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Abstract

In this study, we present some aspects related with the relationship between overirradiance, short-term
irradiance variability and cloud cover in Central Amazonia. The analysis focuses on how cloud morphology
and atmospheric conditions modulate the temporal structure of surface solar irradiance. Results show a
positive correlation (r = 0.63) was found between DARR and overirradiance frequency, stronger during the
wet season (r = 0.67) than the dry season (r = 0.58), reflecting the role of fragmented cloud fields and optical
properties in enhancing rapid fluctuations. Intraday variability peaks around local noon, particularly in the
afternoon, indicating higher susceptibility to sharp irradiance ramps during this period. Cloud type analysis
shows that low clouds dominate overirradiance events, while cirrus and altocumulus also increase in
frequency, though with lower optical efficiency. Cumulus congestus and low clouds produce the most intense
ramps, whereas cirrus generate lower but still significant fluctuations. These results highlight the influence
of cloud morphology on the temporal structure of solar irradiance and provide a physical basis to support
very short-term forecasting approaches, as discussed in Rocha et al. (2025) e Rocha (2025).
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1. Introduction

The expansion of solar energy has consolidated itself as one of the main drivers of the global energy
transition, propelled by technological advances and the growing demand for renewable and decentralized
sources. In Brazil, the installed capacity of photovoltaic generation increased more than fortyfold between
2017 and 2024, reaching approximately 23% of the national electricity matrix (ABSOLAR, 2025). Despite
this progress, challenges persist in tropical regions such as the Amazon, where high cloudiness and the
complexity of atmospheric processes impose limitations and uncertainties on the integration of solar energy
into power systems (Pereira et al., 2017; REN21, 2025).

The wvariability of solar irradiance - resulting from the combination of astronomical factors and
meteorological conditions - represents one of the main obstacles to the safe and efficient operation of
photovoltaic systems. At hourly and sub-hourly scales, rapid fluctuations associated with cloud passages are
particularly critical, potentially causing abrupt drops or sharp peaks in irradiance. Among these extreme
events, overirradiance stands out, characterized by values exceeding the theoretical maximum expected
under clear-sky conditions, with the potential to affect inverters and other components of the electrical grid.
Anticipating such events is essential for protection strategies and operational optimization, especially in
highly variable regions such as Central Amazonia.

Several studies have advanced the development of very short-term irradiance forecasting models, including
approaches based on machine learning. However, understanding the meteorological mechanisms and
variability patterns associated with overirradiance is equally important for improving these models and
guiding their application in regional energy planning. In particular, cloud types and morphological properties
play a central role in these processes by modulating, in distinct ways, the occurrence and intensity of
overirradiance events.
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In tropical regions, the temporal variability of cloud cover is high, with a predominance of convective
processes that are difficult to predict (Laing and Evans, 2011). This dynamic generates rapid and intense
fluctuations in Global Horizontal Irradiance at the surface (GHI), on timescales ranging from minutes to
hours. The spatial andtemporal variation of cloud fraction (CF), associated with properties such as optical
depth, liquid water content, and droplet size distribution, modulates the amount of radiation transmitted to
the surface. Additionally, high atmospheric humidity and the presence of aerosols influence the
transmissivity of the atmospheric column, introducing variability into GHI and CF signals and increasing the
complexity of predictive modeling of these parameters.

In this study, we present a complementary analysis to that described in Rocha et al. (2025), focusing on the
relationship between overirradiance, irradiance variability, and cloud cover in Central Amazonia. The
seasonal and diurnal characterization of irradiance and cloud fraction was previously discussed in detail in
Rocha et al. (2025) and Rocha (2025), and here serves as the basis for investigating the patterns associated
with overirradiance events, with emphasis on the contribution of different cloud types and on the temporal
scales relevant to photovoltaic operation. The forecasting model employed in this study is described in detail
in in the last two works cited and is not reintroduced here, allowing the discussion to concentrate on the
meteorological and operational aspects of the events.

1.1. Irradiance variability

One of the most common approaches described in the literature to quantify the short-term variability of
surface solar irradiance is through indices based on the ramp concept (Lave et al., 2013). A ramp event,
quantified by the metric known as the Ramp Rate (RR), consists of the difference in irradiance between two
consecutive time steps and can be characterized by attributes such as magnitude (in irradiance units),
duration (in time units), direction (increase or decrease in irradiance), and impulse (ratio between irradiance
and time) (Hansen et al., 2010).

