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Abstract. In this paper, we present a methodology to analyze the stochastic component of daily solar radiation at the earth’s
surface in the photosynthetically active spectral band. Extraterrestrial solar spectral irradiance from the SOLID project and in
situ observed PAR from the FLUXNET data set are used to calculate daily time series of the clearness and clear-sky indices
for 28 FLUXNET sites around the world for 1978-2014. We found that the shape of the probability distribution functions
of the clearness and clear-sky indices exhibit a spatial pattern related to the K&ppen climate classification and the Holdridge
life zones. According to the Koppen classification, oceanic, humid continental, and Mediterranean climates show bimodal
distributions; semi-arid, temperate, subtropical, and desert climates show unimodal distributions with high dispersion; and
tropical climates show unimodal distributions with low dispersion. Moreover, according to the Holdridge triangle, sites with
bimodal distributions are concentrated in moist and wet forest life zones located in boreal and cool temperate regions and
sub-humid and humid provinces. Unimodal distributions with high dispersion are concentrated in the moist forest life zone in
subtropical and tropical regions and humid province; and unimodal distributions with low dispersion are concentrated in dry

forest, very dry forest, and thorn woodland in tropical and subtropical regions between arid and subhumid humidity provinces.

1 Introduction

Solar irradiation drives physical, chemical and biological processes at the earth’s surface. It is the primary energy source of
the natural processes of photosynthesis and evapotranspiration (Bojanowski, 2013; Remesan et al., 2008; Hansen, 1999). The
amount of solar irradiance reaching some place on the Earth’s surface at a given time is the result of Sun’s emission spectrum,
Sun-Earth distance, the angle of incidence of solar rays, and the atmospheric attenuation of light. The geometry of Earth’s
orbit and rotation is well-known and can be calculated with high precision. Attenuation of light throughout the atmosphere can
be calculated by using an attenuation law (e.g. the Beer—Lambert law), but this requires to know the atmospheric optical depth,
which is seldom the case.

To affront this problem researchers have relied on statistics. Two indices are widely used to quantify the random nature of
atmospheric light attenuation, the clear-sky index (c), defined as the ratio of actual radiation to clean-dry atmosphere radiation,
and the clearness index (k) which is the ratio of actual radiation to top-of-the-atmosphere radiation (i.e. with no atmospheric
attenuation). Although c and £ can be calculated for any spectral band and time aggregation scale, they are often studied at the

hourly or daily time steps and for the shortwave band.
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In this paper, we study the bioclimatic traits on the stochastic behavior of daily ¢ and & for the photosynthetically active
radiation (PAR) spectral band. It was possible by using the Solar Spectral Irradiance (S.ST) time series, the U.S Standard
Atmosphere, and observed PAR time series at 28 FLUXNET sites worldwide, distributed in 13 hexagons of the Holdridge
triangle (Holdridge, 1947, 1967) corresponding to 8 life zones.
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Table 1. FLUXNET Sites. The record period refers to complete calendar years, i.e. data for all sites start on January 1st of the initial year

and end on December 31st of the last year.

Site Country Latitude [©] Longitude [°] Elevation [m] Period

AT-Neu Austria 47.117 11318 970 2002-2012
BE-Lon Belgium 50.552 4.746 167 2004-2014
BE-Vie Belgium 50.305 5.998 493 1996-2014
BR-Sa3 Brazil -3.018 -54.971 100 2000-2004
CA-Oas Canada 53.629 -106.198 530 1996-2010
CG-Tch Congo -4.289 11.656 82 2006-2009
CH-Oel Switzerland 47.286 7.732 450 2002-2008
CH-Oe2 Switzerland 47.286 7.734 452 2004-2014
DE-Geb Germany 51.100 109143 161.5 2001-2014
DE-Gri Germany 50.950 13513 385 2004-2014
DE-Hai Germany 51.079 10.453 430 2000-2012
DE-Obe Germany 50.787 13.721 734 2009-2014
DE-Tha Germany 50.962 13.565 385 1996-2014
GF-Guy French Guiana 5279 -52.925 48 2004-2014
GH-Ank Ghana 5.268 -2.694 124 2011-2014
IT-Lav Ttaly 45.956 11.281 1353 2003-2014
IT-MBo Ttaly 46.015 11.046 1550 2003-2013
IT-SRo Ttaly 43.728 10.284 6 1999-2012
MY-PSO Malaysia 2,973 102.306 148 2003-2009
PA-SPs Panama 9.314 -79.631 68 2007-2009
RU-Fyo Russia 56.461 32922 265 1998-2014
SD-Dem Sudan 13.283 30478 500 2005-2009
SN-Dhr Senegal 15.403 -15.432 40 2010-2013
US-Esm USA 25.438 -80.595 1.07 2008-2014
US-FPe USA 48.308 -105.102 634 2000-2008
US-NC2 USA 35.803 -76.668 5 2005-2010
US-SRM USA 31.821 -110.866 1120 2004-2014
ZA-Kru South Africa -25.020 31.497 359 2009-2013

