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ABSTRACT

Solar Ultraviolet Radiation (UV), consisting of electromagnetic waves from 100—400 nm, accounts
for about 5% of the sun’s emitted energy. UV exposure has both risks and benefits, impacting
human health, ecosystems, materials, and biogeochemical cycles. Climate change, influenced by
land use changes and other factors, alters UV intensity based on location, seasons, and atmospheric
composition. The UV Index, a dimensionless indicator, helps people assess UV levels and adopt
protective measures. However, in middle-income countries like Brazil and Argentina, UV
monitoring networks are sparse and underfunded, limiting reliable UV data. Satellite data become
crucial, although they are also subject to instrument errors and algorithmic uncertainties. This
research investigates the diurnal and seasonal variability of UV levels at five sites across low and
mid-latitude South America, under both all-sky and clear-sky conditions, utilizing ground-based
and satellite-derived data. The study spans from 2005 to 2022, varying according to each dataset.
The sites are: Santarém in the Brazilian Amazon (2.25°S; 54.44°W, 18 m, Apogee SU-100-ss UV
sensor), Natal in Northeast Brazil (05.78°S; 35.21°W, 30 m, Davis 6490 UV sensor), Itajuba in
Southeast Brazil (22.41°S, 45.44°W, 885 m, Davis 6490 UV sensor), Santa Maria in the south of
Brazil (29.4°S, 53.8°W, 476 m, Brewer Spectrophotometer MKIII #167), and Buenos Aires in
Argentina (34.58°S, 58.48°W, 25 m, Solar Light UV Biometer — Radiometer model 501).
Additionally, the study compares ground-based and satellite-derived UV Index levels from OMI at
noon and overpass times, and GOME-2 at noontime during clear sky conditions, which are assessed
using LER (Lambertian Equivalent Reflectivity) and METAR cloud cover data. Santarém and
Natal, tropical low-latitude cities, displayed a semi-annual cycle with two maxima and consistently
higher year-round UV index levels. In contrast, Itajuba, Santa Maria, and Buenos Aires exhibited
an annual cycle, with UV index peaking during austral summer. Cloud cover played a dual role in
UV variability. In Santarém, UV levels under all-sky conditions exceeded clear-sky levels during
certain rainy months, while in Natal, noontime all-sky UV index were 6.8% higher during periods
of prevalent broken clouds. Extreme UV index were observed from 10 AM to 2 PM in Natal and
Santa Maria and from 11 AM to 2 PM in Buenos Aires. Satellite data comparisons showed that UV
index derived from OMI had a lower bias than those from GOME-2, though both datasets exhibited
low overall errors. At Natal, the LER method identified significantly more clear-sky days than
METAR, with the combined dataset (LER & METAR) providing the most reliable results for

overpass time. Data from Itajuba exhibited the largest discrepancies and highest errors, while Santa



Maria and Buenos Aires showed better agreement, with Buenos Aires presenting the most accurate
results. This thesis makes an important contribution to understanding the variability of UV radiation
in South America. The methodologies applied here also hold potential for expanding UV and cloud
cover research to other underrepresented areas. This work confirms the reliability of instruments
and datasets, providing a foundation for environmental and health studies in the complex field of
UV radiation, its interactions, and its effects, addressing a critical knowledge gap in atmospheric

and environmental sciences.

Keywords: Solar ultraviolet radiation. Satellite and ground-based comparisons. Environmental

monitoring. Cloud cover variability. South America.



RESUMO

A Radiagdo Solar Ultravioleta (UV), composta por ondas eletromagnéticas entre 100400 nm,
representa cerca de 5% da energia solar. Sua exposi¢ao traz riscos e beneficios, afetando a satde
humana, ecossistemas, materiais e ciclos biogeoquimicos. Mudangas climaticas, influenciadas por
alteragdes no uso da terra e outros fatores, modificam a intensidade da UV, dependendo da
localizagdo, das estacdes do ano e da composi¢io atmosférica. O Indice UV (IUV) facilita a
avaliacdo dos niveis de exposicdo e a adog@o de medidas de prote¢do. Contudo, em paises de renda
média como Brasil e Argentina, as redes de monitoramento UV sdo escassas e subfinanciadas,
limitando a obten¢@o de dados confiaveis. Dados de satélite tornam-se, portanto, essenciais, embora
também sujeitos a erros instrumentais e incertezas algoritmicas. Esta pesquisa examina a
variabilidade diurna e sazonal dos niveis de UV em cinco localidades na América do Sul,
abrangendo latitudes baixas e médias, sob condi¢des de céu limpo e nublado, utilizando dados
terrestres e satelitais de 2005 a 2022. Os locais estudados incluem: Santarém, na Amazo6nia
Brasileira (2,25°S; 54,44°W, 18 m, sensor Apogee SU-100-SS), Natal, no Nordeste Brasileiro
(05,78°S; 35,21°W, 30 m, sensor Davis 6490), Itajuba, no Sudeste brasileiro (22,41°S; 45,44°W,
885 m, sensor Davis 6490), Santa Maria, no Sul do Brasil (29,4°S; 53,8°W, 476 m,
Espectrofotometro Brewer MKIII #167) e Buenos Aires, na Argentina (34,58°S; 58,48°W, 25 m,
Biometro UV Solar Light — Radidmetro 501). Adicionalmente, os niveis de indice UV derivados
de satélite (OMI em horarios de sobrevoo e meio-dia, e GOME-2 ao meio-dia) foram comparados
com dados terrestres sob condigdes de céu limpo, selecionados por meio da Refletividade
Equivalente Lambertiana (LER) e dos dados de cobertura de nuvens do METAR. Santarém e Natal
apresentaram um ciclo semi-anual, com dois maximos e niveis de IUV consistentemente mais
elevados ao longo do ano. Em contraste, Itajuba, Santa Maria e Buenos Aires mostraram um ciclo
anual, com picos durante o verdo austral. Em Santarém, os niveis de radiagdo UV sob céu nublado
superaram os de céu limpo durante alguns meses chuvosos. Em Natal, o [UV ao meio-dia foi 6,8%
maior em condigdes de céu parcialmente nublado (5-7 octas). Niveis extremos de IUV foram
observados das 10h as 14h em Natal e Santa Maria, e das 11h as 14h em Buenos Aires. As
comparagdes indicaram que os dados derivados do OMI apresentaram um viés menor do que os do
GOME-2, com ambos exibindo baixos erros gerais. O método LER identificou significativamente
mais dias de céu limpo do que o METAR, e o conjunto de dados combinado (LER & METAR)

apresentou os melhores resultados para o horario de sobrevoo do satélite. Os dados de Itajuba



apresentaram o0s maiores erros, enquanto Santa Maria e Buenos Aires mostraram melhor
concordancia, sendo Buenos Aires o local com os resultados mais precisos. Esta tese contribui para
a compreensdo da variabilidade do UV na América do Sul. As metodologias aplicadas t€ém
potencial para expandir a pesquisa sobre UV e cobertura de nuvens em outras areas sub-
representadas. Este trabalho confirma a confiabilidade de instrumentos e conjuntos de dados,
fornecendo uma base para estudos ambientais e de saude no campo do UV, suas interagdes e seus

efeitos, abordando uma lacuna no conhecimento em ciéncias atmosféricas e ambientais.

Palavras-Chaves: Radiacdo solar ultravioleta. Comparacdes entre dados satélite e terrestres.

Monitoramento ambiental. Variabilidade da cobertura de nuvens. América do Sul.



