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Highlights

What are the main findings?

• Eight years of high-quality spectral measurements in Lindenberg (Germany) show
that global solar radiation is partitioned into ~5% UVA, ~43% PAR, and ~26% NIR, ex-
pressed as energy fractions relative to Rs, with strong correlations (R2 > 0.90) between
each component and Rs.

• Clear seasonal cycles and long-term decreasing trends were identified in all spectral
fractions, particularly for UVA/Rs (−15%), largely modulated by cloud cover and
atmospheric conditions.

What are the implications of the main findings?

• The spectral fractions of UVA, PAR, and NIR can be reliably estimated from global
radiation (Rs) when direct spectral observations are unavailable.

• These results provide valuable inputs for climate and vegetation modeling, solar
energy forecasting, and human exposure assessments, especially in underrepresented
rural environments.

Abstract

Observational studies in several regions and our dataset indicate changes in global so-
lar radiation (RS); here, we analyze how atmospheric conditions modulate its spectral
composition. This study investigates the effects of atmospheric conditions on the spectral
composition of global solar radiation (RS) across different wavelength ranges: ultraviolet
A (UVA), photosynthetically active radiation (PAR), and near-infrared radiation (NIR),
using the ratios UVA/RS, PAR/RS, and NIR/RS. A high-quality spectral irradiance dataset
(300–1025 nm) covering eight years of observations from a representative rural site in
Central Europe (Meteorological Observatory Lindenberg, Tauche, in North-East Germany)
was used. The average values obtained for the ratios were 0.049 ± 0.010 for UVA/RS,
0.433 ± 0.044 for PAR/RS, and 0.259 ± 0.030 for NIR/RS. Thus, the UVA range contributed
approximately 5% to global radiation, PAR 43%, and NIR 26%. Strong correlations were
found between each spectral component and RS, with determination coefficients exceeding
0.90 in all cases, particularly for PAR. This suggests that, in the absence of direct spectral
measurements, these components can be reliably estimated from RS. A seasonal pattern
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was also identified, with maximum values in warmer months and minimum values in
colder ones, most notably for PAR/RS. In contrast, NIR/RS exhibited an inverse pattern,
likely influenced by atmospheric water vapor. A long-term decreasing trend in these
ratios was also identified, being most pronounced in the UVA/RS ratio. Additionally,
atmospheric conditions significantly affected the spectral distribution of RS, with UVA and
PAR proportions increasing under specific conditions, while NIR remained more stable.
Under overcast conditions, the ratios for shorter wavelengths (UVA and PAR) increased,
indicating higher scattering effects, while NIR was less affected.

Keywords: UVA; photosynthetically active radiation (PAR); NIR; radiation ratios; seasonality;
atmospheric conditions

1. Introduction
Solar radiation is the primary driver of biological and climatic processes on Earth, and

its spectral composition has crucial implications for both human health and ecosystem
functioning. Ultraviolet-A (UVA, 315–400 nm) radiation, in particular, has been highlighted
by the IPCC [1] for its potential adverse effects, including eye damage [2] and increased
skin cancer risk [3]. While the impacts of UVA on human health are well documented, its
role in plant physiology remains ambiguous. Some studies suggest that UVA enhances
growth and metabolic activity [4,5], whereas others identify it as a stressor that induces
morphological or biochemical changes [6,7].

Over recent decades, concerns regarding stratospheric ozone depletion and its con-
sequences on surface-level UV radiation have intensified, particularly in the context of
increasing anthropogenic emissions [8,9]. However, it is important to note that ozone
primarily affects the UV-B range, while the present study focuses on UV-A radiation.
Photosynthetically active radiation (PAR, 400–700 nm), the portion of solar radiation that
drives photosynthesis, is another key spectral range for plant productivity and ecological
processes [10]. Although PAR typically accounts for 44–69% of global solar radiation [11],
it is rarely measured directly, prompting the development of empirical models to esti-
mate PAR from readily available variables such as global radiation (Rs), humidity, or
clearness index [12–14].

It should be emphasized from the outset that while the majority of surface solar
irradiance lies between approximately 315 and 1100 nm, broadband global radiation (Rs)
measured by pyranometers spans a much wider spectral range, from about 300 to 3500 nm
in the case of the CM21 instrument. In this study, the NIR fraction is limited to the
700–1025 nm range due to the spectral coverage of the PSR instrument. As a result, shorter
UVB wavelengths (<315 nm) and the longer near-infrared portion (>1025 nm) are not
represented. Consequently, the fractions UVA/Rs, PAR/Rs, and NIR/Rs do not add up
to unity; the residual fraction associated with the unmeasured range is quantified and
discussed explicitly in Section 3.1.

Recent studies have highlighted that the spectral fractions of solar radiation are not
constant but vary depending on local atmospheric conditions and site characteristics. For
instance, a study in Burgos (Spain) reported UV/Rs ratios ranging between 2.9% and 7%,
with cloudiness identified as the dominant driver of variability [15]. Comparable studies
in Brazil found UVA/Rs ratios of 2–3% and PAR/Rs values around 0.46 [16], whereas in
Mediterranean sites such as Greece reported UVA/Rs fractions close to 4–5% with PAR/
Rs [10,17]. Additional investigations in Mediterranean and subtropical regions further
highlight the role of aerosol, water vapor, and sky conditions in modulating both PAR and
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UV [18]. These findings are summarized in Table 1, which compares reported UVA, PAR,
and NIR fractions across different climatic regions.

Table 1. Published UVA, PAR, and NIR fractions of global solar radiation (Rs) in different regions
and climatic conditions.

Location
(Reference) Climate/Site Type UVA/Rs PAR/Rs NIR/Rs

Botucatu, Brazil [16] Subtropical, low-latitude 0.02–0.05 (avg ~0.035) ~0.49 ~0.38

Burgos, Spain [15] Temperate, mid-latitude 0.029–0.07 ~0.44–0.46 n/a

Greece, high-altitude forest [10] Mediterranean 0.04–0.05 ~0.44–0.46 0.45–0.50

Greece, oak forest [17] Mediterranean n/a 0.44–0.48 n/a

Cyprus [18] Subtropical Mediterranean n/a ~0.44 n/a
Note: n/a indicates that data for the corresponding spectral component were not available in the cited study
because that component was not measured.

In contrast, near-infrared radiation (NIR) remains less explored in ecological research,
despite its relevance for energy balance and its sensitivity to atmospheric water vapor [19].
In this study, NIR refers specifically to the 700–1025 nm range, as measured by the PSR
spectroradiometer, which captures the shorter portion of the typical NIR spectrum. This
definition excludes the longer portion of the near-infrared spectrum (>1025 nm), which
represents a non-negligible component of Rs. This limitation is explicitly addressed in future
sections. While this spectral limitation must be acknowledged, NIR nevertheless plays a
critical role in remote sensing and radiative transfer, and its ecological and physiological
impacts are still not well understood [20].

