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This paper presents a simple semi-empirical model for estimating global photosynthetically active radiation (PAR) under all sky
conditions. The model expresses PAR as a function of cloud index, aerosol optical depth, total ozone column, solar zenith angle, and
air mass. The formulation of the model was based on a four-year period (2008-2011) of PAR data obtained from the measurements
at four solar monitoring stations in a tropical environment of Thailand. These are Chiang Mai (18.78°N, 98.98°E), Ubon Ratchathani
(15.25°N, 104.87°E), Nakhon Pathom (13.82°N, 100.04°E), and Songkhla (720°N, 100.60°E). The cloud index was derived from
MTSAT-IR satellite, whereas the aerosol optical depth was obtained from MODIS/Terra satellite. For the total ozone column, it
was retrieved from OMI/Aura satellite. The model was validated against independent data set from the four stations. It was found
that hourly PAR estimated from the proposed model and that obtained from the measurements were in reasonable agreement, with
the root mean square difference (RMSD) and mean bias difference (MBD) of 14.3% and —5.8%, respectively. In addition, for the

case of monthly average hourly PAR, RMSD and MBD were reduced to 11.1% and —5.1%, respectively.

1. Introduction

Photosynthetically active radiation (PAR) is part of the solar
radiation spectrum from 400 to 700 nm. The incident PAR at
the earth’s surface is of importance for modeling ecosystems
and climate change studies [1-4]. PAR data are also needed for
accurate modeling of biomass productivities for renewable
energy applications.

Although PAR can be measured by quantum PAR sen-
sors, the number of measurement sites in most areas of the
world is scarce. Consequently, PAR data from measurements
are not sufficient for the demand of PAR users. To overcome
this problem, PAR data need to be obtained from modeling
approaches. One of these approaches is to use a ratio of PAR to
broadband solar radiation to estimate PAR from more widely
measured broadband radiation. Many authors have proposed
the values of this ratio using PAR and broadband radiation
data from different parts of the world [5-7]. Some authors
presented the ratio as functions of the position of the sun
and meteorological data [8-12]. Another approach is to derive

PAR from data of polar orbiting satellites [13-17] or stationary
satellites such as GOES, METEOSAT, and MTSAT [18-21].
This approach is usually based on physical relation between
PAR and other meteorological parameters.

The use of PAR-to-global radiation ratio has an advantage
in terms of the simplicity, but it can be effectively used
only for the locations where broadband solar radiation data
are available. In addition, it usually lacks the generality.
By contrast, the satellite physical approach is advantageous
for its generality and better spatial coverage. However, it is
relatively complicated and requires a lot of input data which
are sometimes not available. As a compromise, we propose a
new approach to estimate PAR from satellite data by using
a simple semi-empirical model. The study area is focused
on a tropical environment of Thailand. This environment
is characterized by high humidity and high level of PAR
throughout the year. Global PAR measured at four sites in
Thailand and the corresponding cloud index, aerosol optical
depth, and total ozone column obtained from satellites were
also used for the development of the model.
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FIGURE 1: A rectified image and the positions of the target ground-based stations.

2. Satellite Data and
Ground-Based Measurements

2.1. Satellite Data. The main data used in the development
of the model are meteorological satellite data. They were
obtained from the visible channel (0.55-0.90 ym) of MTSAT-
IR satellite encompassing a four-year period (2008-2011). The
data can be displayed as images and there are nine images
per day from 8:30 to 16:30 h. Each image covers the entire
area of Thailand. For the convenience in image navigation
and further data analysis, all images were transformed into
a cylindrical projection being linear in latitude and longitude
and then they were navigated by using points on the coastline
as a reference. The final products were rectified images, each
of which consists of a matrix of 500 x 800 pixels, with the
pixel resolution of 3x 3 km?. Each pixel represents a gray level
whose value varies in the range from 0 to 255. The values of
the gray level were converted into a physical quantity called
the earth-atmospheric reflectivity (pg, ) by using a calibration
table provided by a satellite data agency. Nine pixels centered
at the four target ground-based PAR measurement stations
were cut from each image and used to represent the earth-
atmospheric reflectivity of the stations. This reflectivity was
used to quantify cloudiness in the modeling process. An
example of a rectified image and the position of the target
stations is shown in Figure 1.