2 Data

Our data set consists of daily observations of incoming photosynthetic photon flux density (PPFD) and rainfall from 28 sites
around the world from the FLUXNET data set (Baldocchi et al., 2001; Olson et al., 2004) (Fig. 1). Sites have different periods
of record spanning from 1996 to 2014 and elevations from sea level to 1550 m (Table 1). We also use the Solar Spectral
Irradiance (SSI) at the top of the atmosphere from the “First European Comprehensive Solar Irradiance Data Exploitation
project” (SOLID) (Haberreiter et al., 2017; Scholl et al., 2016) as input data for an atmospheric radiation transfer model
(section 3). The SOLID spectral time series has a daily time resolution from 1978/7/11 to 2014/12/31 (13204 days) and covers
the wavelength range between 0.5 and 1991.5 nm. Data from SOLID are available at http://projects.pmodwrc.ch/solid.

The wavelength domain for PPFD in the FLUXNET data set is 400—~700 nm (Olson et al., 2004) and has units of pmol m =2 s71.
We convert PPFD to PAR irradiance in W m ™2 through the relationship 4570 nmol m~2 s~!=1 W m~2 (Sager and McFarlane,
1997).

Information of Koppen climate classification and Holdridge life zones is taken from Rubel and Kottek (2010) and NEP-
WCMC, respectively.
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Figure 1. The sites selected from the FLUXNET dataset are spanned over several continents and climates.

3 Methods

Daily radiation amount at a site on the earth’s surface is the result of integrating instantaneous irradiance over the day length.
Surface instantaneous irradiance estimation comprises solar irradiance at the top of the atmosphere (TOA) and the physical
properties of the atmosphere for the site and time of interest. We use SOLID data for TOA irradiance and the Beer—Lambert law
to calculate light attenuation by the atmosphere. However, some atmospheric components as clouds, water vapor, and aerosols
are highly variable in space and time, which is troublesome when using the Beer—Lambert law. Therefore, we follow two
approaches: 1) use the clear-day index (c) (also known as relative clearness index, clear day index, and normalized clearness
index) to assess the effect of the variable components on total daily radiation, and 2) use the clearness index (k) to assess the
whole atmospheric effect on total daily radiation. Both indices are defined in Egs. (1), where PAR,;; is the observed daily
global PAR on a horizontal surface at the ground level, PARy is the extraterrestrial daily global PAR on a horizontal surface,
and PAR,4, is the daily global PAR on a horizontal surface on the ground for a cloudless, clean, and dry atmosphere.

PAR s

B _ PAR,,
" PAR.a

¢ ~ "PAR,

(1)
3.1 PAR at the top of the atmosphere

Photosynthetically active radiation at the top of the atmosphere (P AR,) is calculated by integrating the daily S.ST over the PAR
spectral band (400-700 nm) to obtain the Total Spectral Irradiance (T'SIpar), as shown in Eq. (2) and doing the geometric
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transformations accounting for solar declination () and latitude (¢), as shown in Eq. (3) (Igbal, 1983).

700 nm
TSTpan = / SSIdA @)
400 nm
PARy = 24Eo TSIpag (wsrsindsing + cosd cospsinwg, ) 3)

where F is the eccentricity correction factor of the earth’s orbit and wy, is the sunrise hour angle for the day.
3.2 Surface PAR for a cloudless, clean dry atmosphere

Surface PAR for a cloudless, clean, and dry atmosphere (PAR.q4,) is the sum of the direct (PAR;) and diffuse (PARy)
components (PAR.q, = PARy + PAR,). To calculate daily PAR;, and PAR, on a horizontal surface at the ground level,
we model the direct and diffuse instantaneous spectral irradiances and integrate them along the day length and the PAR spectral
domain.

Following Igbal (1983), we assume the cloudless, clean and, dry atmosphere to be composed by uniformly mixed gases (m)

and ozone (0). Using the Beer—Lambert law and integrating, daily P AR}, is calculated as in Eq. (4).