One of the main challenges in ensuring data comparability lies in the differences in
measurement methods and the instruments used for data collection. Instruments such as
spectroradiometers, like the high-precision PSR (Precision Solar Spectroradiometer) used
in this study, and pyranometers are commonly employed to measure different compo-
nents of solar radiation [21,22]. While spectroradiometers measure the spectral irradiance
across a broad wavelength range, including UVA, PAR, and NIR, pyranometers quantify
global solar radiation over a wider but non-spectral-specific range. However, differences
in calibration protocols may introduce potential discrepancies: for example, spectrora-
diometers such as the PSR are calibrated at Physikalisch-Meteorologisches Observatorium
Davos/World Radiation Center (PMOD/WRC) against absolute spectral standards with
stray-light corrections, whereas pyranometers like CM21 are calibrated against reference
pyranometers following ISO 9847:1992 [23]. In addition, differences in the resolution and
sensitivity of these instruments can also affect data comparability, particularly when com-
paring measurements from different time periods or stations [24]. Data collected from these
instruments undergo extensive quality control, including the elimination of incomplete
datasets and the exclusion of measurements with solar zenith angles above 80◦ to ensure
accuracy [13]. Despite these efforts, uncertainties remain due to factors such as variability in
atmospheric conditions, weather changes, and the inherent limitations of the measurement
devices. As a result, stringent data screening, application of necessary corrections, and the
systematic exclusion of outliers are essential steps to ensure the consistency and reliability
of the dataset and to avoid biasing the final results [17].

This study presents a comprehensive evaluation of multi-year variability and seasonal
patterns of UVA, PAR, and NIR components relative to global solar radiation, using high-
resolution measurements collected between 2016 and 2023 at a rural site in Lindenberg
(Tauche) in the North-East of Germany. Unlike previous studies that typically examine
individual spectral bands, our approach simultaneously analyses all three components,
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assessing their seasonal, interannual, and atmospheric variability. Strong correlations
between each component and Rs are explored to develop reliable estimations of spectral
fractions in the absence of direct measurements.

Despite technological advances, the scarcity of high-resolution radiation data in rural
areas continues to limit our understanding of spatial and temporal radiation dynam-
ics [25,26]. The lack of continuous, high-quality observations in these areas limits the
applicability of existing models and constrains ecological assessments. By leveraging a
unique long-term dataset from a well-instrumented rural site, this study aims to fill that
gap and contribute to a more robust understanding of solar radiation composition in
underrepresented environments.

Specifically, we examine the ratios of UVA/Rs, PAR/Rs, and NIR/Rs, their dependence
on atmospheric conditions, and their temporal evolution. The findings provide valuable
insights for climate and vegetation modeling, human exposure studies, and sustainable
land management under changing radiative regimes.

2. Materials and Methods
2.1. Study Area and Instrumentation

This study was conducted using data from the Meteorological Observatory
Lindenberg—Richard Aßmann Observatory (MOL-RAO), located in Lindenberg (Tauche)
in northeastern Germany (52.209◦N, 14.118◦E; 121 m a.s.l.). Operated by the DWD
(Deutscher Wetterdienst: German Meteorological Service), MOL-RAO has been a cor-
nerstone of atmospheric research since 1905. It functions as a national climate reference site
and the central coordination hub of the GCOS (Global Climate Observing System) Upper-
Air Reference Network (GRUAN), contributing to global programs World Meteorological
Organization (WMO) and the World Climate Research Programme (WCRP).

Lindenberg (Tauche) lies in a mid-latitude temperate zone influenced by both maritime
and continental air masses. The regional climate is classified as temperate oceanic (Cfb)
according to the Köppen–Geiger classification [27], characterized by cold winters (often
below 0 ◦C), mild to warm summers (15–25 ◦C), and precipitation evenly distributed
throughout the year, with no distinct dry season. Annual precipitation ranges from 600
to 800 mm, with a reference value of 715 mm reported by the WMO Measurement Lead
Centre at MOL-RAO [28].

This open grassland platform (150 × 250 m), equipped with two radiation and me-
teorological measurement towers (one 10 m and one 99 m tall), supports observations
of radiation budget components, soil and meteorological variables, turbulent fluxes, and
boundary layer parameters, thus enhancing the observatory’s measurement capabilities.

The key instruments used in this study include a high-resolution Precision So-
lar Radiometer (PSR#006) and a broadband pyranometer (Kipp & Zonen CM21, Delft,
The Netherlands). The PSR#006, developed by (PMOD/WRC), measures solar spectral
irradiance across 300–1025 nm with a resolution between 1.5 and 6 nm and a step size
of ~0.7 nm. The instrument was calibrated twice at PMOD/WRC in 2014 and 2015, with
intercalibration differences below 1% in most channels. The initial calibration took place in
2014, followed by further calibration and the setup of the global entrance in 2015, which
expanded the instrument’s capabilities beyond direct sun observation. Additional calibra-
tions were performed in 2017, October 2019, and September 2021 to maintain measurement
accuracy and consistency. Stray light corrections were applied, and absolute time series of
direct and global irradiance are available across 1024 spectral channels. Updated calibration
factors implemented since 2019 address long-term uncertainties [21].

Global solar radiation was measured using a Kipp & Zonen CM21 pyranometer,
which operates in the 300–3500 nm range and is classified as a secondary standard
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(ISO 9060: 2018 [29]). The instrument is regularly calibrated at Meteorological Observatory
Lindenberg (MOL-RAO) of Deutscher Wetterdienst (DWD) in Lindenberg (Tauche), Ger-
many, which is a WMO-Measurement Lead Centre, the WMO Regional Radiation Center
and the German National Radiation Center for WMO, following ISO 9847 (WMO, 2024).
Broadband irradiance from the CM21 pyranometer was acquired at 1- and 6 min intervals,
depending on the operational setup of the observatory. For this study, all pyranometer
and spectral measurements were consistently aggregated into hourly averages to facilitate
comparison across variables.

2.2. Data and Methodology

This study is based on spectral and broadband radiation measurements collected at
the Meteorological Observatory Lindenberg (MOL-RAO). The dataset analyzed spans an
eight-year period, from 2016 to 2023, and includes continuous, high-resolution observa-
tions of solar radiation. Spectral measurements were acquired at 1 min intervals, and
broadband global radiation (Rs) data were recorded every 1 and 6 min. For consistency, all
variables were aggregated into hourly averages by computing the arithmetic mean of the
available 1 min records within each hour. Hours with no valid measurements for any of
the variables were excluded. This procedure ensured comparability across spectral and
broadband datasets.

To investigate the spectral composition of solar radiation, we focused on three compo-
nents: UVA (315–400 nm), PAR (400–700 nm), and NIR (700–1025 nm). These were derived
from the integrated spectral irradiance data. Unlike many empirical approaches that treat
each component independently, our dataset allows for the simultaneous characterization
of all three within the same observational framework, thereby reducing uncertainty and
improving the estimation of spectral ratios, especially for NIR, a component that remains
understudied in radiation partitioning [16].

