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ABSTRACT 
 
An approach for mapping solar irradiation from ground and satellite-based data for 
Thailand was developed. A simple semi-empirical model relating normalized 
monthly average global solar irradiation to a normalized monthly average of 
visibility, precipitable water, total ozone column, and cloud index was proposed. 
Visibility data collected at 80 Thai meteorological stations were employed to 
represent the influence of aerosols on solar irradiation. Precipitable water was 
derived from air temperature and relative humidity measured at these stations. An 
interpolation technique was used to fill out the gaps between stations. Ozone data 
were acquired from OMI/AURA satellite data. A cloud index, which is used to 
represent the influence of clouds on irradiation, was calculated from MTSAT-1R 
satellite data. The model was based on global irradiation measured at four solar 
radiation monitoring stations located in the main regions of Thailand. The model 
validation using independent data at 36 stations revealed that the monthly average 
global solar irradiation computed from the model and that obtained from the 
measurements were in good agreement, with the root mean square difference being 
6.9%. After its validation, the model was used to create solar irradiation maps. 
These maps are similar to those obtained from sophisticated irradiation models. 
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1. INTRODUCTION                                    
 
The geographical distribution of global solar irradiation is 
essential for solar energy applications (Duffie and 
Beckmann, 2013). Specifically, solar irradiation is a source 
of solar energy systems. Solar irradiation is also important 
for atmospheric research (Salby, 1996) because solar 
radiation supplies energy to the atmospheric system. A 
classical approach to obtain such information on solar 
irradiation is to establish a dense network of 
pyranometers in an area of interest and continuously 
measure incident solar irradiation for several years. Then, 
the average irradiation obtained from the network is 
presented on a geographical map of the area, and the 

contour lines of solar irradiation are traced on that map to 
show the geographical distribution of the solar irradiation 
of that area (Suwantragul et al., 1984). Although networks 
of pyranometers have been established in many areas of 
the world, the density of pyranometers in most areas, 
especially in developing countries, is still low 
(Department of Alternative Energy Development and 
Efficiency, 2007; Department of Alternative Energy 
Development and Efficiency, 2009). The use of the 
measurement approach is generally simple, but its 
performance depends strongly on the density of the 
pyranometer network. As meteorological satellites can 
detect clouds over large areas and clouds are a main factor 
affecting surface solar irradiation, a number of researchers  
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have proposed methods for deriving surface solar 
irradiation from the imagery data of meteorological 
satellites (Möser and Raschke, 1984; Pinker and Laszlo, 
1992; Exell, 2007; Cano et al., 1986; Wyser et al., 2002; 
Polo et al., 2011; Polo, 2015; Huang et al., 2019). The 
satellite approach consists of several techniques. These 
techniques can be broadly categorized as techniques using 
physical models and techniques employing statistical or 
empirical models. The physical model has an advantage in 
terms of generality, but it is relatively complicated and 
requires input data, which are not always available. The 
empirical model is generally simple, but it usually lacks 
generality. For the case of Thailand, the mapping of surface 
solar irradiation has been performed using various 
techniques (Exell, 2007; Sorapipatana et al., 1988; Janjai et 
al., 2005; Janjai et al., 2013a). These techniques include 
those based on measurements and those that use physical 
models. Each technique has advantages and 
disadvantages, as mentioned above. In this work, we 
proposed to map solar irradiation with ground- and 
satellite-based data over Thailand by using a simple semi-
empirical model.  
 
 

2. MATERIALS AND METHODS 
 
2.1 Materials 
The materials used in this work were satellite and ground-
based data. The details of these data are described as 
follows. 
 
