorption coefficient on ozone, mixed gas, and water vapor.
Provided that aerosol is less than 0.5 um, o is 1.027, mean-
while 1.206 is used for others, and / and o, respectively, stand
for vertical concentration and total precipitable water. Further,
m,, m, and m,, respectively, stand for relative optical mass,
pressure-corrected value, and relative optical mass on ozone.

Diffuse solar radiation (Z,,) on the surface is changed by air
molecule, aerosol, and multiple scattering at the surface, which
can be calculated as follows.

L,=1,+1,+1,. (10)

From the above equation, solar radiation diffused by Rayleigh
(1)), aerosol (I,), and atmosphere (I,,) is calculated by
empirical equations as follows.

1,=1,Eycos07,17,1,,[0.5(1 - 7,)7,], 11)
1,=1,E,cos@ 7o T Tar [F.o(l-1,)7,], (12)
L, = QP 0a1) | (1 = Py Paz)]s (13)
0, =W, + 1)+, (14)
Par = 1,170,105 = 7)1, + (1 = Fo(l -1,)7,].  (15)

Herein, E stands for eccentricity, and F, stands for a ratio of
forward scattering on the total energy scattering, meanwhile
1 — F, stands for backward scattering. @, stands for a single
scattering albedo. p,, and p,,, respectively, stand for multiple

scattering by all the absorption gases in atmosphere and
surface albedo.

The GWNU model used for this study was based on the
IQBAL model, which is a solar radiation model corrected by
using a multiple solar radiation model after adapting and
applying the NREL's aerosol process method. The IQBAL
model was produced on a basis of Igbal's theory (Igbal, 1983)
and the NREL model is a one-layer model Bird and Riordan
(1986) produced by the National Renewable Energy Labora-
tory (NREL) for development and to compare observed values,
and the two above-stated models are a spectrum model calcu-
lating solar radiation by wavelength. Further, BIRD (Bird and
Hulstrom, 1981) stands for a one-layer solar radiation model to
develop wavelength ranges of solar radiation as a one band.

3. Correction of one-layer solar radiation model

The 7, of the equation (4) in section 2.5 stands for optical
thickness, which is a function of absorption coefficients (e.g.,
k,; kgl, k,.,» etc.) of pressure components, and basically, a
function of altitude or pressure, but the GWNU one-layer solar
radiation model does not include change in altitude or pressure
of absorption coefficient because atmosphere was assumed as
a single layer to save calculation time and calculation re-
solution. Therefore, for this study, methods correcting one-
layer solar radiation models of the equations from (3) to (15),
were used by comparing detailed solar radiation models
including altitude or pressure effects by dividing atmosphere
into multiple layer.

To operate accurate solar radiation models, vertical atmos-
pheric distribution data require input data, and reference atmos-
phere data (i.e., standard atmosphere data by latitude) are
mostly used. To compare calculation results of radiation
models, Garand et al. (2001)'s 42 types of vertical atmospheric
data were used for this study. The 42 types of vertical
atmospheric data include not only 6 standard atmospheres (i.e.,
standard, tropical, middle latitude summer, middle latitude
winter, sub-arctic summer, and sub-arctic winter) but also
distribution by altitude observed at many stations of the earth.
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Fig. 3. Same as Fig. 2 except for surface air temperature (K).

For total precipitable water, total ozone amount and mixed
gas, the results and the error of transmittance derived from the
LBL model were shown by using 42 types of vertical
atmospheric data. Total precipitation water (a) and total ozone
amount (b) of Fig. 2 showed that solar radiation and the error
of transmittance decreased depending on change in the amount
of input data, indicating that the one-layer model calculates
transmittance more depending on the amount of absorber
compared to detailed models. In other words, for the amount
of gas absorbed in the same atmosphere, the one-layer model
calculates less transmittance compared to detailed models.
Therefore, transmittance calculated in the one-layer model
should be corrected by the amount of gas absorption so that
transmittance derived from total precipitable water and total
ozone amount can be decreased to the same amount of detailed
models. Transmittance was corrected by using a third-degree
polynomial to obtain the amount of total precipitable water as
the fluctuation of its error is large compared to total ozone
amount, meanwhile a second-degree polynomial was used to
obtain the amount of total ozone amount.