As cloud is a main factor depleting solar radiation when
it travels through the earth atmosphere to the ground,
cloudiness is needed for the PAR modeling. In this work,
cloudiness was quantified by a satellite-derived cloud index
(n) introduced by Cano et al. [22] and it is expressed as

_ Pea”Po
Pc ~ PG
where ppa, pg, and po are earth-atmospheric reflectivity,
ground reflectivity, and maximum cloud reflectivity, respec-
tively. pp, was obtained from satellite data. The ground
reflectivity (p;) was estimated using satellite images at noon
time. Monthly composite images were generated to eliminate
cloud contamination. Then, these cloud-free images were
converted into ground reflectivity [23]. For the maximum

n

O]

cloud reflectivity, it was estimated from the maximum value
of the gray level. The values of cloud index were estimated at
nine pixels centered at the four target stations. The averaged
value of cloud index of the nine pixels was used to represent
the cloud index at these stations.

As ozone also absorbs solar radiation in the PAR wave-
length interval, total ozone column data from OMI/Aura
satellite were also acquired to develop the model for estimat-
ing PAR. Due to the fact that PAR is depleted by aerosols,
aerosol optical depth (AOD) data retrieved from MODIS/
Terra satellite were gathered for developing the model.

2.2. Ground-Based Measurements. To formulate the semi-
empirical model for estimating PAR, it is necessary to acquire
PAR data from measurements.

Thailand, a tropical country of Southeast Asia, is divided
into four main geographical regions, namely, the mountain-
ous northern region, the high land northeastern region, the
low land central region, and the peninsular southern region.
To obtain solar and atmospheric data for solar energy and
atmospheric research, our laboratory has established a solar
radiation monitoring station in each region. The stations are
at Chiang Mai (18.78°N, 98.98°E) in the northern region,
Ubon Ratchathani (15.25°N, 104.87°E) in the northeastern
region, Nakhon Pathom (13.82°N, 100.04°E) in the central
region, and Songkhla (7.20°N, 100.60°E) in the southern
region (Figure 2). At each station, various instruments were
installed to monitor solar radiation and atmospheric parame-
ters, including the ground-based ultraviolet (GUV) radiome-
ter. The radiometer has six channels in UV wavelength and
one channel in PAR band (400-700 nm). It is temperature-
stabilized at 40°C. The measurements of PAR at the four
stations were carried out at a frequency of one minute and
averaged every hour. The radiometers at all stations are
annually calibrated by simultaneous exposure with a newly
calibrated radiometer supplied by the manufacturer. At the
end of the study period, all radiometers were also sent
back to the manufacturer for hardware check and final
calibration. Considering the performance of the instruments
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FIGURE 2: GUV radiometers and locations of the measuring stations. A, B, C, and D indicate the main regions of Thailand, namely, northern
region, northeastern region, central region, and southern region, respectively.

and the calibration, the accuracy of the measurement was
estimated to be less than 5%.

PAR data from the four stations were separated into two
data sets. The first data set was for the formulation of the
model, while the second data set was for model validation.
The period of the data sets from each station is shown in
Table 1.

The positions and pictorial view of all instruments whose
data are used in this work are shown in Figure 2. Both data
from satellite and ground-based measurements were used in
the modeling process presented in the next section.

3. Results and Discussion

The formulation of the model for estimating PAR is based
on the fact that PAR is depleted by cloud, aerosol, ozone,
and air molecule. In principle the effect of these atmospheric
constituents can be used to formulate physically a model
for PAR estimation. However, such approach is complex. To
avoid the complicity, we proposed a semi-empirical model
to relate PAR to the atmospheric parameters, namely, the
cloud index, aerosol optical depth, total ozone column, and
air mass, as follows:

Qp = Qe cosBze @OV (1~ aym),  (2)
where Qp is global PAR (umol-m™2s7"), Q,,, is the extrater-

restrial PAR constant (2776.4 umol-m 2:s™"), m, is relative

optical air mass, 0, is solar zenith angle (degree), O, is total
ozone column (cm), AOD is aerosol optical depth (—), n
is cloud index (—), E, is eccentricity correction factor due
to variation of sun-earth distance, and ay, g,, a,, and a; are
empirical constants.

