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RESUMEN

La radiacion fotosintéticamente activa (PAR) es importante en aplicaciones referentes a la fisiologia de las
plantas o el ciclo del carbono. No obstante, atin no se ha establecido una red global para su medicion a pesar
de su importancia. En este trabajo se revisa una serie de estudios referentes a la creacion de modelos empiricos
para la estimacion de la radiacion PAR en lugares donde no es medida con regularidad, utilizando para ello
datos de parametros meteorologicos y de radiacion disponibles en estaciones meteoroldgicas. Se hace un
listado de los modelos desarrollados, el sitio de estudio, los resultados obtenidos y la nomenclatura utilizada
en cada uno de ellos. La manera mas comun de elaborar modelos empiricos de estimacion es mediante el
estudio de los cambios espaciotemporales en la relacion entre la radiacion PAR vy la radiacion solar global.
Otros métodos de estimacion incluyen el uso de productos derivados de satélites como los del satélite MODIS,
asi como el uso de redes neuronales artificiales. No obstante, a pesar de que estas ultimas son mas eficientes
para la estimacion de la radiacion PAR, su uso no es tan extendido porque es mas complejo que el desarrollo
de modelos empiricos. La relacion entre la radiacion PAR y la radiacion solar global alcanzo6 sus maximos en
los meses de verano y los minimos en los meses de invierno; ademas, los valores diarios por hora alcanzaron
sus maximos al amanecer y al atardecer y sus minimos alrededor del mediodia.

ABSTRACT

Photosynthetically active radiation (PAR) is important in applications related to plant physiology or the carbon
cycle. However, despite its importance, a global network for its measurement has not yet been established.
This work consists of the revision of a series of works related to the development of empirical models for
the estimation of PAR in places where it is not regularly measured, using for this purpose measurements of
meteorological and radiation parameters available in weather stations. A list of the models developed, the
study site, the results obtained, and the nomenclature used in each of them is made. The most common way
to develop empirical estimation models is by studying spatio-temporal changes in the relationship between
PAR and global solar radiation. Other estimation methods include the use of satellite-derived products such
as MODIS-derived products and the use of artificial neural networks. Despite being more efficient for esti-
mating PAR, the use of artificial neural networks is not as widespread because its use is more complex than
the development of empirical models. The PAR to global solar radiation ratio reached its maximum in the
summer months and the minimum in the winter months; in addition, the daily values per hour reached their
maximum at sunrise and sunset, and their minimum around noon.
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1. Introduction

Almost all energy harnessed on Earth is derived
directly or indirectly from solar radiation. The frac-
tion of solar radiation that is used most efficiently
by various organisms for photosynthesis is called
photosynthetically active radiation (PAR).

PAR corresponds to the radiation in the 400-700
nm waveband (McCree, 1972a, 1981). Photosynthet-
ic photon flux density, Q,, is defined as the photon
flux density (1 umol photon m2 s™! = 6.022 x 10"
photonm 2 s = 1 pE photon m 2 s 1) in the 400-700
nm waveband (McCree, 1971).

Qp is an essential factor in providing energy for
photosynthesis and other primary functions of green
plants, which carry out the conversion of radiation en-
ergy into chemical energy. PAR is a crucial parameter
to the surface energy cycle and the carbon cycle of
terrestrial ecosystems. PAR plays an important role
in terrestrial photosynthesis modeling, and in hydro-
logical and agricultural studies (Niu et al., 2018).

Despite its importance, a global network for the
measurement of PAR has not yet been established,
even though it is an essential variable in terrestri-
al photosynthesis models (Hu and Wang, 2012;
Foyo-Moreno et al., 2018).

1.1 History of PAR measurements

Due to its importance, over the years photosyntheti-
cally active radiation has been the subject of study by
various authors. Although other authors (Moon, 1940;
Nichiporovich, 1960; Gulyaev, 1963) worked on this
subject before McCree, he was the one who laid the
foundations for a standard definition of photosyn-
thetically active radiation. In 1966, he modified a so-
larimeter made by the Eppley Laboratory (Newport,
USA) for the measurement of PAR. McCree relied
on the idea of obtaining a standard response curve
for green plants, similar to the response curve of the
average human eye. This instrument was based on an
electronic microvoltimeter with a glass hemisphere
for the absorption of heat; it had a good performance
in a phytotron, but due to its excessive fragility and
size, it had a poor performance under crops. In this
first approach of a sensor for measuring PAR flux
the unit “watt 0.4-0.7 um” is abbreviated as “plant-
watt,” to create a new unit of measurement, while the
irradiance figures are given in plantwatts x m2. In
this study from McCree, the emphasis is placed on

the need for a new unit of measurement, which is of
adequate size and has a short name (McCree, 1966).

