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A B S T R A C T

One major factor affecting the energy yield of photovoltaic modules is the spectral distribution of incident
solar radiation. As spectral irradiance data is scarce, this study provides further documentation of recorded
spectra at tilt angle 30◦– 45◦ over a period from one to several years, with the resulting distributions of
average photon energy (APE) in the 350–1050 nm wavelength range, from five locations in northern Europe.
The results show a general trend of higher monthly APE values in summer and lower values in winter, with
more pronounced APE variation at increasing latitude. Compared to the reference APE value of 1.88 eV, the
largest variation in monthly APE is seen for the northernmost location of Grimstad, Norway, ranging from
1.82 eV to 1.93 eV between January and July with an annual average APE of 1.90 eV. The smallest variation
is found for Merklingen, Germany, ranging from 1.86 eV to 1.88 eV between March and July, with an annual
average APE of 1.86 eV. Comparing the annual average APE values of the various locations, the study shows
a slightly blue-shifted spectrum for Berlin, Enschede and Grimstad, whereas Merklingen experiences a slightly
red-shifted spectrum and the APE at Utrecht is similar to the standard reference spectrum. The simulations
through SMARTS show air mass, water vapor and aerosols as the major parameters affecting the spectrum.
During the winter months, distinct contributions from both clear and cloudy sky conditions result in a bi-
modal APE distribution for all locations, which is not observed during the summer months. Analysis of APE
demonstrates different site-specific behaviors, even though all sites are categorized in the same Köppen–Geiger
(KG) climate class. These differences arise mainly due to atmospheric factors, whereas dissimilarity in albedo
conditions, plane of tilt and instrumentation also have some contributions.
1. Introduction

As incident solar radiation enters the earth’s atmosphere, it is sig-
nificantly altered by various mechanisms until it reaches the surface.
This has a direct impact on many scientific domains, including solar en-
ergy, meteorology, biology, atmospheric sciences and ecology, among
others [1]. The growing deployment of photovoltaic (PV) technologies
has made the precise performance rating of PV modules a matter of
great concern for all the stakeholders. The characteristic parameters
of PV modules are rated using standard test conditions (STC) given by
1000 W m−2 of irradiance, 25 ◦C of module temperature and an airmass
AM1.5G spectrum [2]. Airmass is referred to as the relative path
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length of the photons through the atmosphere to the receiver at earth’s
surface [3]. For a zenith angle of 0◦ (mostly relevant for equatorial
and tropical regions), the airmass is 1, i.e. AM1. The standard AM1.5G
spectrum is the spectrum at the zenith angle of around 48◦ incident
on a plane of 37◦ tilt with atmospheric conditions defined in ASTM G-
173-03. The STC parameters of irradiance, temperature and spectrum
constantly vary in outdoor measurements due to the dynamic nature
of ambient conditions. Variation of even just a single STC parameter
would incur a subsequent change in PV module performance.

Although the effects of broadband irradiance and temperature on PV
performance have been extensively studied worldwide, the impact of
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the varying solar spectral irradiance has not been explored to the same
extent [4]. Precise information about the solar resource, including both
broadband and spectral irradiance, is the basis for PV system design and
estimation of the energy yield under specific weather conditions. En-
ergy rating, which is a quantification of the electrical energy generated
by the PV modules over time, is arguably more useful for long-term
performance evaluation [5,6] of PV modules than the STC power
rating currently used. Energy rating is aimed at characterizing the PV
modules performance based on their location’s specific energy yield,
which subsequently will help the end users to decide on the optimal
PV alternatives [7]. Moreover, investigating variations in the incident
solar spectral irradiance is especially important for the development
of new PV technologies. The impact of spectral variation on the single
junction cells is generally known. PV devices with narrower spectral
response (SR) (i.e., a-Si, CdTe) are more sensitive to such variation
compared to the PV devices with wider spectral response (i.e., c-Si,
CIGS, HIT) [8–10]. In case of a tandem solar cell the two subcells
absorb a different part of the solar spectrum. The subcell generating
the lower current limits the current through the tandem in a serial
connected configuration. The voltages add up and the world record
efficiency for such devices outperform single junction Si devices and
have surpassed 30% efficiency [11]. A tuning of the bandgaps to a
maximum power output is usually done under AM1.5G [12]. Any
deviation of the incoming spectrum leads to a different share of the
incoming photons between the two subcells and thus to losses. As
the number of junctions increase, the sensitivity to the spectrum also
increases and the corresponding overall efficiency increases [13].

Several research groups have been working on the analysis of solar
spectral distribution analysis for PV applications across the world.
For this purpose, researchers use various spectral indices to quantify
the two-dimensional spectral irradiance (i.e., intensity as a function
of wavelength) by a single parameter and analyze the impact on PV
performance.

1.1. Spectral irradiance analysis

The reasoning behind using spectral indices is two-fold: firstly, to
provide insights on spectral information, in view of the scarcity of spec-
tral irradiance data, that can be applied more generally than just the
single specific location of the measurement. Secondly, to accommodate
for more efficient simulation purposes, since it is quite computationally
intensive to use long time-series of high-resolution spectra to evaluate
spectral effects on the PV module performance.

Some authors [8,14] collected the spectral irradiance data for sev-
eral years and studied the spectral impact using the average photon
energy (APE) [14] and useful fraction (UF) [15] as spectral indicators
on mostly (but not limited to) thin-film modules. Whereas APE de-
scribes the incident solar irradiance distribution and depends on the
wavelength interval selected for its calculation, UF is a device-specific
parameter referring to the active wavelength region of a given PV
material. Multiple years of spectral data and the subsequent impact
on the PV parameters were presented in [6,16,17] where the authors
used APE as an indicator in their studies and proposed a methodology
to test its uniqueness in characterizing a solar spectrum [18]. Spectral
influences using APE, the spectral factor (SF, also a device-specific
parameter), and the reciprocal of SF (SF−1), on PV performance were
quantified through the performance ratio (PR) from measurements at
several locations in Japan [19,20]. The spectral variation and its impact
on various thin-film PV modules installed in tropical conditions were
studied by [21] using APE and the effective irradiance ratio (EIR). [10]
performed an analysis on the impact of spectral variations based on APE
and UF for four different seasons in India. Similarly, [22] used APE to
characterize the measured spectral irradiance in Rome, Italy.

The correlation between SF−1 and ambient conditions like humidity,
barometric pressure and temperature was presented in [23]. Whereas
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temperature showed a positive correlation with SF , humidity did not
show any apparent correlation. In [24], results from a comparative
study regarding the spectral impact on the energy yield of different PV
technologies were presented for four sites in Europe, where the authors
used SF for their analysis and found that the seasonal spread experi-
enced by the spectral gains of high-bandgap materials gets smaller at
lower latitudes. In [25], a worldwide analysis of 124 sites on the PV
spectral factor for seven common PV technologies was presented, where
the spectral irradiance was modeled at these locations using Simple
Model for Atmospheric Transmission of Sunshine (SMARTS) spectral
solar irradiance model [26]. From the results, a remarkable influence
of water vapor content and a lower influence of aerosols, quantified in
terms of aerosol optical depth (AOD) on the monthly spectral factor of
thin film devices was observed.

Altogether, the studies from various locations point to the fact that
APE is a good qualitative indicator of solar spectral variation, but it is
not better than the spectral mismatch factor (MMF) when quantifying
the PV yield [9] and its use for the quantification of instantaneous
spectral impacts on PV performance is not recommended [20,27].
Nevertheless, APE is still a widely used parameter in PV applications
to represent the solar spectral distribution as a single number. Several
studies have shown that APE can be considered unique for results
related to the specific dataset under scrutiny [17,28–30], while also
pointing out that the question of uniqueness needs verification for
other different climatic and geographical locations. Contrary to this,
some researches have shown that an APE value can arise from multiple
different spectra and therefore cannot be considered unique [7] or can
only be considered statistically unique within the limits of the 450–
900 nm wavelength range [31]. Compared to the other existing indices
blue factor (BF), UF, and SF, the quantification of spectral distribu-
tions through APE involves lower uncertainty [32,33]. The spectral
irradiance and subsequently APE depends on the geographical and me-
teorological conditions caused by the presence of aerosols, water vapor
(from either clouds or humidity) and different gases (O2, O3, CO2, etc.).
In addition, local meteorological factors, like atmospheric pressure or
ambient temperature, are also known to have an impact. Therefore,
parameterizing the effects of such atmospheric factors known to influ-
ence APE is an important prerequisite to assess the variation in spectral
distribution across different locations.