To determine the empirical constants, (2) was fitted with
the data of Chiang Mai, Ubon Ratchathani, Nakhon Pathom,
and Songkhla by using a nonlinear multivariable regression
technique [24]. The results are as follows: a, = 0.854215,a, =
0.180214, a, = 0.483134, and a; = 0.214929.

To investigate its performance, the model was used
to calculate PAR at the four stations, Chiang Mai, Ubon
Ratchathani, Nakhon Pathom, and Songkhla, for the data
periods shown in Table 1. As these data were not involved in
the formulation of the model, they were an independent data
set. PAR calculated from the model and that obtained from
the measurements were compared and the root mean square
difference (RMSD) and mean bias difference (MBD) relative
to the mean measured PAR for different hours of the day are
shown in Table 2.

From Table 2, it is noticed that the values of RMSD and
MBD tend to increase from noon time toward the early
morning and the late afternoon both for data from each
station and combined data. This may be explained as follows.
The main parameter affecting surface PAR is cloud which is
quantified by cloud index and it is derived from imagery data
obtained from MTSAT-IR satellite. The earth-atmospheric
reflectivity used for calculating cloud index was derived
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TABLE 1: Schedule of data for the formulation of the model and model validation.

Station Position Formulation of the model Model validation
Latitude Longitude

Chiang Mai 18.78°N 98.98°E January, 2008-December, 2010 January-December, 2011

Nakhon Pathom 13.82°N 100.04°E January, 2008-December, 2010 January-December, 2011

Songkhla 720°N 100.60°E January, 2008-December, 2010 January-December, 2011

Ubon Ratchathani 15.25°N 104.87°E January, 2009-December, 2010 January-December, 2011

TABLE 2: Root mean square difference (RMSD) and mean bias difference (MBD) obtained from the comparison between calculated and

measured hourly PAR values.

Time Chiang Mai Ubon Ratchathani Nakhon Pathom Songkhla Combined data
MBD (%) RMSD (%) MBD (%) RMSD (%) MBD (%) RMSD (%) MBD (%) RMSD (%) MBD (%) RMSD (%)
8:30 -4.5 19.4 0.0 13.4 -8.7 17.0 -10.7 15.0 -5.9 16.1
9:30 =55 16.1 =22 12.0 -4.4 13.4 -8.9 14.5 =53 14.1
10:30 -2.6 12.3 -0.3 8.8 -3.1 9.2 -11.6 14.9 -4.2 11.6
11:30 -1.2 10.4 0.7 9.8 -1.7 9.9 -8.8 12.1 -2.4 10.6
12:30 -1.6 8.2 3.6 11.3 -2.3 8.6 -11.0 16.1 -2.6 1.2
13:30 -2.2 12.0 3.8 10.8 -1.1 8.7 -8.3 154 -2.0 11.9
14:30 =7.5 18.0 6.5 18.7 -1.3 11.6 =5.7 13.7 -2.6 15.9
15:30 —-6.5 17.4 31 16.6 -5.8 16.8 -11.8 16.8 =5.1 171
16:30 -16.0 25.2 -12.2 26.1 -15.1 274 -22.4 29.8 -16.1 27.2
All hours -4.3 14.2 11 13.4 -39 12.5 -10.2 16.0 -5.8 14.3

TABLE 3: Root mean square difference (RMSD) and mean bias difference (MBD) obtained from the comparison between calculated and

measured monthly average hourly PAR values.