With the aim of assessing the availability and stability of the solar resource under different atmospheric
conditions, Rocha et al. (2022) present a review of the main indices proposed in the literature for quantifying
the variability of GHI. That study employs the Daily Aggregate Ramp Rate (DARR), an index initially
introduced by van Haaren et al. (2012), which represents the sum of the absolute values of irradiance
variations between consecutive time steps throughout a day, normalized by a constant C = 1000 W/m?2. In the
present work, the differences between these time steps were considered at 1, 2, and 5 minutes. The DARR,
whose formulation is presented in Equation 1, enables the quantification of irradiance variability without
requiring a clear-sky model as a reference, which constitutes an important practical advantage in terms of
applicability.
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(eq. 1)

Furthermore, in Rocha et al. (2022), it is observed that the relationship between solar irradiance and its
variability forms an ‘arrowhead’ structure when the clearness index Kt - defined as the ratio between GHI
and the irradiance at the Top of Atmosphere (TOA) - is plotted as a function of DARR. This indicates that
days with the same mean irradiance level may exhibit very different variability. This result reinforces that
magnitudebased metrics, such as GHI or Kt are not sufficient to infer short-term variability, highlighting the
importance of including specific indices such as DARR for a more robust and independent characterization
of the solar resource.

1.2. Overirradiance and cloud types

Overirradiance is associated with two main atmospheric mechanisms: cloud enhancement and cloud lensing.
In the former case (cloud enhancement), the intensification of global irradiance occurs due to the
combination of multiple scattering and reflections between clouds and the surface, resulting in a significant
increase in the diffuse component, even under partial cloud cover (Pfister et al., 2003; Thuillier et al., 2013;
Gueymard, 2017). Cloud lensing, in turn, is related to the temporary concentration of direct solar radiation at
cloud edges, which act as optical lenses, producing transient irradiance peaks that exceed clear-sky values
(Balfour, 2011; Zehneret al., 2010). The occurrence of such events is particularly favored under intermediate
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cloud cover conditions, generally between 50% and 90%, and in scenarios with isolated clouds or well-
defined edges (Piacentini et al., 2011).

The morphological and optical properties of clouds play a decisive role in the frequency and intensity of
these episodes, as described in Mol and van Heerwaarden (2025). Low cumulus clouds, with well-defined
edges and strong radiative contrast, are associated with the most intense and variable irradiance peaks.
Altocumulus clouds, in turn, allow greater direct transmission, enhancing the superposition of direct and
diffuse components, whereas cumulonimbus clouds tend to block direct irradiance, with localized
enhancements occurring only at illuminated edges. Stratus and stratocumulus clouds, by contrast, exhibit
more homogeneous behavior, with low irradiance variability. These structural and optical characteristics
explain the predominance of specific cloud types in generating overirradiance observed across different
regions and temporal scales.

2. Methodology

The data used in this study were obtained during the GoAmazon 2014/5 experimental campaign (Martin et
al., 2016), which investigated the life cycles of aerosols and clouds in Central Amazonia and the effects of
urban emissions from Manaus on these atmospheric processes. The T3 site, located in Manacapuru -
Amazonas (3.21°S; 60.6°W, UTC—4), was established in a pasture area surrounded by native forest and
equipped with instruments designed to measure radiative, hydrological, and meteorological fluxes. The data
are publicly available in the ARM (Atmospheric Radiation Measurement) repository (Flynn, 2014; Sengupta
et al., 2014). Global horizontal irradiance (GHI) was measured using a ventilated PSP pyranometer from the
SKYRAD platform (Andreas et al., 2018), with measurements recorded every 2 seconds and averaged over 1
minute, while CF was obtained from the Total Sky Imager (TSI) (Long et al., 2001), which captures
hemispheric sky images every 30 seconds using a heated hemispherical mirror and a movable shadow band
to block the solar disk. These images represent local atmospheric conditions at spatial scales of
approximately 1 km and temporal scales of up to 30 minutes (Antonanzas et al., 2016).