RESUME

La radiation solaire ultraviolette (UV), composée d’ondes électromagnétiques de 100 a 400 nm,
constitue environ 5 % de 1’énergie émise par le soleil. Elle présente des risques et des bénéfices,
affectant la santé humaine, les écosystémes, les matériaux et les cycles biogéochimiques. Le
changement climatique, influencé par les modifications d’utilisation des terres et d’autres facteurs,
modifie I’intensité des UV selon la localisation, les saisons et la composition atmosphérique.
L’indice UV, un indicateur sans dimension, aide a évaluer les niveaux d’exposition et a adopter
des mesures de protection. Cependant, dans des pays comme le Brésil et I’ Argentine, les réseaux
de surveillance UV sont rares et insuffisamment financés, ce qui limite les données fiables. Les
satellites deviennent essentiels malgré les erreurs instrumentales et les incertitudes algorithmiques.
Cette recherche analyse la variabilité diurne et saisonniére des niveaux d’UV sur cinq sites en
Amérique du Sud, de 2005 a 2022. Les localités étudiées sont : Santarém (2,25°S, capteur UV
Apogee SU-100-SS), Natal (05,78°S, capteur Davis 6490), Itajuba (22,41°S, capteur Davis 6490),
Santa Maria (29,4°S, spectrophotomeétre Brewer MKIII #167), et Buenos Aires (34,58°S, Biometre
UV Solar Light modele 501). Les données terrestres et satellitaires (OMI et GOME-2) ont été
comparées sous ciel dégagé, a I’aide de la réflectivité équivalente lambertienne (LER) et des
données METAR. Santarém et Natal, localités tropicales de basse latitude, ont présenté un cycle
semi-annuel avec deux maxima et des niveaux d’UV élevés toute I’année. Itajuba, Santa Maria et
Buenos Aires, situées plus au sud, ont montré un cycle annuel avec des pics en été austral. La
couverture nuageuse joue un rdle double dans la variabilité UV : a Santarém, les niveaux d’UV
sous ciel nuageux surpassent ceux sous ciel dégagé pendant certain mois pluvieux. A Natal, I’indice
UV a midi était 6,8 % plus élevé sous un ciel partiellement nuageux (5-7 octas). Des niveaux
extrémes d’UV ont été observés entre 10 h et 14 h a Natal et Santa Maria, et entre 11 het 14 h a
Buenos Aires. Les comparaisons entre satellites montrent qu’OMI présente un biais moindre que
GOME-2, bien que les deux affichent des erreurs globales faibles. A Natal, la méthode LER a
identifié plus de jours de ciel dégagé que METAR. Les résultats les plus précis ont été obtenus
avec le jeu de données combiné (LER et METAR). Parmi les sites étudiés, Itajuba présente les plus
grandes divergences et erreurs, tandis que Santa Maria et Buenos Aires montrent une meilleure
concordance, Buenos Aires offrant les résultats les plus fiables. Cette thése apporte une
contribution majeure a la compréhension de la variabilité de la radiation UV en Amérique du Sud,

ou ces études sont encore limitées. Les méthodologies appliquées peuvent étre étendues a d’autres



zones sous-représentées. Ce travail valide la fiabilité des instruments et des données, fournissant
une base solide pour des études environnementales et sanitaires sur les effets de la radiation UV et

ses interactions dans les sciences atmosphériques et environnementales.

Mots-clés: Rayonnement solaire ultraviolet. Comparaisons entre données satellitaires et mesures

au sol. Surveillance environnementale. Variabilité de la couverture nuageuse. Amérique du Sud.
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1 INTRODUCTION

Solar ultraviolet radiation (UV) consists of electromagnetic waves with wavelengths ranging
from 100 to 400 nm, constituting about 5% of the solar energy that reaches the Earth's surface
(CADET et al., 2020). The beneficial and detrimental effects of UV on life on Earth have been
recognized for many years (DIFFEY, 1991; UNEP, 2023) and include impacts on human health,
materials, terrestrial and aquatic ecosystems, and biogeochemical cycles (LUCAS et al., 2019;
ANDRADY et al., 2023; BORNMAN et al., 2014; SULZBERGER et al., 2019). The UV impact
is influenced by both the duration of exposure and several additional factors. Key elements that
affect its variability include the sun elevation, the amount of total ozone present, cloud cover,
aerosols, surface albedo, and altitude (PORFIRIO et al., 2012; BROGNIEZ et al., 2016). Other
factors that play a lesser role in controlling UV levels consist of the ozone profile, the presence of
trace gases, seasonal variations in the Earth-Sun distance, fluctuations in solar activity, and
volcanic events (UNEP, 2023; BERNHARD et al., 2023).

UV radiation is categorized into three distinct regions, each corresponding to its biological
effects based on different wavelengths: UV-A (315400 nm), UV-B (280-315 nm), and UV-C
(100280 nm) (WHO, 2006; CORREA, 2015; SUAREZ et al., 2017). When sunlight traverses the
atmosphere, all UV—C and nearly 90% of UV-B radiation is absorbed by ozone, water vapor,
oxygen, and carbon dioxide, while UV—-A experiences minimal absorption by atmospheric
constituents (SUAREZ et al., 2017). Consequently, the UV radiation that reaches the Earth's
surface is predominantly UV—A, making up approximately 94% of the total. UV—B constitutes a
smaller fraction at around 6% (WHO, 2002; BILBAO & DE MIGUE, 2020).

On human health the effects of UV can be beneficial or harmful (LAMY et al., 2021;
GHOLAMNIA et al., 2021). Higher exposure to UV is associated with a higher incidence of skin
cancers as well as other UV-related health issues, such as cataracts and photosensitivity disorders
(UNEP, 2018). Additionally, exposure to this spectrum of solar radiation stimulates the production
of vitamin D, serving as the primary source of this vitamin for most of the global population (BAIS
etal., 2018).

Brazil is a country of continental dimensions, characterized by significant climate diversity and
a highly mixed population. Nearly the entire national territory is situated between the equator and

the Tropic of Capricorn, with the Earth's axial tilt towards the south contributing to making Brazil
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one of the countries in the world with the largest land area in proximity to the Sun (SCHALKA et
al., 2014). Due to its geographic characteristics and cultural behaviors, Brazilians are among those
with the highest annual sun exposure (SCHALKA et al., 2014).

For the triennium of 2020-2022, the Brazilian National Cancer Institute (INCA, 2019) estimated
approximately 177,000 new cases of non-melanoma skin cancer. This number is projected to rise
for the 2023-2025 triennium, with an estimated 220,490 new cases of non-melanoma skin cancer
each year throughout this period (INCA, 2023). Non-melanoma skin cancer represents the most
prevalent type of cancer among men in the southern, central western, and southeastern regions of
Brazil (INCA, 2019, 2023). In the northern and northeastern regions, it ranks second (INCA, 2019,
2023). For women, non-melanoma skin cancer is the most frequently diagnosed cancer across all
regions of Brazil (INCA, 2019). Furthermore, cataracts remain the primary cause of blindness and
vision impairment in the country (CBO, 2019). The economic impact, reflected as a loss of GDP
(Gross Domestic Product) exceeding USD 9 million, has been estimated for Latin America and the
Caribbean due to the effects of blindness and vision impairment. This loss could potentially be
reduced to just over USD 3 million if effective education and prevention programs targeting risk
factors, such as prolonged and unprotected UV exposure, were implemented (CBO, 2019).

