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Abstract: Light availability and its composition in components affecting plant growth as photosyn-
thetically active radiation (PAR), are of critical importance in agricultural and environmental research.
In this work, radiation data for the period 2009–2014 in a forest site in Greece were analyzed to
identify the effect of meteorological variables on the formation of the photosynthetically active to
global solar radiation ratio. The temporal changes of the ratio are also discussed. Results showed
that the ratio values are higher in summer (0.462) and lower in autumn (0.432), resulting in an annual
average of 0.446. In addition, for the investigated site, which was characterized by relatively high
water content in the atmosphere, the atmospheric water content and clearness were found to be the
most influential factors in the composition of the global solar radiation in the wavelengths of PAR. On
the contrary, temperature and related meteorological attributes (including relative humidity, vapor
pressure deficit and saturation vapor pressure) were found to have minor effect.

Keywords: global solar radiation; photosynthetically active radiation; radiation ratio; forest;
atmospheric clearness; vapor

1. Introduction

Radiation magnitude, optical characteristics, and composition, especially at the photo-
synthetically active waveband, are factors of critical importance in environmental, ecologi-
cal, and atmospheric research [1–4]. Their spatial and temporal variations determine the
energy availability for photosynthesis and the local patterns of vegetation, also affecting the
vegetation dynamics, species composition, and canopy architecture in forest ecosystems.

The specific site characteristics can affect the richness of the incident solar radiation
at specific wavelengths imposing the need for continuous monitoring of the radiation
fluxes and the establishment of radiometric networks with highly equipped units. This
is partly implemented by installing radiometers to existing meteorological stations but in
only a few cases or for only one radiation component (usually the global solar radiation,
Rs). Measurements of photosynthetically active radiation (PAR) are even today rare, and
this imposes a need for modelling, aimed at accurately estimating PAR fluxes, which, in
turn, in many cases is difficult due to the different factors prevailing in each area that
may significantly alter the solar radiation composition. The few studies about PAR are
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attributed by many authors to the scarcity of PAR measurements and the absence of relevant
radiometric networks worldwide [2,3,5–8].

The ratio of PAR/Rs, indicating the proportion of the total incoming shortwave radia-
tion that is effective for photosynthesis, is a factor of major importance in ecological and
agricultural studies and in recent years has been considered a focus issue in current research.
There are many studies around the world for the investigation of the ratio temporal and
spatial variation. Many of them focus on identifying the most influential factors forming the
ratio values or trying to model them, considering other commonly measured meteorological
parameters, including air temperature, humidity, or other radiation-related attributes.

Many researchers propose the estimation of PAR from Rs and commonly measured
meteorological data such as dewpoint temperature, clearness index, and solar zenith
angle [6,9–13]. Noriega Gardea et al. [14] reviewed empirical models that were developed
from several researchers during the last 25 years and also identified dewpoint temperature,
atmospheric clearness, and solar elevation angle as the most influential factors determining
Rs radiation composition in the wavelengths of PAR. In Brazil, Custódio et al. [15] evaluated
the relationship between PAR and Rs, and found that the PAR/Rs ratio varies with local
weather conditions, indicating the atmospheric clearness as the most influential factor for
its formation. In Spain, Ferrera Cobos et al. [5] analyzed the spatial and temporal changes
o PAR/Rs using data from three stations in different climate types, and found that the ratio
is site-dependent and also influenced by atmospheric clearness. Foyo-Moreno et al. [11]
proposed a regression model for the estimation of hourly PAR from Rs under all sky
conditions, using data for the period 2014–2015 obtained by an urban site in Granada, Spain.
The authors indicated solar zenith angle and clearness index as most important parameters
for the estimation of PAR from Rs. In Lhasa (Tibetan Plateau), Peng et al. [16] analyzed PAR
and Rs fluxes from 2006 to 2012 and developed an all-weather model based on the cosine
of solar zenith angle and the clearness index that produced acceptable estimations for PAR.
Akitsu et al. 2015 found that PAR/Rs is dependent on both atmospheric vapor pressure
and the clearness index, with the larger dependence on the vapor pressure, suggesting also
that the solar zenith angle has zero impact on the formation of the ratio. Based on this work,
Akitsu et al. [17] developed two new empirical models for the PAR/Rs estimation, using in
situ climatic data, with input parameters either the vapor pressure or vapor pressure and
the clearness index, that were identified as most influential factors for the determination of
the radiation ratio. Wang et al. [18–21] suggested solar zenith angle and clearness index,
as most critical parameters for the estimation of PAR over Rs. Lozano et al. [22] detected
seasonality for the ratio values with higher values in summer, attributed to the higher water
content of the atmosphere during the summer period.