1.2. Spectral measurement techniques

Spectral irradiance distributions are measured by devices known
as spectroradiometers. The general principle of these devices is to
disperse the incident beam of light into its spectral components and
measure the energetic content at various wavelengths. The availability
of spectroradiometers depends on the required measurement range and
usage in the technical field [34]. The spectral irradiance measurement
is realized in two different ways; either by measuring the spectrum
at every wavelength using wide-band spectroradiometers, or by mea-
suring at a few specific wavelengths that are then incorporated into
mathematical models to derive the full spectrum. The latter devices are
known as multifilter radiometers.

For the traditional spectroradiometers, devices with a variable grat-
ing are known as rotating grating or scanning type spectroradiometers,
while devices with a fixed grating and a linearly aligned detector array
are known as array spectroradiometers. The earliest spectroradiometers
operated on the scanning principle, where the scanning rate varied
in a range from seconds to minutes depending upon the wavelength
intervals [35]. Due to the scanning of each wavelength, the com-
plete scan duration of these devices is long and they are unsuitable
in cases requiring a faster measurement of spectral variation [36].
Although scanning-type spectroradiometers are accurate, they severely
lag on measurement duration and are better suited to indoor laboratory
purposes. Array-type spectroradiometers are the preferred devices in

outdoor environments, especially in solar applications as seen in the
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Table 1
Data set description for each participating site with all locations having KG climate classification of Cfb.

Parameters Berlin Enschede Grimstad Merklingen Utrecht

Latitude (◦N) 52.43 52.23 58.33 48.53 52.5
Longitude (◦E) 13.52 6.85 8.58 9.71 5.10
Climate type Urban, Inland Sub-urban, Inland Sub-urban, Coastal Rural, Inland Sub-urban, Inland
Spectral instrument EKO WISER EKO MS700 Spectrafy SolarSIM-G EKO MS700 EKO MS700
Spectral range (nm) 300–1700 350–1050 280–4000 350–1050 350–1100
Time-series 2018–2021 2014–2019 2019–2021 2014–2020 2014–2017
Temporal resolution 5 min 1 min 1 min 1 min 30 s
Orientation (tilt, azimuth) 35◦, S 30◦, S 45◦, S (173◦) 40◦, S 37◦, S
last few decades [37–39], due to their fast data acquisition rates,
portability, and compact size.

The multifilter radiometer approach was first presented as an idea
by [40] to apply an extrapolation model to the extended wide range
300–4000 nm. Results were in good agreement with the total di-
rect solar irradiance as measured with an absolute cavity radiometer.
A multifilter radiometer equipped with six silicon photo-diodes with
bandpass filters, measuring the spectral direct normal irradiance (DNI)
in carefully chosen wavelength ranges, is presented in [41]. A sim-
ilar device using nine photo-diodes (seven silicon and two indium
gallium arsenide) to measure the spectral global horizontal irradiance
(GHI) is presented in [42]. The measurements from both these devices
are combined with mathematical models to determine atmospheric
transmittance. These devices house a printed circuit board for data
acquisition, measuring the photo-diode current from each filter channel
along with temperature and pressure sensors [43]. These measurements
are then processed by software that incorporates a model to reconstruct
the solar spectrum in the full 280–4000 nm range. This results in the
spectral irradiance distribution of irradiance under all-sky conditions.

1.3. Objective of this work

Overall, as spectral irradiance data is scarce owing to the high cost
and complexity of the sensors and measurement setup, this study pro-
vides further documentation of recorded spectra over several years and
the resulting distributions of APE values from five different locations
in Northern Europe. Generally, Northern Europe experiences a higher
share of diffuse sky conditions compared to regions in the South [44].
This study aims to investigate and quantify these spectral differences
using APE as a single parameter. The novelty of this work lies in
the comparison and analysis of spectral distributions across different
locations from this part of the world, which is being reported for
the first time. In Section 1, the general introduction to the work and
literature review is presented. Section 2 contains a brief description of
the measuring facilities at each location, quantification of the spectral
variation using APE, and the methods employed to filter and analyze
the data. Section 3 presents the effects of various atmospheric factors
on APE and ultimately on spectral irradiance through simulated spectra
in SMARTS and measured data. The impact of various factors on APE is
analyzed, leading to the evaluation of the dependence of APE’s monthly
variations on sky conditions. Finally, the conclusions of this work are
given in Section 4.

This project is a result of the joint collaboration under the EU COST
Action PEARL-PV program with the target to improve the reliability
and energy performance of PV systems in Europe [45].

2. Materials and methodology

2.1. Experimental details and data collection

Datasets of spectrally-resolved global irradiance in the plane of
array (𝐺𝑃𝑂𝐴) have been obtained from five locations as shown in Fig. 1,
using different instruments with different wavelength ranges under
different climatic conditions, time-series and time resolution. Interest-
ingly, the overall climatic conditions at each location are described
3

Fig. 1. Geographical representation of the participating locations of this study.

by the same KG climate classification (Cfb). The KG classification is
widely accepted in climatology-related fields and describes the climate
of any location with a single metric based on multiple variables and
their seasonalities [46].

Four locations use an array-type spectroradiometer [37] whereas
Grimstad uses a filter-type radiometer [42] combined with spectral
modeling. Table 1 contains general information about the five partic-
ipating locations in this study, in addition, a brief description of each
site is provided in what follows.

2.1.1. Helmholtz-Zentrum Berlin, Germany
At the Helmholtz-Zentrum, Competence Centre Photovoltaics Berlin

(PVcomB), the outdoor test facilities (52.43◦N, 13.52◦E) are designed
to investigate the outdoor performance and operational stability of
industrial and research cells and modules (among others, Perovskite-
Silicon tandems). The foci of the research are device encapsulation,
temperature coefficients, energy yield, verification of the indoor accel-
erated ageing tests, as well as data analysis techniques. The setup is
appropriate to analyze the Maximum Power Point (MPP) tracking and
I-V curves of differently sized samples and installations under varying
non-ideal irradiance conditions. (The PV monitoring system for small
cells and modules is supplied by the Laboratory of Photovoltaics and
Optoelectronics of the University of Ljubljana, whereas a commercial
product is used for industrial modules.) The data acquisition system
also includes sensors installed on the PV facade, thus also support-
ing research on building integrated photovoltaics (BIPV). A weather
station (from CLIMA SENSOR US/Adolf Thies GmbH & Co.) records
the ambient temperature, wind speed, wind direction, humidity, air
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Fig. 2. Part of the experimental setup at Helmholtz-Zentrum Berlin, Germany.
Fig. 3. Experimental setup at the University of Twente, Enschede, Netherlands.
pressure and precipitation intensity. Two Kipp and Zonen CMP 11 pyra-
nometers measure global and diffuse irradiance (shadow ring) in the
horizontal plane. The climate sensor and pyranometers are connected
to an DLx MET datalogger from Adolf Thies GmbH & Co., and provides
one minute averaged data. Two EKO WISER spectroradiometers, tilted
at 35◦ and 90◦ as shown in Fig. 2, record the incident spectrum
continuously every 5 min.

2.1.2. University of Twente, Enschede, Netherlands
At Enschede, the experimental data is constituted of irradiance

spectra that were measured at the PV test bench facility located at
the University of Twente in Enschede (52.23◦N, 6.8◦E). The datasets
comprise spectrally-resolved one-minute irradiance measurements from
5:05 a.m. to 10:20 p.m. each day for the years 2014–2019. The CR1000
datalogger from Campbell Scientific with a built-in power source and
memory was used to record the data, which was then transmitted to a
data server at the University of Twente. The data was monitored with
an EKO MS-700 spectroradiometer (Fig. 3) for the bandwidth range of
350 – 1050 nm with a wavelength interval of 1, 3, or 5 nm.

