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Abstract

Interest has been increasingly focused on the studies of solar radiation across the globe ever since people are more concern about energy
conservation. Due to the increment of terrestrial application of solar energy, the scientific interest on solar distribution has expanded from
broadband solar energy to its spectral distribution. Measurement of solar radiation with its spectral profile provides knowledge for mak-
ing important decisions involving resources and energy, agriculture and climate. In remote sensing, the measurement of spectral solar
radiation is important for sensor calibration and image enhancement to extract the most information out of a satellite image. The spectral
radiation can be measured using spectral radiometer specifically design for measuring solar radiation; however such instruments are ex-
pensive and only provide point data which is very limited in most studies. This study aims to provide a rigorous spectral radiation model
that predict the spectral solar irradiance in temporal resolution of every minute with spectral range from 350nm to 2200nm under cloud-
less condition. The parameters used in this model include the distance between sun and earth, time, coordinate, atmospheric interference
and terrain effect. Atmospheric sounding data was used in this study to provide the necessary atmospheric parameter in the simulation of
solar propagation through the atmosphere. The atmospheric effects considered in this study include Rayleigh scattering, aerosol attenua-
tion and the absorption of water vapor, ozone and uniformly mixed gas. The simulation results were projected onto a digital elevation
model to further calculate the effect introduced by the topographic variation and to get a three dimensional solar spectral radiation. The
result obtained from this study is compared with spectral solar irradiance data collected during the month of June and July, 2018 with

root mean square deviation of 9 watt per meter square at the wavelength of 350nm to 2200nm.
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1. Introduction

Our Sun emitted solar radiation that is close to a black body at
temperature near 5800K (Vasarevicius and Martavicius, 2011).
The solar radiation covers the entire electromagnetic spectrum
from gamma rays, X-rays, ultraviolet, visible, infrared, micro-
waves and radio waves. According to Eltbaaks(2011), a total of
99 percent of solar energy reaching the Earth falls between 150nm
and 4000nm.

Solar irradiance continuously generated by the sun in waveform
dispersed into the space and it is assume that no energy was lost in
space. At the top of atmosphere, the solar constant at one astro-
nomical Unit (149,597,870km) is around 1360.8 Wm-2 with mi-
nor variation due to the elliptical orbit of the Earth to the Sun and
solar activities (Kopp and Lean, 2011; Coddington et al., 2016 ).
The studies of spectral solar irradiance is important and needed by
variety of applications from different disciplines. In health indus-
tries, solar irradiance at the wavelength of ultraviolet was studied
in related to skin cancer (Cadet and Douki, 2018). In remote sens-
ing, solar irradiance was used in radiometric calibration of remote
sensed imageries to improve image quality and to extract the most
information out of remote sensed data (Liew et al., 2017). In ener-
gy industries, solar irradiance at wavelength 300nm to 1200nm
was used to test the spectral response of various photovoltaic ele-
ment (Murshed et al., 2018). In agriculture, the photosynthetically
active radiation (PAR) can be related to biomass growth and near

infrared reflection from vegetation can be used to identify the
water stress level in the plant (Chakwizira et al., 2018).

Solar irradiance was selectively absorbed and scattered by the
atmosphere during the propagation from the top of the atmosphere
to the ground (Lampel et al., 2017). Primary particles that are
responsible for the atmospheric effect are dust, ozone, carbon
dioxide, oxygen, nitrogen dioxide, water and methane. The
amount of scattering and absorption depend on the concentration
of the particle in the atmosphere. A good estimation of solar irra-
diance on the Earth surface requires both atmospheric and geomet-
ric inputs. These parameters are usually made available through
in-situ measurement, satellite measurement, meteorological station
or static atmospheric models.

Solar radiation is usually measured as broadband, spectral or
monochromatic. Solar radiation network (SolRad-Net) is one of
the global scale solar flux monitoring network that provide quasi-
real-time measurement to scientific community. Some other
measurements of different wavelengths are also available in many
researches. Islam et al., (2009) measured solar radiation with a
pyroheliometer in Abu Dhabi during 2007. His measurement pro-
vides daily and monthly solar radiation data to serve other solar
related researches in that country. In 2011, solar irradiance was
measured in Bangi, Malaysia using filters to achieve spectral
measurement with lower cost (Eltbaakh et al., 2013). In his stud-
ies, the results were compared with a simulated software with a
great accuracy. Instrument for measuring solar irradiance can be
fairly expensive and only capable to provide measurement in a
single location. To compensate the limited data, simulation can be
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one of the option to reduce the cost while providing a wide cover-
age of data.

This study aims to simulate spectral solar irradiance in Penang
Island using local atmospheric sounding data, radiative transfer
model and digital elevation model. This model is able to simulate
the solar illumination with high spectral resolution at any instant
of time based on the ¢ atmospheric input.

2. Method

2.1. Atmospheric Model

When solar radiation travel through the Earth’s atmosphere, the
radiation was absorbed and scattered according to the atmospheric
condition and path length of solar radiation, also describe as air
mass (Eltbaaks et al., 2011). This changes the spectral distribution
of the radiation. The spectral distribution of solar radiation
reaches the Earth’s surface at any given time.

Atmospheric model was used in this study to account the effect of
the atmospheric effect onto solar radiation. The parameter was
acquired from nearby atmospheric sounding. Yearly average at-
mospheric profile from Penang International Airport (WMKP) at
the year 2017 was used to provide the necessary atmospheric pa-
rameters to simulate the propagation of solar irradiance. The pa-
rameter included in the atmospheric profile are atmospheric pres-
sure, height, temperature, relative humidity and water mixing ratio
from mean sea level up to 32km.