Diseases associated with prolonged exposure to UV radiation, including skin cancer and
cataracts, can largely be prevented through adequate sun protection measures (WHO, 2002).
Addressing the need for relevant information, the World Health Organization (WHO) developed
the ultraviolet index (UVI), a dimensionless indicator that quantifies the amount of UV radiation
reaching the Earth's surface. The UVI values range on a scale from 0 to 11 or higher (WHO, 2002).
This scale is categorized into five levels, from low to extreme, with specific sun protection
recommendations provided for each level (WHO, 2002). The UV index serves as a crucial tool for
raising public awareness about the dangers of excessive sun exposure (LOPO et al., 2014).
Therefore, due to the significant impacts of UV radiation, it is essential to understand the factors
that affect UV index levels and how they vary over time and at specific locations.

Natural factors, such as solar activity (the 11-year solar cycle), dynamic atmospheric processes
(including the quasi-biennial oscillation, QBO), and ocean dynamics, induce variations in
atmospheric conditions across different regions of the world (FOUNTOULAKIS et al., 2019).
Climate change, driven by land-use changes like deforestation, agricultural transformations, and

urban and industrial development, also impacts the atmosphere, notably by altering cloud cover
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(FOUNTOULAKIS et al., 2019; UNEP, 2018), a significant regulator of the radiative balance
within the Earth-atmosphere system (CADET et al., 2017). Furthermore, each year, gases and
emissions from tropical biomass burning contribute significantly to air quality in South America,
particularly from fires in the north-central regions of Brazil and Bolivia (MOREIRA et al., 2017;
CHAND et al., 2006). Biomass burning aerosols diminish direct solar radiation reaching the surface
while simultaneously increasing the diffuse fraction of solar radiation (MOREIRA et al., 2017).

An additional critical factor to consider is the ozone layer depletion. The stratospheric ozone
shields life on Earth by absorbing harmful UV radiation (NEALE et al., 2021). Preserving this
layer has been an international priority since the recognition of ozone depletion (NEALE et al.,
2021). Cordero et al. (2022) states that the Montreal Protocol has been effective in the reduction of
the levels of human-made substances that deplete ozone, leading to the recovery of the stratospheric
ozone layer above Antarctica. Nevertheless, the Antarctic ozone hole continues to occur every year,
with significant ozone loss. These losses contribute to increased levels of UV radiation at the
surface in Antarctica, and can also reach mid-latitude regions, a phenomenon referred to as the
“secondary effect of the ozone hole” (BRESCIANI et al., 2018; CORDERO et al., 2022).

In middle-income countries like Brazil, UV monitoring networks and instruments are typically
limited and face challenges related to funding, as well as the maintenance and calibration required
for these instruments, making it difficult to obtain reliable UV data. The northern and central-
western regions of Brazil lack stations that provide long-term UV data. Among the limited studies
addressing UV variability in Brazilian cities, the majority have been concentrated in the
southeastern region, and second, the northeast. The absence of UV data is even more pronounced
in the northern region (REIS et al., 2022). Currently, only two papers have reported ground-based
UV measurements in this area: one study focuses on the city of Humaita in Amazonas state
(ALVES et al., 2022), while the other, which originate from this thesis project, focus on Santarém
in Para. Both articles were published in 2022 and utilize data exclusively from the years 2019 and
2020.

Despite the critical relevance of UV radiation to public health, significant knowledge gaps
persist regarding local UV levels (TERAMOTO, ESCOBEDO & MARTINS, 2014). Furthermore,
there are even fewer locations that provide data on cloud cover from ground-based imagers,
increasing the challenges in understanding UV exposure. The influence of clouds is difficult to

accurately account for because they attenuate and enhance UV (UNEP, 2018; FOUNTOULAKIS
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et al., 2019). Traditionally, human observers have been responsible for monitoring cloud cover
from the ground (FONTANA et al., 2013; SILVA & SOUZA-ECHER, 2013) such as through
METAR, which is the standard aerodrome weather report. However, advancements in technology
have enhanced cloud observation capabilities by employing automatic ground-based and satellite
imaging systems (SILVA & SOUZA-ECHER, 2013). Satellites offer a mean for systematic and
continuous monitoring of cloud cover across extensive spatial areas (DAMIANI et al., 2014). They
also enable other methods for cloud characterization, including the use of LER (Lambertian
Equivalent Reflectivity). LER can be useful for identifying clear-sky days, as shown in the work
of CADET et al. (2017), which analyzed and compared ground-based and satellite-derived UV
index levels at different sites in South Africa.

The limited number of stations providing long-term UV measurements across various countries
significantly restricts the ability to extrapolate this data to all populated areas (GONZALEZ-
RODRIGUEZ et al., 2022). A way for continuous UV monitoring is also through satellites
(MARINHO & SILVA, 2013; KOSMOPOULOS et al., 2021). Satellite measurements, like
ground-based observations, are affected not only by instrument errors but by uncertainties in the
algorithms used to calculate surface UV radiation (BERNHARD & SECKMEYER, 1999; ZHANG
et al., 2019). Therefore, it is important to evaluate satellite-based estimates of surface UV against
available ground measurements from various locations around the world to characterize errors and
improve these surface UV estimates (ZHANG et al., 2019). This is particularly important in the
southern hemisphere, where there has been relatively limited research comparing ground-based
and satellite-derived UV measurements (DU PREEZ et al., 2021).

Given these complexities, this research investigates the diurnal and seasonal variability of UV
levels at five sites across low and mid-latitude South America, under both all-sky and clear-sky
conditions, utilizing ground-based and satellite-derived data. The study spans from 2005 to 2022,
varying according to each dataset. The sites are: Santarém in the Brazilian Amazon (2.25°S;
54.44°W, 18 m, Apogee SU-100-ss UV sensor), Natal in Northeast Brazil (05.78°S; 35.21°W, 30
m, Davis 6490 UV sensor), Itajuba in Southeast Brazil (22.41°S, 45.44°W, 885 m, Davis 6490 UV
sensor), Santa Maria in the south of Brazil (29.4°S, 53.8°W, 476 m, Brewer Spectrophotometer
MKIII #167), and Buenos Aires in Argentina (34.58°S, 58.48°W, 25 m, Solar Light UV Biometer
— Radiometer model 501). Additionally, it compares ground-based and satellite-derived UV Index
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levels from OMI at noon and overpass times, and GOME-2 at noontime during clear sky
conditions, which are assessed using LER and METAR cloud cover data.

A process of data verification is important to ensure that these data can be used for long-term
trend analysis or for monitoring UV exposure risks and potential impacts on human health.
Additionally, because cloudy conditions complicate the comparison between ground-based and
satellite-derived UV (KERR & FIOLETOV, 2008), clear-sky conditions creates a more consistent
and controlled environment. This reduces the variable attenuation effects of clouds on UV
radiation, allowing any differences observed between the two measurement sets to be attributed
more accurately to the sensors themselves rather than other atmospheric variables. Comparisons
between satellite-derived data and ground-based measurements for different places is also vital for
confirming the reliability of satellite and ground-based observations.

Using different data sources and techniques, this research promotes a greater understanding of
the UV variability at multiple sites, while also addressing the limitations of the instruments and
methods used. Moreover, it is important to highlight that this study contributes to the scientific
understanding of UV radiation levels in South America’s region, particularly in Brazil, where until
now, there has been relatively limited research focusing on this field of study.

Given the challenges and complexities discussed, this thesis seeks to answer the following
scientific guiding questions, framed with consideration of the data limitations for each site:

Santarém:

e Whatisthe UV temporal variability at Santarém, Brazil, under all and clear sky conditions?

e What is the monthly and seasonal variability of the UV index in Santarém, Pard, according
to OMI and GOME-2?