A limitation of this study arises from the spectral range of the PSR instrument. The
NIR component was only available for 700–1025 nm, whereas the broadband pyranometer
integrates up to 3500 nm. Therefore, a residual fraction of global irradiance, primarily
corresponding to the longer near-infrared range (1025–3000 nm), is not captured by the
spectral measurements. This explains why the sum of UVA, PAR and NIR fractions is
systematically lower than unity. In addition, UVB radiation (<315 nm) was not measured.
Although its energetic contribution is minor (typically <2% of GHI), its exclusion should
be acknowledged. This limitation is explicitly considered in the analysis and further
in Section 4.

PAR fluxes were converted from energy units into photon flux density using the
standard factor of 4.57 µmol J−1, as recommended in classical works [30] and widely
applied in solar radiation studies [18]. However, the exact factor depends on the spectral
distribution of incoming radiation, which can vary with atmospheric conditions (e.g.,
solar elevation, aerosol loading, water vapor). For this reason, small deviations from the
canonical 4.57 µmol J−1 value are expected. A direct calculation from the measured spectra
would reduce this bias, but the fixed factor was adopted here to maintain comparability
with previous studies. The associated uncertainty is on the order of 2–3% and does not
affect the main conclusions of this work.

Global radiation (Rs) was measured directly using a Kipp & Zonen CM21 pyranometer,
which operates in the 300–3500 nm range. Since Rs is directly measured by the pyranometer,
it was not necessary to derive it from the individual spectral components. Equation (1)
describes Rs as the sum of its direct and diffuse components:

Rs = Rd + Ri·cos(θz) (1)
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where Rs is the global radiation, Rd is the diffuse radiation (DHI: Diffuse Horizontal
Irradiance), Ri is the direct radiation (DNI: Direct Normal Irradiance), and θz is the solar
zenith angle. All three radiation components are irradiances expressed in W/m2.

A quality control protocol was applied to retain only complete hourly records for
UVA, PAR, NIR, and Rs. Observations affected by solar zenith angles greater than 80◦

were discarded due to known cosine response issues. From these hourly values, daily
averages were first computed. These daily values were then used to calculate monthly
and seasonal means—where seasons were defined as winter (January–March), spring
(April–June), summer (July–September), and autumn (October–December), followed by
the derivation of annual averages. Implausible values, such as PAR/Rs ratios outside the
range of 1.3–2.8 mol MJ−1, were excluded from the analyses. This threshold is consistent
with the physically expected range of PAR/Rs, which typically varies between 1.7 and
2.3 mol MJ−1 under clear-sky conditions [30,31] but can occasionally extend toward the
lower or upper bounds due to atmospheric variability (e.g., cloudiness, aerosols).

To evaluate the variables of interest and their ratios with global solar radiation (Rs)
under different sky conditions, the clearness index (kt) was used. This widely applied
parameter is defined as the ratio between global solar radiation and extraterrestrial global
radiation (Rso), both measured on a horizontal surface (both considered as Global Horizon-
tal Irradiances—GHI). Rso is calculated using the following equation:

Rso = Isc·dr·cosθz (2)

where Isc is the solar extraterrestrial constant, with a value of 1361.1 W/m2 [32], defined
as the DNI received at the mean Earth-Sun distance in perpendicular incidence to the
Sun’s direction. This value reflects the currently accepted estimate based on recent space-
borne measurements [33], which revised earlier commonly used values of ~1367 W/m2.
dr = 1 + 0.033·cos(2π/365·J) is the correction factor for the elliptical orbit eccentricity of the
Earth around the Sun, where J is the Julian day of the year, and θz is the solar zenith angle,
which measures the angle formed by the direction of the Sun and the zenith, a value pro-
vided by the meteorological station. Alternative, more precise formulations (e.g., Spencer,
1971 [34]) exist, but the simplified approach applied here provides adequate accuracy for
the scope of the work.

The clearness index (kt) is a widely used indicator of atmospheric transmittance,
defined as the ratio between global radiation at the surface (Rs) and the corresponding
extraterrestrial radiation (Rso). The theoretical limits of kt range from 0 to 1. A value of
kt = 0 corresponds to nighttime conditions, when no solar radiation reaches the surface.
Conversely, kt = 1 represents the case of unattenuated extraterrestrial radiation at the top of
the atmosphere. At the surface, however, kt values remain strictly below 1 even under clear-
sky conditions, due to molecular scattering and gaseous absorption. In practice, daytime
kt values typically fall between ~0.2 and 0.8, and may occasionally exceed 1 under cloud
enhancement conditions. To classify sky conditions in this study, the following intervals
were adopted [12,17]: (i) overcast (kt ≤ 0.3); (ii) intermediate or partly cloudy (0.3 < kt < 0.7);
and (iii) clear (kt ≥ 0.7). These thresholds have been widely applied in previous studies and
provide robust comparability across different sites and datasets. This classification scheme
provides a robust framework for evaluating the temporal behavior of UVA, PAR, and NIR
components and their respective ratios to global solar radiation (Rs) at the Lindenberg site.

2.3. Statistical Analysis and Quality Control

Hourly data series were subjected to a strict quality control procedure prior to the
analysis. Only complete hourly records including all four variables (UVA, PAR, NIR and Rs)
were retained. Observations affected by large solar zenith angles (θz > 80◦) were excluded
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due to the known cosine response limitations of pyranometers and the enhanced spectral
distortions at very high air mass. Implausible values were filtered using physical thresholds,
such as PAR/Rs ratios outside the range of 1.3–2.8 mol MJ−1. Outliers beyond these limits
were systematically removed.

For statistical analysis, simple linear regression was applied to quantify long-term
trends in UVA/ Rs, PAR/Rs, and NIR/Rs. Regression slopes and coefficients of determina-
tion (R2) were reported, and significance was assessed using confidence intervals at the
95% level. Given the large sample sizes (N > 1000 for most subsets), no formal normality
tests were applied; instead, Gaussianity was assumed under the Central Limit Theorem.
Descriptive statistics (means, medians, standard deviations, percentiles) are provided in
the Supplementary Tables. To ensure completeness, the residual fraction (fresidual) was also
computed, which increases proportionally as UVA, PAR, and NIR decrease.

3. Results
3.1. Energy Closure and Spectra-Broadband Agreement

The agreement between spectrally integrated irradiance (300–1025 nm) and broadband
global horizontal irradiance (Rs) was evaluated for the entire period 2016–2023. Table 2
summarizes the yearly number of paired observations (n), the coefficient of determination
(R2), mean bias, RMSE, and the residual fraction statistics. R2 values ranged between
0.72 and 0.86, with negative biases of −61 to −96 W/m2, consistent with the truncation
of the spectrum at 1025 nm. The residual fraction averaged 0.20–0.28, confirming that
the longer near-infrared range (>1025 nm) accounts for a substantial share of the surface
energy balance.

Table 2. Yearly agreement metrics between spectrally integrated irradiance (300–1025 nm) and
broadband (Rs). N_pairs = number of paired hourly records; bias and RMSE are expressed in W·m−2.