2.1.1 Satellite data 
The satellite data used in this approach were hourly 
imagery visible data from the MTSAT-1R satellite 
encompassing the period of 1 January 2006–31 
December 2015. For each day, the hourly satellite data 
from 8:30 to 16:30 local time were used. The data were 
processed using the same method as that in our previous 
work (Janjai et al., 2013b). The information in each 
satellite pixel is the earth-atmospheric reflectivity (EA). 
Then, this information is converted into a cloud index 
(n) using a relation given by Cano et al. (1986) as: 
 
n =  

஡ుఽି஡ృ

஡ౙି஡ృ
                                                                                    (1) 

 
where 𝜌ீ  and 𝜌௖  are the surface reflectivity and 
maximum cloud reflectivity, respectively. 
       As ozone absorbs solar irradiation and the amount of 
ozone from ground-based measurements is rarely 
available, the information on the amount of ozone 
obtained from the OMI/AURA satellite for the period of 
2006–2015 was also acquired for this work. 
 
2.1.2 Ground-based data 
Data on global solar irradiation are essential for the 
formulation of the proposed semi-empirical model. In this 
work, the global solar irradiation measured at the 
following solar monitoring stations was collected: Chiang 
Mai station (18.78° N, 98.98° E) located in the northern 
region of Thailand, Ubon Ratchathani station (15.25° N, 
104.87° E) situated in the Thai northeastern region, 
Nakhon Pathom station (13.82° N, 100.04° E) located in 
the Thai central region, and Songkhla station (7.20° N, 
100.60° E) situated in the southern region of the country  

(Figure 1). The data from these stations, covering the 10-
year period (2006-2015), were used to formulate the 
semi-empirical model. The global solar irradiation 
measured at 36 stations of the Department of Alternative 
Energy Development and Efficiency (DEDE) of Thailand 
for a period of 1-5 years was also collected to validate the 
model. The positions of these DEDE stations are shown in 
Figure 1.  
       Water vapor absorbs a considerable amount of solar 
radiation (Iqbal, 1983; Kämpfer, 2013). In this study, 
precipitable water (w) was used to quantify water vapor, 
and w was estimated from ambient air temperature (Ta) 
and ambient relative humidity (rha) using the following 
formula proposed by Janjai et al. (2005): 
 

w = 0.8933 exp (0.1715
୰୦౗୮౩

୘౗
)                                             (2) 

 
where w is the precipitable water (cm), Ta is the 
temperature of ambient air (K), rha is the relative 
humidity of ambient air (decimal), and ps is the 
saturated water vapor (mbar). The data of Ta and rha 
measured at 80 meteorological stations were collected 
to estimate w. The gaps between stations were filled out 
using the interpolation approach (Press et al., 1992). 
       In this work, the influence of atmospheric aerosols was 
quantified using the visibility data measured at 80 stations 
in Thailand, and the interpolation approach (Press et al., 
1992) was employed to fill out gaps in the measurement. 
 
2.2 Modeling 
Instead of developing a physical model or an empirical 
model, a semi-empirical model was proposed for 
calculating solar irradiation. In general, solar irradiation 
depends on cloud, water vapor, ozone, and aerosol 
(Iqbal, 1983). To investigate this dependence, this study 
plotted the normalized monthly average daily values of 
cloud index, precipitable water, total ozone column, and 
visibility from the four stations for the period of 2006–
2015 against the normalized monthly average of daily 
solar irradiation. 
       Also, the following model was proposed: 
 
ୌഥ

ୌഥ బ
= a଴ + aଵ

୚୍ୗതതതതത

୚୍ୗതതതതത
ౣ౗౮

+ aଶ
୛തതത

୛തതതౣ౗౮
+ aଷ

୓ഥ య

୓ഥ యౣ౗౮

+ aସ
୬ഥ

୬ഥౣ౗౮
                (3) 

 
where Hഥ is the monthly average of daily global solar 
irradiation, Hഥ଴ is the monthly average of daily 
extraterrestrial solar irradiation, VISതതതത is the monthly 
average of daily visibility, VISതതതത