Natal:

e What is the UV index temporal variability at Natal, Brazil, under all and clear sky
conditions?

e How is the correlation between ground-based and satellite-derived UV index data for Natal,
Brazil?

e  Which source of satellite-derived UV index data (OMI, GOME-2) is most reliable for
conducting studies of UV at Natal?
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Itajub4, Santa Maria and Buenos Aires:

e What is the temporal variability of the UV index at Itajub4 and Santa Maria in Brazil, and
Buenos Aires, Argentina?

e How accurate and reliable are the instruments used in measuring the UV index at these

locations?
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1.1 OBJECTIVES

1.1.1 General objective
The main objective of this doctoral research is to analyze and characterize the temporal

variability of UV at low- and mid-latitude South American sites, focusing on Santarém, Natal,
Itajuba, and Santa Maria in Brazil, and Buenos Aires in Argentina, to contribute to a better

understanding of UV patterns in these regions.

1.1.2 Specific objectives

1. To characterize and analyze the temporal variability of the surface UV at Santarém,
Natal, [tajuba, Santa Maria, and Buenos Aires using ground-based UV data.

2. To characterize and analyze the temporal variability of surface UV in Santarém and Natal
with and without the influence of cloud cover.

3. To determine the accuracy and reliability of the ground-based and satellite instruments
used in measuring the UV index at Natal, Itajuba, Santa Maria, and Buenos Aires in this

research.

1.2 THESIS OUTLINE

In Chapter 1, an introduction to the study is provided, including the rationale, aim, and
objectives of the research.

Chapter 2 presents a theoretical review of UV radiation and the factors influencing its
variability. It also includes a literature review summarizing existing research related to UV,
focusing in South America, Antarctica and Brazil.

Chapter 3 brings the articles that focuses on the results of UV temporal variability in Santarém.
Initially, only ground-based UV data are considered, followed by an analysis using satellite-derived
UV Index data.

In Chapter 4, the article containing the time variability of the ground-based UV Index levels in
Natal under both all-sky and clear-sky conditions is assessed. This chapter also compares ground-
based and satellite-derived UV Index levels in Natal under clear-sky conditions.

Chapter 5 compares ground-based and satellite-derived UV Index levels from the Ozone
Monitoring Instrument (OMI) during overpass times under clear-sky conditions for two Brazilian
cities, Itajuba and Santa Maria, as well as Buenos Aires in Argentina. Additionally, this chapter

reports the diurnal and seasonal variability of ground-based UV Index levels for these locations.
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Chapter 6 summarizes the results presented for each site, discusses the strengths and limitations
of the study, and offers recommendations for future research.

Chapter 7 provides the overall conclusion of the study.

2 THEORETICAL REVIEW

2.1 Solar radiation

Radiation is defined as the emission or propagation of energy in the form of electromagnetic
waves (Figure 1) (YAMASOE & CORREA, 2016). Every body with a temperature above absolute
zero (0K = 273.2°C) emits radiation (YAMASOE, 2006). The energy emitted by the Sun (solar
radiation) represents the main natural factor in the earth's radiation balance (OLIVEIRA et al.,

2018).

Figure 1 — Schematic representation of an electromagnetic wave. The electric (E) and magnetic (B) field vectors, as
well as the wavelength (A). K indicates the direction in which the wave progresses.
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Solar radiation basically corresponds to a black body emission spectrum at a temperature of
approximately 5250°C (Figure 2), which can be separated into groups, according to the
wavelength: Visible radiation, UV, Infrared radiation, Microwaves, Radio waves, X-rays, and
Gamma rays, but mostly distributed among the spectral ranges of infrared (approximately 49% of
the total), visible (approximately 43% of the total) and UV (less than 10%) (GRIMM, 2006;
COARITI, 2017).
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Figure 2 — Solar radiation spectrum for direct light at the top of the Earth’s atmosphere (yellow area) and at sea level
(red area) compared with the blackbody radiation spectrum from a 5250°C source.
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The Earth continuously receives at the top of its atmosphere a flux of solar energy whose value,

on average, is approximately 1.365 Wm~2 (OLIVEIRA et al., 2018). According to Oliveira et al.

(2018) the sun also exhibits oscillations in emissions on a periodic basis, known as the solar cycle

or Schwabe cycle, which last approximately 11 years. Each cycle is characterized by a variation in

the appearance and disappearance of sunspots: periods of high solar activity are known as solar

maximum (largest number of sunspots), and periods of reduced activity are called solar minimum

(smallest number of sunspots) (Figure 3) (OLIVEIRA et al., 2018).

Figure 3 — Schwabe cycles: alternation between periods of solar maximum and minimum, as shown in the variations
(since 1978) of: (A) solar radiation (Wm~2); (B) sunspot number.
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Although solar fluctuations influence UV levels, their role in determining UV radiation at the
Earth's surface is relatively limited compared to other factors, which will be discussed in
subsequent sections. As noted by Arsenovic et al. (2018) and Bernhard et al. (2023), while reduced
solar emissions may slightly decrease UV-B radiation at the top of the atmosphere, weaker solar
activity also reduces stratospheric ozone production. This, in turn, results in an overall increase in
UV-B radiation reaching the Earth's surface. Therefore, even though solar irradiance entering the
atmosphere decreases during periods of low solar activity, the associated reduction in stratospheric
ozone leads to higher UV-B radiation levels at the surface (BERNHARD et al., 2023).

Only around 25% of solar radiation directly penetrates the Earth's surface without any
interference (GRIMM, 2006). The rest interacts with components of the atmosphere through
absorption, scattering, or reflection (Figure 4), depending directly on the wavelength of the incident
radiation as well as the size and nature of the intervening material (COARITI, 2017).

Absorption results in the removal of radiative energy from the incident beam by transforming
it into other forms of energy (WALD, 2018). Scattering happens when the energy incident in one
direction is deflected to other directions, with the production of diffuse radiation (YAMASOE,
2006). The reflection occurs when the energy changes direction in relation to that in which it was
emitted (LIOU, 2002).

Figure 4 — Processes of interaction between solar radiation and matter: transmission, reflection, scattering and
absorption.
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2.2 Solar Ultraviolet Radiation

UV is the electromagnetic spectrum band between wavelengths of 100 and 400 nm (1 nm =1
nanometer = 10~m) (Figure 5), corresponding to less than 10% of the total solar radiation incident
on the top of atmosphere (CORREA, 2015). For a better understanding and research, UV is divided
in three regions: UV—A (315—400 nm), UV-B (280-315 nm) and UV—C (100280 nm) (SUAREZ
etal., 2017).

Figure 5 — The electromagnetic spectrum and ultraviolet radiation subdivisions.
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As sunlight passes through atmosphere, all UV—C (the most harmful UV) and approximately
90% of UV-B, considered the most biologically important because it is the only part of the UV
spectrum that initiates vitamin D synthesis in the skin (LUCAS et al., 2015) are absorbed by ozone,
while UV-A is the least affected by the atmosphere (LUCAS et al., 2015; SUAREZ et al., 2017).
Consequently, the UV radiation reaching the Earth’s surface has a small UV-B component (6%)
and is predominantly composed of UV-A (94%) (WHO, 2002; BILBAO & DE MIGUE, 2020).