Year N_Pairs R2 (Spectral vs. Rs) Bias (W/m2) RMSE (W/m2) Residual Mean Residual Median

2016 2657 0.843 −63.9 84.6 0.229 0.235

2017 3661 0.855 −61.6 84.3 0.203 0.213

2018 3331 0.764 −86.7 109.8 0.267 0.274

2019 2801 0.808 −83.6 105.6 0.229 0.236

2020 3673 0.775 −85.3 109.7 0.260 0.268

2021 2473 0.787 −83.2 105.4 0.247 0.252

2022 3338 0.723 −96.4 119.3 0.283 0.289

2023 3795 0.765 −85.5 110.8 0.277 0.282

The residual fraction was defined as the portion of broadband irradiance not captured
by the spectrally integrated range (300–1025 nm). It is expressed as:

fresidual = 1 − UVA + PAR + NIR
Rs

(3)

where UVA, PAR, and NIR are spectrally integrated components and Rs is the broadband
global horizontal irradiance.

Figure 1 illustrates the interannual evolution of agreement metrics. Panel A highlights
the consistently high R2 values, together with systematic negative biases and RMSE values
within 84–119 W·m−2. Panel B shows the residual fraction (fresidual), which varied between
0.20 and 0.28, with higher values after 2018, consistent with the unmeasured spectral range
beyond 1025 nm.
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Figure 1. Yearly agreement metrics between spectrally integrated irradiance (300–1025 nm) and
broadband GHI (Rs): (A) R2, bias, and RMSE; (B) residual fraction (mean and median).

3.2. Study of the Spectral Ratios: Annual and Monthly Analysis

First, we analyze the annual fractions of each spectral component to identify long-term
trends, intra-annual variability, and potential links to atmospheric changes or climate shifts.
Figure 2 shows annual means and standard deviations of spectral ratios for UVA, PAR,
and NIR components for each year of the 2016–2023 period. All the descriptive statistics
for the ratios (UVA/Rs, PAR/Rs and NIR/Rs), including the arithmetic mean (Mean),
standard deviation (SD), median (Md), minimum and maximum values (Min, Max), and
the 25th and 75th percentiles (P25 and P75, respectively), are presented in Table S1 in the
Supplementary Material.

Figure 2. Annual means and standard deviations of spectral ratios for UVA/Rs (A), PAR/Rs

(B), and NIR/Rs (C) components.
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The three spectral fractions exhibited a similar seasonal pattern. This similarity was
confirmed quantitatively, as the fractions showed consistent correlations with each other
and with the clearness index (kt) which acts as a proxy for atmospheric transmittance. This
reinforces the interpretation that cloud cover and sky conditions modulate the spectral
distribution of Rs in a coherent way across spectral bands.

In addition to the general trends, a progressive increase in global radiation (Rs) was
observed during this period, which may be attributed to a decrease in cloud coverage over
Lindenberg. Since cloud scattering predominantly affects shorter wavelengths, particularly
through forward scattering in the UVA and visible ranges, the relative fractions of UVA/Rs

and PAR/Rs increase under cloudy conditions [30,35], reflecting the stronger attenuation
of broadband Rs compared to its shorter wavelength components. Conversely, under clear
skies the absolute irradiances of UVA and PAR are maximized due to direct transmission,
even though their relative fractions decrease [10]. In contrast, the NIR fraction decreases
because near-infrared radiation is more strongly absorbed by atmospheric water vapor,
especially during humid conditions, and is less influenced by scattering processes [19,36].
This combination of wavelength-dependent scattering and absorption explains the observed
decline in NIR/Rs despite the overall increase in global radiation, consistent with previous
studies [10,30,35]. However, this explanation remains hypothetical, as our dataset does not
include direct measurements of scattering or absorption, and further dedicated observations
and modeling would be required to confirm these mechanisms.

The analysis of all ratios revealed a Gaussian distribution. The median UVA/Rs ratio
for the entire period was 0.051, showing a 15% decline over the study period, from 0.055
in 2016 to 0.048 in 2022 (Table S1). For the PAR/Rs ratio, with a median value of 0.436, a
10% decrease occurred over the years, from 0.436 for the median value in 2017 to 0.419 in
2022. The NIR/Rs ratio showed a median value of 0.256 with a 10% decline from 0.271
during 2017 to 0.247 in 2022. The highest median value was found in 2022 and the lowest
in 2017 for both the PAR/Rs and NIR/Rs ratios, while for UVA/Rs, the lowest occurred
in 2016. Thus, the changes between years are more evident for the UVA/Rs ratio. When
compared with other regions, the UVA/Rs values observed in our study are higher than
those reported in Brazil (4.2%) and Greece (3.4%). In contrast, our PAR/Rs values are lower
than the 49.1% recorded in Botucatu, Brazil, for 2001–2004 [16], and slightly lower than
the 43.8% found in a high-altitude Mediterranean forest in Greece during 2014–2019 [10].
Interestingly, our UVA/Rs values are similar to those reported in Corvallis, USA (5.5%) [37],
where the highest variability was observed in July. Compared to these studies, our results
show greater interannual variation.

To identify intra-annual variability and potential seasonal trends, both Figure 3 and
Table S2 in the Supplementary Material show the monthly values for all years for the
different spectral ratios. For the UVA/Rs ratio (Figure 3A), maximum values are generally
observed during the coldest months, particularly in January and December, with the highest
value recorded in January 2016 (0.056). This pattern may be explained by the typically
higher cloud coverage during winter months in Lindenberg, which increases atmospheric
scattering and enhances the relative contribution of shorter wavelengths such as UVA
but the differences between seasons are not very pronounced. Conversely, spring months
(April, May, June) tend to be more cloud-free, which could explain the relative decrease in
this ratio during those periods. However, this interpretation should be considered with
caution, as it is not supported by explicit cloud cover statistics in this study. Additionally,
summer months (July, August, September) maintain elevated values similar to those in
winter, whereas autumn (October, November) generally shows reduced UVA/Rs ratios.
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Figure 3. Monthly evolution of the spectral ratios for UVA/Rs (A), PAR/Rs (B), and NIR/Rs (C) for
each year of the 2016–2023 period.

A similar seasonal trend is observed for the PAR/Rs ratio (Figure 3B), which is charac-
terized by higher values in spring and summer, peaking in July 2017 (0.474). This reflects
both the increased availability of photosynthetically active radiation during these seasons
and the higher mean solar altitude, which reduces air mass and favors PAR transmis-
sion. The ratio decreases moderately during autumn and winter months. Conversely, the
NIR/Rs ratio (Figure 3C) demonstrates an inverse seasonal behavior: the lowest values are
consistently recorded during summer, with the minimum value occurring in September
2018 (0.234), within the autumn months. The highest NIR/Rs values are observed in the
colder months, particularly in December and January. These seasonal variations likely
reflect changes in atmospheric water vapor and cloud properties, which differentially affect
near-infrared radiation transmission. However, 2017 represents an exception to this general
pattern, as elevated NIR/Rs values were recorded during spring and summer (e.g., 0.275
in May, 0.273 in August, and 0.276 in September), contrasting with the seasonal minima
observed in other years.

