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A B S T R A C T   

Lately, the photovoltaics community has shown an increased interest in overirradiance conditions as there is the 
possibility that such conditions might lead to malfunctions in photovoltaic systems. Varying irradiance levels, 
recurrence, and duration of such conditions have been reported worldwide, but experimental studies on the 
spectral distribution of overirradiance conditions are still scarce. This work analyses measured spectral irradi-
ance of overirradiance conditions along with spectra under clear and cloudy sky conditions in three different sites 
at low- (Lima-Peru) and mid-latitudes (Madrid-Spain and Berlin-Germany) collected for two years. The Average 
Photon Energy (APE) was used as a representative index of the spectral distribution. For each site, taking the APE 
under clear sky into account as a reference, it could be shown that the spectra under cloudy skies are blue-shifted, 
and the overirradiance spectra are red-shifted independently of the location. The red-shift is proportional to the 
irradiance enhancement intensity. In addition, all sites have different degrees of blue–shift for cloudy skies, with 
Lima, Madrid, and Berlin exhibiting a difference in APE compared to clear sky conditions of 17 meV, 38 meV, 
and 43 meV on average, respectively. This difference in APE for the overirradiance conditions compared to clear 
sky conditions is also independent of the location with a mean value of (8 ± 1) meV. These spectral shift ob-
servations experimentally confirm prior assumptions that overirradiance conditions predominantly cause an 
enhancement of the direct spectral irradiance.   

1. Introduction 

In-depth knowledge of Overirradiance (OI) conditions’ origin has 
gained an increased interest in the Photovoltaic (PV) community due to 
their potential technical and economic effects on the installation of PV 
and concentrator PV power plants [1–6]. Recent studies have shown that 
OI conditions lasting more than one minute and at ambient tempera-
tures above 30 ◦C can affect the operation of protection systems, heat 
and damage fuses, and cause inverter overloads [1,2,6,7]. On the one 
hand, strings exposed to long OI conditions may operate with high 
currents, which associated with high fuse operating temperatures, might 
cause string fuses to blow [2]. On the other hand, the increase of the 
electrical current in photovoltaic generators causes the output power to 
exceed the inverters nominal power, leading to inverter overload losses, 
particularly for undersized inverters [2,6]. Taking into consideration the 

impact of OI conditions on the operation and safety of PV systems may 
require rethinking the optimal design of PV systems in terms of inverter 
sizing factor and fuse rating [8]. 

Commonly, OI conditions correspond to situations in which the 
ground-based Global Horizontal Irradiance (GHI) exceeds the GHI ex-
pected for a cloud-free sky or Clear Sky (CS) [1,6,9–16]. In some cases, 
events with GHI higher than the solar constant (~1361.1 W/m2) [17] 
could be observed, which are called extreme OI events [2,9,18–22]. OI 
and extreme OI events have usually been observed in the presence of 
thin or thick fragmented clouds around the solar disk, as evidenced by 
sky images reported in previous investigations worldwide 
[1,2,5,14,21,23]. In 1968 Norris [24] proposed that the classification of 
clouds by transmissivity could be invalid due to the reflection of solar 
irradiance from the edges and sides of the fragmented clouds, which was 
evident when the irradiance that reached the Earth’s surface was higher 
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than the one under CS conditions. Additionally, OI conditions have been 
associated with reflections at the edges of the fragmented clouds around 
the solar disk. Subsequently, Wen et al. in 2001 [25] showed that the OI 
depends furthermore on the mean cloud-free distance. An OI origin 
hypothesis proposed that they are produced by reflection on the edges of 
the broken clouds that reveal the solar disk or partially cover it, as 
Ruther et al. showed [5]. Yordanov et al. presented an alternative hy-
pothesis using sky images where thin clouds that cover the solar disk 
produce OI conditions due to a strong forward Mie scattering inside the 
clouds [16]. 