The biological impact of UV intensifies at shorter wavelengths, meaning that even minor
increases in UV-B radiation can lead to significant biological consequences (DIFFEY, 1991;
BILBAO & DE MIGUE, 2020). The erythemal action spectrum demonstrates how different
wavelengths contribute to causing erythema (sunburn) (DIFFEY, 1991). UV that is adjusted
according to this spectrum is called ultraviolet erythemal radiation (UVER) (BILBAO et al., 2015).
UVER is calculated by weighting the spectral curve of the incident UV at the surface with the
spectral action curve proposed by the International Commission on Illumination (MCKINLAY &

DIFFEY, 1987).
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UVER can serve as a basis for estimating several commonly used variables, including the UV
index (Figure 6), standard erythemal doses (SEDs), minimum erythemal doses (MEDs), and sun
exposure time (ty) (GONZALEZ-RODRIGUEZ et al., 2021). The UV index is a dimensionless
indicator that is usually divided into five levels of risk: UVI <2 (low); 3 < UVI < 5 (moderate); 6
< UVI <7 (high); 8 <UVI < 10 (very high); and UVI > 11 (extreme). This index is defined by
Equation (1) (WHO, 2002).

400
UVI = Ker fzso:r:zn

E)S,,.dA (D
where K,, is a scaing fator originally equal to 40m?W ~1, E, is the erythemal action spectrum,
and S,, is the spectral solar irradiance at the surface Wm?2?nm=! (WHO, 2002; PARRA et al.,
2019).

Figure 6 — The Ultraviolet Index (UVI) values ranging from lowest to highest.
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2.3 Factors affecting surface UV

When UV penetrates the atmosphere, its intensity along the atmosphere and on the ground
depend on geographic factors (altitude, latitude and type of surface), temporal (time of day and
time of year), atmospheric (concentration of ozone, aerosols and clouds) and astronomical (solar
zenith angle, distance from the sun) (COARITI, 2017, LAMY et al., 2021). In the following

subsections, several factors affecting solar UV at the surface are presented.

2.3.1 Solar Zenith Angle (SZA)

The Solar Zenith Angle (SZA) is defined as the angle measured from the surface between the
Sun and a point directly overhead the observer (DU PREZZ, 2021) (Figure 7). Smaller SZAs result
in a higher solar flux reaching the Earth's surface, which is more common around noon and during

the summer months (WALD, 2018; DU PREZZ, 2021).
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Figure 7 — Solar zenith angle position relative to the observer.
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At larger SZAs (during dawn and dusk), UV levels are reduced due to the longer path through
the atmosphere, leading to greater attenuation of UV radiation from scattering and absorption by

atmospheric particles and gases (WALD, 2018; COARITI, 2017; DU PREZZ, 2021).

2.3.2 Latitude and altitude

Geographic location constitutes an important factor in the analysis of UV (LAMY et al., 2021;
DU PREEZ, 2021). Generally, latitudes close to the equator receive greater amounts of radiation
and this UV flux decreases with increasing distance from the equator (COARITI, 2011). In the
tropical zone, between the two tropics, the sun passes through the zenith twice a year (SZA=0) and,
in general, the SZA are lower than at intermediate latitudes (Figure 8) (ZARATTI, 2003).
Therefore, the intensity of UV depends on the latitude. Also, at a fixed latitude, the intensity of UV
levels varies with the season: typically, the sun’s position is higher during summer than in winter,

leading to stronger UV intensity in summer compared to winter (ZARATTI, 2003).
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Figure 8 — The noontime solar zenith angle varying throughout the year for four of the locations studied. Natal, located
closer to the equator, generally has lower SZA values, resulting in stronger UV radiation through the year. In contrast,
Itajuba, Santa Maria, and Buenos Aires, which are farther from the equator, experience higher SZA values. These
higher latitude locations see stronger UV radiation in the summer when SZA values are smaller, and lower UV levels
in winter when SZA values are bigger.
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Source: Author (2023).

The dependence of surface UV with altitude is due to the reduction of the atmosphere (less
scattering and absorption effects on the radiation and reduction of ozone content (ZARATTI,
2003). Also, in high altitude regions, when the surface is covered by snow, the surface albedo
(percentage of energy reflected by the earth's surface) is high (KYLLIN et al., 2000). Changes in
Earth’s surface reflectivity, whether on land or over the ocean, can influence downwelling UV

radiation (KYLLIN et al., 2000).

2.3.3 Atmospheric ozone

The concentrations of certain gases, such as ozone (0O3), in the atmosphere plays an essential
role (ZARATTI, 2003; LAMY et al., 2021; PREEZ, 2021). O5 is generated in the tropical regions
due to intense solar radiation and is subsequently transported toward the poles via the Brewer-
Dobson circulation (BDC). This circulation pattern involves air masses moving from the
troposphere into the stratosphere in the tropics, ascending and then flowing poleward, before
descending in the mid and high latitude regions (BUTCHART, 2014; LAMY et al., 2021; DU
PREEZ, 2021). About 90% of atmospheric ozone resides in the stratosphere, within the so-called
ozone layer (Figure 9), located between 16 and 50 km in altitude (BEKKI et al., 2009).
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Figure 9 — Ozone profile with stratospheric and tropospheric ozone ranges.
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The amount of 05 in the stratosphere strongly absorbs UV—C and UV-B and causes surface UV
sharply decreases with decreasing wavelength (DU PREEZ, 2021). According to Lamy et al.
(2018) and Bais et al. (2018), the increase in CO, due to human activities and climate change is
expected to speed up the BDC. This faster circulation would transport ozone from the tropics to
the poles more quickly, leading to an increase in the total ozone column (TOC) in mid-latitudes
and a decrease in the tropics. Consequently, surface UV radiation is likely to increase in the tropics
and decrease in mid-latitudes.

The need to protect the stratospheric ozone layer has been a global priority since ozone
depletion was first identified (CORDERO et al., 2022). The Montreal Protocol, an international
agreement signed in 1987, aimed to limit the use of ozone-depleting substances to protect
ecosystems from harmful UV levels (WMO, 2018; LAKKALA, 2020). Latest studies suggests that
the Antarctic ozone hole has started to recover, attributable to the Montreal Protocol, even though
it continues to occur each year (LAKKALA, 2020). Significant ozone depletion results in notable
increases in UV radiation levels at the surface in Antarctica, but also can reach mid-latitudes
(BRESCIANI et al., 2018).

Projections of erythemal UV irradiance (expressed in terms of the UV Index) for the late 21st
century (average of 2085-2095) compared to the decade of 20102020 suggest that ozone recovery
could result in a reduction in the UV Index by about 30% over Antarctica and up to 6% over mid-

latitudes (BERNHARD et al., 2023). These predictions carry some uncertainty, as future
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stratospheric ozone concentrations will not only be influenced by the reduction of ozone-depleting
substances (ODSs) as regulated by the Montreal Protocol, but also by the levels of other greenhouse
gases like carbon dioxide and methane, which will be heavily influenced by policy decisions made
in the coming decades (BERNHARD et al., 2023).

Besides 05, other naturally occurring UV absorbers include sulfur dioxide (S0,), which
primarily absorbs UV-B, and nitrogen dioxide (NO,), the dominant absorber in the UV-A range
(Bais et al., 1993). Generally, the UV absorption by these gases is small; however, when emitted
in large quantities by major volcanic eruptions, they can cause significant absorption, reducing UV

levels by up to 50% (Fioletov et al., 2010).

2.3.4 Atmospheric aerosols

Aerosols are solid and liquid particles suspended in the atmosphere (UNEP, 2018) (Figure 10).
It is a consensus that aerosols have an important effect on the Earth's radiation budget due to
directly effects, which are from the ability of aerosols to reflect or absorb radiation, both processes
leading to a dimming radiation at the Earth’s surface, and indirectly effects, by altering the
formation and precipitation efficiency of clouds (BEVAN et al., 2009; COSTA et al., 2016). The
regional-scale aerosol layer limits solar energy reaching the surface, cools the air near the ground,

and raises the portion of diffuse radiation (MOREIRA et al., 2017).