Beyond clouds and water vapor, aerosols and their optical properties also play a
critical role in modulating the spectral fractions of global radiation. Absorbing aerosols,
such as black carbon, exerts a stronger influence in the near-infrared (NIR) by selectively
absorbing radiation in this spectral region, whereas scattering aerosols predominantly affect
the shorter UVA and PAR bands [38]. In addition, several atmospheric gases exhibit distinct
absorption bands within the NIR range, most notably water vapor, which further reduces
NIR/Rs under humid conditions [39]. These processes highlight that the observed seasonal
behavior of UVA/Rs, PAR/Rs, and NIR/Rs results from the combined and spectrally
dependent effects of multiple atmospheric constituents, not only cloud cover. However, our
dataset does not include direct aerosol or gas concentration measurements, and therefore
the attribution of these mechanisms remains qualitative. Future studies combining spectral
irradiance observations with aerosol optical depth and water vapor measurements would
be essential to better constrain these cause–effect relationships.

The PAR/Rs ratio shows relatively low variability across months, with certain months
showing notable differences in values between years. Similarly, Proutsos et al. [10] reported
a small seasonal variability, which is somewhat unexpected, as most studies indicate that
the ratio is season-dependent, typically showing higher values in summer and lower in
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winter for both the UVA/Rs and PAR/Rs ratios. The low variability observed by Proutsos
et al. [10] is consistent with findings by Pashiardis et al. [18] and may be attributed to the
cooler and wetter conditions characteristic of high-altitude locations. In our study, a similar
pattern is observed, suggesting that local factors such as altitude and climate might play a
significant role.

Correlations between UVA, PAR, and NIR with Rs were analyzed for the entire period,
as well as separately by months and seasons. Statistical characteristics and linear regression
results (for both Y = a X + b and y = a X) are shown in Table S3 in the Supplementary
Material, as forcing the intercept to zero may introduce bias [10]. Strong correlations
were found between Rs and both UVA and PAR (R2 > 0.96), with the strongest values
for UVA/Rs occurring in summer, particularly in July and August. While January shows
relatively high UVA/Rs ratio values, the correlation coefficients and slopes during this
month are lower compared to the summer months. Similarly, the PAR/Rs ratio showed
maximum values in summer, especially in August. In contrast, the NIR/Rs ratio displayed
a different seasonal behavior: the highest slope values were recorded in the coldest months
(January and December), while the lowest appeared in summer. The overall correlation
for NIR/Rs was very high (R2 = 0.98), suggesting a strong and consistent relationship.
This inverse seasonal pattern for NIR is likely linked to higher atmospheric water vapor
content during colder months, which affects near-infrared transmission. These seasonal
shifts underscore the importance of considering atmospheric conditions when analyzing
spectral irradiance components.

In addition to the analyzed spectra bands, a residual fraction of global irradiance
was identified, corresponding to the wavelengths not covered by the PSR instrument
(1025–3000 nm and UVB < 315 nm). As a result, the sum of the UVA, PAR, and NIR
fractions does not reach unity. This residual component represents a substantial portion of
the solar spectrum, mainly into longer near-infrared region, and its absence should be taken
into account when interpreting the energy partition and comparing results with studies
using broadband instruments.

3.3. Analysis of the UVA/Rs, PAR/Rs, and NIR/Rs Ratios Under Different Sky Conditions:
Monthly and Seasonal Variability

To assess the potential influence of atmospheric conditions on the spectral-to-global
radiation ratios (UVA/Rs, PAR/Rs, and NIR/Rs), this section analyses their behavior under
different sky conditions, classified using the clearness index (kt). Sky conditions are catego-
rized as overcast (kt ≤ 0.3), intermediate (0.3 < kt < 0.7), and clear (kt ≥ 0.7). In the dataset,
intermediate skies are the most common (52%), followed by overcast skies (33%) and clear
skies (15%). The following section describes the seasonal patterns observed in each spectral
ratio across these sky conditions, as shown in Table S4 in the Supplementary Material.

For the UVA/Rs ratio, values under overcast skies, there is no significant seasonal
variability, with values remaining close to 6%. However, for intermediate and clear sky
conditions, a clear seasonal pattern is observed. The UVA/Rs ratio under intermediate
skies reaches maximum values in summer (5.0 ± 0.7%), with a peak in July (5.1%), and
minimum values in autumn 4.5 ± 0.7%), representing a decrease of 10%. The UVA/Rs ratio
under clear skies exhibits a more pronounced seasonal variability, with maximum values in
summer (4.8 ± 0.4%), particularly in June, July, and August (4.9%), and the lowest values
in autumn (4.1 ± 0.3%), resulting in a 15% decrease.

For the PAR/Rs ratio, shows a seasonal pattern under all sky conditions with maxi-
mum values in hot seasons and minimum in cold seasons. The PAR/Rs ratio under overcast
skies reaches its maximum in summer (47.2 ± 6.2%), with a peak in July (47.8 ± 6.0%), and
lower values in autumn (45.7 ± 5.0%), indicating a 3% decrease, but the minimum in May
(45.3 ± 4.1%). The PAR/Rs ratio under intermediate skies reaches its maximum in summer
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(43.9 ± 4.1%), peaking in July (44.3 ± 4.0%), and minimum values in winter (42.0 ± 3.3%),
corresponding to a 4% reduction, with the lowest value in March (41.7 ± 3.2%). The
PAR/Rs ratio under clear skies also follows this pattern, with maximum values in summer
(43.5 ± 2.5%), especially in June (43.9 ± 2.3%), and minimum values in winter (40.8 ± 2.0%),
with the minimum value in January (40.6 ± 1.4%), which means a decrease of 6%.

Regarding the NIR/Rs ratio, the seasonal pattern is opposite to that of UVA/Rs

and PAR/Rs. The NIR/Rs ratio under overcast skies reaches its maximum in spring
(27.2 ± 3.1%), with a peak in May (27.5 ± 2.7%), and the lowest in autumn (26.1 ± 5.1%),
with the lowest value being in October (25.7 ± 3.2%), implying a 4% decrease. The
NIR/Rs ratio under intermediate skies reaches its maximum in winter (26.5 ± 3.4%),
with January showing the highest monthly value (27.3 ± 4.9%), and minimum values in
summer (25.0 ± 2.6%), with the minimum value being in September (24.7 ± 2.5%), repre-
senting a 6% decrease. The NIR/Rs ratio under clear skies reaches its maximum in winter
(25.5 ± 1.3%), peaking in December (27.7%), and the minimum in summer (24.3 ± 1.5%),
with lowest values being in August and September (24.2%), showing a 5% reduction.

Figure 4, Figure 5, and Figure 6 illustrate the diurnal evolution of the UVA/Rs, PAR/Rs,
and NIR/Rs ratios, respectively, classified by season and sky condition. These graphs
highlight the pronounced influence of atmospheric clearness on the spectral ratios, with
overcast skies consistently showing the highest ratio values throughout the day and clear
skies the lowest.