In Greece, Zempila et al. [23] constructed generic models for the PAR calculation from
Rs, by developing linear regression, multiple linear regression, and nonlinear neural net-
works, using solar zenith angle, aerosol optical depth, and water vapor as input parameters.
Proutsos et al. [2], also in Greece, studied the factors affecting the hourly PAR/Rs ratio
in a high altitude forest site and found an annual average ratio value of 0.438, which was
presenting small seasonal variability. They identified that the radiation ratio is highly
affected by sky clearness, presenting also a positive relationship with relative humidity,
optical thickness, and relative optical air mass and a negative one with saturation vapor
pressure, vapor pressure deficit and to a lesser degree with air temperature. In addition,
Proutsos et al. [3] studied the changes of the PAR/Rs ratio under various atmospheric
conditions above a Mediterranean oak forest in Greece and found an annual PAR/Rs value
of 0.454 varying seasonally from 0.443 to 0.478 in spring and autumn respectively. In their
study, they detected a positive relationship of the ratio with dewpoint temperature and
a negative one with solar elevation angle and Rs, however, atmospheric clearness index
(negative relationship) and actual water vapor pressure (positive relationship) were the key
factors determining the ratio.
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The dependence of the PAR/Rs ratio by the solar angle was found to be either
positive [24,25], or negative [6,12] in many studies, but there are also researchers, sup-
porting that the solar angle has no effect [17,26]. Similarly, although most studies identify
the clearness index as the most influential factor, determining the radiation ratio, there are
also studies indicating that it has no effect. More specifically, Lozano et al. [22] analyzed an
11-year database of measured PAR attributes recorded in a Mediterranean site, for both
clear-sky and all-sky scenarios and found no dependence on the clearness index, stating
however a great dispersion of the PAR/Rs values at the lower clearness index values.

On the other hand, most research studies, recognize that the radiation ratio is site or
seasonally dependent [9,27,28], imposing a need to further study the changes of the ratio to
more sites around the world with different environments and climates.

The purpose of the present work is to investigate the changes of the PAR/Rs ratio in a
humid forest site in Greece. It should be noted here that very few studies about the radiation
ratio have been conducted in agricultural areas and even fewer in forest environments. The
humid conditions generally persisting in the site can expand the knowledge on the relations
between the meteorological attributes and PAR/Rs, since atmospheric water content may
affect the incoming Rs and PAR flux densities. This work follows two previous works by
Proutsos et al. [2,3] who investigated the changes of PAR/Rs in forested Greek sites at
altitudes of 840 m and 1896 m. The work is focused on the temporal (diurnal and seasonal)
variability of the radiation ratio and the influence of atmospheric characteristics and aims
to detect the most influential atmospheric factors that determine the radiation ratio, and
to extend knowledge about the efficiency of solar radiation for photosynthesis under the
variable Mediterranean forest climate conditions.

2. Materials and Methods

Data were obtained by the automatic meteorological station of Arnea in Chalkidiki
(Northern Greece), installed in an open meadow of a deciduous forest (40◦29′35′ ′ N,
23◦36′09′ ′ E) at an altitude of 520 m a.s.l. (Figure 1).
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N. Greece), also depicting the expansion of the Natura 2000 protected sites (SPA GR1220009, SPA
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Arnea forest’s dominant species are Querqus frainetto and Fagus sylvatica. The wider
area is characterized as of high ecological importance and is protected by the national
and European legislation as a NATURA 2000 site. Two special protection areas (SPA):
GR1220009 “Limnes Koroneias-Volvis, stena Rentinas kai evryteri periochi” and GR1270012
“Oros Cholomontas” with the lakes of Koroneia and Volvi, hosting many feeding, nesting,
breeding, wintering, and refuge habitats for bird species [29,30]. “Oros Cholomontas”
is, in addition, protected as a site of community importance (SCI GR1270001), hosting a
variety of habitats including an oak forest that dominates the landscape (habitat types 91M0
“Pannonian-Balkanic turkey oak–sessile oak forests” and 9280 “Quercus frainetto woods”)
and to a lesser extent “Castanea sativa woods” (9260), “Platanus orientalis and Liquidambar
orientalis woods (Platanion orientalis)” (92C0) and “Arborescent matorral with Juniperus
spp.” (5210) [31].