Figure 10 — These scanning electron microscope images (not scaled equally) illustrate the diverse shapes of aerosols.
The samples, shown from left to right, include volcanic ash, pollen, sea salt, and soot.
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Aerosols have different natural origins, such as the erosive action of winds on the ground and
ocean surface (CARSLAW etal., 2010). It also has an anthropogenic origin, as well as the emission
of particulates from fossil fuel combustion, generally abundant in regions of large urban centers,
where there is a lot of industrial activity and vehicle emissions, and in rural areas aerosols are

produced by suspended dust, agricultural activities or by fires (TOMASI & LUPI, 2017). In these
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regions the concentrations have a lot of variability throughout the year due to the periodicity of
these activities (SILVA, 2008).

The tropics and subtropics are major sources of anthropogenic aerosols, and these regions are
very susceptible to the effects of enhanced atmospheric aerosol (RAMANATHAN et al., 2001). In
the Amazon region, biomass burning is the primary factor influencing changes in atmospheric
composition, leading to a substantial rise in the concentration of gases and particles during the dry
season (ARTAXO et al., 2002; ARTAXO et al., 2009).

The radiative impact of aerosols extends beyond their origin, influencing aerosol levels and
solar UV radiation in regions downwind (DU PREEZ, 2021). This effect occurs because aerosols
can travel long distances, influenced by dynamic processes in both the stratosphere and troposphere
(DU PREEZ, 2021). Aerosol levels have also been linked to reductions in UV levels in cities with
significant air pollution. For example, in Mexico City, historical air pollution caused a decrease in
the UV index under cloud-free conditions, with values about 40% lower in 2000 and about 25%
lower in 2019, compared to what would be expected in a clean atmosphere (IPINA et al., 2021).
Furthermore, the effects of increased aerosol levels and tropospheric ozone on surface UV radiation
were examined during the biomass burning season in Pretoria, South Africa. The study showed
that aerosols reduced the noontime UVI by 13% on cloudless days during the peak of the biomass
burning period in September (DU PREEZ et al., 2021).

Volcanic aerosols, which can spread widely and stay in the atmosphere for long periods, also
affect UV radiation (BERNHARD et al., 2023). These particles can either lower UV-B levels at
the Earth’s surface by scattering sunlight back into space or increase UV-B when they contribute
to ozone layer thinning, allowing more UV through. This shows the complex relationship between

aerosols, ozone and UV levels.

2.3.5 Cloud Cover

Under cloudy conditions the interaction of UV with the Earth's atmosphere is more complex.
While clouds can decrease direct radiation, they can produce an increase in the amount of diffuse
radiation reaching the Earth's surface (RAMAN et al., 1996, CAZORLA et al., 2008). For example,
in the UV this enhancement can reach 30% (RAMAN et al., 1996). Thus, in atmospheric radiative
processes not only is the total cloud cover an important parameter, but also the cloud configuration,

cloud type (Figure 11), and cloud—sun apparent distance (CAZORLA et al., 2008).
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Figure 11 — Different types of cloud.
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The attenuation of UV radiation by clouds is frequently larger than any other atmospheric
parameter (LOPEZ et al., 2012). Nevertheless, factors such as cloud location, percent cover, cloud
optical thickness, liquid water content, and particle distribution make it difficult to develop a
quantitative relationship relating cloud properties to the attenuation of UV radiation (RAMAN et
al., 1996). Cloud microphysical structures and their microphysical properties (liquid/ice, water
content, particle effective sizes, and distribution of water/ice particles) determine their optical
characteristics, which affect absorption and scattering of solar radiation (LOPEZ et al., 2012). The
most challenging problem in cloud studies is that their macro and micro physical properties are
highly variable in space-time and these variations are responsible for the great variability observed
in UV under cloudy skies (LOPEZ et al., 2012).

Since the 1990s, researchers have been showing the effects of cloud cover on UV radiation
(RAMAN et al., 1996; CEDE et al., 2002; ANTON et al., 2012). However, the extent of these
effects, especially UV enhancements, varies and is not fully understood (ANTON et al., 2012).
Some studies suggest that UV levels can increase by up to 30% above clear-sky values, especially
when large cloud cover does not obstruct the solar disk (CEDE et al., 2002). These effects are most
prominent for clouds with 5 to 7 oktas of coverage, and are less pronounced in the UV band
compared to the visible and infrared bands (PFISTER et al., 2003; PORFIRIO et al., 2012).

Looking ahead, changes in cloudiness are projected to cause small (up to 4%) localized

increases in UVI over the mid latitudes and tropics (BERNHARD et al., 2023). Therefore, even
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with the presence of clouds, the population will continue to experience high levels of UV radiation,

highlighting the need for adequate protection (PORFIRIO et al., 2012).

2.4 Solar UV exposure and public health

The human skin acts as the body’s outermost layer, serving as the primary barrier against
various environmental factors such as microbes, particulates, irritants, allergens, and UV radiation
(LEE & KIM, 2022). The skin is composed of two main layers (Figure 12): the outer layer, or
epidermis, which is about 50-100 micrometers thick and the dermis, which ranges from 300 to
3000 micrometers in thickness (WANG et al., 2022). UV-A can penetrate the dermis, while UV—
B affects the surface layer of the epidermis (D’ORAZIO et al., 2013). While small amounts of solar
UV are beneficial for health by promoting vitamin D production (REICHRATH et al., 2017),
excessive exposure can cause harmful effects. These include various skin diseases, with skin cancer

being the most severe (SOLANO, 2020; TANG et al., 2024).

Figure 12 — The sun’s UV rays: the UV-A (320—400 nm), can pass through the epidermis to reach the dermis; UV—
B (280-320 nm), most of which is absorbed by the ozone layer, with a small portion remaining in the epidermis; and
UV-C (100-280 nm), which is absorbed by the ozone layer in its entirety and can’t reach the earth’s surface.

20-400nm

Source: Retrieved from Tang et al. (2024).
Chronic UV exposure can result in degenerative changes to the skin’s cells, fibrous tissues,
and blood vessels, contributing to skin aging and the development of conditions like freckles, nevi,

and lentigines, pigmented areas on the skin, and diffuse brown pigmentation (KIM et al., 2022).
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Individuals with fairer skin (Figure 13) are more susceptible to sunburn and skin damage compared
to those with darker skin (GUPTA & SHARMA, 2019). The ability to develop a tan is also skin-
type dependent (GUPTA & SHARMA, 2019).

Beyond skin-related effects, UV exposure is increasingly linked to other health conditions. For
instance, low sun exposure has been associated with a higher risk of cardiovascular diseases
(LINDQVIST et al., 2021). Moreover, a growing body of research suggests a connection between
UV radiation and neurodegenerative conditions like Alzheimer’s disease (DRAGANOVA-
FILIPOVA et al., 2022). UV radiation impacts the immune system, contributes to photoaging and
increasing the risk of cataracts and macular degeneration in the eyes (LEITER et al., 2020;
RAIMONDI et al., 2020). Additionally, moderate UV exposure has demonstrated benefits for
mental health, with studies suggesting that moderate sunlight exposure can reduce the risk of

depression and improve overall well-being (BURNS et al., 2023).

Figure 13 — A numerical classification system for skin color based on how different skin types respond to UV radiation.
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Source: Retrieved from Greinert et al. (2015).