Due to the scarcity of sky images, alternative identification methods 
are applied that imply using the clearness index or the clear sky index to 
identify overirradiance conditions. Additionally, they allowed differ-
entiating between clear sky, cloudy sky (Clo), and partly cloudy sky 
[26–28]. Consequently, there is no unique consensus in identifying an OI 
condition. Thus, the occurrence of OI conditions and their effects on PV 
systems have not yet been well quantified, mainly because of this lack of 
precise and quantitative information on OI conditions. Indeed, re-
searchers have suggested that the irradiance sampling (or averaging) 
frequencies of OI conditions should be one per second or higher to 
measure the peak irradiance, their frequency and duration [1,7,23]. 

Simulation models such as the Monte Carlo radiative transfer model 
have been developed to understand the mechanism and cause of OI 
[29,30] and correlate them to the measured data. However, radiative 
transfer and other models still need to be enhanced as they differ 
significantly from the experimental observations. For example, many of 
them do not yet consider the non-linear effects of the cloud optical depth 
and zenith angle [29]. On the other hand, a more in-depth consideration 
of Mie scattering might be required [30]. So far, models have been 
limited to analyzing a single wavelength [29–32]. 

Experimental and modeling studies could benefit from observing a 
broader spectral distribution of OI conditions to contribute to under-
standing and defining their origin. Few works have been dedicated to 
analyzing the UV spectral region of OI conditions, demonstrating an 
enhancement in that region [31,33,34]. In [22], we previously reported 
on the impact of extreme overirradiance events on the spectral distri-
bution; however, limited to Lima, Peru, and a few examples. After an 
extensive review of the literature, no other works were found that have 
analyzed broader spectral regions for OI conditions. 

The present work compares the spectral distribution of OI conditions 
in Lima, Madrid, and Berlin with the spectral distribution under CS and 
Clo conditions during the principal sunlight hours at each location. This 
work aims to provide information on the OI spectral distribution 
behavior at low- and mid-latitudes to shed more light on the under-
standing of OI conditions. 

2. Materials and methods 

2.1. Experimental spectral data 

The present work analyzed the measured spectral data from three 
different sites. Table 1 summarizes the characteristics, including the 
latitude and longitude of each site and the used spectroradiometer, tilt 
and azimuth angles, and sampling interval. The first site, Lima, Peru, is 

located at a low latitude in the terrestrial southern hemisphere. The data 
were obtained at the Photovoltaic Research Laboratory of the Pontificia 
Universidad Católica del Peru. The other two laboratories are located at 
mid-latitudes in the northern hemisphere. One measuring station is 
located in Madrid, Spain, and the spectral data was provided by the 
IDEA Research Group at the University of Jaén in Spain. The other 
station was located in Berlin, Germany, and belongs to the Helmholtz 
Zentrum Berlin für Materialien und Energie. 

In Lima and Berlin, the spectra were measured with an EKO MS711 
spectroradiometer (optical resolution FWHM < 7 nm, and wavelength 
accuracy ±0.2 nm), and in Madrid, with an EKO MS700 (optical reso-
lution FWHM < 10 nm, and wavelength accuracy ±0.3 nm). All spec-
troradiometers were calibrated and measured the spectral distribution 
of solar irradiance in W/m2/nm, ranging from 350 to 1050 nm. They are 
installed on tilted surfaces with a tilt angle of 20◦, 30◦, and 35◦ for Lima, 
Madrid, and Berlin, respectively. In Lima, the spectral data were 
recorded every 40 s, while in Madrid and Berlin, every 5 min. 

To obtain a sufficient amount of data for statistical analysis, despite 
the relatively long sampling intervals of 40 s and 300 s, two years of 
measured spectral data were scanned for OI conditions for each site. In 
Lima, the observation period was from May 2019 to April 2021, and 17 
days with CS, Clo, and OI conditions were found. Whereas for Madrid, 
the measuring period was from January 2016 to December 2017, with 
10 days found, and for Berlin, from January 2019 to December 2020, 
with 17 days found. 