The climate of the region is humid [32,33] with an aridity index of 0.94 according
to UNEP’s [34] aridity classification system based on Thornthwaite’s [35] water balance
approach. For the examined period (2009–2014), the annual patterns of the meteorological
parameters were as expected and follow the typical patterns of the Mediterranean climate
(Figure 2). The air temperature (12.7 ◦C annual average, with standard deviation SD = 8.4)
presents seasonal variation with warmer conditions in summer (21.9 ◦C, SD = 5.2) and
cooler (4.4 ◦C, SD = 5.0) in winter. Precipitation is about 682 mm on an annual basis
and its total amount is mainly distributed in autumn (38%) and winter (28%) and to a
lesser degree in spring (20%) and summer (14%). Relative humidity is, in general, high
(78% annual average, varying from 69% in summer to 84% in winter), and in association
with air temperature determine the annual patterns of the vapor pressure attributes and
related parameters (Figure 2). Radiation components follow the temperature distribution
with high values in summer (235 and 101 W m−2 for Rs and PAR, 24-h seasonal averages)
and low in winter (73 and 23 W m−2, respectively).

The weather station of the Forest Research Institute of the Hellenic Agricultural
Organization “DEMETER”, has been equipped since 2009 with sensors to monitor radiation
components, which are recognized to play a significant role for the development of the
natural forest. Rs and PAR were recorded with a 10 min timestep, and average hourly
values were extracted. The radiation measurements were recorded by an SKS 1110 (SKYE
Instruments, UK) pyranometer for Rs and by an SKP 215 (SKYE Instruments, UK) quantum
sensor for PAR, both with typical absolute calibration error of less than 3% (max. 5%)
and 3% to maximum 5% cosine error, placed at a height of 3 m. Air temperature and
relative humidity were measured by a HD9009TR (DELTAOHM, Italy) thermohygrometer
(accuracy ±0.15 ◦C for temperature and ±1.5% for RH less than 90% or ±2.0% for greater
RH values), 2.5 m above the soil surface. The station equipment was periodically (annually)
checked for its operation. For the calibration of the radiometers 2–3-day campaigns were
performed every summer (mainly in July) and the sensors were horizontally adjusted,
whereas their data quality was checked against new not previously used, high precision
sensors (pyranometer A-class LP PYRA 02. DELTAOHM, Italy, for Rs and quantum sensor
SKP 210, SKYE Instruments, UK, for PAR), that were kindly provided by the supplier
(Scientact S.A.) every year. These sensors were installed for at least two days next to the
station’s radiometers and their data were correlated to detect differences.

The radiation and all other meteorological data used in this study were thoroughly
checked for inconsistencies following the procedure described in detail by Proutsos et al. [2].
Measured and estimated meteorological parameters were employed, including solar (atmo-
spheric clearness Kt, solar angle h, optical thickness δ(ε), relative optical air mass m), tem-
perature (air temperature T and dewpoint Td) and vapor (actual ea and saturation es vapor
pressure, vapor pressure deficit VPD, relative humidity, RH) attributes in hourly timesteps.
More details on the estimation of the examined factors may be found in Proutsos et al. [2].
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Figure 2. Mean of the period 2009–2014 daily variations of (a) global solar Rs and photosynthetically
active PAR radiation fluxes, (b) PAR/Rs ratio, (c) air T and dewpoint Td temperatures, (d) relative
humidity RH, (e) saturation es, actual es vapor pressure values and vapor pressure deficit VPD,
(f) optical thickness δ(ε), and (g) relative optical air mass m.

More specifically, the solar inclination angle h and atmospheric clearness Kt [36] ex-
pressed as the ratio of Rs to extraterrestrial radiation Ra on a horizontal surface [9,28,37,38],
were used in the present study and Ra was calculated according to Duffie and Beckman [39].
Kt is considered as an adequate index to assess sky cloudiness [40,41] and, in the present
work, was used to classify sky conditions as overcast for Kt ≤ 0.3, partly cloudy to clear for
0.3 < Kt < 0.7 and clear for Kt ≥ 0.7,as proposed by Iqbal [36] and Yu et al. [21], and also
used in previous works of the authors [2,3]. The optical thickness was estimated by the
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equation δ(ε) = −ln(Ra/Rs)), whereas the equation proposed by Kasten and Young [42]
was employed to estimate the relative optical air mass, m.