Yss 700 nm
PARy = / / SS10.n 2 Eosin(y)Tme,xdAdy (€))
Ysr 400 nM

where SSIj .y is the extraterrestrial spectral irradiance normal to the rays from the sun (obtained from SOLID), v is

the solar altitude varying from sunrise (s7) to sunset (ss), and 7,4, is the transmittance due to molecular absorbers of the
atmosphere.

For the assumed atmosphere composition 7,,q,» = T, - T, Where 7, and 74 are the ozone and the mixed gases transmittance,

respectively (see details in Igbal, 1983, Sec.6.14). Assuming forward and backward scatterances of 0.5 and considering only

the first pass of radiation through the atmosphere, PAR, can be calculated by

Yss 700 nm
PAR,; = / / S8, AFosin(y)Tma,x[0.5(1 — 7 x)]dAdy 5)
Yer 400 nn
where 7, ) is the transmittance due to Rayleigh molecular scattering (see details in Igbal, 1983, Sec.6.14).
Several atmospheric parameters are required by Egs. (4) and (5). We assume the 1976 U.S. standard atmosphere (NASA,
1976) (sea level pressure of 101.325 kPa, sea level temperature of 288 K, and sea level density of 1.225 kg/m?) and the Kasten
and Young (1989, Table II) optical air mass function of solar altitude, which has 336 values for solar altitudes between 0°and

90°. Transmittance for ozone and mixed gases are calculated as in Egs. (6) to (8).

To, X = exp(_ko,)\lomr) (6)
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—1.41kg\m,
1+ 118.93k,\mg )04

Tg.x = €Xp {( )

7r.x = exp(0.008735A"*%m,,) ®)

where m, is relative air mass at standard pressure, m,, is relative air mass at actual pressure, k, and k, are the absorption
attenuation coefficient for oxygen and mixed gases, and [, is the amount of ozone in cm (at normal temperature and pressure,
NTP). We calculate k, » for any A value using the Leckner (1978) interpolation of the classic Vigroux (1953) data. For calcu-
lating [, we interpolate Table 5.3.2 from Igbal (1983), which is a reproduction of Robinson (1966, p.114). k, , is calculated by
interpolating Table 6.13.1, which is a reproduction of Table 4 in Leckner (1978, p.146).

3.3 Statistical properties of k£ and c

We estimate the daily time series, annual cycles, autocorrelograms, and empirical probability density functions (PDF) of ¢
and k. We separate the data of ¢ and k by rainy and dry days, using precipitation as a proxy of cloudiness and water vapor
in the atmosphere. Then, we inspect the seasonality of ¢ and k by comparing the cumulative distribution function (CDF) of
each month with the CDFs of the other months. The comparison of the CDFs is carried out visually and tested by using
Kolmogorov—Smirnov (KS) and Anderson-Darling (AD) Goodness of Fit Tests (Dodge, 2008; Pearson, 1900; Scholz and
Stephens, 1987).

4 Results and Discussion

The time series, annual cycle, and autocorrelogram of PAR, c and k were calculated and plotted for each site. The results for
AT-NEU are shown in Fig. 2, and those for all other sites are in Figs. S1 to S28. Notice that some values of ¢ and k are greater
than 1 during winter in sites with seasonal snow. This anomaly can be explained by the multiple reflection of light enhanced
by the snow cover.

The autocorrelograms of PAR, ¢, and k indicate a more marked annual cycle for PAR than for ¢ and & (see Fig. 2), except at
most of the tropical sites (BR-Sa3, CG-Tch, GF-Guy, GH-Ank, MY-PSO, PA-SPs, SD-Dem, and ZA-Kru). All tropical sites
have a very weak autocorrelation function (ACF), while extratropical sites show strong ACFs of PAR. Clearness and clear-sky
indices remove the astronomical seasonality, indicating that PAR seasonality in extratropical sites is almost entirely explained
by the astronomical seasonality. The above is pointed out by the weaker ACFs of k and ¢ when compared with the ACF
of PAR. In these sites, climatic seasonality is very weak since the low ACF after removing the astronomical seasonality. In
contrast, tropical sites show a seasonality almost completely explained by the climatic seasonality (and not by the astronomical

seasonality), being the ACF of the indices and PAR very similar.
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Figure 2. Time series, annual cycle, and autocorrelation function of PAR (a—c), ¢ (d—f), and k (g—i) at AT-Neu.

The ACF of k is stronger than that of ¢ in most sites (Fig. 2, panels f and i). The calculation of k£ does not include any
atmosphere, while ¢ considers a cloudiness-sky, clean, and dry atmosphere. The high ACFs of k suggest that the atmosphere
(specifically the air mass) has seasonality, that £ does not manage to remove (Ianetz and Kudish, 2008).