2.2. Spectral data extrapolation for irradiance 

The spectra in Lima were measured synchronously with horizontal 
and tilted irradiance using pyranometers. However, Madrid and Berlin’s 
spectral and irradiance data were not synchronized. Therefore, to esti-
mate the irradiance corresponding to a spectrum measured with the 
spectroradiometers, we applied Neves et al. [35] and Martin and Ruiz’s 
[36] extrapolation methods to expand the spectral range from 280 nm to 
4000 nm and then integrated them. The Neves et al. method is per-
formed in the ultraviolet (UV) region from 280 nm to 350 nm [35], and 
the Martin and Ruiz’s extrapolation method is applied in the infra-red 
(IR) region from 1050 nm to 4000 nm [36]. Thus, the experimental 
global tilted irradiance (GTI) in W⋅m− 2 is calculated according to Eq. (1): 

GTI =
∫ 350

280 E*(λ)dλ
∫ 400

350 E*(λ)dλ

∫ 400

350
E(λ)dλ+

∫ 1050

350
E(λ)dλ+

∫ 4000
1050 E*(λ)dλ
∫ 1050

700 E*(λ)dλ

∫ 1050

700
E(λ)dλ

(1)  

where E(λ) is the measured solar spectral irradiance and E*(λ) is the 
solar spectral irradiance of the AM1.5G reference spectrum in 
W⋅m− 2⋅nm− 1. In [22], we demonstrated that the experimental GTI 
estimated from the integrated, extrapolated spectrum is a very good 
approximation of the GTI measured with a synchronized, tilted pyran-
ometer. Hence, we also applied the method mentioned above for Lima to 
estimate the experimental GTI from the spectra for consistency. 

2.3. Identification of CS, OI, and Clo conditions 

To differentiate the OI from the CS and Clo conditions, we first 
simulated the global tilted irradiance under CS conditions for all days 
under study. For this, we used the PVLIB Python library [37–39], where 
the simulated global tilted CS irradiance is defined as plane of array 
irradiance (POA). For consistency, this work assumes the same defini-
tion. The PVLIB Python library calculated the POA irradiance from the 
simulated GHI using a transposition model [38–41]. However, the POA 
irradiance given by PVLIB Python library may not correspond directly to 
an experimental GTI for CS, as pointed out in [10], due to the un-
certainties in the transposition models to estimate GTI. Indeed, during 
this experimental campaign, we observed that the POA irradiance pre-
dominantly differed from the experimental GTI for CS days. Therefore, a 

Table 1 
Geographical location, tilt and azimuth angles of the spectroradiometers.  

Site Latitude 
(◦) 

Longitude 
(◦) 

Spectroradiometer Tilt and 
azimuth 
angles 
(◦) 

Sampling 
interval 
(s) 

Lima  − 12.07  − 77.08 EKO-MS711 20 and 0 40 
Madrid  40.33  − 3.77 EKO-MS700 30 and 

180 
300 

Berlin  52.43  13.52 EKO-MS711 35 and 
180 

300  
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methodology is proposed for adjusting the POA irradiance to the 
experimental GTI for CS data. We define the corrected POA irradiance as 
the simulated CS Global Tilted Irradiance (GTI*). 

The procedure consists of making a linear fit between the experi-
mental GTI data for CS conditions and their corresponding POA irradi-
ance values. Using the slope and intercept obtained by the linear fit, the 
simulated GTI* is defined as expressed by Eq. (2): 

GTI* =
POA − b

m
(2)  

where b is the intercept and m is the slope of the linear fit. The til-
ted–clear–sky index k* is then defined as shown in Eq. (3): 

k* =
GTI
GTI* (3) 

According to earlier publications, an irradiance value with k*>1.05 
can be defined as corresponding to an OI condition. Additionally, this 
index has the advantage of allowing the definition of Clo conditions for 
irradiance values with k*<0.95; otherwise, irradiance values for 0.95 ≤
k* ≤ 1.05 are considered to have CS conditions [28,42]. 