The limited scientific understanding of UV radiation in Brazil and South America has often
led to the adoption of protective measures derived from studies in Europe and the United States,

(CORREA, 2015). However, these regions experience different UV levels at the surface, and their
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populations have distinct sun-exposure habits compared to Brazil (CORREA, 2015). For the North
hemisphere recent findings show that, under realistic conditions (summer at noontime and wearing
informal clothing such as T-shirts and shorts), it takes between 27 and 38 minutes of UV exposure,
depending on latitude (30—60° N), to generate sufficient vitamin D (GREINERT et al., 2015).
These exposure times can already lead to erythema in individuals with sensitive skin types (I/I1).
For those not exposed around noon or during other seasons, longer exposure times are needed to
produce adequate vitamin D (GREINERT et al., 2015).

To address these differences, the Brazilian Society of Dermatology published the Brazilian
Consensus on Photoprotection (SCHALKA et al., 2014). However, further studies are needed to

evaluate the impacts of UV across different regions and population habits in Brazil.

2.5 Satellite-based instruments for UV monitoring

A variety of satellite instruments have been deployed over the years to monitor atmospheric
ozone and UV radiation, contributing significantly to the understanding of these critical
components of the Earth's atmosphere. The TOMS — Total Ozone Monitoring Spectrometers
(KROTKOV et al., 1998; KROTKOV et al., 2001), Global Ozone Monitoring Experiments
(GOME and GOME-2) (BURROWS et al., 1999; KUJANPAA & KALAKOSK, 2015), and the
Ozone Monitoring Instrument (OMI) (LEVELT et al., 2018) aboard the Aura satellite. In more
recent years, other satellite instruments have been launched to continue monitoring ozone and UV
radiation from space. For instance, the TROPOspheric Monitoring Instrument (TROPOMI),
positioned on the Sentinel-5 Precursor satellite launched in 2017 (LINDFORS et al., 2018),
continues atmospheric gases, aerosols and UV monitoring for the European Space Agency
(CORTESI et al., 2018; BERNHARD et al., 2023).

Satellite-based UV measurements are derived using radiative transfer models, which
incorporate inputs such as ozone and aerosol levels, surface albedo, and cloud coverage
(BROGNIEZ et al., 2016). Some of these parameters, like ozone and cloud cover, are measured
directly by the satellite instrument, while others, including aerosol content and albedo, are sourced
from climatological datasets (BROGNIEZ et al., 2016). The characteristics of the two satellite
instruments used in this study, OMI (Ozone Monitoring Instrument) (Figure 14) and GOME-2

(second Global Ozone Monitoring Experiment) are described below.
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Figure 14 — Model of the Aura spacecraft showing the location of the four instruments, HIRDLS, MLS, OMI, and
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Source: Retrieved from Schoeberl et al. (20006).

The OMI instrument, onboard NASA's Aura satellite, which was launched in July 2004,
operates in a sun-synchronous quasi-polar orbit (BROGNIEZ et al., 2016). It is a nadir-viewing
UV/visible spectrometer designed to monitor atmospheric ozone, trace gases, aerosols, cloud
cover, and surface UV levels (BROGNIEZ et al., 2016). The backscattered solar radiation by the
atmosphere is measured for OMI with a spectral resolution of ~0.45 nm in the UV spectrum and
with a spatial resolution at nadir of 13 km (along track) by 24 km (across track) (LEVELT et al.,
2006; BROGNIEZ et al., 2016). The Aura satellite orbits at a 98.2° inclination in a sun-
synchronous path at 705 km altitude, crossing the equator in the afternoon around 13:45 £+ 15
minutes and completing 14 orbits daily (LEVELT et al., 2006; TAIPE et al., 2021).

The OMI surface UV algorithm builds upon the NASA Goddard Space Flight Center's UV
algorithm initially created for the Total Ozone Mapping Spectrometer (TOMS) (TANSKANEN et
al., 2007). The 1.2 version of the OMI algorithm first calculates clear-sky surface UV irradiance
by using a radiative transfer model that incorporates total ozone column data, obtained through a
separate algorithm specific to OMI, along with surface albedo from climatological data, a high-
resolution extraterrestrial solar spectrum, and standard profiles of ozone and temperature
(TANSKANEN, 2007; BROGNIEZ et al., 2016). Additionally, adjustments are made for the
presence of nonabsorbing aerosols and cloud cover through a correction factor to estimate actual
surface UV levels. The cloud cover parameter, represented by cloud optical depth (COD), is
derived from OMI data. For products estimated around noon, any changes in cloud cover between
the OMI overpass and noontime are not considered (JEGOU et al., 2011). Finally, the UV Index is
calculated from spectral irradiance values (BROGNIEZ et al., 2016).
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According with Anton et al. (2012) and Brogniez et al. (2016), a large part of the high positive
bias between OMI UVI and ground-based UVI is due to absorbing aerosols. Also, according
Brogniez et al. (2016) and Kinne et al. (2013) the new algorithm version (v1.3) accounts for
absorbing aerosols via an aerosol climatology, which is used in a correction factor (CF) applied to
v1.2 UV estimates.

Uncertainties in OMI derived UVI arise from factors affecting clear-sky irradiance modeling,
such as ozone levels and surface albedo, and from the cloud-aerosol correction factor (ANTON et
al., 2010; BROGNIEZ et al., 2016). When the satellite’s overpass time differs significantly from
local noon, an additional uncertainty arises because UVI values are given for noontime while the
correction factor is based on the overpass time (JEGOU et al., 2011; BROGNIEZ et al., 2016). As
a result, the overall uncertainty is estimated to be around 5%—10% in clear-sky conditions and 7%—
14% in cloudy conditions (BROGNIEZ et al., 2016).

The GOME-2 is a nadir-viewing UV/VIS spectrometer that scans and measures back-scattered
and reflected radiation from the Earth-atmosphere system across a spectral range of 240 to 790 nm
(MUNRO et al., 2016; KUIANPAA & KALAKOSK, 2015). The first GOME-2 instrument was
launched in October 2006 aboard the EUMETSAT Metop—A satellite (Figure 15), followed by a
second on Metop—B in September 2012. The dataset’s continuity was further extended with the
deployment of a third GOME=-2 instrument on the Metop—C platform in November 2018 (LIU et
al., 2021).

Figure 15 — Series of Metop satellites. From left to right Metop-A, Metop-B and Metop-C.

Source: Retrieved and adapted from EUMESAT — Metop series (2023).

Flying in sun-synchronous orbits, the Metop satellites equator crossing times is at
approximately 09:30 LT (local time) and present repeat cycle of 29 days (412 orbits) (CHAN et
al., 2022). The summary of the GOME-2 instrument characteristics is on Table 1. Consider
GOME=-2A the instrument onboard MetOp—A, GOME-2B the instrument onboard MetOp—B and
GOME-2C the instrument onboard MetOp—C.
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Table 1 — Summary of the GOME-2 instrument characteristics.

Sensor GOME-2A GOME-2B GOME-2C

Operational Period Jan 2007 - Nov 2021 Dec 2012 - Present  Jan 2019 - Present

Spectral Range 240 - 790 nm 240 - 790 nm 240 - 790 nm

Ground Pixel Resolution 80 km % 40 km /40 km x 40 80 km x 40 km 80 km x 40 km
km

Swath Width 1920 km / 960 km 1920 km 1920 km

Equator Crossing Time  9:30 (local time) 9:30 (local time) 9:30 (local time)

Global Coverage 1.5 days 1.5 days 1.5 days

Source: Retrieved and adapted from Chan et al. (2022).