ACFs show a period of 180 days approximately for all the sites studied, except in BR-Sa3 where it is 120 days (for both PAR
and the indices), and in AT-Neu where it is 80 days (only for the indices). As seasonality depends largely on the movement
of the sun, the periods in sites nearest to the geographical Equator should be shorter than those of extratropics, as in BR-Sa3.
However, seasonality is also a function of local factors not dealt with in this paper. The differences in the periods of PAR and
its indices in AT-Neu can be explained because the climatic and astronomical seasonalities are out of phase.

The pdfs of c and k reveal a certain degree of bimodality, or at least, some asymmetry in respect to the mean, as mentioned
before by Hollands and Suehrcke (2013); Tovar-Pescador (2008); Assungdo et al. (2003); Ibanez et al. (2003); Jurado et al.
(1995); Skartveit and Olseth (1992); Olseth and Skartveit (1984) (see Fig. S29 to S56). We classified the pdfs of ¢ and k in
three types: Bimodal, Unimodal I (unimodal with low dispersion), and Unimodal II (unimodal with high dispersion). Sites in
the extratropical northern hemisphere (except the site in the United States US-Fep) have bimodal distributions; sites in tropics,

subtropics, and US-Fpe have Unimodal II distributions; and sites in tropics have Unimodal II distributions. The same behavior
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is observed for k and c. This led us to suspect that k£ and ¢ follow bimodal distributions in high latitudes, unimodal distributions
with high dispersion in mid-latitudes, and unimodal distributions with low latitudes.

Looking for spatial patterns in the PDF shapes of daily ¢ and k, we arranged sites following the Kdppen classification and
Holdridge life zones (Holdridge, 1947, 1967). According to the K&ppen classification, bimodality occurs in oceanic, humid
continental, and Mediterranean climates; unimodal PDFs with high dispersion in tropical monsoon, tropical savanna, and
tropical rainforest climates; and unimodal PDFs with low dispersion in semi-arid, temperate, subtropical humid, and desert
climates.

The Holdridge life zones triangle has the advantage of allowing to analyze schematically the link between climate and long-
term behavior of ¢ and k. Red symbols in Fig. 3 represent the sites with bimodal PDFs of £ and ¢, purple symbols the sites with
unimodal I PDFs, and yellow symbols the sites with unimodal II PDFs. Bimodality is concentrated in moist and wet forest life
zones in the cool temperate and boreal regions on subhumid and humid provinces. Sites in moist and wet forest life zones in
humid tropical and subtropical regions on the humid province have Unimodal II distributions, and sites dry forest, very dry
forest, and thorn woodland life zones have Unimodal I distributions. The latter are in the tropical and subtropical regions on
humidity provinces between arid and subhumid. Although US-Fpe has Unimodal I PDF and is located in the cool temperate
region, it stays in the same range of humidity provinces as the other sites with this type of PDF (i.e., arid to subhumid). Fig. 3
allows us to infer the high influence of latitude and the type of climate on the statistical behavior of ¢ and k.

Fig. 4 shows the PDFs (left panel) and the CDFs (right panel) for wet (blue) and dry (red) days of ¢ (a—b) and k (c—d).
Figs. 26 to 56 show the results of the 28 sites analyzed. Because bimodality is attributed to clear and overcast sky conditions
(Tovar-Pescador, 2008; Olseth and Skartveit, 1984), by separating the values of ¢ and & on rainy and dry days, bimodal PDFs
are divided into two unimodal ones, except for AT-Neu, DE-Geb, and DE-Hai, where the PDFs of dry days continue to have
a bimodal distribution. This can be explained by the presence and absence of clouds on dry days since there is not always a
direct relationship between rainfall and clouds.

After separating data by rainy and dry days, we divided them by months to define the seasons of the indices. Fig. 5 shows
the CDF of each month separated by rainy (blue lines) and dry (red lines) days (a—b), and the comparison matrices of the PDF
of each month (c—j) at the AT-Neu site. Values into cells are the p-values obtained with KS and AD Goodness of Fit Tests.
Figs. S57 to S84 show the results of all sites studied. The definition of index seasons is very clear in the extratropical sites since
the CDFs of months with low values of ¢ and k are notoriously thrown to the left side, and the months with high values to the
right side, both for rainy and dry days (see Fig. 5(a-b)). Besides, the matrices of comparison corroborate it. Nevertheless, at
sites within or near the tropics, the monthly CDFs are not markedly grouped, and matrices of comparison do not indicate clear
seasons.