2.4. Analysis of solar spectra 

The Average Photon Energy (APE) is the most widely used index to 
characterize spectral irradiance distribution [27,43–45]. It was pro-
posed by Jardine et al. in 2002 [46] and served to describe quantita-
tively if a spectrum is red-rich or blue-rich concerning another spectrum 
used as a reference [27,47]. The APE in electron volts (eV) is calculated 
using the following equation in the spectral range from 350 nm to 1050 
nm: 

APE =

∫ 1050
350 E(λ)dλ

q
∫ 1050

350 Φ(λ)dλ
(4)  

where E(λ) is the measured solar spectral irradiance, Φ(λ) is the photon 
flux density, and q is the electron charge [27,47,48]. The APE for the 
AM1.5G spectrum is 1.876 eV, considering this wavelength range. This 
study uses the APE to characterize the spectral distribution related to CS, 
Clo, and OI conditions. The APE of the OI and Clo conditions indicated if 
the spectra are red-rich/shifted or blue-rich/shifted with respect to the 
APE at CS. 

The spectral distribution and respective APE are sensitive to the air 
mass (AM) variation. When the AM increases, the spectral distribution 
becomes red-rich, as reflected by an APE decrease. Low elevation angles 
lead to higher AM, especially in the early morning and in the later af-
ternoon, which differ significantly from the AM at the highest elevation 
at noon. Therefore, to reduce the impact of the AM variation on the APE 
variation throughout each day in a year, the data corresponding to an-
gles of incidence (AOI) [49,50] higher than 30◦ is filtered out in this 
work so that the mean variation of the APE is a few millielectron volts 

(meV) and less than the variation produced by the OI conditions. 
Furthermore, as spectroradiometers are on tilted planes, the influence of 
the specular albedo on the spectral distribution may be reduced [9,51] 
at lower AOI. 

3. Results and discussion 

3.1. Clear sky days 

In Fig. 1, the graphs of the irradiances as a function of time are shown 
for days with CS conditions comparing Lima, Madrid, and Berlin. The 
plotted irradiances correspond to the experimental GTI and simulated 
GTI*, as well as the POA irradiance obtained directly using PVLIB- 
Python. As can be seen, with the proposed adjustments, the simulated 
GTI* and experimental GTI are in good agreement. 

To estimate the impact of the AOI and, thus, AM on the APE, we 
depict in Fig. 2 the APE, the tilted–clear–sky index k*, and the experi-
mental GTI as functions of the AOI for the same CS days presented in 
Fig. 1. 

In the three sites, the CS days show that both APE and GTI decrease 
as the AOI increases. This is because higher AOI correspond to higher air 
mass AM and, consequently, a higher absorption and scattering of 
photons, resulting in lower irradiance and fewer high-energy photons. 
The tilted–clear–sky index k* remains relatively close to unity and lies 
confined within 1.00 ± 0.05, as expected for a CS day. 

To better distinguish the impact of OI conditions on APE from the 
impact of the AOI, we first had to minimize the impact of AOI changes on 
APE changes. For this, we limited the AOI observation window to 30◦. 
The APE variation for angles <30◦ of the AOI are ~3 meV for Lima and 
Madrid and ~2 meV for Berlin, as indicated by the purple lines in Fig. 2. 

3.2. Days with CS, Clo, and OI conditions 

Fig. 3 shows the experimental GTI and simulated GTI* irradiances for 
days with CS, Clo, and OI conditions. In all cases, the results are plotted 
for irradiances higher than 400 W/m2. Note that the experimental GTI 
and simulated GTI* irradiances matched quite well for CS conditions. 

The distinction between CS, Clo, and OI conditions is based on the 
tilted–clear–sky index k* defined in Eq. (3). All GTI values that show k* 
5 % above the simulated GTI* correspond to OI conditions, and those 
with 5 % below the simulated GTI* correspond to Clo conditions. In 
contrast, those between ±5% are considered CS conditions. 