  
(a) (b) 

  
(c) (d) 

Figure 4. Diurnal variation in the UVA/Rs ratio under different sky conditions: (a) winter; (b) spring;
(c) summer; (d) autumn. Each point represents the mean hourly value for the 2016–2023 period.
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(a) (b) 

  
(c) (d) 

Figure 5. Diurnal variation in the PAR/Rs ratio under different sky conditions: (a) winter; (b) spring;
(c) summer; (d) autumn. Each point represents the mean hourly value for the 2016–2023 period.

(a) (b) 

(c) (d) 

Figure 6. Diurnal variation in the NIR/Rs ratio under different sky conditions: (a) winter; (b) spring;
(c) summer; (d) autumn. Each point represents the mean hourly value for the 2016–2023 period.
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While Figures 4–6 depict the diurnal cycle of UVA/Rs, PAR/Rs, and NIR/Rs under
different seasons and sky conditions, these variations are largely governed by changes in
solar altitude and therefore by air mass. Thus, the observed temporal evolution implicitly
reflects the influence of atmospheric path length. A direct representation of ratios versus
air mass would indeed provide complementary insight, but such an analysis was beyond
the scope of this work and will be addressed in future studies.

These figures correspond to Table S5 in the Supplementary Material, which present
the average hourly values for each ratio by season and sky type. Table S5 presents the
average UVA/Rs ratio by season, hour, and sky condition. Across all seasons, the UVA/Rs

ratio remains relatively stable during the morning and early afternoon hours (7:00–14:00),
with values under overcast skies averaging around 6%, showing minimal hourly variation.
Clear skies exhibit the lowest UVA/Rs ratios, averaging near 4.0% to 4.9%, depending on
the season. For example, in summer under clear skies, the ratio peaks at 0.050 around 10:00
and slightly decreases to 0.046 by 14:00. Intermediate skies display intermediate values
between these extremes, with a modest peak around midday.

PAR/Rs ratio follows a similar daily pattern, with overcast skies maintaining the
highest values (up to 0.49 in summer mornings) and clear skies the lowest (around 0.40–0.44
depending on season and hour). The diurnal variation is relatively small but consistent,
showing slight declines after solar noon in all conditions. Notably, the difference between
sky conditions is more pronounced in winter and autumn, aligning with seasonal water
vapor variations.

For the NIR/Rs ratio, diurnal variability is subtle but shows distinct patterns by season
and sky condition. In winter under clear skies, values start around 0.264 at 7:00, decrease
slightly to 0.253 at 9:00, then gradually increase to 0.257 by 14:00, displaying a slight
U-shaped trend. Under overcast skies in autumn, the ratio peaks early at 0.273 at 7:00 and
steadily declines throughout the day to 0.246 at 14:00, showing a clear decreasing trend. In
spring and summer, overcast conditions maintain relatively stable values near 0.27 and 0.26,
respectively, with a slight decrease toward the early afternoon. Intermediate skies exhibit
intermediate values and patterns similar to clear skies, with morning maxima followed by
slight decreases during midday and early afternoon. These patterns reflect the influence of
atmospheric water vapor and cloud cover on NIR absorption and scattering.

Overall, the daily evolution confirms that cloud cover increases the relative contri-
bution of UVA radiation to global radiation, consistent with previous seasonal analyses.
For example, the average UVA/Rs ratio under overcast skies is about 22% higher than
under clear skies across all seasons and hours, emphasizing that clouds attenuate global
radiation more strongly than UVA. Similar patterns, even though less pronounced, are seen
in PAR/Rs and NIR/Rs ratios, with reductions under clearer skies of approximately 7%.

Furthermore, diurnal variations correspond to modest increases in cloudiness during
afternoons, as shown in Figures 4 and 5, where UVA/Rs and PAR/Rs ratios slightly
increase While this pattern may suggest an influence of thin cirrus clouds producing
enhanced scattering, no direct cloud observations are available in our dataset to confirm
this mechanism. In summary, the diurnal analysis corroborates that spectral-to-global
radiation ratios are strongly modulated by both time of day and atmospheric conditions.
Overcast skies consistently elevate the relative spectral ratios throughout the day, while
clear skies reduce them, reflecting the complex interplay between clouds, water vapor, and
solar radiation components.

3.4. Study of the Relationship Between the Ratios (UVA/Rs, PAR/Rs, NIR/Rs) and the
Clearness Index (kt)

This section examines the relationship between the radiation ratios (UVA/Rs, PAR/Rs,
and NIR/Rs) and the clearness index (kt). The analysis reveals a decreasing non-linear
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relationships (Figure 7): as kt decreases (indicating overcast conditions), the ratios for UVA,
PAR, and NIR relative to global radiation (Rs) increase. Specifically, under heavily overcast
skies, the UVA/Rs ratio reaches 6.5–7%, while for clear skies, it drops to 4.5%, showing
a 30% reduction. For PAR, the ratio ranges from 48 to 50% under overcast conditions,
dropping to 4.2% in clear skies, while NIR shows a similar trend, though less pronounced,
and even shows a slight increase for kt values near 0.7.

 

Figure 7. Variation in the spectral ratios with increasing clearness index (kt), where the numbers
above the points indicate the number of data samples (n) included in each kt interval: (A) UVA/Rs

ratio; (B) PAR/Rs ratio; (C) NIR/Rs ratio.

The strongest dependence on the clearness index is observed for UVA/Rs, and the
weakest for NIR/Rs. Additionally, as kt increases, the standard deviation decreases, indi-
cating that the UVA/Rs ratio becomes more consistent under clearer skies. These findings
highlight the influence of cloud cover and sky conditions on radiation ratios, with overcast
skies increasing radiation relative to global radiation, and clearer skies reducing these
ratios, particularly for UVA and PAR.

4. Discussion
This study quantified the relative contribution of UVA (315–400 nm), PAR (400–700 nm),

and NIR (700–1025 nm) to global solar radiation (Rs: Global Horizontal irradiance) at a
rural site in Lindenberg (Tauche), in the North-East of Germany, over the period 2016–2023.
Furthermore, it assessed the influence of sky conditions, characterized by the clearness
index (kt), on these spectral ratios. The long-term dataset enabled a detailed analysis of
seasonal, monthly, and interannual variations in radiation components and their behavior
under diverse atmospheric conditions.

4.1. Seasonal and Interannual Variability of Spectral Ratios

For the entire period analyzed, the contribution of the different spectral ranges to solar
radiation was 5%, 44% and 26%, for UVA, PAR and NIR, respectively. A comparison with
other geographical locations revealed that the UVA/Rs ratio in Lindenberg was higher
than those reported for Brazil [16] and Greece [10] but similar to that observed in Corvallis,
USA. The PAR/Rs ratio was lower than values reported for the USA, Brazil, and Greece
but higher than those in Spain [15] and Cyprus [18]. During the 8-year study period, linear
regression analysis indicated decreasing trends in all three spectral ratios: UVA/Rs (~15%),
PAR/Rs (~10%), and NIR/Rs (~9%). These percentages correspond to the relative change
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between the first and last year of the record (2016–2023). While the decline is consistent
across the dataset, it should be noted that the limited length of the time series (eight years)
does not allow for a robust detection of long-term climate trends, and thus these results
should be interpreted with caution. These trends were assessed using linear regression (see
Section 2.3) and are summarized in Supplementary Tables.