Further, the mixed gas of Fig. 3 was calculated on the
assumption that the mixture ratio in atmosphere is constant.

Table 1. The error correction equation between GWNU and LBL
solar radiation model for global solar radiation with cosine of solar
zenith angle.

Solar zenith angle Equation (quadratic polynomial)

0.0 y = 1.0083 + (=0.0062/x) + (-2.8119¢ /x%)
0.1 y = 1.0080 + (=0.0063/x) + (-2.6584¢"/x°)
0.2 y =1.0077 + (=0.0063/x) + (-2.4944¢"/x°)
0.3 y = 1.0074 + (=0.0064/x) + (-2.3077¢ */x°)
0.4 y = 1.0071 + (=0.0065/x) + (-2.1002¢ /x’)
0.5 y = 1.0067 + (=0.0066/x) + (—1.8675¢ */x°)
0.6 y = 1.0063 + (=0.0067/x) + (—1.6053¢ /x°)
0.7 y = 1.0059 + (=0.0068/x) + (—1.3253¢ /x°)
0.8 y = 1.0054 + (=0.0069/x) + (—9.8984e */x’)
0.9 y = 1.0049 + (=0.0070/x) + (—6.1025¢ %/x%)

And as the amount of solar radiation change resulting from the
amount of mixed gas is not large, the relationship of global
solar radiation and temperature of the surface was examined.
As a result, correlation coefficient showed a relatively high
correlation as 0.97. Therefore, for correction derived from the
amount of mixed gas, transmittance was corrected by surface
temperature by applying a second-degree polynomial, which is
the same method applied to total precipitable water and total
ozone amount. When it comes to correction of global solar
radiation depending on solar zenith angle, as shown in Table 1
below, surface albedo was each corrected at 0.1 interval of
cosine the solar zenith angle by using the rate of global solar
radiation. The interaction between atmosphere and the ground
surface is sensitive to change in solar zenith angle, and the
LBL model and the error increase as solar zenith angle
increases. This is caused by while the LBL model considers a
mixture ratio by altitude and accumulates calculated values to
calculate, the one-layer solar radiation model considers multiple
scattering and path length of absorption gas by considering a
one-layer to calculate the amount of solar radiation. At a part
with small solar zenith angle, although solar radiation corrected

Table 2. Surface solar radiation (W m ) by solar radiation models with surface albedo and mid-latitude summer atmosphere. And differences (%)

between LBL and solar radiation models.

Difference (%)
Multi-layer Multi-layer One-layer
Surface albedo LBL model
Wm?) Band model Spectral model Band model

NASA IQBAL NREL GWNU BIRD
0.0 1060.1 -0.121 -2.274 —-1.654 -1.654 -0.812
0.1 1067.7 -0.078 -2.308 -1.613 -0.211 0.512
0.2 1075.5 —-0.031 —2.344 —1.547 -0.217 1.031
0.3 1083.7 0.019 -2.383 —1.453 -0.215 1.822
0.4 1091.4 0.074 —2.425 -1.329 -0.216 2.585
0.5 1101.0 0.133 -2.470 -1.174 -0.210 3.412
0.6 1110.3 0.196 -2.519 —0.986 —0.208 4.051
0.7 1119.9 0.265 -2.573 —-0.761 -0.211 4.717
0.8 1130.1 0.339 -2.632 —0.498 -0.209 5.581
0.9 1140.8 0.419 -2.697 -0.132 -0.213 6.833
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is small, a second-degree polynomial regression equation was
applied as errors radically occur when the solar zenith angle is
big. As shown in Figs. 2 and 3, and Table 1, the GWNU model
was established for this study as a conclusive solar radiation
model, by including corrected regression equation to solar
radiation models of the equations (3)-(9) depending on ab-
sorption gas and surface albedo.

Out of calculation results derived from the multi-layer LBL
radiation model, the multi-layer band model (Chou and Suarez,
1999; hereafter NASA), and 4 types of one-layer solar radi-
ation model (e.g., IQBAL, NREL, and BIRD) including the
GWNU model, results of mid-latitude summer atmosphere
were shown in Table 2. Surface temperature of mid-latitude
summer atmosphere is 294.2 K, total precipitable water is 2.91
cm, total ozone amount is 330.5 DU, and solar zenith angle is
0°, and the flux of extraterrestrial solar radiation used 1366.05

W m™. Results showed that the amount of solar radiation on
the surface increased by surface albedo, and the GWNU was
the most similar model out of one-layer models, and the Bird
model, one-layer band model, showed the biggest difference.