Fig. 4 shows the spectral irradiances corresponding to CS, Clo, and OI 
conditions exemplarily marked with circles in Fig. 3. In all three loca-
tions, the spectral irradiance of OI conditions is higher than in the CS 
conditions in the entire spectral range. Furthermore, a more significant 
increase in photon number in the visible (390 nm – 770 nm) and near- 
infrared (>770 nm) regions could be observed, which explains why 
the APE value for OI conditions is lower than for the CS condition. On 
the contrary, the APE for the Clo conditions is higher than the APE for CS 

Fig. 1. Comparison of POA irradiance, experimental GTI, and simulated GTI* for exemplary clear sky (CS) days in Lima, Madrid, and Berlin.  
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conditions. 

3.3. Impact of OI conditions on the spectral distribution 

In Fig. 5(a), the experimental GTI irradiances and APE, corre-
sponding to the AOI range of 30◦, are shown as a function of time 
throughout a day with CS, Clo, and OI conditions in Lima, Madrid, and 
Berlin. The APE variations for CS conditions remain below ~3 meV in 
the chosen AOI range. For OI conditions, the APE decreases, while for 
Clo conditions, the APE increases. It is essential to mention that lower 
APE values correspond to the most extreme OI events, which shows a 
clear red-shift with respect to CS APE. Likewise, the Clo condition pre-
sent a blue shift since their corresponding APE is higher than for CS. This 
last observation corroborates the results obtained by Paudyal et al. and 

Neves et al. [26,27]. 
Fig. 5(b) shows the APE as a function of the tilted–clear–sky index k* 

for CS, Clo, and OI conditions during the respective day of observation 
for an AOI below 30◦. The entire data set for each day and location 
plotted as APE vs. k* can be found in the Supporting Information (SI). 
The range of APE values for Clo conditions (blue) is generally more 
extensive than the range of OI conditions (red) because the irradiance in 
Clo conditions can drop much lower than the OI conditions can rise 
compared to the CS, as shown for Madrid in Fig. 5 (b) and Fig. 5 (a). In 
short, overirradiance conditions show a red-shift proportional to k*. 
Interestingly, there is a quasi-linear relationship between the APE values 
and k* for Lima and Madrid, i.e., high APE for low k* values, and the 
APE value decreases with increasing k*. For Lima, this quasi-linear 
behavior is consistent for almost all analyzed days shown in the SI, 

Fig. 2. APE, k*, and GTI as functions of AOI for the days shown in Fig. 1 for Lima, Madrid, and Berlin.  

Fig. 3. Experimental GTI and simulated clear–sky GTI* to identify CS, Clo, and OI events, for exemplary days in Lima, Madrid, and Berlin. The circles mark 
exemplary CS, Clo and OI conditions to show their spectral irradiance in Fig. 4. 

Fig. 4. Spectral irradiances corresponding to the CS, Clo, and OI conditions selected and shown in Fig. 3 for Lima, Madrid, and Berlin.  
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with only a few days showing a slightly larger dispersion of APE for Clo 
conditions but rarely reaching k* values below 0.4. Whereas for Madrid, 
most days in the SI show a more significant dispersion of the APE for Clo 
conditions, particularly at k* values below 0.4. In Fig. 5(b), for Berlin, 
this APE – k* quasi-linear relationship is only apparent for OI conditions, 
not Clo conditions where the APE values are more dispersed. In the SI, 
this behavior is observed for most days in Berlin. Understanding this 
discrepancy of the APE – k* relationship for Clo conditions requires a 
closer analysis of the type of clouds, which is out of the scope of this 
work. 

During the OI condition, the k* value is an indicator of the intensity 
of the irradiance enhancement. This APE – k* quasi-linear relationship 
indicates that the higher the enhancement, the more red-shifted the 
spectral distribution. An explanation for this red-shift could be that the 
OI condition predominantly enhances the direct irradiance component 
of the global irradiance [9]. In [52], the measured diffuse and direct 
components of the global solar spectrum were blue-rich and red-rich, 
respectively. Hence, enhancing predominantly the direct component 
causes a red-shift in the global spectral irradiance during an OI 
condition. 