Cloud type classification was derived from the ARSCL (Active Remote Sensing of Clouds) product
(Johnson and Jensen, 1996), which integrates data from multiple active sensors: the W-band cloud radar
(WACR), providing vertical profiles of reflectivity; the radar wind profiler (RWP), complementing cloud
detection with reflectivity and wind information; the ceilometer (CEIL), identifying up to three cloud-base
layers; and the micropulse lidar (MPL), which enhances sensitivity to smaller particles, enabling a more
precise characterization of cloud vertical structure. The methodology follows the criteria established by
McFarlane et al. (2013) and Burleyson et al. (2015), classifying clouds based on cloud-base height, cloud-top
height, and vertical thickness. The product provides a temporal resolution of 30 seconds, vertical information
distributed across 600 height levels, and seven cloud classes: Low clouds, Congestus, Deep convection,
Altocumulus, Altostratus, Cirrostratus/anvil, and Cirrus.

3. Results and Discussion
3.1. Variability

The distribution of ramp rate (RR) values exhibits a decreasing asymmetric behavior: a higher concentration
of low-magnitude events and a declining frequency as the variation between consecutive time steps
increases. This pattern is expected and can be interpreted as resembling a gamma (or exponential) type
distribution, since large irradiance ramps (resulting from abrupt atmospheric changes) are naturally rarer
compared to small fluctuations.

By contrast, DARR values, as they are obtained from the sum of absolute irradiance differences throughout
the day, tend to be distributed more symmetrically around a mean value. This behavior is consistent with an
approximately normal (or Gaussian) distribution, resulting from the aggregation of multiple events over time
- which, according to the central limit theorem, favors a concentration of values near the mean and a gradual
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reduction in frequency toward the extremes.

Figure 1 presents the mean ramp size, calculated in cases where GHI values are available for the subsequent
minute, across its diurnal cycle using data from the entire study period. A concentration of higher-magnitude
ramps and greater variability is observed as solar noon approaches, with a notable afternoon asymmetry in
which ramps tend to be slightly more intense. This behavior is associated with the increase in direct
irradiance and enhanced cloudiness - as also observed in Rocha (2025). The greater granularity (rapid
oscillations between consecutive values) observed in the graph during the peak period may indicate increased
cloud variability, with frequent cloud formation and dissipation as well as intermittent shadow passages.
These patterns suggest a predominance of short-duration, high-intensity ramps during this interval of the day.
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Figure 1: Diurnal cycle of the average irradiance ramps (in W/m?).

Higher DARR values indicate greater irradiance variability, which may be associated with cloud passages.
Figure 2 presents the daily and monthly DARR series for three different temporal windows: 1, 2, and 5
minutes. It is observed that the longer the time interval considered between measurements, the lower the
mean DARR values (both daily and monthly), and the smaller the dispersion of values. This behavior occurs
because the use of longer intervals smooths rapid irradiance fluctuations, reducing the magnitude of
instantaneous variations captured and, consequently, the mean DARR values. The fact that 1-minute
averages systematically yield higher values than the other intervals indicates that irradiance variations are
particularly intense at sub-minute scales.
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Figure 2: Daily DARR (dots) and monthly averages (lines), with time differences of 1, 2 and 5 minutes (blue, green and red,
respectively).

The monthly mean curves exhibit a seasonal pattern, with relatively smooth variations throughout the year.
Although the monthly means suggest that July presents the highest DARR values, the analysis of daily
values reveals considerable variability across the entire period. This daily dispersion is sufficient to prevent
the establishment of a statistically significant conclusion regarding which period exhibits the highest or
lowest DARR values. In other words, although the dry season tends to concentrate higher mean values, there
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are days in other months with variability comparable to or even exceeding that observed in July, making
interpretations based solely on means limited. Thus, while the dry season is characterized by higher mean
irradiance, this does not imply that daily variability is either lower or higher than in the wet season.
Consequently, both in the dry and wet seasons, days with high variability and days with relatively stable
conditions may occur.