୫ୟ୶ is the maximum monthly 
average of daily visibility, Wഥ  is the monthly average of 
daily precipitable water, Wഥ୫ୟ୶ is the maximum monthly 
average of daily precipitable water, Oഥଷ is the monthly 
average of daily total ozone column, Oഥଷ୫ୟ୶

 is the 
maximum monthly average of daily total ozone column, nത  
is the monthly average of daily cloud index, and nത୫ୟ୶is the 
maximum monthly average of daily cloud index. a0, a1, a2, 
a3, and a4 are the empirical coefficients of the model. 
       The t-statistic can be used to demonstrate goodness of 
fit. A higher absolute value of a t-statistic with the same 
number of samples relates to a low probability that the 
relationship occurs by chance (Montgomery et al., 2012). R2, 
commonly called the coefficient of determination, is the 
proportion of variance in the dependence variable that can 
be explained by the independent variables (Dhakal, 2019). 
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       Table 1 shows that the value of R2 was relatively high 
and the absolute values of the t-statistic associated with 
a1, a2, a3, and a4 were greater than 2 with very low p-value,    

meaning that 
୬ഥ

୬ഥౣ౗౮
, 

୛തതത

୛തതതౣ౗౮
, 

୓ഥ య

୓ഥయౣ౗౮

, and 
୚୍ୗതതതതത

୚୍ୗതതതതത
ౣ౗౮

 were statistically  

significant predictors of ୌഥ

ୌഥబ
.

 

 
 
Figure 1. Map of Thailand showing the position of the solar monitoring stations () whose data were used to determine 
the model coefficients and the position of the DEDE stations ()  
Note: Data were employed for model validation (A, B, C, and D indicate the northern, northeastern, central, and southern 
regions, respectively). 
 
Table 1. Values of model coefficients and statistical parameters 
 

Coefficient Value of coefficient t-statistic p-value R2 N 

a0 0.7425 20.8147 <0.05 0.79 480 
a1 0.0511 2.4155 <0.05 
a2 0.0681 3.9264 <0.05 
a3 -0.2241 -5.1937 <0.05 
a4 -0.2545 -29.9436 <0.05 

Note: R is the correlation coefficient, and N is the total amount of data 
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3. RESULTS AND DISCUSSION 
 
Figure 2 reveals the results. It indicates the degree of 
correlation between the variable on the vertical axis and 
horizontal axis. Ideally, correlation coefficient (R) should 
be 1 or -1. From Figure 2, the values of R in many cases 
were relatively low. Take for example the case of ozone: 
the parameters in the correlation between the dependent 

variable 
ୌഥ

ୌഥ బ
 and 

୓ഥ య

୓ഥయౣ౗౮

, exerted certain influences, 

additionally, there were influences from other dependent 
variables in the graph, thus making the correlation 
coefficient low. In addition, we could not isolate these 
influences for the all-sky condition because the 
information on the solar spectrum under the all-sky 
conditions was not available. 

 

 
 

Figure 2. Dependence of normalized monthly average of daily global solar irradiation on the amount of various 
atmospheric constituents: a) normalized cloud index b) normalized precipitable water c) normalized visibility, and d) 
normalized total ozone column  
 
       From Figure 2, we also noticed that the normalized 
values of the cloud index, precipitable water, total ozone 
column, and visibility linearly affected the normalized 
value of the monthly average of daily solar irradiation. 
       Equation 3 was fitted with solar irradiation and the 
related data at the four solar monitoring stations, 
encompassing a 10-year period (2006-2015) to obtain the 
coefficients of the model. Hഥ଴ was calculated using a 
formula given by Iqbal (1983). The coefficients and 
statistical parameters obtained from the statistical 
analysis are presented in Table 1. 
       To evaluate the model’s performance, the model in 
computing the solar irradiation at 36 solar monitoring 
stations of DEDE was used (Figure 1). The results were 
compared with those obtained from the measurement 
(Figure 3 and Table 2). 
       The results from Figure 3 indicated that Hഥ୫୭ୢୣ୪ agreed 
well with Hഥ୫ୣୟୱ୳୰ୣ, with the discrepancy reflected in the 
root mean square difference (RMSD) relative to the mean 
measured irradiation of 6.9% and the mean bias difference 