Next, we analyzed the reproducibility and statistics of the blue- and 
red-shift during Clo and OI conditions, respectively, in Lima, Madrid, 
and Berlin. In all cases, similar quasi-linear relationships between APE 
and k* were observed as in Fig. 5(b). Fig. 6(a) shows the mean APE 
values with a 95% confidence interval of all the days that presented CS, 
Clo, and OI conditions during the noon hours at AOI < 30◦. The number 
of days with OI conditions was considerably higher than presented here. 
However, to follow the procedure described above, we limited the 
analysis to days that demonstrated CS, Clo, and OI conditions within the 
AOI observation window, as CS data is required to obtain GTI* with the 
proposed methodology. Hence, days with OI conditions but without or 
too few CS conditions were discarded. Furthermore, it should be noted 
that as OI conditions often occur for a very short duration, it might be 

possible that they could not be observed during the measurement, 
especially in Madrid and Berlin, where the measurement period was 5 
min. However, the acquired days with CS, Clo, and OI data are sufficient 
for statistical analysis. 

In Fig. 6 (a), the mean APE values and their confidence intervals for 
CS, Clo, and OI conditions do not overlap, except for a few cases in 
Madrid, indicating that the respective blue- and red-shifted APEs are 
statistically different from CS APE. The mean APE values for CS vary 
according to the season and thus the day of the year, as shown by Jardine 
and Minemoto [46,53], but they remain below the mean value for Clo 
and above the mean value for OI. 

Regarding the APE values for CS conditions in each city, as shown in 
Fig. 6(a), on average, the APE of Lima is higher than that of Madrid and 
Berlin, which can be attributed to Lima’s closer proximity to the equator 
and, thus, lower air mass around noon hours. On the other hand, the 
dispersion and the mean value of the APE for Clo conditions are higher 
for Berlin and Madrid than for Lima, which may be due to atmospheric 
conditions specific to each place, such as the type of clouds, among 
others. 

Fig. 6(b) shows the difference (ΔAPE) between the OI and CS mean 
APE, and between Clo and CS mean APE. A positive ΔAPE indicates a 
red-shift, and a negative ΔAPE a blue-shift of the solar spectrum. Cloudy 
conditions in Madrid tend to blue-shift the spectrum further than in 
Lima, whereas for Berlin the blue-shift is more dispersed, with some days 
showing the strongest blue-shift among the three sites. For Lima ΔAPE 
for CS-Clo shows only a small variability of the type of clouds for all 
observed days. 

Fig. 7 summarizes the statistics of the spectral analysis throughout 
the experimental campaign. In Fig. 7(a), the box plots represent the 
statistical distribution of the APE values presented in Fig. 6(a) in each 
site for the days with CS, OI, and Clo conditions and AOI < 30◦. Lima’s 
mean CS APE value is higher than Madrid’s and Berlin’s due to its 
proximity to the equator. The blue-shifted mean Clo APE values do not 

Fig. 5. (a) Experimental GTI and APE as a function of time, showing that APE and GTI are inversely proportional for all OI and Clo conditions. (b) APE as a function 
of k* showing red-shifts for OI and blue-shifts for Clo. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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differ considerably between sites, hence, may be independent of the CS 
APE. However, their dispersion varies considerably from site to site. This 
different dispersion of the Clo APE data might represent the variety of 
cloud types, cloudiness, and other atmospheric factors in the respective 
sites. On the other hand, the red-shifted mean OI APE values seem to 
depend on the site’s mean CS APE. 