Considering all 1-minute values (Figure 3), a positive correlation of 0.63 is observed between the DARR
index and the daily number of overirradiance events. This value suggests that intraday variability of solar
irradiance is associated with the occurrence of such events, and the linear relationship obtained (with a slope
of approximately 5) indicates that increases in DARR tend to intensify the frequency of overirradiance
events. This result is consistent with the physical behavior of the atmosphere in tropical regions, where the
presence of convective clouds and optical effects can induce intense and rapid irradiance fluctuations (Mol
and van Heerwaarden, 2025). This observation reinforces that GHI variability acts as a contributing factor to
the occurrence of overirradiance, particularly at sub-hourly scales. When considering only values from the
wet and dry seasons, the correlation changes to 0.67 and 0.58, respectively. One possible explanation is that
greater cloud cover produces more cloud edges, even if mean irradiance is lower, thereby generating
numerous smaller oscillations that are more strongly associated with overirradiance events.
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Figure 3: Number of overirradiance events versus DARR, with linear regression line (in red) and respective adjusted equation
and Pearson correlation coefficient.

Although the highest mean DARR values occur during the dry season, a stronger correlation is observed
between this variability (DARR) and the occurrence of overirradiance events during the wet season. This
apparent contradiction can be explained by the different natures of variability in each period: in the dry
season, intense ramps associated with isolated clouds against a clear-sky background predominate, which do
not always result in overirradiance. In the wet season, the greater coverage of fragmented clouds and the
presence of favorable optical conditions (such as cloud edges and multiple scattering) increase the likelihood
of overirradiance, even under less intense variability - thereby strengthening the association between DARR
and these events during this period. This interpretation is consistent with the hypothesis that, in the study
region, the wet season is dominated by larger-scale systems (such as the northwest-to-southeast propagation
of South American convection, according to Horel et al. (1989)), whereas the dry season is more strongly
influenced by local and isolated convective processes (Machado et al., 2018), which affect cloud structure
and the optical mechanisms responsible for overirradiance.

3.2. Cloud types

The analysis of cloud types was conducted using data from the ARSCL product, which provides vertical
profiling of cloud cover. Since the data are restricted to the zenith point, they exclusively represent clouds
located directly above the sensor, disregarding those inclined toward the horizon. This limitation may



V. R. Rocha et. al. / SWC 2025 / ISES Conference Proceedings (2025)

introduce significant biases in the analysis, particularly in studies of solar irradiance, as peripheral clouds
near the solar disk (often responsible for optical effects associated with overirradiance events) are not
adequately represented by vertical profiling. The occurrence of multiple cloud layers (overlap) was not
considered in this study, but constitutes a relevant extension for future investigations, given its potential
impact on radiative modulation. Such an analysis could be carried out not only with the ARSCL product,
which provides vertical profiles, but also with classifications derived from ASIs, which allow observation of
cloud cover beyond the zenith point and under different solar geometries.

Figure 4 presents the monthly percentage distribution of the main cloud types observed throughout the study
period. Although no marked pattern was identified in the diurnal cycle of the predominant cloud type on each
day (not shown), the monthly analysis reveals a significant reduction in the occurrence of vertically
developed clouds (such as cumulus congestus and deep convective clouds) in 2015 compared to 2014. This
difference was particularly pronounced during the dry season, in agreement with the findings of Giangrande
et al. (2017). This abrupt change may be related to the configuration of the El Nifio phenomenon, even
though the event was not fully established in the early months of 2015, combined with large-scale convective
forcing during the wet season, which suggests the need for further investigation.
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Figure 4: Monthly percentage distribution of the main cloud types observed through the ARSCL product.

An increase in the occurrence of high- and mid-level clouds, such as cirrus and altocumulus, was observed,
particularly during the driest months of 2015, accompanied by a marked reduction in the frequency of
vertically developed clouds, such as cumulus congestus and deep convective clouds, compared to the
previous year. This shift in cloudiness patterns is consistent with a scenario of dry-air subsidence at upper
levels, frequently associated with El Nifio episodes. The anomalous warming of the eastern Pacific waters
alters the Walker circulation, favoring descending motion over the Amazon region. This inhibits the
development of deep convective clouds and contributes to the reduction in cloudiness observed during this
period. In addition, another factor that may have contributed to this alteration in cloud formation was the
significant increase in aerosol concentration in October and November 2015, when aerosol optical depth
(AOD) values between 0.4 and 1.0 were recorded (Rocha, 2025). The presence of aerosols can directly and
indirectly affect cloud formation and development processes: on the one hand, by scattering and absorbing
solar radiation, they reduce surface heating and consequently weaken convection; on the other hand,
absorbing aerosols, such as soot from biomass burning, can heat upper atmospheric layers, inducing thermal
inversions that hinder vertical cloud growth. This interpretation is consistent with the results of Oktem et al.
(2023), who, upon reanalyzing GoAmazon campaign data with objective criteria, found no evidence that
aerosols enhance convection intensity in warm-phase clouds, contradicting the strengthening hypothesis and
reinforcing the inhibitory role of pollution on vertical cloud development. These changes in atmospheric
conditions, including the influence of the ENSO cycle and aerosols, help explain the reduced frequency of
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deep clouds observed during the second half of 2015.