The vapor pressure attributes es and ea and their difference, which expresses the
atmospheric vapor pressure deficit (VPD), were also used and estimated by the Tetens’ [43]
equation. Based on the values of ea, the dewpoint temperature Td = 116.9+237.3·ln(ea)

16.78−ln(ea)

was also employed in the analysis. The conversion factor 4.57 mol MJ−1, proposed by
McCree [44], was applied to convert PAR photo flux densities (µmol m−2 s−1) to energy
values (W m−2).

The data were processed in order to remove inappropriate values. Specifically, the
following radiation measurements were excluded:

• Measurements recorded at solar elevation angles less than 12◦, due to cosine response
inconsistencies of the sensors, as suggested by Ge et al. [6].

• Energy fluxes of PAR (in W m−2) greater than Rs.
• Rs flux densities greater than Ra.
• Rs values less than 5 W m−2.
• Measurements for PAR/Rs greater than 2.8 and less than 1.3 mol MJ−1 [18–20,40,45,46].
• Measurements recorded at air temperatures below zero.

Of a total 32,191 hourly PAR/Rs values for the time period from 15 December 2009
to 31 December 2014, 10,522 were appropriate for further analysis and were seasonally
distributed as follows: 16% in winter, 23% in spring, 37% in summer, and 24% in autumn.
The data distribution in different categories of cloudiness and solar inclination angle is
presented in Figure 3. The majority (a percentage of 62%) of the PAR/Rs hourly values
range between 1.9 and 2.2 mol MJ−1, whereas 25%, 44%, and 31% were recorded under clear
(Kt ≥ 0.7), intermediate (0.3 < Kt < 0.7), and overcast (Kt ≤ 0.3) sky conditions, respectively
(Figure 3a). The data distribution in classes based on the solar inclination angle (Figure 3b),
shows that most of them (43%) were recorded at sun angles between 20◦ and 40◦, whereas
the respective percentages for lower (12◦–20◦) or higher (40◦–60◦ and >60◦) are much lower
(16%, 29% and 12%, respectively).
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different (a) sky clearness conditions based on the Kt index and (b) solar inclination angles, h.

For the rest of the analyzed parameters that were produced by the filtered dataset
used in this study, the general descriptive statistical attributes are presented in Table 1.
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Table 1. Descriptive statistics of the measured and estimated meteorological factors for the filtered
10,522 hourly data of this study.

Parameter Description Units Mean Maximum Minimum SD CV (%)

Rs Global solar radiation W m−2 396.5 1166.4 5.1 269.1 67.9
PAR Photosynthetically Active Radiation W m−2 175.3 489.1 2.1 119.4 68.1
Kt Clearness Index unitless 0.48 1.00 0.01 0.25 52.0
T Air Temperature ◦C 18.2 37.3 0.0 8.3 45.7
Td Dewpoint Temperature ◦C 17.7 34.7 −11.4 6.6 37.4
RH Relative Humidity % 63.6 100.0 10.8 21.7 34.2
ea Actual vapor pressure kPa 2.17 5.52 0.26 0.82 37.9
es Saturation vapor pressure kPa 3.82 10.44 1.00 1.87 48.8
VPD Vapor pressure deficit kPa 1.65 8.67 0.00 1.49 90.0
δ(ε) Optical thickness unitless 0.95 4.21 0.00 0.76 79.1
m Relative optical airmass unitless 2.01 4.80 1.05 0.86 42.8

3. Results and Discussion
3.1. Temporal Variation

The monthly patterns of Rs and PAR diurnal changes are presented in Figure 4. All
fluxes present similar variability, with lower values during the winter months and higher
in summer. The diurnal variations also confirm the commonly known bell-shaped pattern
with maximum values at noon, with lower values in the morning and in the afternoon.
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The PAR/Rs seasonal variations are presented in Table 2. Its monthly averages vary
from 0.419 (SD = 0.042) in November to 0.464 (SD = 0.048) in July, whereas the seasonal
values range from 0.432 (SD = 0.051) in autumn to 0.462 (SD = 0.046) in summer, resulting
in an annual value of 0.446 (SD = 0.048). The slopes (a) of the y = ax + b and y = ax regression
lines also present similar monthly and seasonal distribution with, however, lower values
compared with the PAR/Rs averages, but with strong correlation (high R2 values) between
the PAR and Rs attributes. In all cases, the general pattern indicates higher ratios in
summer and lower in winter. These results are in line with findings presented in other
studies conducted in Greece. Specifically, the annual PAR/Rs in Arnea (0.446) is slightly
higher than the respective hourly ratio (0.438) for the high-altitude mountainous site of Mt.
Iti in central Greece [2]. For the same site, Proutsos et al. [2] also identified smaller slope
(a) values obtained by the linear regressions compared with the annual means. In other
sites the reported results are quite similar: 0.436 [47], 0.429 [48], and 0.437 [49] for Athens,
Greece, 0.454 for the Mogostos forest in Peloponnese, Greece [3]. In addition, other sites
around the world present quite similar PAR/Rs values: 0.435 for Beijing, China [50] and
for Girona, Spain [12], 0.436 for Lusaka, Zambia [51], 0.439 for Tibet, China [52], 0.449 for
San Joaquin Valley, USA [53], 0.454 for Cyprus [27], 0.455 for Nigeria [25], and 0.457 for
Corvallis, USA [54]. There are, however, studies reporting quite different annual values for
the ratio, e.g., 0.420 for Cyprus [55], 0.471, 0.480, and 0.521 for different sites in Israel [56],
0.490 for Brazil [57], etc.