Thus, the UVA/Rs showed the strongest decreasing trend (−15%) over the study
period. At the same time, substantial interannual variability was evident, with year-to-year
fluctuations particularly pronounced in extreme months such as July and January. These
results may indicate long-term changes in the atmospheric composition above Lindenberg,
such as variations in cloud cover, aerosol concentrations, or subtle shifts in atmospheric absorp-
tion properties. Aerosols are also known to influence UVA and PAR fractions, but no direct
aerosol observations were available in this study; therefore, their role can only be considered
speculative and requires further dedicated investigation. The greatest monthly variability was
observed in extreme months like July and January, suggesting a higher sensitivity of spectral
ratios to the specific atmospheric conditions prevalent during these periods.

Consistently, the decrease in UVA/Rs, PAR/Rs, and NIR/Rs implies a proportional
increase in the residual fraction (fresidual), as already quantified in Section 3.1. This residual
corresponds mainly to the unmeasured portion of the near-infrared spectrum (>1025 nm)
and should be considered when interpreting the evolution of the energy balance.

Our findings reveal a distinct seasonal cycle for all spectral bands, for UVA/Rs and
PAR/Rs the seasonal patterns are similar, with high values in warm seasons and low values
in cold seasons. Conversely, NIR/Rs exhibits an inverse seasonal pattern, with the highest
values recorded in winter and the lowest in summer. This behavior could be attributed
to the increased absorption of NIR by atmospheric water vapor, which is typically more
abundant during warmer months [19,36]. These results for UVA/Rs and PAR/Rs are
consistent with previous studies [31], which report maximum values during summer and
minimum values in winter, a pattern generally driven by solar geometry, day length, and
prevailing atmospheric conditions. Additional studies in other regions also support this
seasonal behavior. In Japan, Akitsu et al. [40] reported that the PAR/Rs ratio remained
relatively stable across seasons, with maximum values in summer and minimum in winter.
In Central China, Wang et al. [41] observed a pronounced seasonal dependence of PAR/Rs,
with higher values during summer linked to stronger solar elevation angles and lower
atmospheric attenuation. Similarly, in Estonia, Mottus et al. [42] found stable PAR-to-Rs
ratios under cloud-free conditions, highlighting the role of solar geometry as a dominant
control. These findings reinforce that, although the magnitude of seasonal variability differs
across climatic zones, the underlying drivers -solar elevation, atmospheric water vapor,
and aerosol loading- exert consistent influences on spectral partitioning worldwide.

The seasonal behavior of the spectral fractions can be attributed to well-known at-
mospheric drivers. The increase in UVA/Rs and PAR/Rs during the summer is linked to
the combined effect of lower air mass and longer day length [40] together with enhanced
scattering by clouds and aerosol that preferentially affects shorter wavelengths [10,17,31,35].
Conversely, the NIR/Rs ratio exhibits a maximum in winter, which may be linked to the
lower absolute water vapor content and reduced atmospheric absorption during colder
months, as colder air holds less moisture than warmer air [19,36]. Aerosol also con-
tribute to the interannual and seasonal variability, particularly affecting the UVA and PAR
ranges [10,17]. Although ozone primarily influences the UVB range, its minor absorption
in the UVA may also modulate the seasonal cycle under specific conditions [9]. It should
be noted that direct aerosol observations were not available for this study; therefore, their
influence on the spectral fractions is discussed qualitatively and based on previous litera-
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ture. Future research integrating aerosol optical depth and composition will be essential to
better quantify their role.

Furthermore, to clouds, aerosols and trace gases play a relevant role in modulating
the spectral distribution of solar radiation. Absorbing aerosols (e.g., black carbon) can
depress NIR fractions through enhanced absorption, whereas predominantly scattering
aerosols (e.g., sulfates) increase the diffuse component and tend to enhance the relative
contribution of UVA and PAR [43]. Gaseous absorption is also important: ozone strongly
affects the UV, while water-vapor bands dominate in the near-infrared [38,44]. These
combined effects likely contribute to the observed variability; however, disentangling their
relative contributions would require targeted measurements (aerosol optical depth/type,
single-scattering albedo, column water vapor) and radiative-transfer modeling beyond the
scope of this dataset.

This contrasts with the results obtained by Proutsos et al. [10] in different environ-
mental contexts, highlighting the site-specific nature of spectral radiation patterns. The
annual variability was highest for Rs (123%), followed by NIR (118%), PAR (111%), and
UVA (90%), underscoring the dynamic nature of these components and their differential
modulation by atmospheric factors throughout the year.

4.2. Relationship Between Global Radiation and Spectral Components

A strong correlation (R2 > 0.90) was found between Rs and each of the individual
spectral components across the study period. This robust relationship persisted across
different seasons and months, indicating the potential for reliably estimating UVA, PAR,
and NIR from global radiation measurements when direct spectral data are unavailable.
While PAR/Rs and NIR/Rs maintained consistently high correlations, the UVA/Rs ratio
showed minor deviations in January, July, and December, suggesting a slightly more
complex interplay with atmospheric conditions during these specific times. These findings
align with observations from studies such as Jacovides et al. [31] and Proutsos et al. [10],
reinforcing the utility of Rs as a proxy for spectral irradiance.

4.3. Influence of Sky Conditions (Clearness Index)

Sky conditions, as characterized by the clearness index (kt), significantly influenced
the behavior of the spectral ratios [10]. An inverse exponential relationship was observed:
as kt decreased, indicating cloudier skies, the relative contribution of UVA, PAR, and NIR to
global radiation increased. This effect was most pronounced for the UVA/Rs ratio, which
showed a 30% reduction from overcast to clear skies, followed by a 16% reduction for
PAR/Rs and only a 6% reduction for NIR/Rs. The spectral ratios were more stable under
overcast skies, while clear skies were associated with more pronounced seasonal variability.
These differences underscore the wavelength-dependent attenuation of solar radiation by
clouds, which tend to scatter longer wavelengths (like NIR) more effectively than shorter
wavelengths (like UVA) [22].

Specifically, all three ratios reached their maximum values under overcast sky con-
ditions. The UVA/Rs ratio showed clear seasonal maxima in summer and minima in
winter, with these contrasts being more pronounced under clear skies. The PAR/Rs ratio
displayed a similar inverse relationship with kt, with the highest values observed under
cloudy summer conditions and the lowest under clear winter skies. The NIR/Rs ratio
exhibited a distinct pattern, with maximum in winter under clear and intermediate skies
and a marked decrease in summer, particularly under cloudy conditions. On a daily scale,
the UVA/Rs ratio peaked around solar noon [10], while the NIR/Rs ratio showed less
consistent patterns, typically decreasing throughout the day in summer and autumn.
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Overall, sky conditions, particularly cloud cover, modulate both the intensity and the
spectral composition of surface irradiance, consistent with previous findings [22,41,42].