The diurnal cycle of cloud classification was also examined, identifying the most frequent cloud type for
each hour of the day. As the observed pattern was simple and expected, only a textual description is
presented. Between 09:00 and 19:00 UTC, low clouds predominate, initially fog and stratus clouds, followed
by the typical development of diurnal convection in the region. Between 20:00 and 22:00 UTC, the most
frequent cloud type shifts to cirrus. These observations are consistent with those reported by Giangrande et
al. (2017) for the full GoAmazon dataset, identifying the lowest cloud in the column. In the early morning
hours, shortly after sunrise, low clouds such as stratus or fog prevail, resulting from nocturnal cooling of the
near-surface layer, with the nocturnal boundary layer typically between 200 and 250 meters (Carneiro and
Fisch, 2020). Subsequently, the typical convective cycle of Central Amazonia develops: during the day, solar
heating of the moist surface intensifies convection, forming low cumulus clouds, with the top of the
Convective Boundary Layer between 1200 and 1400 meters. At the end of the day, as convection weakens
and thicker clouds dissipate, ice crystals remain at higher atmospheric levels, favoring the formation of
cirrus.

Table 1 presents the percentage distribution of cloud types under three distinct conditions: all records with
available classification, cases of overirradiance, and cases of overirradiance with GHI greater than 1000
W/m2. The “Total” column reflects the mean behavior observed throughout the study period, with a
predominance of low clouds, followed by cirrus and altocumulus - a pattern consistent with the typical
convective cycle of Central Amazonia.

Table 1: Percentage distribution of cloud types in three different conditions: all data with cloud classification, only cases with
overirradiance (OI), and overirradiance with GHI greater than 1000 W/m? (OI ¢ /GHI>1000), in percentages.

Cloud type Total (0] | OI (GHI>1000)

1 - Low cloud 44 50 78

2 - Congestus 6 2 1

3 - Deep cloud 7 0 1

4 - Altocumulus 17 21 12
5 - Altostratus 1 1 0

6 - Cirrostratus 5 2 1
7 - Cirrus 20 25 7

When restricting the data to instances of overirradiance, an amplification of disparities among cloud types is
observed: low clouds, altocumulus, and cirrus become more frequent, while congestus and deep convective
clouds show reduced occurrence. This asymmetry suggests that certain cloud types are more prone to
generating overirradiance. Low cumulus clouds, for example, exhibit well-defined edges that enhance
scattering and focusing of sunlight, amplifying irradiance at the surface. High cirrus clouds, composed of ice
crystals, may act as optical lenses, concentrating sunlight at specific angles—albeit with lower efficiency
(Balfour, 2011).

When the additional criterion of GHI > 1000 W/m? is applied, the dominance of low clouds becomes even
more evident, representing 78% of cases, while all other types significantly reduce their contribution. This
extreme subset imposes a condition of very high irradiance, which can only be achieved under highly
specific optical conditions—generally associated with partly cloudy skies and low convective clouds near the
solar disk. In such situations, solar geometry favors the occurrence of refraction and directed reflection
effects, which are more likely with clouds close to the surface due to the more favorable incidence angle.

It is important to note that the reduced participation of congestus and deep convective clouds in
overirradiance events may be related to a limitation of the observation method, since cloud types are
identified based on zenithal vertical profiling. Thus, events generated by clouds inclined or peripheral to the
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solar disk may not be adequately captured, even though they have the potential to produce intense increases
in measured irradiance. Nevertheless, the results reinforce the importance of low clouds in the generation of
overirradiance, particularly under conditions of high direct irradiance.