In agreement with the high summer ratio values in Arnea, are results presented by
other researchers [26,27,47,54]. There are studies, however, indicating higher values in
winter and autumn or even small seasonal variations [2,3,58]. This may be attributed
to the effect of sky conditions at specific sites as also discussed by Yu et al. [21] and
Proutsos et al. [2,3].

The effect of atmospheric cloudiness in conjunction with the seasonal variation of
PAR/Rs is also presented in Table 2, confirming the highest ratio value under overcast
conditions in summer (0.499, SD = 0.060) and the lowest during clear winter days (0.424,
SD = 0.030). These changes are clearly depicted in Figure 5, suggesting that there is also
an impact on the ratio values due to the inclination solar angle (h), as expected [10,20,59].
More specifically, it appears that at low h angles, prevailing mainly in early morning and
late afternoon, the PAR/Rs values are slightly higher, compared with midday, although
even less evident in winter, which is associated with low radiation fluxes. This is attributed
to the higher absorbance of Rs over PAR, in association with the fact that during the
morning and afternoon hours, solar rays have to pass through longer paths inside the
atmosphere, leading to a higher reduction of Rs against PAR, and thus to increased values
of the PAR/Rs ratio. The ratio’s diurnal changes also differ under various sky conditions
presenting higher values for overcast skies and lower at hours of the day with clear skies,
due to the absorbance and multiple scattering of the radiation rays, affecting more the Rs
compared with PAR. Apart from the smaller daily variation with h, the increased PAR/Rs
may be attributed to the very high water content in the atmosphere (RH = 84% in winter and
69% in summer) in conjunction with the relatively low, for a Mediterranean site, daytime
hours with clear skies (20% in winter and 32% in summer).
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Table 2. Monthly, seasonal, and annual averages of the ratio PAR/Rs, number of hourly datasets (N) and standard deviations (SD) under deferent sky conditions,
along with the respective slope (a), offset (b) and R2 values of the linear regressions PAR = a Rs and PAR = a Rs + b.

Time
Period

Σ(PAR/Rs)/N
All Skies

Linear Correlations Σ(PAR/Rs)/N

PAR = a Rs + b
(y = ax + b)

PAR = a Rs
(y = ax)

Overcast Skies
(Kt < 0.3)

Intermediate Skies
(0.3 ≤ Kt ≤ 0.7)

Clear Skies
(Kt > 0.7)

Average SD N a b R2 a R2 Average SD N Average SD N Average SD N

Month
January 0.449 0.044 538 0.429 2.0 0.981 0.436 0.981 0.466 0.046 277 0.430 0.038 184 0.437 0.026 77

February 0.452 0.045 495 0.429 3.4 0.977 0.437 0.979 0.474 0.044 191 0.446 0.044 181 0.428 0.031 123
March 0.438 0.049 715 0.424 2.2 0.987 0.428 0.988 0.451 0.061 269 0.431 0.045 278 0.426 0.024 168
April 0.440 0.042 906 0.426 4.4 0.976 0.433 0.98 0.448 0.051 256 0.442 0.040 440 0.427 0.031 210
May 0.446 0.039 797 0.428 5.4 0.981 0.436 0.985 0.467 0.056 182 0.443 0.031 388 0.433 0.025 227
June 0.459 0.055 695 0.435 7.1 0.956 0.446 0.965 0.485 0.058 189 0.457 0.056 319 0.437 0.037 187
July 0.464 0.048 1451 0.436 7.7 0.984 0.448 0.979 0.500 0.063 367 0.458 0.039 614 0.445 0.021 470