Fig. 7(b) shows the boxplots of the daily ΔAPE in Fig. 6(b), and 
Table 2 summarizes the mean ΔAPE. The mean ΔAPE for Clo conditions 
in Lima is the smallest, indicating the least blue-shift, and negligible 
dispersion. Madrid and Berlin show similar mean ΔAPE for Clo condi-
tions. The mean ΔAPE for Clo conditions in Berlin is more than double 
that of Lima, indicating that cloudy conditions in Berlin cause a 
considerable further blue-shift of the CS global irradiance. Interestingly, 
the mean ΔAPE for OI conditions is very similar in the three sites, with 8, 
7, and 9 meV for Lima, Madrid, and Berlin, respectively, suggesting that 
the cause of these OI events are of similar nature and, thus, site- 
independent. 

Fig. 6. (a) Daily mean APE values for CS, OI and Clo conditions with error bars corresponding to 95% confidence intervals. (b) Daily difference between mean APE 
values for OI and Clo concerning CS. 

Fig. 7. (a) Boxplots of APE values for CS, OI and Clo conditions. (b) Boxplots of daily differences between mean APE values for OI and Clo concerning CS.  

Table 2 
Mean of ΔAPE for OI and Clo conditions concerning CS.   

Lima Madrid Berlín 

Mean[ΔAPE(CS-Clo)] (meV) − 17 − 38 − 43 
Mean[ΔAPE(CS-OI)] (meV) 8 7 9  
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4. Conclusions 

This work investigated the impact of clouds on the clear-sky solar 
spectral irradiance near noon hours at three different sites, a low- 
latitude location in Lima, Peru, and two mid-latitude locations in 
Madrid, Spain, and Berlin, Germany. From two years of spectral data, 
clear sky, cloudy sky, and overirradiance conditions were categorized by 
the tilted–clear-sky index, and the average photon energy quantified 
their spectral distribution. 

Two key findings were presented: First, a general quasi-linear trend 
between the average photon energy and the tilted–clear-sky index, with 
cloudy sky conditions causing a blue-shift and overirradiance conditions 
causing a red-shift of the clear sky spectral distribution. In particular, for 
overirradiance conditions, the quasi-linear relationship indicates that 
the caused red-shift increases with the intensity of the cloud 
enhancement. 

Second, the blue-shifted spectra of cloudy-sky conditions result in 
similar spectral distributions independent of the location, as shown by 
their similar mean average photon energies for each site. The red-shift 
caused by overirradiance conditions results in different spectral distri-
butions, depending on the average photon energy of the clear sky. 
However, the energy red-shift of (8 ± 1) meV is very similar in the three 
locations, indicating that similar, site-independent processes may cause 
the overirradiance. 

This red-shift of the global spectral irradiance caused by the over-
irradiance conditions can be explained by a predominant enhancement 
of the direct irradiance component [8], assuming a red-rich direct 
spectral distribution [50]. We encourage the very few laboratories that 
simultaneously measure global, direct, and diffuse spectral irradiance to 
perform a similar analysis of the overirradiance spectra to confirm this 
hypothesis. 

Finally, these spectral shift observations may help improve current 
models to better understand the physical processes during such cloud- 
enhancing events. 
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[31] Calbó, J., González, J.-A., Badosa, J., et al., 2017. How large and how long are UV 
and total radiation enhancements? AIP Conf. Proc. 1810, 110002. 

[32] A.A. Kokhanovsky, A. Smirnov, S.V. Korkin, et al. The retrieval of cloud properties 
based on spectral solar light diffuse transmittance measurements under optically 

M.A. Zamalloa-Jara et al.                                                                                                                                                                                                                    

https://doi.org/10.1016/j.solener.2023.05.010
https://doi.org/10.1016/j.solener.2023.05.010
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0010
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0010
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0010
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0015
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0015
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0020
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0020
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0025
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0025
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0025
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0030
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0030
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0030
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0035
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0035
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0040
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0040
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0045
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0045
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0045
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0050
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0050
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0050
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0050
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0055
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0055
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0065
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0065
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0075
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0075
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0075
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0085
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0085
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0085
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0090
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0090
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0095
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0095
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0100
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0100
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0100
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0105
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0105
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0115
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0115
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0115
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0120
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0120
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0125
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0125
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0125
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0145
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0145
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0145
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0150
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0150
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0150
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0155
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0155


Solar Energy 259 (2023) 99–106

106

thick cloud cover conditions. J. Quantitative Spectroscopy Radiative Transfer 2020; 
251: 107008. 
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Is the average photon energy a unique characteristic of the spectral distribution of 
global irradiance? Sol. Energy 149, 32–43. 