When surface albedo is 0.0, the value of solar radiation
calculated on the surface and the difference between NASA,
IQBAL, NREL, and GWNU were shown in Fig. 4 as box-plot
after changing the cosine value of solar zenith angle into 1.0,
0.8, 0.6, and 0.4. It is analyzed that the values calculated in the
LBL model were calculated dependently on amounts of ozone
and total precipitable water that are input data, and the smallest
difference showed in NASA, followed by GWNU, NREL and
IQBAL. Comparing with calculation results derived from the
LBL model showed that while the error increased in the
GWNU as albedo increased, and the error was below 0.50%
on average. The error of IQBAL and NREL model, similar
kinds, was 2% or more. Further, the error of one-layer solar
radiation model increased as solar zenith angle increased
(cosine values decreased). This occurs when the increasing
ratio on length of optical path is bigger in the one-layer model,
and the amount of absorber in layer equally increases.

4. Results

The GWNU model, a corrected one-layer solar radiation
model, calculated surface solar radiation by inputting real
atmospheric conditions obtained from model forecasting and
satellite observations data of the Korean peninsula. To calculate
the amount of solar radiation reaching the surface of the earth,
required are amounts of gas absorbing solar radiation such as
water vapor (or total precipitable water), ozone, etc., aerosol,
and cloud cover data, and also surface pressure and altitude at
calculation spots and surface albedo data. Out of these data, for
data on pressure and the amount of water vapor, etc., the Korea
Local Analysis and Prediction System (KLAPS), a regional
forecast model of the Korea Meteorological Administration
(KMA; hereafter KMA), was used, for the amount of ozone,
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Fig. 8. Monthly accumulated surface solar radiations (unit: MJ m™) observation by 22 KMA solar radiation sites in 2010.

the Ozone Monitoring Instrument (OMI) sensor data (daily
average; when missing use to month average data) at 1° x 1°
resolution was used, and for aerosol, showing very strong
characteristics in size, shape, and region, MODIS satellite data
(daily average; when missing use to month average data) at
1° x 1° resolution were used. Further, for surface albedo data,
used were MODIS's high resolution (0.05° x 0.05° resolution)
data, and for the digital elevation model, used were 3-second
data (about 90 m resolution) of NASA's Shuttle Radar Topo-
graphy Mission (SRTM) from United State Geological Survey
(USGS). For cloud data, one of the most important factors
attenuating solar radiation energy reaching the surface, MTSAT-
2 satellite data were processed by a method used in Kawamura
et al. (1998) and Communication, Ocean and Meteorological

Satellite Data Processing System (Korea Meteorological Ad-
ministration, 2009). Cloud data (hereafter cloud factor) using
visible and infrared spin scan radiometer data supplied by the
MTSAT-2 satellite and solar zenith angle. Cloud factor is the
observation and calculation (in clear sky) on cloudy pixel. And
look up table of cloud factor is calculated by Gauss-Jordan
elimination (Gilbert, 2003) and multiple regression (Cohen et
al., 2003) methods with 1° of solar zenith angle and visible
albedo, respectively. The above-stated data were used in a way
of interpolation scheme in accordance with 1km x 1 km
resolution regarding the Korean peninsula, research area.
Analysis was conducted from January 2010 to December
2010, and spatial distribution of monthly accumulated solar
radiation calculated by the GWNU model, which was cor-
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Fig. 9. Annual accumulated global solar radiations (unit: MJ m™) of calculation by GWNU model (a) and observation by 22 KMA

solar radiation sites (b) in 2010.