McCree (1971) found the same basic form on
22 leaves of different species of crop plants in their
response curves, having two broad maxima, centered
at 620 and 440 nm, with a shoulder at 670 nm; he
also found a value of conversion between Q,, (mol
photon m~2 s7!) and irradiance (W m2=J m2s™!),
having a value of 4.57 + 0.1 umol J™! (McCree,
1972a, b). This constant is used regularly to convert
measurements of PAR that are made by radiometric
instruments.

2. Empirical models for the estimation of Q,
Photosynthetic photon flux density, Q,, is often
calculated as a fraction of the global solar radiation,
R, (given in terms of irradiance, W m2). Numerous
studies have been conducted for studying the seasonal
variations of the Q,/R ratio. Q, and R, along with
other measurable and calculable meteorological pa-
rameters like the clearness index, the solar elevation
angle or the dewpoint temperature are used for the
development of empirical models for the estimation
of PAR.

The main goal of revised empirical models is the
estimation of Q, under different sky conditions in
places where it is not regularly observed. Some stud-
ies use satellite data for the estimation models of the
Q/R; ratio, and others use artificial neural networks
(ANN) for the development of the models. Models
based on neural networks use parameters such as
global irradiance, extraterrestrial irradiance, relative
humidity, precipitable water, etc., as input data.

Foraknownradiation spectrum, Q, canbe expressed
by its equivalence of energy related units (W m2,
MJ m 2 per day) or directly in photon related units
(umol m 2 s"). Depending on this, there are generally
two types of ratios used: Q,/R (unitless) and Qp/Rg
(umol J™', mol MI™). The first ratio can range in
values from 0.44 (Zhang et al., 2000) to 0.55 (Hu et
al., 2007), while the second from 1.69 mol MJ™!' (Hu
and Wang, 2012) to 1.96 mol MJ! (Xia et al., 2008).

2.1 Parameters used for the development of empi-
rical models

The empirical models reviewed consider a set of
parameters that can appropriately describe the sky



Modeling PAR: A review

conditions that influence the Q,/Rratio. The different
parameters used in such models, their definitions and
units are listed below:

Aerosol optical depth (AOD) (unitless): The quan-
titative estimate of the amount of aerosol present in
the atmosphere. AOD measures the extinction of the
light as it passes through the atmosphere (Xia et al.,
2008; Li et al., 2010; Akitsu et al., 2015; Trisolino
et al., 2018).

Aerosol transmittance (t) (unitless): The degree to
which the radiation passing through the atmosphere
is absorbed by the aerosols present in it. It depends
on the AOD and the optical air mass. It is calculated
using Bouguer’s law (Grant and Slusser, 2004).

Albedo (a) (unitless): The fraction of incident
radiation that is reflected by a surface (Kathilankal
etal., 2014).

Attenuation factor under clear skies (pciear) (unit-
less): The ratio of observed to extraterrestrial PAR
under clear skies (Hu and Wang, 2013).

Clearness index (ki) (unitless): The ratio of total
solar radiation to extraterrestrial solar radiation. It can
also be defined as the ratio of the total irradiance on
a horizontal surface to the extraterrestrial solar irradi-
ance on a horizontal surface. It is used to characterize
the sky and to evaluate the quality of the measured data
of R (Tsubo and Walker, 2005; Jacovides et al., 2009;
Ge et al., 2010; Mizoguchi et al., 2013; Nwokolo et
al., 2016; Foyo-Moreno et al., 2017, 2018).

Clearness of the sky (¢) and brightness of the sky-
light (A) (unitless): These two parameters are used to
characterize sky conditions. They are calculated from
the irradiance values and are defined as

€=(Rat Ry)/Ry (1)

A = R/R,, sin f) @)

where Ry is the diffuse irradiance, Ry, is the direct
normal irradiance, and Ry, is the extraterrestrial
solar irradiance (Foyo-Moreno et al., 2017, 2018).
Three categories of sky are regularly considered: (1)
overcast (A< 0.1, £ <0.2); (2) clear skies (A<0.1, ¢
>5.2), and (3) intermediate skies (0.2 <A <0.3 and
1.2 <& <5.2) (Pérez et al., 1990). The clearness of
the sky depends on the cloud and aerosol amounts.
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The brightness of the skylight depends on the aerosol
burden and the cloud thickness (Alados et al., 1996).