To investigate the relationship between cloud types and the intensity of irradiance ramps, the dataset was
filtered to include only cases in which the absolute variation between two consecutive GHI values was
greater than or equal to 100 W/m?2. This choice is justified by the fact that approximately 88% of the
observed ramps have magnitudes below this threshold, so that focusing on the most intense ramps allows the
analysis to concentrate on variations with greater impact for energy and operational applications, since
oscillations of this magnitude may compromise the real-time stability of solar systems, requiring enhanced
response capacity. Figure 5 presents the distribution of these ramps for each cloud type, based on
classifications obtained from vertical profiling.
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Figure 5: Distribution of global solar irradiance (GHI) slopes with a module greater than or equal to 100 W/m? for each cloud
type, with the median values written in the respective boxes.

The marked presence of outliers in the distributions of GHI ramps associated with cloud types such as low
clouds (sample size n = 21,391), altocumulus (n = 2,634), cirrus (n = 1,430), and congestus (n = 573)
suggests that these formations are linked to a higher occurrence of abrupt irradiance ramps, possibly due to
their fragmented structure, short duration, or strong vertical dynamics. Lower clouds (categories 1 to 3) tend
to exhibit ramps of greater magnitude and variability, with medians slightly above 200 W/m2. This behavior
is attributable to their higher optical thickness and proximity to the surface, which produce more abrupt
shadowing as they move across the measurement point. Low clouds and congestus are particularly associated
with intense ramps, given their opacity and atmospheric dynamics.

By contrast, cloud types such as deep convection (n = 70), altostratus (n = 93), and cirrostratus (n = 127)
presented fewer samples and fewer outliers, which may reflect both more homogeneous and persistent
physical characteristics (inhibiting rapid irradiance transitions) and the statistical effect of reduced sampling.
These analyses highlight the importance of considering not only cloud type, but also intra-class variability
and the role of factors such as solar geometry and the local dynamics of the cloud-radiation system.

4, Conclusions

The variability of GHI, quantified by the DARR index, is positively associated with the occurrence of
overirradiance events, with an overall correlation of 0.63. This relationship is stronger during the wet season
(r = 0.67) than in the dry season (r = 0.58), indicating that the fragmented structure of clouds and the optical
conditions present during the wet season favor the occurrence of rapid fluctuations capable of generating
overirradiance. The seasonal analysis of DARR indicated greater variability in the dry season, particularly in
July, which can be attributed to the combination of high direct irradiance with isolated cumulus clouds. The
higher intraday variability and the concentration of intense ramps around solar noon, especially with an
afternoon asymmetry, suggest that this is the period most susceptible to rapid and intense oscillations.
Furthermore, the fact that mean DARR values decrease with increasing temporal window confirms that very
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short-term variability is relevant for characterizing atmospheric instability.

The analysis of cloud types revealed distinct patterns at seasonal, diurnal, and event-specific scales. In 2015,
a marked reduction was observed in the occurrence of vertically developed clouds (such as cumulus
congestus and deep convection), possibly associated with El Nifio and with aerosols, which inhibited vertical
cloud development. The diurnal cycle indicates a predominance of low clouds between 09:00 and 19:00
UTC, with cirrus dominating at night, reflecting the typical convective development of Central Amazonia.
During overirradiance events, especially under GHI > 1000 W/m?, low clouds predominate; due to their
geometry and optical thickness, they favor mechanisms of solar light concentration and scattering. Cirrus
and altocumulus also increase their frequency in such events, although with lower optical efficiency. The
reduced occurrence of deep clouds in these episodes may result from methodological limitations related to
zenithal profiling, which does not capture clouds in geometries more favorable to overirradiance. In the
analysis of intense ramps (greater than 100 W/m?), low clouds and cumulus congestus exhibit higher
magnitudes and variability, with abrupt shadowing associated with their opacity and proximity to the surface.
Conversely, high clouds such as cirrus generate less intense ramps, though still with the presence of outliers,
indicating that the intensity of irradiance variations depends not only on cloud type but also on intra-class
variability and the interaction with solar geometry and local atmospheric dynamics.

Detailed characterization of the relationship between irradiance variability, overirradiance, and cloud types
provides direct insights for improving very short-term forecasting models, especially those based on machine
learning. This approach was explored in the work described in Rocha et al. (2025) and Rocha (2025), which
integrates the physical aspects discussed here into the development of predictive models.
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