rected, was shown in Fig. 5. For monthly solar radiation
distribution of the Korean peninsula, seasonal and regional
distribution characteristics were distinctively shown by the
effect of cloud, solar zenith angle, aerosol, and the amount of
water vapor. In particular, as the solar zenith angle is small
during summer season, the solar radiation of surface is expected
to be strong. However, due to frequent clouds, monthly maxi-
mum accumulated solar radiation was shown in June, early
summer. That is, the reason that surface solar radiation is
strong compared to mid-summer (July to August) is that
although the sun's altitude was lower in June compared to mid-
summer season, the amount of clouds, the most important
factor in the attenuation effect, was less in June compared to
July and August, mid-summer season (5.75 okta in June, 7.34
okta in July, 6.88 okta in August, See Fig. 6). Further, the
lowest month of the year was December in the amount of
average monthly solar radiation, about 27% compared to June,
the highest month, analyzed that it is due to the solar zenith
angle is large and much cloud amount in Dec.. Fig. 7 indicates
that 22 solar radiation sites operated by the KMA, and out of
monthly accumulated data observed in the sites, main months
of season was shown in Fig. 8. Although the distribution of
solar radiation was similar with model calculation values in
Fig. 5, it partially shows a difference, which is resulting from
that as model calculation results are calculated at one-hour
intervals while observation data are hourly accumulated. How-
ever, this will be resolved, provided that collection intervals

are shortened on input data of solar radiation models including
cloud.

Further, Fig. 9 stands for calculation of the GWNU model
on the amount of solar radiation annually accumulated and
solar radiation observation data provided by the KMA's 22
sites. The amount of average solar radiation on the Korean
peninsula's calculated solar radiation was 4,800 MJ m™, and
the average value of 22 observatories' data was 4,932 MJ m™.
Results of model calculation showed that solar radiation annu-
ally accumulated was relatively less in the Korean peninsula's
western coast area as the area has more amount of cloud
compared to other regions, while the intensity of solar energy
was strong as Andong, Daegu, and Jinju show little amount of
cloud related to downwind location of Sobaek mountainous
areas. During the same period, although the KMA's solar
radiation shows a similar tendency, Daegu showed relatively
lower solar radiation compared to the model. This difference
can be analyzed and described through environment investiga-
tion of solar radiation observatories and comparative obser-
vation of pyranometer.

5. Summary

The one-layer solar radiation model was developed to resolve
deficiency of vertical atmospheric data and improve high-
resolution computing speed. The GWNU solar radiation model
was developed on a basis of the IQBAL and NREL theories, a
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one-layer solar radiation model, and the LBL was selected as a
reference model to improve accuracy. Further, the amount of
solar radiation reaching the surface of the earth by using 42
types of vertical atmospheric data as input data was compared
with detailed models and one-layer models. One-layer solar
radiation models were corrected depending on sensitivity of
each input data (i.e., total precipitable water, ozone, mixed gas,
and solar zenith angle). Analysis results derived from the
GWNU solar radiation model showed that a difference showed
0.5% or less compared to the LBL model, which is a similar
value with the NASA model, a multi-layer model, and the
error increased by solar zenith angle, which was lower com-
pared to other one-layer solar radiation models.

By using satellite and numerical model data as input data,
calculated was solar radiation reaching the surface in the
Korean peninsula for one year in 2010, which were compared
with surface observation data. The results showed a similar
distribution with observation data, partially showing a differ-
ence, which was caused by a time difference between model
and observation data. This is analyzed as an error occurring,
resulting from that the observation data are accumulated by
time meanwhile the model is calculated at hourly intervals. As
a factor affecting the most is cloud, June least affected by
cloud during summer showed high solar radiation compared to
July and August of mid-summer, due to change in cloud.
Calculated solar radiation annually accumulated showed hig-
hest solar radiation distribution in Andong, Daegu, and Jinju
regions, meanwhile the observation data showed lower solar
radiation in Daegu region compared to model result values.
This difference can be analyzed and described through com-
parative observation conducted by solar radiation observation
stations on environment investigation and pyranometer.

In conclusion, the one-layer solar radiation model developed
herein in this study can partially resolve problems occurring in
input data of solar radiation models, and can be applied to
high-resolution calculation requiring much computation. Fur-
ther, it is considered that the one-layer solar radiation model
can be basic research for further renewable energy and
photovoltaic generation studies.

Acknowledgments. This work is funded by the Korea Meteor-
ological Administration Research and Development Program
under the Weather Information Service Engine (WISE) project
(Grant No. 153-3100-3133-302-350).

Edited by: Tadahiro Hayasaka

REFERENCES

Bird, R. E., and R. L. Hulstrom, 1981: Simplified clear sky model for
direct and diffuse insolation on horizontal surfaces, Technical Report
No. SERI/TR-642-761, Golden, CO: Solar Energy Research Institute,

46 pp.