2.1.3. University of Agder, Grimstad, Norway
The experimental location at the University of Agder is in the coastal

city of Grimstad, Norway (58.33◦N, 8.58◦E). Different PV technologies
4

are installed on a south-facing open rack (tilt 45◦, azimuth 173◦)
on top of a five-storey building 60 m above sea level, as shown in
Fig. 4. Various environmental sensors are installed to measure the
broadband and spectral irradiance, ground albedo, module and ambient
temperatures, humidity, precipitation, air pressure, wind speed and
wind direction. The broadband irradiance is measured horizontally
and in the plane of array using CMP11 pyranometers from Kipp and
Zonen, as well as mono-Si reference cells. The direct normal and
diffuse horizontal irradiance components are measured using a CHP1
pyrheliometer and a CMP11 pyranometer with shading ball (mounted
on a SOLYS2 tracker from Kipp and Zonen). Spectral irradiance is
also measured in both planes by SolSIM-G multifilter radiometers from
Spectrafy. These radiometers include seven silicon and two indium gal-
lium arsenide photo-detectors combined with nine hard-coated narrow
bandpass filters [42]. The current generated by the photo-detectors in
these channels and additional ambient parameters measured by these
devices are used as inputs to a proprietary radiative transfer model to
derive estimates of the real-time spectral and broadband irradiances.
The environmental parameters are recorded through a CRX1000 Dat-
alogger from Campbell Scientific. Environmental data and irradiances
are measured every minute and stored in a central database together
with PV module I-V curves which are separately recorded. Solar spectra
have been recorded at 1-min resolution between sunrise and sunset
from October 2019 onwards.
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Fig. 4. Experimental setup at the University of Agder in Grimstad, Norway.
Fig. 5. Aerial view of the ZSW test site Widderstall. The insert shows part of the meteorological measurement set-up including the EKO MS-700 spectroradiometer (second from
left).
2.1.4. ZSW, Stuttgart, Germany
The ZSW (Zentrum für Sonnenenergie- und Wasserstoffforschung

Baden-Württemberg) Widderstall PV test site is located in the munici-
pality of Merklingen (48.54◦N, 9.71◦E) at 750 m above sea level. The
facility is being operated since 1989 and comprises test beds for field-
testing of PV modules with IV curve tracers by Papendorf, as well as
PV systems with high-precision DC and AC electrical monitoring by Pa-
pendorf and Gantner Environmental Instruments. Further, the test site
includes some specific test set-ups like rooftop and facade installations,
one-axis trackers and a sun-tracking 3X-concentrator for accelerated
aging in an outdoor environment. The weather monitoring includes
multiple irradiation measurements (mostly Kipp and Zonen second-
class pyranometers) as well as the recording of ambient temperature,
pressure, humidity, wind speed and direction, and precipitation with
LUFFT WS200 and WS500 integrated weather sensors. The spectral
irradiance is measured by an EKO MS-700 spectroradiometer, which
is mounted facing south at 40◦ tilt and in the same orientation as the
fixed test racks for PV modules and systems (see insert in Fig. 5). The
instrument delivers 1-minute records of the spectral irradiance in the
range of 350 – 1050 nm from which datasets for the years 2014–2020
are available for the analysis in this paper.
5

2.1.5. UPOT, Utrecht, Netherlands
At the campus of Utrecht University (52.1◦N, 5.2◦E) spectral mea-

surements are part of the Utrecht Photovoltaic Outdoor Test facility
(UPOT) [4,47], see Fig. 6. The test facility is located at the top of an
eight-storey building, at a height of about 36 m above sea level. The
facility operates year round, 24 h per day, performing measurements
on a set of more than 20 PV modules, with a variety of irradiance
and atmospheric sensors. Measurements of PV module performance are
performed at in-plane irradiance values above 50 W/m2. Measurements
of meteorological data, however, including spectra, are performed
continuously. Modules are mounted at a tilt of 37◦ towards the South.
Next to an EKO Instruments MP160 IV Curve tracer, several irradi-
ance sensors (EKO Instruments pyranometers) are installed, mounted
in plane with the modules as well as horizontally. The broadband
direct and diffuse irradiance components are measured separately. For
spectral measurements, the EKO MS700 spectroradiometer with 300–
1100 nm measurement range is employed, installed in plane with
the modules. The datasets comprise of spectrally-resolved 30–second
irradiance measurements starting in July 2014 and ending in May
2017.
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Fig. 6. Experimental setup at Utrecht University, Utrecht, the Netherlands. P denotes locations of pyranometers, S of the spectroradiometer.
2.2. Data preparation and filtering

The calculated value of APE and broadband integral irradiance are
affected by the range of wavelengths over which they are computed.
For the two different wavelength ranges 350 – 1050 nm and 350 –
1700 nm, the corresponding APE values for the AM1.5G reference
spectrum are 1.88 eV and 1.59 eV, respectively. Since the unavailability
of a commonly measured wavelength range can prevent the direct com-
parison of APE values between datasets from multiple locations [48],
the range of 350–1050 nm is chosen as a common interval across all
locations for this intercomparison.

As mentioned previously, the locations considered in this study
exhibit a relatively large diffuse fraction in winter, which together with
high solar zenith angles cause the average total broadband irradiance to
remain low over extended periods of the year. The lowest broadband
irradiance values are most affected by measurement uncertainty and
small random deviations from noise in the signal, which introduce
ambiguity in the data analysis and hence need to be filtered out.
Filtering of datasets, however, is a non-trivial task because using the
wrong filters could induce bias in the results. It is a challenging task
in this work as well, whereby a higher threshold limit for broadband
irradiance would exclude a large number of datasets from the winter
season, whereas a lower threshold would include noisy data aided
by measurement uncertainties. In order to include a sufficiently high
number of data-points for the analysis, the irradiance threshold for
discarding data is here set to 25 W m−2, where datasets corresponding
to irradiance lower than this threshold are not included in the analysis.

2.3. Data analysis methodology

The general methodology of the work includes the calculation of
the APE values, investigating their temporal variations and statistical
trends, and finally investigating the solar spectral distributions with
regards to modeling the impact of various atmospheric factors. Whereas
APE is calculated from the measured spectra, simulations are carried
out to generate synthetic spectra through the SMARTS model [49].
These simulations are used to analyze variations caused by parameters
that lead to atmospheric extinction. The airmass and clearness index
are also calculated and analyzed in order to investigate the influence
of the local atmospheric conditions of each location.

2.3.1. Average photon energy
As already discussed above, APE is one of the widely used parame-

ters that characterizes the shape of the incident irradiance spectrum [6,
6

18,32]. A higher blue content of the incident spectrum is correlated to a
higher value of APE. Expressed in electron volts (eV), the APE is defined
as [6]:

𝐴𝑃𝐸 =
∫ 𝜆2
𝜆1

𝐸 (𝜆) 𝑑𝜆

𝑞 ∫ 𝜆2
𝜆1

𝜙 (𝜆) 𝑑𝜆
(1)

where 𝐸 (𝜆) is the solar irradiance at a specific wavelength 𝜆, 𝑞 is the
electronic charge, 𝜙 is the photon flux density, and 𝜆1 and 𝜆2 are the
lower and upper limits of the wavelength range under consideration.
The photon flux density is given as:

𝜙 (𝜆) =
𝐸 (𝜆)
ℎ𝑐∕𝜆

(2)

where ℎ is the Planck’s constant, and 𝑐 is the speed of light in a
vacuum. Calculation of APE and integrated broadband irradiance fol-
low the existing literature [6,14,16] and use the wavelength range
(350–1050 nm) common to all spectral instruments at the five sites.

2.3.2. Atmospheric factors
In order to understand the role of various atmospheric factors on

spectral distributions, the relation of these parameters with APE has
been investigated. Scatter plots of APE, irradiance and solar zenith
angle are created as a function of airmass. Similar plots of APE against
humidity are also presented. The airmass and clearness index are
calculated for each location.

Air mass
The air mass (AM) quantifies the relative increase in the pathway,

and hence the amount of substance, traversed by sun rays traveling
through the atmosphere compared to the shortest possible trajectory at
absolute zenith (90◦). In this study, AM is calculated using the sun’s
zenith angle from [50] as follows:

𝐴𝑀 = 1
𝑐𝑜𝑠(𝜃𝑧) + 0.50572 ∗ (6.07995 + (90 − 𝜃𝑧))−1.6364

(3)

where 𝜃𝑧 is the solar zenith angle in degrees. The python library pvlib
is used to calculate the AM values for each timestamp [51].