At most sites, it is possible to define two seasons: Season 1 (Season 2) includes the period in which high (low) values of k
and c are more likely. In the extratropical northern hemisphere, Season 1 (Season 2) occurs approximately between November
(March) and February (September). We notice that at many sites there is a transition between seasons, but it is not considered

here. Furthermore, at most tropical sites, there is no precise differentiation of seasons.
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The beginning and the end of seasons do not change notably with the index (k and c), but they do with the occurrence or
non-occurrence of rainfall. Only at IT-MBo, US-Esm and US-NC2, they do not change. At the other sites, season 1 is usually
shorter than season 2 for dry days, and longer than season 2 for rainy days. When analyzing the changes in the beginning and
the end of the seasons according to the Holdridge life zones, we do not observe clear patterns. This may indicate that local
factors control when the seasons of the indices begin and end.

Fig. 6 shows the relationship between the clearness and the clear-sky indices. The graphics are sorted in descending order
of latitude, and each color dot indicates a month. Black dots represent the days in January, green dots the days in July, and red
dots the days in December. From Egs. (1), the slope of lines (m) is given by PARy/PARcqq. As PARy does not consider the

absorption by atmosphere components, it has a higher value than PAR_ 4, that does it, being m always greater than 1. Sites in

11
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Figure 6. Relationship between k and c. Graphs are sorted by decreasing latitude from the top-left to the bottom right. Colors indicate the

day of the year (doy)

high northern latitudes show a notable variability of m throughout the year, while in the tropics and the southern hemisphere,
the dispersion is very low.

Fig. 7 shows the daily eccentricity correction factor (Ey) (orange line) and the relative air mass (purple lines) for different
latitudes. Fy denotes the Sun—Earth distance for any day of the year, indicating the potential energy arriving at the Earth’s
surface when there is no atmosphere. In the extratropical latitudes, m, has a great variation, while in the tropics it is almost
constant (dotted line). The changes in m,, explain the high dispersion of m in high latitudes and the low dispersion at sites near
the equator. In northern high latitudes, the largest differences between c and k occur at the beginning and the end of the year
since the path length that light rays must pass through is longer than in the middle of the year.

We analyzed the stochastic behavior of the daily clearness and clear-sky indices for the photosynthetically active spectral
domain. Both indices remove the astronomical seasonality, and c also removes the seasonality of the clean and dry air optical
mass. Therefore, c is neater than k in describing the effect of the highly variable components of the atmosphere, i.e., clouds,

water vapor, and aerosols.
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Figure 7. Daily variability of eccentricity correction factor and optical mass for several latitudes.

Due to the multiple refractions of light by snow, we found values of ¢ and k greater than 1 in sites where there is seasonal
snow, during the periods in which it occurs.

The analysis of rainy and dry days revealed that ¢ and k have similar statistical shape PDFs as indicated by Escobedo
et al. (2009), but £ exposed higher values than c. The differences between c and k are more accentuated in the extratropical
northern hemisphere since the path length that energy must pass through varies considerably during the year. Besides, in the
extratropical northern hemisphere, ¢ shows lower autocorrelations than & for all the lags analyzed, indicating that the air mass
of the atmosphere has seasonality, and k& does not manage to remove it.

By locating the 28 sites analyzed on the Holdridge life zones scheme (see Fig. 3), we noticed that the geographical location
and climate greatly influence the statistical behavior of ¢ and k. High latitudes sites exhibit bimodal distributions, arid to sub-
humid climates exhibit unimodal distributions with high dispersion, and humid tropical regions exhibit unimodal distributions
with low dispersion.

As rainfall is a proxy of cloudiness and water vapor, bimodal distributions vanish when data are divided into rainy and
dry days, corroborating that each mode is related to clear and overcast skies conditions (Tovar-Pescador, 2008; Olseth and
Skartveit, 1984).

On the seasonality, we found a clear definition of indices seasons at extratropical sites, unlike tropical sites where local

conditions play a determining role. Variations in the beginning and end of indices seasons do not show a notorious spatial
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pattern. In fact, it is possible to see different behaviors in a similar geographical location, as at the two sites in Belgium. This
also can be attributed to local conditions.

The results obtained in this analysis are useful in a large number of study areas, such as those related to ecohydrology,
meteorology, glaciology, agroclimatology, etc. Furthermore, this methodology can be extended to any site and any radiation

wavelengths range between 0.5 and 1991.5 nm.
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