, and C. Riordan, 1986: Simple solar spectral model for direct and
diffuse irradiance on horizontal and tilted planes at the earth's surface
for cloudless atmospheres. J. Climate Appl. Meteor., 25, 87-97.

Chandrasekhar, S., 1960: Radiative Transfer. Dover Publications Inc., New
York, 393 pp.

Chou, M. D., and M. J. Suarez, 1999: A solar radiation parameterization
for atmospheric studies. NASA/TM-19990104606, 15.

Cohen, J., P. Cohen, S. G. West, and L. S. Aiken, 2003: Applied multiple
regression/correlation analysis for the behavioral sciences (3rd ed.).
Lawrence Erlbaum Associates, Inc. Mahwah, New Jersey, 702 pp.

Dave, J. V., 1974: A direct solution of the spherical harmonics approxi-
mation to the radiative transfer equation for an arbitrary solar elevation.
Part I: Theory. J. Atmos. Sci., 32, 790-798.

Garand, L., and Coauthors, 2001: Radiance and jacobian intercomparison
of radiative transfer model applied to HIRS and AMSU channels. J.
Geophys. Res., 24, 17-31.

George, R., and E. Maxwell, 1999: High-resolution maps of solar collector
performance using a climatological solar radiation model. Proceedings
of the 1999 Annual Conference, American Solar Energy Society,
Portland, Maine, 243-248.

Gilbert, S., 2003: Introduction to Linear Algebra (3rd ed.). Wellesley-
Cambridge Press, Wellesley, Massachusetts, 571 pp.

Igbal, M, 1983: An introduction to solar radiation. Academic Press, New
York, 390 pp.

Kamamura, H., S. Tanahashi, and T. Takahashi, 1998, Estimation of
insolation over the Pacific Ocean off the Sanriku coast. J. Oceanogr.,
54,457-464.

Kerschgens, M., U. Pilz, and E. Raschke, 1978: A modified two-stream
approximation for computations of the solar radiation budget in a
cloudy atmosphere. Tellus, 30, 429-435.

Korea Meteorological Administration, 2009: Development of Meteor-
ological Data Processing System of Communication, Ocean and
Meteorological Satellite (V). Final Report, 513-538.

Lee, J.-S, W.-J. Choi, D.-R. Kim, S.-Y. Kim, C.-K. Song, J.-S. Hong, Y.-D.
Hong, and S.-J. Lee, 2013: The effect of ozone and aerosols on the
surface erythemal UV radiation estimated from OMI measurements.
Asia-Pac. J. Atmos. Sci., 49, 271-278.

Perez, R., and M. Perez, 2008: Making the case for solar energy. Daylight
& architecture magazine by velux. Autum 2008, 9, 8-17.

, P. Ineichen, K. Moore, M. Kmiecik, C. Chain, R. George, and F.

Vignola 2002: A new operational model for satellite-derived
irradiances: Description and validation. Solar Energy, 73,307-317.

Rothman, L. S., and Coauthors, 2003: The HITRAN molecular spec-
troscopic database: edition of 2000 including updates through 2001. J.
Quant Spectrosc RA, 82, 5-44.

Siegel R., and J. R. Hewell, 1981: Thermal radiation heat transfer.
Hemisphere Pub. Corp., Washington, 524 pp.

Stamnes, K., S. C. Tsay, W. Wiscombe, and K. Jayaweera, 1998:
Numerically stable algorithm for discrete-ordinate-method radiative
transfer in multiple scattering and emitting layered media. Appl. Opt.,
27, 2502-2509.

Takenaka, H., T. Y. Nakajima, A. Higurashi, A. Higuchi, T. Takamura, R.
T. Pinker, and T. Nakajima, 2011: Estimation of solar radiation using a
neural network based on radiative transfer. J. Geophys. Res., 116, doi:
10.1029/2009JD013337.

Yeom, J.-M., K.-S. Han, and J.-J. Kim, 2012: Evaluation on penetration
rate of cloud for incoming solar radiation using geostationary satellite
data. Asia-Pac. J. Atmos. Sci., 48, 115-123.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.33333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 150
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /DetectCurves 0.000000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