Cloud index (n) (unitless): It is quantified from
measurements derived from satellites of earth-atmo-
spheric reflectivity, ground reflectivity, and maximum
cloud reflectivity (Janjai et al., 2013).

Correction to the Sun-Earth distance (Ey) (unit-
less): Ratio between the daily value of the Sun-Earth
distance and its mean yearly value (Janjai et al.,
2013).

Dewpoint temperature (Ty) (°C): The temperature
at which the water vapor contained in the air begins
to condense producing dew or mist (Alados et al.,
1996; Ge et al., 2010).

Diffuse irradiance (Rg) (W m™2): The amount
of radiation received per unit area by a surface that
has been scattered by molecules and particles in the
atmosphere (Foyo-Moreno et al., 2018).

Diffuse PAR fraction (Qgp) (unitless): Ratio of
the diffuse PAR solar radiation to global PAR solar
radiation (Jacovides et al., 2009).

Extraterrestrial global solar irradiance (Rsg)
(W m™2): The solar irradiance at the top of the atmo-
sphere, it is also called “solar constant” and its value
is 1367 W m 2 (Nwokolo et al., 2016).

Extraterrestrial photosynthetic photon flux density
(Opo) (umol m™ s7'): Tt is the PAR photon flux at the
top of the atmosphere. Is used to evaluate the data
quality of the Q, measurements taken at the weather
stations (Hu et al., 2007).

Extraterrestrial PAR constant (Qey) (umolm > s7):
The value of Q, at the top of the atmosphere, it is
taken as 45% of the solar irradiance at the top of
the atmosphere, its value is 2776.412 pmol m 2 s™!
(Janjai et al., 2013).

Optical air mass (m) (unitless): A measure of the
optical path length for light traveling from the Sun
through the atmosphere to sea level relative to the
optical path length traveled by light from the same
source at the zenith (Janjai et al., 2013; Mizoguchi
et al., 2013; Wang et al., 2013a, b; Niu et al., 2018).

PAR clearness index (ky,) (unitless): The ratio
between incident Q,, and extraterrestrial Q, (Nwokolo
et al., 2016).

PAR irradiance (Qpar) (MJ m™> s~'): The number
of the incident energy in the waveband of 400-700
nm per unit time on per unit surface (Zhang et al.,
2000).
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Photometric radiation (iluminance) (L) (lux):
Amount of luminous flux incident on a surface, per
unit area (Tan and Ismail, 2015).

Photosyntheticphotonflux density (Qp) (mol m2s):
The number of incident photons in the waveband of
400-700 nm per unit time and per unit surface (Zhang
et al., 2000).

Precipitable water (w) (mm): The total water
vapor contained in a unit vertical column of the
atmosphere (Wang et al., 2013b).

Relative humidity (RH) (unitless): The amount
of water vapor present in air expressed as a percent-
age of the amount needed for saturation at the same
temperature (Kathilankal et al., 2014; Nwokolo et
al., 2016).

Relative sunshine (S;) (unitless): The ratio of
measured and theoretical sunshine durations (Li et
al., 2010).

Scattering factor (Hd/H) (unitless): The ratio
between diffuse irradiance and global irradiance. It
is used as an indicator of the scattering effect by the
constituents in the atmosphere. It can represent the
scattering associated with clouds, aerosols, rain, and
so on (Bai, 2012).

Solar elevation angle (p) (degrees): The angle
between the horizon and the center of the Sun’s disc
(Alados et al., 1996).

Solar zenith angle (0) (degrees): The angle be-
tween the zenith and the center of the Sun’s disc
(Grant and Slusser, 2004; Bai, 2012; Janjai et al.,
2013).

Sunshine duration (Lp) (s or h): The sum of the
time for which the direct solar irradiance exceeds
120 W m2 (Hu et al., 2016a).

Total ozone column (O,): The total amount of
ozone in a column extending vertically from the
Earth’s surface to the top of the atmosphere (Janjai
et al., 2013, 2015).

Visible irradiance (VIS) (W m™%): The radiation
in the 400-700 nm waveband, derived from the sub-
traction of measurements made with solar spectral
radiation sensors in the 400-2800 and 700-2800 nm
wavebands (Bai, 2012).