Some methodological limitations should be noted. The spectral coverage of the PSR is
limited to 300–1025 nm, excluding UVB (<315 nm) and the longer NIR (>1025 nm), which
explains the presence of a residual fraction in the energy closure analysis. In addition, the
PAR fraction expressed in photon units is not dimensionless, since it represents the ratio
between photon flux density (µmol m−2 s−1) and irradiance (W/m2). The use of a fixed
conversion factor (4.57 µmol J−1) introduces a small uncertainty (~2–3%), which does not
affect the main conclusions of his work but should be considered in applications requiring
high spectral accuracy.

It should also be emphasized that the attribution of the observed seasonal and diurnal
patterns to specific atmospheric drivers (e.g., cloud scattering, water vapor absorption) re-
mains partly speculative in this study, since no direct measurements of cloud microphysics,
aerosol optical properties, or column water vapor were available. Radiative transfer pro-
cesses involving aerosols, clouds, and water vapor are highly spectrally dependent and
complex, and their precise role in shaping UVA, PAR, and NIR fractions require further in-
vestigation. Therefore, while the results presented here provide indicative patterns, future
work should explicitly incorporate ancillary measurements and radiative transfer model-
ing to better disentangle these effects, particularly in the near-infrared where absorption
processes are significant.

Recent studies underline the central role of clouds in shaping surface solar irradiance
fractions. Cloud optical depth, droplet size distribution, and phase (liquid vs. ice) strongly
modulate the balance between scattering and absorption processes, thereby affecting
the relative contributions of UVA, PAR, and NIR [44]. However, current atmospheric
reanalyses and numerical models face substantial challenges in accurately representing
cloud spatiotemporal characteristics and microphysics, which limits their reliability in
reproducing spectral irradiance patterns [45]. This reinforces the idea that, while clouds are
one of the dominant drivers of spectral variability, their effects are difficult to capture in
large-scale models, and long-term high-quality measurements such as those presented here
are crucial to disentangle these processes.

Moreover, to cloud effects, aerosols and trace gases are critical modulators of spectral
irradiance. Absorbing aerosols such as black carbon reduce the fraction of NIR through
enhanced absorption, whereas scattering aerosols (e.g., sulfates) increase the diffuse com-
ponent and tend to enhance the relative contributions of UVA and PAR [43]. Water vapor
absorption bands dominate in the near-infrared, strongly modulating seasonal variability
in NIR/Rs [39], while ozone primarily affects the UV range. These processes act simultane-
ously with cloud scattering, making the attribution of spectral fraction variability inherently
complex. As highlighted in the IPCC AR5 assessment [44], the combined radiative effects of
aerosols, clouds, and gases remain one of the largest uncertainties in atmospheric radiation
studies. Our results therefore need to be interpreted within this broader context, and future
work should integrate dedicated aerosol and gas observations to better disentangle their
relative roles.

While this study is based exclusively on high-quality ground-based spectral mea-
surements, future work should explore comparisons with satellite-derived surface solar
radiation products. Recent efforts such as Shi et al. [46] provide near-global monitoring of
surface solar radiation, which could offer a valuable benchmark to assess the representative-
ness of ground-based fractions and to generalize findings to other regions. However, such
a comparison was beyond the scope of the present work and remains a relevant direction
for future analyses.
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5. Conclusions
This study provides a comprehensive assessment of the spectral characteristics of

global solar radiation at a rural site in Central Europe, focusing on the UVA, PAR, and
NIR components relative to total radiation (Rs) over an eight-year period. Our findings
highlight several key insights:

Strong linear relationships (R2 > 0.90) were found between Rs and all spectral compo-
nents, particularly for PAR. This supports the reliable estimation of UVA, PAR, and NIR from
Rs in the absence of direct spectral measurements, especially under stable sky conditions.

Seasonal variability was evident across all bands. UVA/Rs and PAR/Rs ratios peaked
during warmer months and dropped in colder seasons, while NIR/Rs showed the opposite
trend, with maximum values in winter. These patterns reflect the combined influence of solar
geometry, cloud cover, and water vapor absorption, particularly relevant for NIR attenuation.

Sky conditions, characterized through the clearness index (kt), significantly modulate
the spectral ratios. Under overcast skies, the relative contribution of UVA and PAR increases
due to the preferential scattering of shortwave radiation, whereas NIR remains more stable.
Clear skies exhibit greater seasonal amplitude, especially for UVA.

Long-term trends indicate a consistent decrease in all three ratios over the study period,
most notably for UVA/Rs (15%). These trends may reflect gradual changes in cloudiness,
aerosol burden, or water vapor content, underscoring the importance of continuous high-
quality spectral monitoring.

Daily and monthly variability also revealed distinct behaviors, particularly for
UVA/Rs, which showed midday maxima and stronger sensitivity to atmospheric con-
ditions. NIR/Rs presented less consistent daily patterns, likely due to its dependence on
water vapor dynamics.

Overall, this study reinforces the importance of considering both spectral and temporal
variability in solar radiation assessments. The results have direct implications for solar
energy forecasting, radiative transfer modeling, ecological monitoring, and public health
exposure assessments. Future research should explore the integration of spectral ratios into
predictive tools and models, particularly in underrepresented environments like rural or
high-latitude areas.
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List of Acronyms
The following acronyms are used in this manuscript.

Acronym Definition Notes
∆λ Spectral resolution of the PSR Between 1.5 and 6 nm

Cfb
Köppen–Geiger temperate oceanic

Climate type at the study site
climate classification

DWD Deutscher Wetterdienst German Meteorological Service
GCOS Global Climate Observing System —
GHI Global Horizontal Irradiance Equivalent to Rs

GRUAN GCOS Reference Upper-Air Network —

IPCC
Intergovernmental Panel

—
on Climate Change

ISO
International Organization

—
for Standardization

kt Clearness index
Dimensionless; indicator
of sky condition

λ Wavelength General spectral variable

MOL-RAO
Meteorologisches Observatorium

Study siteLindenberg—Richard
Assmann Observatory

NIR Near-Infrared Radiation (700–1025 nm) Spectral band
NIR/Rs Ratio of NIR to global radiation Dimensionless

PAR
Photosynthetically Active

Spectral band
Radiation (400–700 nm)

PAR/Rs Ratio of PAR to global radiation Dimensionless

PMOD/WRC
Physikalisch-Meteorologisches

—Observatorium Davos/
World Radiation Center

PSR Precision Solar Radiometer Spectroradiometric instrument

Cfb
Köppen–Geiger temperate

Climate type at the study site
oceanic climate classification

MOL-RAO
Meteorologisches Observatorium

Study siteLindenberg—Richard
Assmann Observatory

R2 Coefficient of determination Used in regression analysis

Rs
Global solar radiation

Measured on a horizontal plane
(Global Horizontal Irradiance)

UVA Ultraviolet A radiation (315–400 nm) Spectral band
UVA/ Rs Ratio of UVA to global radiation Dimensionless
WCRP World Climate Research Programme —
WMO World Meteorological Organization —
z Solar zenith angle Data filtered for z ≤ 80◦
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