Clearness index
The clearness index (𝐾𝑡) is a widely used parameter in categorizing

the sky conditions. It is given by the ratio of total irradiance measured
on a horizontal plane at the Earth’s surface, to the total extraterrestrial
irradiance incident on a horizontal plane at the top of the atmosphere.
𝐾𝑡 is mathematically represented as:

𝐾𝑡 =
𝐺 (4)

𝐺0
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where 𝐺 is the measured horizontal irradiance, and 𝐺0 is the calculated
xtraterrestrial irradiance. The sky condition is then classified using the
𝑡 value as follows:

𝑡 =

⎧

⎪

⎨

⎪

⎩

𝑐𝑙𝑒𝑎𝑟 if 𝐾𝑡 > 0.7
𝑝𝑎𝑟𝑡𝑖𝑎𝑙𝑙𝑦 𝑐𝑙𝑒𝑎𝑟 if 𝐾𝑡 > 0.3 & 𝐾𝑡 ≤ 0.7
𝑐𝑙𝑜𝑢𝑑𝑦 if 𝐾𝑡 ≤ 0.3

(5)

The clearness index alone, however, can lead to a false classification
of sky conditions because high air mass and low turbidity can produce
the same clearness index as low air mass and high turbidity. Hence,
in this study the spectral distributions are analyzed both in terms of
variation of 𝐾𝑡 and AM. In the same manner as for AM, the calculation
of clearness index is performed using the pvlib library in python where
the Spencer model is used to calculate the extraterrestrial radiation, and
the solar constant is considered to be 1361 W m−2 [52]. The clearness
index is calculated for each timestamp of the available data.

Clear-sky modeling in SMARTS
SMARTS is a FORTRAN code generally used to model the clear-

sky solar spectrum by supplying atmospheric and geographic input
parameters [49]. This model provides spectral irradiance in the wave-
length range of (280–4000 nm) as an output. The model is based
on parameterization of transmittance and absorption functions for at-
mospheric constituents, which include molecular (Rayleigh), ozone,
water vapor, mixed gases, trace gases and aerosol transmittance. The
IEC 60904-3:2019 standard prescribes using SMARTS version 2.9.2 to
generate the reference spectra using the conditions displayed in Table 5
in Appendix. SMARTS is used in this work to investigate the variations
in APE caused by the instantaneous conditions of five parameters,
namely aerosols, airmass, altitude, ozone and water vapor. When the
reference spectra are generated, the individual values of the parameters
of interest are varied one by one whilst keeping the other parameters
constant. The spectra generated under each of the conditions are then
used to compute APE over the (350–1050 nm) range using Eq. (1).

3. Results and discussions

3.1. Distribution of APE values

APE values are calculated from the spectral irradiance datasets
measured at the plane of array, within the wavelength range of 350–
1050 nm, available from five different locations. The distribution of the
APE values in the locations under consideration is presented in Fig. 7
as histograms. These datasets from different locations may not repre-
sent the same time period or installation angles, but all the locations
contribute at least one year of data and are within the POA tilt range
30-45◦ with a south-facing orientation.

3.1.1. Berlin, Germany
Fig. 7(a) shows the distribution of APE values for the period of 1

year (July 01, 2020 to June 30, 2021) at Berlin, Germany. The total
dataset recorded consisted of 57,143 data points; after applying the
broadband irradiance filter, a total of 32,743 spectral samples remained
for the analysis. The annual mean APE is found to be 1.90 eV, which
indicates that the mean spectrum is blue-shifted at this location, when
compared with the reference AM1.5G spectrum.

3.1.2. Enschede, Netherlands
Fig. 7(b) shows the distribution of APE values for the period of

6 years (January 8, 2014 to December 31, 2019) at Enschede, Nether-
lands. The total dataset recorded was 1,311,403 data points and after
applying the broadband irradiance filter, a total of 783,105 spectral
samples remained for the analysis. The significant drop in the number
of data samples after filtering is mainly because of the data acquisition
routine, which is governed by a wide time window based on the longest
day of the year for that latitude (5:10 AM-10:20 PM every day). The
annual mean value of APE is found to be 1.89 eV, meaning the spectrum
is generally slightly blue-rich at this location.
7
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3.1.3. Grimstad, Norway
Fig. 7(c) shows the distribution of APE values for the period of

1 year (January 1 2020 to December 31 2020) for the location of
University of Agder in Grimstad, Norway. The total dataset recorded
was 265,420 data points and after applying the broadband irradiance
filter, a total of 203,448 spectral samples remained for the analysis.
The annual mean value of APE is found to be 1.90 eV, meaning the
spectrum is generally blue-shifted at this location.

3.1.4. Merklingen, Germany
Fig. 7(d) shows the distribution of APE values for the period of

7 years (January 2014 to December 2020) at Merklingen, Germany.
The total dataset recorded was 1,822,200 data points and after applying
the broadband irradiance filter, a total of 1,479,139 spectral samples
remained for the analysis. The annual mean value of APE is found to be
1.86 eV, meaning the spectrum is generally red-shifted at this location.

3.1.5. Utrecht, Netherlands
Fig. 7(e) shows the distribution of APE values for the period of

4 years (July 19, 2014 to January 8, 2018) at Utrecht, Netherlands. The
total dataset recorded was 1,147,156 and after applying the broadband
irradiance filter, a total of 934,591 spectral samples remained for the
analysis. The annual mean value of APE is found to be 1.88 eV, meaning
the spectrum on average is similar to the reference spectrum at this
location.

3.1.6. APE distribution summary
Overall, Fig. 7 presents histograms to depict the APE distribution

at the five different locations. Grimstad, Norway lies at the highest
latitude of 58.33◦, whereas Merklingen, Germany is the lowest at
48.53◦. Although these locations are characterized by the same KG
climatic conditions, the local environments are quite different. Whereas
Grimstad is a coastal location, the other locations are more inland with
Utrecht having the shortest distance of around 60 km to the nearest sea
shore.

The degree of blue shift and red shift is distinctly visible in the
histograms where the difference between the mean APE and the refer-
ence APE value is highest for Grimstad, whereas the mean APE is lower
than the reference APE value only at Merklingen. This indicates that,
on average, spectra are shifted to longer wavelengths in Merklingen
whereas spectra are shifted to shorter wavelengths for three of the
other sites, i.e., Berlin, Enschede and Grimstad. Utrecht meanwhile,
experiences the APE value of average spectra similar to the reference
spectrum.

3.2. Clearness index variations

The monthly average clearness index for all locations is presented in
Fig. 8. Measured GHI values were used to calculate 𝐾𝑡 for all locations,
xcept for Enschede where GHI values were taken from the NSRDB
atabase [53]. It can be seen that Enschede and Grimstad have a higher
ortion of clear days in the winter months (December, January and
ebruary) compared to the other sites. For Grimstad, this represents
n above average sunny winter (verified against the average of 10-year
istorical data at a nearby site) compared to the other datasets. Another
actor to consider however, is the narrow sunshine window and subse-
uently lower number of data points at higher latitudes. During winter,
ust eliminating irradiances below 25 W m−2 significantly reduces the
umber of data points, which tends to increase the uncertainty in
he results. Among the locations, Berlin is seen to have the clearest
ky during summer months (June, July and August) but experiences
he lowest clearness index during the winter months. Enschede and
erklingen display the least variation in clearness index conditions

ver the year, where the highest and lowest monthly average indexes
re found to be 0.51 and 0.36 for Merklingen and 0.46 and 0.35 for
nschede, respectively.
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Fig. 7. Histograms of APE (350–1050 nm) for the five locations considered in this study, representing at least one year of APE values. The black lines indicate the APE for the
reference AM1.5 spectrum while the red lines indicate the average APE in the respective locations.
The annual average APE and 𝐾𝑡 values for each location are pre-
sented in Table 2, whereas the monthly average and standard deviation
(SD) of the 𝐾𝑡 values are presented in Table 3. The highest annual
clearness index and APE values are observed for Grimstad. Merklingen
records the lowest APE among the sites at 1.86 eV and 𝐾 of 0.42,
8

𝑡

whereas Utrecht has the lowest average 𝐾𝑡 of 0.39 and APE of 1.88 eV.
As visible in Fig. 8, Berlin and Grimstad have the highest clearness
index values in the summer and spring (March, April, May) months,
respectively. Interestingly, both these locations experience the highest
APE values during the same period.
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Fig. 8. Comparison of average monthly clearness index values for all locations considered in this study. The identically colored vertical lines with caps indicate the corresponding
standard deviation of clearness index.
Table 2
The comparison of the annual average APE and 𝐾𝑡 values for the five locations.