August 0.462 0.039 1685 0.443 4.0 0.991 0.449 0.988 0.506 0.055 349 0.452 0.026 758 0.448 0.017 578
September 0.440 0.051 1094 0.443 −2.0 0.971 0.439 0.972 0.446 0.068 272 0.434 0.047 551 0.444 0.032 271

October 0.433 0.058 719 0.424 0.7 0.965 0.425 0.966 0.449 0.069 280 0.420 0.046 331 0.431 0.048 108
November 0.419 0.042 752 0.429 -1.7 0.972 0.424 0.973 0.416 0.043 357 0.420 0.042 299 0.423 0.040 96
December 0.425 0.041 675 0.415 1.4 0.975 0.420 0.978 0.434 0.046 245 0.423 0.040 292 0.413 0.028 138

Season
Winter 0.441 0.045 1708 0.426 1.6 0.977 0.431 0.978 0.457 0.048 713 0.431 0.041 657 0.424 0.030 338
Spring 0.441 0.044 2418 0.427 3.5 0.981 0.433 0.984 0.454 0.057 707 0.440 0.039 1106 0.429 0.027 605

Summer 0.462 0.046 3831 0.439 6.0 0.981 0.448 0.978 0.499 0.060 905 0.455 0.038 1691 0.445 0.023 1235
Autumn 0.432 0.051 2565 0.439 −2.4 0.974 0.434 0.973 0.436 0.062 909 0.427 0.046 1181 0.437 0.039 475
Annual 0.446 0.048 10,522 0.435 0.2 0.982 0.436 0.980 0.462 0.062 3234 0.441 0.043 4635 0.437 0.029 2653
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Figure 5. Diurnal variation of the PAR/Rs hourly average values during the different seasons of the
year: (a) winter, (b) spring, (c) summer and (d) autumn, under overcast, intermediate, clear, and all
sky conditions.

3.2. Solar Attributes Effects

Atmospheric wetness and cloudiness can highly affect radiation absorbance, especially
at the PAR wavelengths and result in the elimination of the diurnal solar radiation incli-
nation angle effect. This is obvious in Figure 6b, where almost stable PAR/Rs values are
recorded regardless of the h angle. The negligible effect of the solar angle on the radiation
ratio is in line with the findings of Akitsu et al. [17,26] in Japan. However many other
studies detected either positive [24,25] or negative [6,12] relations with the radiation ratio.
The patterns identified in this study, although rather unexpected, may be explained by the
location of the examined forest site, which is close to the sea, thus highly affected by the
increased atmospheric water content.

Similar to the rather unimportant effect of the solar inclination angle on PAR over
Rs, is the effect of the relative optical airmass, m (Figure 6d). It appears, however, that its
pattern affects similarly the distribution of the PAR/Rs ratio with m (Figure 6d), presenting
almost stable values regardless of the m. This is rather expected, since m is determined by
the sun’s zenith angle z, which as the h solar angle, appears to have a minor effect on the
composition of Rs to PAR. It seems that the high relative humidity and the small number of
sunny days minimize the impact of the relative optical air mass m on the PAR/Rs values.

For the other radiation attributes, it seems that the magnitude of the incident solar
radiation affects the PAR/Rs but only for the low (below 200 Wm−2) Rs hourly values. As
already addressed by Proutsos et al. [2,3], low Rs fluxes are combined with low PAR over
Rs values, whereas higher fluxes have rather no or minor effect on the ratio (Figure 6a).

The optical thickness, δ(ε), of a light-absorbing atmosphere, seems to play an important
role affecting the composition of Rs to PAR wavelengths. The PAR/Rs ratio appears to
increase with δ(ε) up to a threshold of about 2, taking high but stable values thereafter
(Figure 6c). This is rather anticipated, since δ(ε) depends on atmospheric clearness, and
its highest values are associated with overcast sky conditions favoring multiple scattering
and absorption of Rs, thus increasing PAR/Rs, as also found for Mt. Iti, Greece, by
Proutsos et al. [2]. It is interesting to note, however, that in the study of Proutsos et al. [2]
the range of δ(ε) was not exceeding the value of 2.0, due to the atmospheric conditions
persisting at the specific high altitude forest. Our findings indicate that δ(ε), and thus
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atmospheric clearness, has a strong influence on the formation of the PAR/Rs, but at very
high δ(ε) values (turbid skies), the impact of atmospheric clearness becomes less strong.
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Figure 6. Averages and standard deviations of the PAR/Rs hourly ratio with the variation of (a) the
magnitude of Rs grouped in 5 Wm−2 bin classes, (b) the solar elevation angle h grouped in 1o bin
classes, (c) the optical thickness h grouped in 0.1 bin classes, and (d) the relative optical air mass m
grouped in 0.1 bin classes.