From the atmospheric profile, vertical water column was calcu-
lated using equation (1). The vertical water column is the total
precipitable water vapour in centimetres. It is the total thickness of
all water in a column of atmosphere if it were condensed at the
surface. The vertical water column is needed to calculate the
transmission of solar irradiance through the atmosphere caused by
the water vapour.

twe = 1000 X [(wmr(h) x p(h)~*/3) dh 1)

where twe, total water column; wmr(h), water mixing ratio; p(h) is
the air density at height h. The air density was calculated using
ideal gas law in equation (2)

p(h) = Py(RqTy)™* 2

where Py, pressure; Ry, gas constant (287.058 J kg-1 K-1); and T,
temperature as a function of height.

2.2. Simulation of terrain illumination

Solar illumination on Earth’s surface is inconsistence especially at
the hilly areas. The slope and aspect of the terrain change the solar
incident angle on the Earth’s surface. Direct solar irradiance was
heavily influence by the solar incident angle while diffuse irradi-
ance affect by the slope gradient. The calculation of the incident
angle can be done with the known solar direction and digital ele-
vation model. Digital elevation Model of Penang Island from Alos
Palsar with resolution of 12.5m was used in this study. The DEM
was smoothen using low pass filter to reduce artefact in the data.
The DEM was then converted into slope and aspect to calculate
for solar incident angle () using equation (3). The parameter used
in equation (3) are described in figure (1) where the solar incident
angle is the function of solar position, slope and aspect of the ter-
rain.
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Fig. 1: Parameter involved in calculation of solar incident angle
2.3. Simulation of solar irradiance

To generalize the sloping surface predictions, we simplify the
formulation of solar irradiance and rewrite the total solar irradi-
ance on asloping as

I = (cos® - [ I, (DdAD) + (sin - [ I:(1)dA) @)

where |;, total irradiance reaches the Earth surface; 6, incident
angle; v , slope gradient; I, direct irradiance and Iy, diffuse irradi-
ance on horizontal surface.

The first term in the equation (4) describes the calculation of di-
rect irradiance with the cosine law. Direct irradiance Ir(4) is de-
scribed in equation (5)

| I’() V) =1 on).TriTuiTw%ToiTu/LTn/L (5)

where 1,,,, corrected extraterrestrial irradiance for actual Earth-
Sun distance; T,,, Rayleigh scattering, T,;, aerosol attenuation; and
Ty Tos T, are water vapour, ozone and uniformly mixed gas
absorption as a function of wavelength.

The second term of equation (4) describes the calculation of dif-
fuse irradiance l¢4) which assumes that the diffuse irradiance was
from the isotropic skies. Diffused irradiance was calculated using
equation (6)

II’()V) = [r). + Ia}. + Igi (6)

where it is generally divided into three components which are 1.4,
Rayleigh scattering component; ./, aerosol scattering component;
and I/, the component that accounts for multiple reflection of
irradiance between the ground and the air. This model assumes
that Rayleigh and aerosol scattering are independent to each other.
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3. Results
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Fig. 2: Result of radiative transfer model at zenith angle of 45°.

This study aim to simulate the solar irradiance at surface level
with high spectral resolution for any given time. The simulation is
able to simulate direct and diffuse independently which allow
researcher to understand more on the solar irradiance.

The simulated spectral solar irradiance from equation (3) was
shown in figure (2). This result were simulated at 45° zenith and
135° azimuth. In this simulation, the estimated solar irradiance
between 350nm to 2200nm is 654w/m?, with 75% contributed by
direct solar irradiance and 25% by diffuse solar irradiance

- 06

Fig. 3: Three dimensional solar illumination of Penang Island at zenith 45°
and azimuth 135°.

This result was applied on the digital elevation model to simulate
three dimensional solar illumination as shown in figure (3) and (4).
A total of 60 measured solar spectral data was recorded during the
month of June and July, 2018. The data was acquired using solar
spectrometer with effective wavelength of 350nm to 2200nm.
These data was compared with the 60 simulation results with dif-
ferent solar position. The overall comparison results was shown in
figure 5. The simulated result was statistically tested with root
mean square deviation of 9.2Wm-2 from total irradiance.

Fig. 4: Three dimensional solar illumination of Penang Island at zenith 45°
and azimuth 135° in another angle
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Fig. 5: The measured and simulated total/diffuse solar irradiance at the wavelength of 350nm to 2200nm.
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Fig. 6: Spectral comparison between simulation and measured data at 45° zenith.
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Fig. 7: Regression of broadband simulation versus measured data at 45° zenith angle.

From figure 6, major water vapour absorption occurred at the
wavelength 950nm, 1150nm, 1450nm and 1850nm. These wave-
length are especially useful in understanding water content in the
atmosphere. For detailed spectral assessment, we have compared
the measured total irradiance with the simulation from 25° to 50°
zenith angle. A 7nm low pass filter was applied on the simulation
results to match the smoothen reading from the instrument. The
coefficient of determination value for the simulation lies between
0.98 (zenith 25°) to 0.99 (zenith 50°) while root mean squared
deviation is between 0.03 to 0.07 Wm™?nm™ at the interested
wavelength. The comparison was shown in Figure 6 and 7. In
figure 6, the simulated and measured result at 45° zenith was
compared. The results was statistically evaluate in figure 7 where
the coefficient of determination value is 0.99.

4. Conclusion

The knowledge of spectral solar irradiance on the Earth’s surface
is important in many fields yet the availability of spectral solar
data is very limited. The results in this paper have shown that
simulation of spectral solar irradiance can achieve a very high
confident level under cloudless condition. Instead of point data,
this simulation process allows us to simulate high spectral solar
irradiance in 3 dimensional space which was previously impossi-
ble using any measurement tools.
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