Locations APE (eV) 𝐾𝑡

Berlin 1.90 0.45
Enschede 1.89 0.42
Grimstad 1.90 0.48
Merklingen 1.86 0.44
Utrecht 1.88 0.39

3.3. Influence of atmospheric factors on APE

3.3.1. Simulation in SMARTS
As spectral irradiance is dependent on various atmospheric factors

and all the participating institutions had different conditions under the
measurement periods, it is important to first investigate the parameters
that introduce considerable variations in the spectral distributions. A
general simulation of spectra in SMARTS has been undertaken to inves-
tigate the variation of spectral irradiance caused by multiple factors.
The simulations are conducted on two fronts, considering the global
variations of the factors, and the local variations typically reported
in the northern European locations. The impact of the atmospheric
constituents and factors, namely, aerosol optical depth (AOD), precip-
itable water vapor (PWV), ozone, airmass and altitude on clear sky
irradiance were investigated using prescribed values in SMARTS 2.9.2.
The reference spectrum was generated as per IEC 60904:3-2019 and
the respective values for the above mentioned atmospheric factors were
varied from the reference spectrum, one by one whilst keeping the
other parameters constant, to generate the synthetic spectra. APE was
then calculated for each spectra and the individual cases presented as
a radar plot can be seen in Fig. 9.

Relevant information regarding the atmospheric factors and their
respective values used to create the radar plot is provided in Table 4.
Fig. 9 shows that AM and PWV cause the greatest variations in spectral
irradiance, both globally and in northern Europe. AOD is seen to induce
lesser variations in spectral irradiance in northern Europe compared
to across the globe. Altitude and ozone have the least impact among
atmospheric parameters studied on both conditions.
9

The APE values resulting from modeling with the different set of
input parameters show that aerosols are an important atmospheric con-
stituent which affect the spectral distribution. Aerosols influence global
climatic conditions [54] with various thermal, direct and indirect ef-
fects on the atmosphere [55]. The major atmospheric extinction effect
of aerosols is scattering (with a strong forward scattering component),
whereas some aerosols also absorb the incident radiation [1], thus
altering the radiative balance of the atmospheric system. To understand
the impact of AOD, the values at 500 nm wavelength are varied in
increments between 0.01 to 1.0 so as to simulate the variation from
pristine to extremely polluted locations. Rather than dust, northern
Europe is frequently impacted by smoke and pollution episodes and
the AOD range of 0.01 to 0.3 is reported for this region [56,57]. For
the global variation of AOD, the resulting APE values are seen to
reduce from 1.89 eV to 1.86 eV. This is accompanied by the reduction
of integrated broadband irradiance in the 350–1050 nm wavelength
range from 784 W m−2 to 598 W m−2. Similarly, for northern Eu-
rope, increasing AOD values from 0.01 to 0.3 is found to reduce the
integrated broadband irradiance in the same range from 784 W m−2

to 723 W m−2 whereas the APE reduces from 1.89 eV to 1.88 eV.
These results indicate that the higher AOD values cause the reduction
in broadband irradiance and subsequently the APE values, with a red-
shift of the incident spectrum. Due to the generally lower values of
aerosol loading across northern Europe, the impact of AOD on the
spectral distributions is less pronounced compared to other regions that
experience higher AOD levels [58,59].

Simulations show that precipitable water vapor is another major
parameter affecting the atmospheric extinction. PWV is mostly con-
centrated in the boundary layer, up to 2–3 km above the surface [1],
and is dependent on the location and time. The PWV values are varied
from 0 cm to 10 cm as global minima and maxima, based on the fact
that PWV can reach up to around 10 cm over very hot/humid tropical
areas [60]. This results in a blue-shift for APE from 1.85 eV at 0 cm to
1.93 eV at 10 cm water column. The integrated broadband irradiance
in the (350–1050 nm) wavelength range reduces from 801 W m−2 to
709 W m−2 with respect to the increased water vapor content. How-
ever, in northern Europe the highest PWV content observed is around
3–3.2 cm during the July–August months [61,62]. When simulated in
this range, the same integrated broadband irradiance is seen to drop
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Table 3
Monthly average and standard deviation of clearness index for all locations.

Months Berlin Enschede Grimstad Merklingen Utrecht

Mean SD Mean SD Mean SD Mean SD Mean SD

Jan 0.276 0.267 0.411 0.218 0.448 0.178 0.357 0.204 0.320 0.187
Feb 0.318 0.314 0.412 0.237 0.445 0.239 0.411 0.239 0.372 0.213
March 0.455 0.410 0.359 0.241 0.516 0.246 0.467 0.251 0.388 0.217
Apr 0.499 0.339 0.419 0.236 0.576 0.231 0.495 0.254 0.468 0.229
May 0.513 0.357 0.456 0.230 0.576 0.207 0.454 0.258 0.443 0.237
Jun 0.594 0.300 0.449 0.229 0.515 0.211 0.483 0.263 0.410 0.243
Jul 0.570 0.349 0.460 0.226 0.477 0.238 0.504 0.257 0.416 0.237
Aug 0.575 0.320 0.434 0.214 0.524 0.215 0.487 0.249 0.443 0.230
Sep 0.580 0.337 0.402 0.219 0.468 0.239 0.479 0.242 0.442 0.223
Oct 0.368 0.272 0.381 0.210 0.408 0.241 0.394 0.236 0.391 0.208
Nov 0.331 0.294 0.400 0.198 0.457 0.213 0.361 0.220 0.323 0.181
Dec 0.294 0.233 0.468 0.159 0.397 0.191 0.356 0.211 0.315 0.160
ig. 9. Radar plot of the APE calculated for reference, minimum and maximum values of each atmospheric factor contributing to the simulated spectra in SMARTS for global and
orthern European locations. The values used to generate the spectra resulting these APE values are presented in Table 4.
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able 4
alues used for the variation of atmospheric factors shown in the radar plot.
Parameters Global Northern Europe

Ref value Min value Max value Min value Max value

Air mass 1.5 1 4 1 4
AOD 0.084 0.01 1 0.01 0.3
Ozone (atm-cm) 0.34 0.1 0.5 0.2 0.5
Altitude (km) 0 0 5 0 3
PWV (cm) 1.42 0 10 0 3.2

rom 801 W m−2 to 743 W m−2, while the APE values increase from
.85 eV to 1.89 eV. Although the drop in broadband irradiance is seen,
he wavelengths in the visible range of spectra are less affected by the
ater vapor compared to the infrared range, as most of the absorption
y water vapor is at longer wavelengths [1]. Therefore the APE values
re generally found to be higher during elevated water vapor content
n the atmosphere, causing the spectrum to subsequently shift towards
he blue region.

Ozone is normally present in the stratosphere of the Earth’s atmo-
phere and is known to absorb in the ultraviolet (UV) and blue region
f the visible range of solar radiation. The ozone concentration in the
tmosphere is constantly changing with the seasonal patterns and solar
ntensity. Ozone is produced mostly over the tropical region and is
ransported to the poles by winds. Globally, for the variation of ozone
rom 0.1 atm-cm to 0.5 atm-cm [63], the APE value reduces from
10

s

.89 eV to 1.88 eV with the integrated broadband irradiance dropping
rom 776 W m−2 to 757 W m−2. Moreover, the ozone concentration
n northern Europe can vary from 0.2 atm-cm to 0.5 atm-cm [64]
nd the subsequent APE values are seen to remain around 1.88 eV,
nly reducing in terms of the third order of decimals. During the
ame variation of ozone, the integrated broadband irradiance over 350–
050 nm wavelength range is observed to reduce from 770 W m−2 to
57 W m−2. The absorption caused by enhanced ozone content only
ontributes to a ever so slight increment in the red-richness of the
pectra.