[45] Nofuentes, G., Gueymard, C.A., Caballero, J.A., Marques-Neves, G., Aguilera, J., 
2021. Experimental evaluation of a spectral index to characterize temporal 
variations in the direct normal irradiance spectrum. Appl. Sci. 11 (3), 897. 

[46] C.N. Jardine, R. Gottschalg, T. Betts, et al. Influence of Spectral Effects on the 
Performance of Multijunction Amorphous Silicon Cells. 2002. 

[47] Minemoto, T., Nakada, Y., Takahashi, H., Takakura, H., 2009. Uniqueness 
verification of solar spectrum index of average photon energy for evaluating 
outdoor performance of photovoltaic modules. Sol. Energy 83 (8), 1294–1299. 

[48] Norton, M., Amillo, A.M.G., Galleano, R., 2015. Comparison of solar spectral 
irradiance measurements using the average photon energy parameter. Sol. Energy 
120, 337–344. 

[49] D.L. King, J.A. Kratochvil, W.E. Boyson, Measuring solar spectral and angle-of- 
incidence effects on photovoltaic modules and solar irradiance sensors. In: 
Conference Record of the Twenty Sixth IEEE Photovoltaic Specialists Conference - 1997. 
Anaheim, CA, USA: IEEE, pp. 1113–1116. 

[50] Marion, B., 2017. Numerical method for angle-of-incidence correction factors for 
diffuse radiation incident photovoltaic modules. Sol. Energy 147, 344–348. 

[51] Gueymard, C.A., Lara-Fanego, V., Sengupta, M., Xie, Y.u., 2019. Surface albedo and 
reflectance: Review of definitions, angular and spectral effects, and 
intercomparison of major data sources in support of advanced solar irradiance 
modeling over the Americas. Sol. Energy 182, 194–212. 

[52] Kirn, B., Topic, M., 2017. Diffuse and direct light solar spectra modeling in PV 
module performance rating. Sol. Energy 150, 310–316. 

[53] Minemoto, T., Toda, M., Nagae, S., Gotoh, M., Nakajima, A., Yamamoto, K., 
Takakura, H., Hamakawa, Y., 2007. Effect of spectral irradiance distribution on the 
outdoor performance of amorphous Si//thin-film crystalline Si stacked 
photovoltaic modules. Sol. Energy Mater. Sol. Cells 91 (2-3), 120–122. 

M.A. Zamalloa-Jara et al.                                                                                                                                                                                                                    

http://refhub.elsevier.com/S0038-092X(23)00332-8/h0165
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0165
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0170
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0170
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0175
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0175
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0175
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0180
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0180
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0200
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0200
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0205
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0205
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0205
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0210
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0210
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0220
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0220
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0220
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0225
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0225
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0225
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0235
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0235
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0235
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0240
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0240
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0240
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0250
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0250
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0255
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0255
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0255
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0255
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0260
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0260
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0265
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0265
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0265
http://refhub.elsevier.com/S0038-092X(23)00332-8/h0265

	Overirradiance conditions and their impact on the spectral distribution at low- and mid-latitude sites
	1 Introduction
	2 Materials and methods
	2.1 Experimental spectral data
	2.2 Spectral data extrapolation for irradiance
	2.3 Identification of CS, OI, and Clo conditions
	2.4 Analysis of solar spectra

	3 Results and discussion
	3.1 Clear sky days
	3.2 Days with CS, Clo, and OI conditions
	3.3 Impact of OI conditions on the spectral distribution

	4 Conclusions
	Declaration of Competing Interest
	Acknowledgments
	Appendix A Supplementary data
	References