In general, atmospheric clearness, expressed by the clearness index Kt, is recognized
as the most influential factor for the determination of the PAR/Rs ratio. Under clear skies
the ratio presents decreased values which, however, increase as sky conditions change
to overcast (Figure 7). For the Arnea forest, the ratio varies between 0.437 (SD = 0.029)
under clear (Kt ≥ 0.7) to 0.461 (SD = 0.062) under overcast (Kt ≤ 0.3) sky conditions. It
is interesting to note that similar values were found in other studies. For example, Udo
and Aro [25] reported a PAR/Rs value of 0.460 in Ilorin (Nigeria) for clear skies whereas
Proutsos et al. [2] found PAR/Rs values 0.417 and 0.483 in Iti’s forest (Greece) for clear
and overcast conditions, respectively. Similarly, for Cyprus, Pashiardis et al. [58] reported
values of 0.439 and 0.478 whereas Jacovides et al. [27] 0.460 and 0.501, for clear and cloudy
skies, respectively. It is worth noting that in a recent study by Lazano et al. [22] conducted
in an urban site in Granada (Spain), the authors found no influence of the Kt on the PAR/Rs
ratio. It should be stated, though, that in the specific study site, clear sky conditions
(high Kt values) persist whereas the urban atmospheric conditions may have affected the
ratio. Lazano et al. [22], however, also found a high dispersion at low Kt values, probably
attributed to the relatively small and variable radiation fluxes recorded in mornings and
afternoons regardless of the season and additionally in winter throughout daytime, that
can introduce high variability to the ratio.
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Figure 7. Averages and standard deviations of the PAR/Rs hourly ratio with the variation of the
clearness index Kt grouped in 0.01 bin-classes.

3.3. Temperature Effects

The effect of air temperature is not clear (Figure 8). PAR/Rs shows a rather stable
value (0.45) at temperatures close to 0 ◦C or higher than about 15 ◦C. The ratio takes a
minimum value (0.41) at 5 ◦C (Figure 8a), presumably because T in the range 0–15 ◦C is
associated with high atmospheric humidity (77% compared with 55% for higher values).
Proutsos et al. [2], working at a high altitude forest (Mt. Iti) in central Greece, found that T
has a negligible effect on the ratio at values lower than 12 ◦C.
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Figure 8. Averages and standard deviations of the PAR/Rs hourly ratio with the variation of (a) the
air temperature T and (b) dewpoint temperature Td, grouped in 0.1 bin-classes.

The dewpoint temperature (Td) effect is clearly positive for the radiation ratio (Figure 8b).
PAR/Rs increases with Td and at a stable rate (Figure 8b), a finding also discussed in other
research studies. Yu et al. [21], having found in Contiguous United States a negative
relationship of the ratio with Td, mention that Td is not an optimal parameter to predict
PAR/Rs, since it presents high variability. There are, however, other studies that also
indicate a positive relationship between Td and PAR/Rs [2,3,52], probably attributed to
the increase in the extinction of infrared radiation as Td increases, imposing an increase in
the PAR/Rs ratio. It should be noted, however, that in our previous works [2,3], the site
characteristics (high altitude and low Td values) did not allow the study of the effect for
high temperature values.
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3.4. Air Water Content Effects

Atmospheric vapor content and associated parameters are recognized as influential
meteorological factors for the PAR/Rs ratio determination [19,60,61]. This is mainly due
to the enhanced absorption of Rs at the infrared waveband during periods with increased
water content in the atmosphere [18,40]. For the site at Arnea, the relations between PAR/Rs
and several vapor related parameters are depicted in Figure 9.
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Figure 9. Averages and standard deviations of the PAR/Rs hourly ratio with the variation of
(a) saturation vapor pressure es, (b) actual vapor pressure ea, and (c) vapor pressure deficit VPD
grouped in 0.05 bin-classes and also with (d) relative humidity grouped in 1% bin-classes. The
comparative changes of PAR/Rs with RH is also presented (e) in association with the respective
values of ea and Kt per 1% RH bin-classes.
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The most influential humidity-related factor for the formation of the PAR/Rs ratio
appears to be the actual vapor pressure, ea, ranging, in our site, up to 4 kPa (Figure 9b). The
pattern clearly indicates a positive relation of the radiation ratio with ea. Akitsu et al. [26],
working under similar site characteristics, also found a positive relation between PAR/Rs
and ea. In central China, Wang et al. [19] attributed the higher PAR/Rs to sky conditions and
also to the increased water vapor in the atmosphere. In Greece, Proutsos et al. [2] reported
a positive but weak relationship between PAR/Rs and ea (ranging at the specific site up to
only 2 kPa) for a high altitude forest site (Mt. Iti), whereas Proutsos et al. [3] described a
highly variable pattern for a southern and lower mountainous forest site (Mogostos). The
higher range of ea in our study site compared with other similar studies, allows a clearer
assessment of its effect on PAR/Rs. This suggests that the surrounding environment may
significantly impact on the formation of the PAR/Rs ratio, that is a fact also supported by
other studies [2,3,8]. Considering the relationship between the temperature dependent
saturation vapor pressure es and PAR/Rs (Figure 9b), it appears to follow the pattern
of temperature.