Increasing altitude leads to significantly increased broadband sur-
ace irradiance [65,66]. The results from the simulation show that the
PE values decreased from 1.88 eV at the sea level to 1.87 eV at

he altitude of 2.5 km and to 1.86 eV at 5 km above sea level. The
esults are in good agreement with a similar study conducted by [66],
here the irradiance was seen to increase at all wavelength regions
ith the increment in altitude, but the increment in the power density
f photons in the IR region was found to be around 27%, while it was
bserved to be 20% for UV and 6% for the visible region. Since the
50–1050 nm wavelength range used in this study leaves out UV-B and
V-C ranges in APE calculations, the overall gain on power density at
V regions is reduced and thus the overall spectra become red-shifted.

Air mass is also a major parameter that influences the spectral
ariation, where the APE values are seen to shift from 1.91 eV to
.82 eV as the air mass varies from AM1 to AM4, the latter corre-
ponding to a solar elevation angle of around 15◦. The selection of
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AM4 as a threshold for the simulations is determined by balancing the
appearance of the radar plot with a sufficiently large range of solar
elevation for evaluation purposes. To illustrate, if the APE at AM5 is
1.76 eV and incorporated into the radar plot, it would visually obscure
the effects of other factors. With increasing AM, irradiance shifts toward
longer wavelengths because more of the short wavelength radiation is
attenuated due to Rayleigh scattering [67]. Higher values of AM values
will obviously occur at all locations depending on the time of day and
year. As a result, even greater degrees of attenuation can be anticipated.

3.3.2. Impact of GPOA irradiance on APE
The relation between broadband GPOA irradiance and APE is pre-

sented in Fig. 10, where the color-bar represents the corresponding
AM values. The figure includes the histogram distribution of the values
along both axes for each location. As seen from the figure, the irra-
diance values in three locations range up to 1400 W m−2, except for
Berlin and Enschede where the irradiance values are seen to reach up to
1200 W m−2. The AM values range from 1 to over 35 in four locations
except for Merklingen where the AM values reach up to around 28.
As visible in the figure, the APE values have a wider spread in the
lower irradiance conditions and with the rising irradiance values, the
APE spread gradually narrows. When the highest irradiance conditions
are achieved the APE values are grouped around the reference APE
value of 1.88 eV. High broadband irradiance conditions are mostly
characterized by a solar position closer to the zenith, i.e., low AM
conditions. These conditions indicate a low atmospheric extinction and
thus spectra closely matching the reference AM 1.5G spectrum. The
monthly distribution of the clearness index has been already presented
in Fig. 8 and it is seen that the summer months have naturally higher
values compared to the winter months. Higher clearness index values
in spring and summer months stem from the lower degree of cloud
cover. During these periods with the high irradiance and low AM, the
higher energy share in the blue part of the spectrum contributes to
the higher APE values, also visible in the figure. But during similar
irradiance conditions when AM gradually gets higher, the atmospheric
extinction increases and subsequently the APE values fall below the
reference value. High irradiance values normally result from the high
DNI values for clear sky conditions. As diffuse spectra do not shift a lot
with AM [68], a shift in DNI spectra governs the resulting APE value.
Spectra measured at high AM are seen to produce low APE values in
all locations. Under specific conditions, very high APE values occur
at low irradiance and low AM, manifested by a high share of diffuse
irradiance where wavelength ranges in the infrared part of the spectrum
are absorbed by water molecules in the clouds, as well as when the solar
position is behind the plane of the spectroradiometer such as for tilted
planes at high latitude locations, e.g. [69]. Very low APE values occur
at low irradiance and high AM, characterized by clear sky conditions
and low solar elevation during the early mornings or late evenings.

3.3.3. Impact of solar zenith angle on APE
The relation between solar zenith angle and APE is presented in

Fig. 11, where the color-bar represents the corresponding AM values.
The figure includes the histogram distribution of the values along both
axes for each location. A clear dependence of the APE values to zenith
angle is visible. As previously presented in Eq. (3), AM and zenith
angle are directly related. Therefore, in this section, AM and zenith
angle can be considered as representing the same condition. The color-
coded AM values are used to facilitate a better understanding of the
APE distribution with respect to solar elevation. The zenith angle for
three locations, namely Berlin, Enschede and Utrecht are similarly
distributed between 30◦ to 90◦, due to these locations lying in the
same latitude. For Grimstad, the zenith angle varies from around 35
◦ to 90◦, while for Merklingen the zenith angle ranges from 25◦ to 90◦.
When zenith angle and AM reach their lowest values around noon, on
a clear sky day irradiance is also at its peak, barring over-irradiance
11

conditions [70,71]. As visible from Fig. 11, a distinct ‘funnel’ shape
appears for all the locations where APE values during low AM (low
zenith angle) are less dispersed compared to periods with large solar
zenith angles when the sun is close to the horizon. The natural range
of variation of atmospheric parameters and the attenuation caused by
them is constrained due to the shorter path length compared to high AM
conditions. Conversely, the high variance of atmospheric parameters
during high AM conditions gives rise to a larger variation of APE values.

Comparing the locations, a significantly smaller dispersion of APE
values is observed for Berlin and Grimstad during periods with low AM
values. Such narrow dispersion of APE values can be correlated to the
site specific conditions as both of these locations are characterized by
highest clearness index values and also highest APE values during the
spring and summer months. Among other factors, this could also be
related to the number of data-points available as the other sites possess
at least four years of data, compared to a single year of data for Berlin
and Grimstad.

3.3.4. Impact of humidity on APE
As the precipitable water vapor measurements were not available

in all of the participating sites, humidity is used instead as the pa-
rameter to quantify the presence of water vapor in the atmosphere,
mainly because the humidity and PWV have a linear relationship [72].
The relation between humidity and the APE could not be established
with the complete dataset. However, when the APE values are fil-
tered for a clearness index higher than 0.7, i.e. clear sky conditions,
the potential relation between APE and humidity is established and
the scatter plots are presented in Fig. 12. The plots are indexed by
ambient temperature for the respective locations. Also, the analysis
for Enschede is not included in this section due to the unavailability
of the required data. The humidity in Berlin and Grimstad ranged
between 25% and 90%, whereas for Merklingen and Utrecht it ranged
from around 20% to 100%. The average humidity for the clear sky
conditions ranged from 40%–50% in Berlin and Grimstad to around
50%–60% in Merklingen and Utrecht. The temperature distribution is
fairly similar in all locations, with the maximum temperature of slightly
above 30 ◦C seen for three locations while only Berlin experienced
the highest temperature above 35 ◦C. The minimum temperatures for
most locations were recorded to be between 0 ◦C and −10 ◦C, with
only Merklingen observing the temperatures below −10 ◦C with lowest
temperatures reaching around −15 ◦C.

For periods with low humidity and high temperatures, the APE
values are seen to generally lie closer to the reference APE value.
Lower humidity levels imply lower atmospheric extinction enforced by
the water vapor while the higher temperatures suggest the periods of
the day with higher solar elevation, i.e. low airmass. Also, the higher
temperatures during the clear sky conditions indicate the summer
months in the northern hemisphere, where the APE values are generally
higher due to high energy content in the blue part of the spectrum.
As seen in Fig. 9, AM and water vapor are the two major parameters
producing variations in APE both globally and in northern Europe.
Low water vapor concentrations (lower humidity) and low AM values
(achieved during higher temperatures) represent the generally narrow
dispersion of APE value close to the reference value of 1.88 eV, in three
locations except for Berlin. The dispersion of APE values gradually
widen with the increment in humidity for Merklingen and Utrecht
whereas it remained constant for both Berlin and Grimstad.

Interestingly, the instances with high humidity and low atmospheric
temperature are seen to yield low APE values in all four locations.
The clear sky conditions with low temperatures and high humidity
indicate the winter periods in the northern hemisphere where airmass
is higher. These conditions mean that the spectrum is generally shifted
to the longer wavelength regions despite higher water vapor content
in the atmosphere. The atmospheric extinction in the blue-rich region
of the spectrum is also enforced by the higher concentration of ozone
molecules in the mid and high latitude conditions [73]. Although ozone
showed little impact on the APE values in the SMARTS simulation,
it can contribute to the extinction in the UV and visible blue ranges

together with the other atmospheric and environmental factors.
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Fig. 10. APE against the broadband irradiance (GTI) for the experimental locations. The histogram distributions of the values along both axes are also presented. The color-bar
represents the AM values.
3.4. Monthly distribution of APE values

The monthly distribution of APE values in the five locations is
compared for clearness index ranges as proxies for sky conditions at
each location, for the months of June and December. These months
represent the distributions of comparatively higher and lower APE
values at each site. June is chosen as a representative month where
12
the clearness index is relatively high for all locations. Using the same
logic for winter, the month of December is chosen where 𝐾𝑡 is relatively
lower in all locations. For the month of June, a single peak histogram
of APE values is seen in all four locations except Grimstad as shown
in Fig. 13 where the contributions of cloudy sky and partly clear to
clear conditions are separately presented. Cloudy sky conditions in
Grimstad contribute to a narrow APE distribution with modal value
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Fig. 11. APE against the solar zenith angle for the experimental locations. The histogram distributions of the values along both axes are also presented. The color-bar represents
the AM values.
around 1.92 eV, whereas combined clear and partly clear conditions
give rise to modal value of APE distributions around 1.89 eV, resulting
to a bi-modal peak in the histogram.