(MBD) relative to the mean measured irradiation of 1.0%. 
Janjai et al. (2013b) used a physical model to calculate 
solar radiation. They found that the solar radiation calculated 
from the model and that obtained from the measurement 
had an RMSD of 5.3% and MBD of 0.3%. Bosch et al. (2010) 
used Heliosat-2 together with a digital terrain model to 
calculate the solar radiation over an area in Spain and found 
that the solar radiation calculated from the model and that 
from the measurement were in agreement, with the RMSD 
being 10% and the MBD being 2%. Polo et al. (2011) 
employed a satellite approach to estimate the solar radiation 
over India and found that the solar radiation calculated from 
the satellite and that from measurements were in reasonable 
agreement, with the RMSD being around 12% and the MBD 
being around 5%. Polo (2015) used a satellite approach 
to derive solar irradiation over Spain and found that the 
comparison between satellite-derived global solar 
irradiation and that from the measurements had the RMSD 
of 11%. Therefore, the accuracy of the proposed model was 
comparable to that in published works.



Chanalert, W., et al. 

   
5

 

Figure 3. Comparison between monthly average of daily global solar irradiation calculated from the model 
(Hഥ୫୭ୢୣ୪) and that obtained from the measurement (Hഥ୫ୣୟୱ୳୰ୣ) 
        

Table 2. Names, latitudes, longitudes, and altitudes of DEDE stations whose data were used to evaluate the model’s performance 
 

No. Station Latitude 
(degree) 

Longitude 
(degree) 

Altitude 
(m) 

Period of data RMSD 
(%) 

MBD 
(%) 

1 Chiang Rai 20.08 99.88 495 Oct 2012-Dec 2015 8.8 5.0 
2 Mae Hong Son 19.43 97.96 730 Jan 2011-Dec 2015 11.7 7.2 
3 Nan 18.72 100.75 459 Jan 2011-Dec 2015 7.3 3.9 
4 Chiang Mai (Sansai) 18.83 98.88 565 Jan 2011-Dec 2015 7.9 3.5 
5 Mae Sa Riang 18.17 97.93 698 Jan 2011-Dec 2015 8.0 5.0 
6 Phrae 18.06 100.06 390 Jan 2011-Dec 2015 5.4 -1.0 
7 Tak 16.80 98.90 562 Jan 2011-Dec 2015 7.9 -0.3 
8 Loei 17.40 101.00 492 Jan 2011-Dec 2015 6.1 2.0 
9 Nong Khai 17.87 102.72 177 Jan 2011-Dec 2015 5.0 -2.1 
10 Khon Kaen 16.45 102.78 179 Jan 2011-Dec 2015 6.2 -1.7 
11 Nakhon Panom 16.97 104.73 184 Jan 2011-Dec 2015 7.3 0.0 
12 Surin 14.88 103.50 162 Jan 2011-Dec 2015 7.4 0.2 
13 Ubon Ratchathani (Agr. Met) 15.28 105.14 160 Jan 2011-Dec 2015 5.3 0.2 
14 Nakhon Ratchasima 14.97 102.08 218 Jan 2011-Dec 2015 6.3 2.3 
15 Roi Et 16.07 103.00 153 Jan 2011-Dec 2015 5.2 -0.7 
16 Phitsanulok 16.78 100.27 137 Jan 2011-Dec 2015 6.2 3.1 
17 Phetchabun  16.43 101.15 250 Jan 2011-Dec 2015 4.8 2.2 
18 Nakhon Sawan 15.67 100.12 50 Jan 2011-Dec 2015 4.5 2.5 

19 Lop Buri 14.83 100.62 54 Jan 2011-Dec 2015 6.7 1.1 
20 Bangkok 13.75 100.52 2 Jan 2011-Dec 2015 8.5 4.9 
21 Kanchanaburi (Muang) 14.02 99.53 159 Jan 2011-Dec 2015 5.1 -0.9 
22 Kanchanaburi (Thong Pha Phum) 14.73 98.63 345 Jan 2011-Dec 2015 7.5 2.4 
23 Sa Kaeo (Aranyaprathet) 13.70 102.00 62 Jan 2011-Dec 2015 5.5 2.7 
24 Trat 11.77 102.88 68 Jan 2011-Dec 2015 8.8 -3.0 
25 Prachin Buri 13.97 101.70 46 Jan 2011-Dec 2015 5.0 1.3 
26 Chon Buri 13.37 100.97 5 Jan 2011-Dec 2015 6.7 0.5 
27 Prachuap Khiri Khan 11.83 99.83 1 Jan 2011-Dec 2015 6.3 -3.3 
28 Hua Hin 12.59 99.73 107 Jan 2011-Dec 2015 3.2 0.8 