Time Chiang Mai Ubon Ratchathani Nakhon Pathom Songkhla Combined data
MBD (%) RMSD (%) MBD (%) RMSD (%) MBD (%) RMSD (%) MBD (%) RMSD (%) MBD (%) RMSD (%)
8:30 -13.5 26.9 -0.2 10.1 -7.1 13.6 -12.4 13.9 -8.2 16.8
9:30 -9.0 14.2 1.2 9.4 -3.5 8.3 -9.8 12.9 -5.6 115
10:30 -8.7 15.8 1.0 6.3 -2.7 6.7 -12.2 13.2 -6.1 11.4
11:30 =23 5.3 0.6 7.5 -1.3 6.0 -8.9 10.5 -3.2 7.8
12:30 =22 5.6 1.8 8.4 -0.9 6.5 -10.5 11.9 -3.2 8.7
13:30 -2.2 6.0 1.8 9.4 0.0 59 -8.0 9.4 =25 7.9
14:30 =59 12.9 8.9 13.3 -1.3 6.3 =53 6.6 -1.9 9.6
15:30 -7.3 111 -2.4 20.1 —4.4 11.2 -12.3 12.9 -6.7 13.7
16:30 -18.9 24.2 -11.6 16.6 -15.3 18.8 -22.6 24.9 -17.5 22.3
All hours —-6.6 12.6 0.8 10.6 -3.0 8.2 -10.4 12.3 -5.1 1.1

from radiance of the backscattered radiation by assuming
that the earth-atmospheric system is a Lambertian surface.
As the position of Thailand appeared at the western edge
of the satellite image, non-Lambertian effect usually occurs
in early morning and late afternoon, causing more errors
in the calculation. Overall, RMSD and MBD for all hourly
data are 14.3% and —5.8%, respectively. This relatively large
discrepancy is likely due to the dominant effect of the tropical
cloud whose structure and optical properties are strongly
random [25], thus creating large random error of the result.
In addition, the use of AOD from the MODIS/Terra satellite
also contributes to this discrepancy as the AOD derived from
this satellite has still relatively high uncertainty over this
region [26]. To reduce such error, we examined hourly means
of PAR by averaging PAR values obtained from the model

over the period of one month to obtain monthly average
hourly PAR. This averaged PAR represents PAR climatology
which is useful for agricultural planning. The result was
compared to the corresponding PAR values derived from
the measurements and the RMSD and MBD are shown in
Table 3.

From Table 3, it is evident that the values of RMSD and
MBD for the combined data were reduced to 11.1% and —5.1%,
respectively.

Van Laake and Sanchez-Azofeifa [15] proposed an algo-
rithm to estimate PAR from data of MODIS/Terra satellite in
Costa Rica and reported the average error of the estimated
PAR of 5.8%, while Liang et al. [16] used data from the same
satellite and presented the relative errors in the range of 4.1-
21.9%, when compared with measurements in China.
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For the case of stationary satellite, Rubio et al. [18] pro-
posed a method to derive PAR from imagery data of
METEOSAT and reported the root mean square error of 29%,
as compared to PAR measurements in southern Spain. In our
previous work [21], we developed a physical model to estimate
PAR in the same area as that of this study and the root mean
square difference between PAR estimated from the model
and that of the measurements is 9.8%. Based on the above
mentioned research works, the accuracy of our proposed
model is comparable to that of other models reported in
literatures.

4. Conclusion

A semi-empirical model for estimating PAR has been devel-
oped. The model expresses PAR as an empirical function
of cloud index, aerosol optical depth, total ozone column,
air mass, and solar zenith angle. When tested against an
independent data set for hourly PAR, the proposed model
gave the values of RMSD of 14.3% and MBD of —5.8%.
For the case of monthly average hourly PAR, RMSD and
MBD were reduced to 11.1% and —5.1%, respectively. The
proposed model provides reasonable estimation of PAR in
the tropical environment of Thailand, with the accuracy
comparable to that of physical models. The proposed model
has an advantage in terms of its simplicity. Although the
model requires cloud index, AOD, and total ozone column,
the values of these parameters can be retrieved from satellites
for most parts of the tropical regions. As physical parameters
affecting PAR were incorporated into the model, it is expected
that the model will be valid for other tropical environments.
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