For the month of December, the histograms for all five sites in
Fig. 14 show a distinct bi-modal distribution where the contribution
of cloudy sky conditions is clearly evident. The average APE values for
13
the combined clear and partially clear sky conditions have a signifi-
cant difference across locations, where the average APE at Enschede,
Merklingen and Utrecht lies around 1.78 eV, while the mean APE at
Grimstad and Berlin is 1.74 eV and 1.82 eV respectively. Meanwhile
for cloudy conditions, the average APE of all locations lie between
1.87 eV and 1.90 eV. As also exhibited by the radar plot in Fig. 9,
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Fig. 12. APE against the humidity for 𝐾𝑡 > 0.7 for the experimental locations. The histogram distributions of the values along both axes are also presented. The color-bar represents
the AM values.
the generally prevalent higher AM conditions and absorption of long-
wave low energy spectrum by water vapor during clear sky conditions
in winter cause the average APE to remain significantly below the
reference value of 1.88 eV. The variations in APE across the five
locations in these periods however arise from the difference in local
conditions.

3.5. Inter-comparison of results from different locations

The monthly average APE for all locations is presented in Fig. 15.
Overall, all five locations show higher average APE values during the
summer and lower averages during the winter months. In general, a
higher share of clear sky conditions during the summer months in
each location with higher energy content in the blue-rich region of
the spectrum yields higher APE values. The relation between APE and
14
𝐾𝑡 depends on the time of the year, as reported by [74]. The lower
AM values in the summer months for the northern hemisphere cause
more blue-rich spectra, giving rise to higher APE values. Similarly,
cloud covers shift the spectrum to the blue region mainly due to
higher absorption in the infrared caused by water vapor [74]. These
factors cause the average value of APE to remain higher during the
summer. Although cloudy sky conditions similarly would yield higher
APE values in winter, the effect is counteracted by high AM values
and the occurrence of occasional clear sky conditions that result in the
average APE values remaining lower.

The APE values for Grimstad undergo the highest variations com-
pared to the other locations, whereas lowest variations are visible in
Merklingen. As seen earlier from the monthly distribution of the clear-
ness index (Fig. 8), Grimstad has the highest 𝐾𝑡 among the analyzed
locations, and with the high latitude and high relative AM, this results
in a significant red shift of the spectrum during the winter periods with
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Fig. 13. APE histogram for the month of June. Contribution of cloudy sky conditions is additionally presented within the histogram based on 𝐾𝑡 cases as presented in Eq. (5).
mean APE values around 1.82 eV. Grimstad experiences the highest
and lowest monthly APE values among five locations, from 1.93 eV
in July to 1.82 eV during December and January. The APE values for
Merklingen are 1.88 eV in July and 1.84 eV in December. APE values
for Berlin ranged from 1.86 eV in December to 1.92 eV in June, APE
values for Enschede ranged from 1.85 eV in December to 1.91 eV in
July, and APE values for Utrecht ranged from 1.84 eV in December to
1.91 eV in July.
15
Results show that all of the locations except Berlin encounter higher
APE values in the month of July, while all experience the lowest APE
value in December. Fig. 15 points to the latitudinal dependence of
APE values, which was also tested in SMARTS. The sheer impact of
latitude was however not found to significantly affect the APE in the
SMARTS simulations. The AM and the micro-climatic conditions, with
factors such as aerosols, PWV and others being important contributors,
therefore determine the APE values.
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Fig. 14. APE histogram for the month of December. Contribution of cloudy sky conditions is additionally presented within the histogram based on 𝐾𝑡 cases as presented in Eq. (5).
In addition to the general distribution of APE values in each loca-
tion, a comparison of the raw spectra from each location during noon of
a clear day in summer and winter, normalized to the maximum spectral
irradiance intensity value, is also presented in Fig. 16. Due to the dif-
ference in resolution between instruments, the spectral irradiance data
from SolarSIM-G is smoothed using a 5 nm central averaging technique,
to better match the lower spectral resolution of the spectroradiometers
as in [42] for the similar instruments. As seen from Fig. 16(a), a
16
similar qualitative shape of the spectrum is observed for all locations
during the summer. In comparison, the spectrum recorded during the
winter represents higher variation in the spectral irradiance intensity
at various wavelengths resulting in a significant variation among the
APE as presented in Fig. 16(b). While spectral irradiance intensity
at Grimstad is higher at NIR regions for both winter and summer
months, the intensity at UV and visible range during winter months is
significantly lower than other locations. In summer months, the energy
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Fig. 15. Comparison of monthly average APE values for the various locations considered in this study.
Fig. 16. Normalized measured spectra from around noon of a clear day in summer and winter months at each location.
distribution in UV and visible region is quite similar across all locations
and significant difference is observed at NIR regions only. Merklingen
experiences higher spectral intensity in the wavelength ranges below
700 nm while Grimstad experiences the lowest amongst all locations
which correlates to the APE value of 1.82 eV in Merklingen and 1.73 eV
for Grimstad. Berlin, Enschede and Utrecht experience similar spectral
distributions across all wavelengths, with spectra at Enschede having
lower energy content up to visible range and higher in the infrared
range among locations lying on the similar latitude. The APE values for
the spectra during winter months are distributed similar to the monthly
average APE values of corresponding locations.

Moreover, the spectra resulting to the same APE values are also
compared from each locations and presented in Fig. 17. The comparison
involves the calculated average spectrum from spectra measured over
an hour from all locations, which is normalized to the maximum
spectral irradiance intensity value. These spectra are selected from
two periods, summertime (May–June) for APE 1.88 eV and wintertime
(November–December) for APE 1.82 eV. These spectra result from
different days of the year for each location. For the normalized spectra
resulting in APE of 1.88 eV, all locations experienced highest energy
content between 450–500 nm. The average spectra from Grimstad is
seen to have relatively higher energy content in both the UV and
IR regions compared to other locations, while having lower energy
17
content in the visible region. However, for the normalized spectra
yielding APE of 1.82 eV, both Utrecht and Merklingen experienced
higher energy content around 550 nm whereas for other locations, the
highest energy content was at around 675 nm. Similar to the average
spectra for the APE of 1.88 eV, the energy content in Grimstad was
observed to be higher at UV and IR regions. Among other reasons,
the difference in spectra seen between Grimstad and other locations
could also be influenced by the instrumentation, as all other locations
except Grimstad use a array type spectroradiometer, and from the same
manufacturer.

Although the spectra correspond to the same APE value, it should
be noted that the AM conditions and the integrated irradiance were
different for all locations. It is known that the same integrated irradi-
ance can result from different spectra [75] whereas different spectra
can yield same APE value [22,23,31]. As demonstrated in the radar
plot in Fig. 9, APE has a strong dependence on aerosols, airmass and
water vapor. The different combination of these constituents cause
atmospheric extinction of different magnitudes which can at times
yield the same APE values for different spectra, which has also been
highlighted by [31].