Water vapor pressure (e) (Pa): Related to atmo-
spheric water vapor content. The pressure at which
the gas phase of water is in equilibrium with the liquid
phase. It is calculated using the relative humidity of
the air (Mizoguchi et al., 2013; Aguiar et al., 2011).

2.2 Models developed and results obtained

A summary of the empirical models revised for this
work is included in Tables I-III. Table I shows the
parameters that are not defined in section 2.1. Table II
shows the empirical models developed in the last 25
years, the location where the study took place, the
results obtained and the application limits. Table I11
lists the studies that use methods where models
cannot be reproduced or presented in a simple an-
alytical way.

3. Discussion

The method based on empirical models to estimate Q,
from meteorological parameters such as global solar
radiation or the clearness index is the most reported in
literature. However, these models have some limita-
tions, among the most important is the solar elevation
angle, which limits the quantity of data used for the
development of the models. Another limitation in al-
most all models is that they are designed specifically
for the site where the study took place or for weather
conditions that are similar to the place of study. In
order to be applicable to other sites, adjustments must
be made to the models. An exception are the mod-
els developed by Foyo-Moreno et al. (2017, 2018),
which were validated at sites with different climatic
characteristics from the original sites of development
(see “Valid to” column in Tables II and III).

The review of the developed models indicates
that Q, can be reliably estimated using the clearness
index and the solar elevation angle, which produce
substantial changes in Q,, and in the Q,/R; ratio. The
Q,/R; ratio is also affected by other meteorological
factors such as the solar zenith angle or dewpoint
temperature.

Most of the publications reviewed report the same
behavior of Q,: When the clearness index is high, the
Qp/Rgratio is lower, while this ratio is higher when
the clearness index is low (see example in Figure 1a).
The Q /R ratio reaches its maximum values during
the summer months and the lowest ones in the winter
months (see example in Fig. 1b). This ratio exhibits
its highest variability in autumn and winter months.
There are few exceptions to this rule, for example
Yu and Guo (2015) reported lower fractions in the
summer months (Qp/Rs = 0.416, 0.44) and higher
fractions in the winter months (Q,/Rs = 0.47, 0.49).
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Table I. Nomenclature used in empirical models for estimating PAR (in alphabetical order).

Symbol Name of the symbol Symbol Name of the symbol
D36s Ratio of diffuse irradiance to global spectral Qpd  Daily cumulative Q,
irradiance at 368 nm
Squared value of D3¢ Rs36s  Global spectral irradiance at 368 nm
k Absorption coefficient of water vapor in the n Cosine of solar zenith angle
shortwave radiation
kip Daily average value of k; Up Mean value of cosine of the solar zenith angle
from sunrise to sunset
Lp Daytime duration UE Cosine of solar zenith angle at noon
M;—-M, Calibrated irradiance in the four channels
of the MFRSR at 415, 500, 615 and 675 nm
Statistical parameters
MAE  Mean absolute error RMSD Root mean square deviation
MBD  Mean bias difference RMSE Root mean square error
MBE  Mean bias error R? Coefficient of determination
RE Relative error

Depending on the location of the study, the maximum
daily values are reported at sunrise and sunset and
the minimum values around noon.

Models based on the use of satellite-derived
products or the use of ANN report results that are in
agreement with the empirical models. For example,
Yu and Guo (2015) established models based on
ANN, which consider meteorological information
in the input layer, and reported that the Q,/R, ratio
generally decreases as the clearness index increases,
which is consistent with the models developed by
Alados et al. (1996).

4. Conclusions

In the present work, 50 papers and one book chap-
ter related to the study of photosynthetically active
radiation were reviewed, of which 41 provided
information about the specific empirical models
developed. This review focused on papers published
in the last two decades in which the central theme
is the estimation of Q, through the use of easily
observable meteorological parameters. Older papers

cited in this review provide a historical context on
the measurement of PAR.

Although the studies of K.J. McCree are over 45
years old, they continue to be used as main references
in works related to the study of PAR behavior. The
clearest example is the frequent use of the conversion
factor between quantum flux and energy flux, in both
recent and older studies.

When studying the similarity of the results ob-
tained with the models developed in each work an-
alyzed (see Table IV), it can be said that the models
can satisfactorily predict the behavior of PAR at the
different study sites. Therefore, its use for estimating
PAR in places where it is not measured regularly can
offer a good alternative to PAR sensors when they are
not available. The analysis of the seasonal variation of
the Q,/R, ratio and its dependence on meteorological
parameters offers a better understanding of PAR in
the study locations where the works analyzed in this
document were carried out.