29 Chumphon 10.40 99.18 8 Jan 2011-Dec 2015 7.4 2.4 

30 Ranong 9.98 98.62 34 Jan 2011-Dec 2015 7.4 -0.2 

31 Surat Thani (Samui) 9.47 100.05 1 Jan 2011-Dec 2015 7.7 -4.6 

32 Surat Thani (Punpin) 9.13 99.15 10 Jan 2011-Dec 2015 6.5 1.5 

33 Phuket 8.13 98.30 26 Jan 2011-Dec 2015 6.2 -3.8 

34 Trang 7.52 99.62 55 Jan 2011-Dec 2015 8.4 0.6 

35 Songkhla (Hadyai) 6.92 100.43 53 Jan 2011-Dec 2015 6.9 3.5 

36 Narathiwat 6.40 101.82 8 Jan 2011-Dec 2015 6.7 1.7 

Combined data 6.9 1.0 

Note: This table also shows the data period and the values of the root mean square difference (RMSD) relative to the 
mean measured irradiation and the mean bias difference (MBD) relative to the mean measured irradiation. 
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       In mapping the monthly average of daily irradiation 
over Thailand, the values of all model parameters 
encompassing the whole areas of the country must be 
obtained. As precipitable water (w) was calculated from 
the temperature (Ta) and relative humidity (rha) of the air, 
the values of Ta and rha measured at the 80 meteorological 
stations were interpolated to obtain their values at the 
position corresponding to the pixels of the MTSAT-1R. In 
addition, the interpolated values of Ta and rha were 
employed to calculate w. A similar approach was used to 
estimate visibility. Finally, the values of w, VIS, O3, and n 
were used to calculate solar irradiation using the model 
(Equation 3). The outcomes were displayed as solar 
irradiation maps (Figures 4 and 5). 
       The monthly irradiation maps (Figure 4) showed that 
the solar irradiation at most of the locations around the 
country gradually increased in January, peaks in April, and 

then gradually decreased toward the end of the year. In the 
yearly irradiation map (Figure 5), the areas with the 
highest irradiation were observed to be situated in the 
lower part of the northeastern region and some areas in 
the central region. Solar irradiation was relatively low in 
the mountain ranges in the north and in the western parts 
of Thailand. Low solar irradiation areas were found in the 
western part during the southwest monsoon period (May-
September) and in the eastern part of the southern region 
during the northeast monsoon (October-January). This 
result was most likely due to the abundance of clouds in 
these areas during these periods (Charuchittipan et al., 
2018). Overall, the patterns of the geographical 
distribution of solar irradiation obtained from this 
approach are similar to those obtained from the 
sophisticated physical model (Janjai et al., 2013a). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Monthly solar irradiation map of Thailand 



Chanalert, W., et al. 

   
7

 
Figure 5. Yearly solar irradiation map of Thailand 
 

4. CONCLUSION 
 
An approach to mapping surface solar irradiation was 
developed using the calculation of solar irradiation from a 
simple semi-empirical model. The compositions of the 
atmosphere affecting the incoming solar irradiation were 
involved empirically in the model. The data on these 
compositions are commonly available, thus facilitating the 
modeling and mapping processes. The model performance 
is comparable to that of sophisticated models, but the 
proposed model is relatively simple. Our solar irradiation 
maps demonstrated the effects of the geographic features 
of terrains and those of monsoons. We concluded that the 
proposed method is feasible for mapping solar irradiation 
in Thailand. 
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