To further investigate the effect of humidity parameters, results from the analysis of
the PAR/Rs with relative humidity RH and vapor pressure deficit VPD are also presented
in Figure 9c,d. RH is recognized as a significant parameter for many PAR~Rs models [8,13].
Proutsos et al. [3], having analyzed the relation between RH and PAR/Rs in Greece, in
conjunction with the Kt and ea values, suggest that the RH value of 60% is critical for the
formation of PAR/Rs. For RH less than 60%, PAR/Rs is highly affected by the atmospheric
clearness (Kt). However, for RH greater than 60%, the effect of Kt becomes weaker and
appears that the ea effect (which is now maximum and stable) dominates and drives the
changes of the radiation ratio. The above findings are in line with our findings depicted
in Figure 9e. PAR/Rs presents constant values regardless of the RH magnitude. Keeping
in mind, however, the effects of ea, discussed previously, it is revealed that for RH less
than 60%, PAR/Rs slightly decreases with RH and follows the distribution of Kt. At higher
RH values, where ea reaches its maximum and becomes constant, the previously slightly
decreasing PAR/Rs trend is interrupted. The ratio stops following the trend of Kt and
stabilizes, following thereafter the distribution of ea. This effect of RH is not identified in
Figure 9d which, in general, presents constant PAR/Rs regardless of the RH magnitude,
indicating a negligible or minor effect of RH.

Similarly, the VPD distribution also implies a non-significant effect of atmospheric
dryness on the radiation ratio, which remains almost constant regardless of the VPD
(Figure 9c). It should be noted, however, that at VPD values lower than 4 kPa, PAR/Rs
presents a weak positive trend with VPD and also that the lower VPD values (i.e., lower
vapor demand of the atmosphere) are associated with higher PAR/Rs variability. This
pattern is different compared with other altitudinal higher forest sites, where the effect of
VPD on the radiation ratio was found to be clear especially for the low VPD values often
recorded in such environments [2,3] where wetter conditions prevail. However, in our
study the minor positive relation of VPD with PAR/Rs can be explained by the atmospheric
water availability, since at the lower VPD values the atmosphere is wetter and thus to a
higher degree saturated with water vapor, a fact that enhances the absorbance of Rs over
PAR, consequently resulting to an increased radiation ratio.

4. Conclusions

The present work examined the atmospheric parameters affecting the formation of the
photosynthetically active to global solar radiation ratio, as an index indicating the effective-
ness of solar light for photosynthesis. The analysis was performed to detect the changes
on a temporal (seasonal and monthly) basis, also assessing the effect of different radiation,
humidity, temperature, and other related meteorological factors in a Mediterranean forest
site under the impact of the sea environment.

The results reveal that the radiation ratio is site dependent, producing an annual
average of 0.446 (SD = 0.048) with a seasonal variability ranging from 0.432 (with standard
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SD = 0.051) in autumn to 0.462 (SD = 0.046) in summer. The water content of the atmosphere,
either as droplets, expressed by the degree of cloudiness, or as water vapor, expressed
by actual water vapor, optical thickness, or dewpoint temperature, leads to radiation
absorbance at certain wavebands and, finally, higher PAR availability of Rs. On the contrary,
atmospheric clearness reduces the PAR/Rs ratio, which presents values varying from 0.437
(SD = 0.029) under clear to 0.461 (SD = 0.062) under overcast sky conditions. Temperature-
dependent factors, like relative humidity, vapor pressure deficit and saturation vapor
pressure seem to have no significant effect on the ratio at humid environments.
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