In addition to the dynamic factors discussed above, the site condi-
tions like POA tilt and spectral albedo can also significantly alter the
measured spectra. While the ground reflected radiation can amount to
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Fig. 17. Average measured spectra around noon of different clear days in (a) summer and (b) winter, yielding same APE values at each location.
less than 1% of the total irradiance for tilt angles less than 25◦ [76],
this can considerably rise with the increment in the tilt angle. To assess
the impact of tilt angle and albedo types on APE, SMARTS simulations
similar to Section 3.3.1 were performed on the reference spectrum
with four different albedo types (alpine meadow, concrete, fresh snow
and light sand) where the tilt angles were varied between 0◦ and
50◦. As presented in Fig. 18, the albedo from fresh snow consistently
contributes to higher APE for all tilt angles, followed by concrete, light
soil and alpine meadow. As the tilt angle gradually increases from
0◦ to 50◦, it is seen that the APE values consistently decrease for all
the albedo types, and the corresponding integrated irradiances in the
350–1050 nm wavelength range increase. Difference in zonal (far-field)
albedo causes the irradiance and subsequently the APE to vary even
when the receiver is at a 0◦ tilt, but the same would not be true for
differing near-field albedo with a same zonal albedo [77]. In the same
figure, APE values contributed by different spectral albedos between
30◦– 45◦ tilt angle are marked within a gray rectangle to represent the
locations considered in this study. This difference in APE values from
each albedo source is quite small, i.e., in the order of less than 0.01 eV,
which is rather an insignificant difference. Similarly, the difference in
APE for the tilt angle range is relatively similar for all four albedo cases,
meaning the uncertainty caused by differing tilt factor alone is small,
provided the albedo is similar for the different locations. However, the
difference is significant in case of highly reflective albedo source like
snow, compared to the low albedo ground covers. For example, for a
30◦–45◦ tilt angle range, the maximum difference of APE between a
high and low reflective ground cover would be in the order of 0.03 eV,
which is comparable to the shifts among locations in this study. Spectral
albedo, therefore is an important factor that causes differences in
results that are not related to the atmosphere/solar radiation itself,
but rather the local environment. In addition, Moreover, dissimilarity
in instrumentation specifications can also introduce variations in the
recorded spectrum and hence, in the APE. Due to the scope of the paper,
characteristics of the spectral albedo is not investigated in this paper
but is suggested as a topic for future work.

Although the raw spectra differ amongst locations, the shape of the
normalized spectra is observed to be qualitatively similar for a given
APE value. A general shift of the spectra to the blue rich region in
the reported locations indicate possibilities of overall spectral gain for
PV devices with narrow SR both in single and multi-junction cells.
However, it should be noted that these locations experience red rich
spectra during clear days in wintertime and thus PV devices with wider
SR can experience spectral gain in winter.

4. Conclusions

The spectral irradiance distribution from five different locations in
northern Europe is compared on the basis of APE as a parameter of
18
Fig. 18. Contribution of different albedo types at various tilt angles on the APE;
simulated based on the reference AM1.5 spectrum in SMARTS.

spectral variation. The results show that the annual average spectra
in these locations, except for Merklingen are shifted to the blue-rich
region compared to the reference AM1.5G spectra. Clearness index was
used to investigate the sky conditions in these locations and results
validated the prevalence of generally blue rich spectra contributed by
a higher share of diffuse irradiance conditions. The clearness index
results show that monthly average values of 𝐾𝑡 mostly lie under 0.5,
with some exceptions for Berlin and Grimstad. The annual average APE
of 1.90 eV, 1.89 eV, 1.90 eV, 1.86 eV, and 1.88 eV was calculated for
Berlin, Enschede, Grimstad, Merklingen, and Utrecht respectively.

The seasonal variation of APE appears to increase with latitude,
with the highest seasonal variation in Grimstad (1.82 eV in winter
and 1.93 eV in summer) and lowest seasonal variation observed in
Merklingen (1.85 eV in winter and 1.88 eV in summer), i.e., the
highest and lowest latitude locations considered in this study. The
comparison of spectral distributions in summer and winter months
show a bi-modal distribution of APE values during winter, where clear
contributions from clear and cloudy sky conditions can be distinguished
for all locations. Simulations in SMARTS indicate that the observed
latitude-dependent variation is actually caused by the location-specific
range of AM values and atmospheric parameters. It is evident from the
simulations that the spectral distributions are primarily influenced by
two atmospheric parameters, namely AM and PWV, for the northern
European conditions while aerosols seem to have an additional impact
on a global level.
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The relationships between APE and air mass through zenith angle,
irradiance and humidity are also explored. For low zenith angles,
i.e. low AM values, the results show a wider distribution of APE values
for Merklingen and Utrecht, compared with Grimstad and Berlin where
APE values are narrowly distributed around 1.91 eV for zenith angles
below 35◦, probably because both Berlin and Grimstad are character-
zed by the higher clearness index values and also the highest APE
alues during spring and summer. Similarly, a wider distribution of APE
alues during low irradiance conditions is encountered which correlates
o the higher AM values. The extreme APE values found in these
ocations are contributed by the irradiance conditions during early
ornings and late evenings as well as extremely cloudy conditions. Low

olar elevation angles shift the APE values towards the red region and
alues as low as 1.6 eV are observed. During cloudy conditions, when
he long-wave radiation is absorbed by water molecules in the clouds
nd the spectrum shifts to the blue region with APE values up to 2.2 eV.
PE values during high irradiance conditions are typically centered
round the reference APE value of 1.88 eV. The impact of humidity
n APE values is visible after filtering the datasets for 𝐾𝑡 > 0.7, where

for high temperature and low humidity conditions, the APE values
are gathered near the reference value. Lower temperature conditions
representative of winter periods with higher AM values experience APE
values as low as 1.7 eV, even during high humidity conditions.

The results presented here for the spectral distributions of GPOA
irradiance for five locations in northern Europe add to the existing
limited knowledge on spectral variations at different geographical loca-
tions. As this work demonstrates, the spectral distributions are subject
to micro-climatic conditions and although the locations are within
the same climate classification they have significant differences in
their monthly and annual average APE distributions. These differences
arise mainly due to solar elevation combined with atmospheric factors,
although some contribution is attributed to the dissimilarity in albedo
conditions, plane of tilt and instrumentation. As the latter factors are
outside the scope of this paper, they are suggested as topics for future
investigations.

From the perspective of PV applications, the results indicate that PV
devices with narrow SR can benefit from the generally blue rich spectral
distribution in these locations, while during clear sky conditions in
wintertime PV devices with wider SR can experience spectral gains.
This work has been part of the COST Action PEARL PV program, which
aims to improve the performance and reliability of PV systems, and
where spectral data can be shared and accessed through the CKAN
server in https://ckan.pearlpv-cost.eu/.
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Appendix

See Table 5.
Table 5
Input data for reference solar spectrum generation using SMARTS 2.9.2.

Card ID Value Parameter description

1 IEC 60904-3:2016 Header
2 1 Pressure input mode: ISPR
2a 1013.25 0 Station pressure and altitude: SPR, ALT
3 1 Standard atmosphere profile selection: IATM1
3a USSA Default standard atmosphere profile: ATM
4 1 Water vapor input: IH2O
5 1 Ozone calculation: IO3
6 1 Pollution level mode: IGAS
7 370 Carbon dioxide volume mixing ratio: qCO2
7a 1 Extraterrestrial spectrum: ISPCTR
8 S&F RURAL Aerosol profile to use: AEROS
9 0 Specification for aerosol optical depth: ITURB
9a 0.084 Aerosol optical depth at 500 nm: TAU5

(continued on next page)

https://ckan.pearlpv-cost.eu/
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Table 5 (continued).
Card ID Value Parameter description

10 38 Far field spectral albedo file to use: IALBDX
10b 1 Specify tilt calculation: ITILT
10c 38 37 180 Albedo file to use for near field, tilt, and azimuth: IALBDG, TILT, WAZIM
11 280 4000 1.0 1367.0 Wavelength range-start, stop, mean radius vector correction, integrated solar spectrum irradiance: WLMN, WLMX, SUNCOR, SOLARC
12 2 Separate spectral output file print mode: IPRT
12a 280 4000 0.5 Output file wavelength-print limits, start, stop, minimum step size: WPMN, WPMX, INTVL
12b 1 Number of output variables to print: IOTOT
12c 8 or 2 Code relating output variables to print: OUT
13 1 Circumsolar calculation mode: ICIRC
13a 0 2.9 0 Receiver geometry-Slope, view, limit half angles: SLOPE, APERT, LIMIT
14 0 Smooth function mode: ISCAN
15 0 Illuminance calculation mode: ILLUM
16 0 UV calculation mode: IUV
17 2 Solar geometry mode: IMASS
17a 1.5 Air mass value: AMASS
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