It is deduced from the estimation models (Table II)
that the parameters most used for model development
are the solar elevation angle and the clearness index.
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Table I1I. PAR estimation methods that cannot be reproduced or presented in a simple analytical way.

Publication Location Technique used Results Valid to
Salim et al. Dehradun, India The PAR computation was Mean Q, calculated with ~ Dehradun and
(2014) carried out using inputs from  Microtops Il =304 Wm™  surrounding area,
MODIS derived products and Mean Q, calculated with ~ India
Microtops II sunphotometer ~ MODIS = 305 W m ™2
data
Akitsu et al. Tsukuba, Japan =~ A PAR measurement system  Qp/Ry=0.40 to 0.47 Tsukuba, Japan
(2015) is developed. The atmospheric (unitless)
radiative transfer code Rstar6b
is used for the simulation of
radiation
Jacovides et al. Athalassa, A multiple layer perceptron  Daily Qp = 36.30 to 38.7 Areas with
(2015) Cyprus (MLP) artificial network was mol m2d™"! Mediterranean
used for the estimation of PAR, climate
it used global solar radiation
and relative humidity as input
parameters
Yu and Guo Bondville, Sioux A three-layer multiple layers ~ Q,/Rs=0.422 (Bondville)  Rural and pasture
(2015) Falls, USA perceptron (MLP) artificial Qp/Rs=0.438 (Sioux Falls) areas in the
network was used for the midwestern USA
estimation of PAR and the Q,/
R ratio
Niu et al. (2018) Sixteen Two adaptive network-based  Daily Q, = 20.03 to 36.29  Mainland, China
meteorological  fuzzy inference system mol mZd!
stations over (ANFIS) PAR models
China were developed with data
from measurements of
meteorological parameters as
input data
Q,/R; (umol J-") Q./R
4 0.48
b
2) 0.47 + )
224
0.46 +
0.45 1
20t
0.44 T
184 0.43 +
0.42 +
1.6 | | | | 0.41 e I
0.3 0.4 0.5 0.6 0.7 0.8 2 4 6 8 10 12
kt Months in 2012

Fig. 1. (a) Example of the Q,/R,ratio versus k; (extracted from Alados et al., 1996). (b)
Example of monthly mean behavior of the Q,/R (extracted from Akitsu et al., 2015).
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Table IV. Comparison between some of the results
obtained in the analyzed works. The complete results are
shown in Tables II and II1.

Publication Qp/R; ratio
Jacovides et al. (2003) 0.451 t0 0.456
Aguiar et al. (2009) 0.43 t0 0.48
Akitsu et al. (2015) 0.40 to 0.47

Hu et al. (2007)
Hu et al. (2016)
Foyo-Moreno et al. (2018)

1.78 to 1.89 pmol J™!
1.8 to 1.95 pmol J™!
1.86 to 2.48 pmol I™!

Thus, for a model to be reliable in estimating PAR, it
must consider at least these two parameters. In order
to achieve better precision, other parameters that
affect the behavior of PAR such as dewpoint tem-
perature and water vapor pressure must be included
in the estimation model.

The models developed by Foyo-Moreno et al.
(2017, 2018) depend only on the solar zenith angle
and the clearness index, which are parameters regu-
larly observed in meteorological stations, so its use
is recommended anywhere where these parameters
are observed in local stations. These models also
have the advantage of being validated in sites that
belong to both hemispheres with different climatic
characteristics from the place used for their devel-
opment.

Regarding specific climates, the models devel-
oped by Aguiar et al. (2011) can be used in areas
with tropical climate since they use few parameters
to estimate Q. In sites with temperate climates
similar to central China, the models developed by
Wang et al. (2013b, c) can be used to estimate Qp,.
These models use parameters accessible at any
meteorological station. The model developed by Hu
and Wang (2012) uses only the cosine of the zenith
solar angle and the clearness index, so it can be
used in regions with arid and semi-arid climates. In
general, the use of estimation models that use easily
observable parameters at meteorological stations is
recommended.

The estimation models are designed to work opti-
mally at the study places because they are developed
with local information, but they can be transferred
to places with similar climatic conditions. Despite
being able to be used at different places from the

original sites of development, it is always recom-
mendable to use local meteorological information
develop new estimation models that are valid for
the place of study.
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