The UV processing algorithm for GOME=-2 involves gridding total ozone data, calculating
cloud optical depth from reflectance, and using a radiative transfer model to derive surface UV
quantities (KUJIANPAA & KALAKOSK, 2015). GOME-2 UV products include the daily and
maximum dose rates of integrated UV-B and UV-A radiation, with results adjusted by different
biological weighting functions and the solar noon UV index (IALONGO et al., 2011).

Uncertainty in GOME-2-derived UV index stems from factors affecting irradiance modeling,
such as variations in ozone, surface albedo, cloud cover, and aerosols. In clear-sky conditions, this
uncertainty ranges from 8% to 16%, increasing to approximately 10%—20% (and up to 20%—40%)
under cloudy conditions (BROGNIEZ et al., 2016).

2.6 Ground-based instruments for UV monitoring

Several types of ground-based instruments have been developed for measuring and monitoring
surface UV radiation. These instruments have an extensive range of complexity, capabilities, and
cost. The most complex instruments are spectroradiometers; these measure radiation wavelength
by wavelength (LESZCZYNSKI, 1995; CADET, 2020). Other type of instrument are radiometers,
that provides signals that correspond to irradiance integrated over a number of discrete wavelength
bands (SECKMEYER et al., 2005).

Broadband radiometers are instruments that use one filter that transmits radiation over a large
wavelength range (KERR & FIOLETOV 2008). In other words, unlike spectroradiometers, which
measures irradiance by wavelength, radiometers measure the intensity of radiation integrated over
a frequency band (CADET, 2020). Figure 16 shows an example of a spectroradiometer and a

broadband radiometer.



44

Figure 16 — Ground-based instruments to monitor UV. From left to right, radiometer Kipp & Zonen UVS-E and
BENTHAM DM 300 spectrometer.

Source: Retrieved and adapted from Lamy (2018).

More information about the specific ground-based instruments used in this project can be found
in Chapters 3, 4, and 5. Appendix A provides a table of some locations where ground-based UV
monitoring has been performed around the world, as well as the instruments used, study period and

other information.

2.7 State of the art of UV

The scientific study of light and its properties began with Isaac Newton in 1666, when he
demonstrated that white light could be dispersed into a spectrum of colors (DIFFEY, 2002).
According to Thomas (1991) Newton allowed sunlight to enter through a small hole in the shutter
of a window and pass through a glass prism. He observed that the white light from the sun was
separated into a regular series of colors, a spectrum, which he projected onto a screen (THOMAS,
1991). By passing the individual colors through a prism in the reverse position, he observed the
restoration of white light. From these experiments, Newton concluded that light was composed of
colors and that each was bent differently as it passed through the prism (DIFFEY, 2002). This
experiment marked the beginning of spectroscopy, which enabled the future discovery of UV
(DIFFEY, 2002).

Although the discovery of the visible spectrum of solar radiation was before 1700, only in 1800
William Herschel discovered infrared radiation and in 1801 Johan Ritter discovered the region of
the solar spectrum known as ultraviolet radiation (DIFFEY, 2002). According to Thomas (1991)
Ritter was studying the effect of the visible spectrum on silver chloride compound, a sensitive
compound, which turned dark when exposed to light. He passed white light through a prism to
produce the various colors and irradiated a sample of silver chloride with each specific color. He
observed that violet light caused the salt to darken the most. When Ritter placed silver chloride in

unlit space just beyond the violet region, the compound was darkened further. Ritter therefore
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extended the electromagnetic spectrum beyond the visible region, and this new invisible part of the
solar spectrum was called the ultraviolet, in other words "beyond violet" (THOMAS, 1991).
Technology has evolved and today it is possible to find a variety of research aiming at the study
of UV, different methodologies, and places of application with the monitoring of UV performed
with a wide range of equipment, through ground-based stations, satellites, and even with the use of
portable and wearables sensors. In the next topics are some examples of UV related researcher

conducted in the South America, Antarctica and specifically in Brazil.

2.7.1 Study of UV in South America

South America, with its unique and diverse environments, like the Amazon rainforest, Andes
mountains, Pantanal wetlands, Cerrado, among others, has fewer published studies on UV radiation
compared to other parts of the world. Additionally, the impact of the Antarctic ozone hole on
southern parts of the continent adds further complexity.

Excluding Brazil, among the other South American countries, Argentina and Chile are the ones
that have conducted the most studies related to UV between the 1980s and 2022. A nearly
continuous data set of solar ultraviolet spectral irradiance from Ushuaia, Argentina, over the period
from mid-September 1990 to mid-March 1991 was investigated by Frederick et al. (1993). This
period included a season of prolonged depletion in column ozone over Antarctica, 10° or more in
latitude poleward of Ushuaia. The equipment used to monitor the solar spectral irradiance at
Ushuaia was a scanning spectroradiometer assembled by Biospherical Instruments. Their results
indicated that during December the average noontime irradiance at 306.5 nm, was 45% larger than
the mean climatological prediction. The largest noontime radiation levels observed at Ushuaia were
equivalent to moving 20° in latitude closer to the equator at the summer solstice (FREDERICK et
al., 1993).

Ultraviolet erythemal and total (300—-3000 nm) irradiance measurements of the Argentine
National Meteorologic Service Network were related to ground-based cloud observations on the
work of Cede et al. (2002). No geographical dependence was observed in the effects of each cloud-
type on the irradiance, from tropical to Antarctic regions. The stations of the Argentine UV net
were distributed from the northernmost to the southernmost location on the continental area of
Argentina and in the Antarctic continent. All the sites were equipped with UV biometers, whose
measurements are given in terms of the erythemal action spectrum defined by the International

Commission on [llumination (CIE). Irradiance enhancement by broken cloud fields was more
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pronounced from 5 to 7 octas cloud coverage and could last even hours, with peak instantaneous
values of 113% for erythemal and 133% for total irradiance, with respect to the very clean clear
sky situation. In each case, the total irradiance was usually more attenuated and more enhanced by
clouds than the erythemal irradiance (CEDE et al., 2002).

UV-B and total radiation values recorded at solar noon between November 1998 and December
2002 in Cordoba city, Argentina, measured using a pyranometer YES UVB—1 (UV-B) and a
pyranometer YES TSP-700 (total), were analyzed by Palancar & Toselli (2004). They found out
that the clear sky values for UV-B radiation calculated by using a radiative model and assuming
ozone absorption were in good agreement with the experimental ones. This agreement was better
than 10% for SZA <70° (PALANCAR & TOSELLI, 2004).

The relationship between UV and global radiation was also the subject of study by Argentine
researchers. An analysis of broadband solar irradiation, I, and the erythemal UV, I, gz, was
conducted using measurements from 2013 to 2015 at three sites located at altitudes above 1000 m
a.s.l. in Northwestern Argentina (Salta, El Rosal, and Tolar Grande) by Utrillas et al. (2018). The
primary objective of this study was to develop a relationship between I, and Iy gg, that would
allow the estimation of Iz in locations with limited data, particularly in areas where appropriate
photoprotection measures were crucial due to dense populations and high altitudes. The daily
values of Iyygr and Iy showing good correlation in the three measurement sites (R? > 0.77).
Furthermore, the I;;ygr/Iy increased by 0.32 + 0.03 units per km of altitude, highlighting the more
significant influence of altitude on I, zg than on I (UTRILLAS et al., 2018).

Of the numerous studies conducted in Chile, here are some examples: Daily and annual cycles
of solar ultraviolet radiation were characterized at Valdivia, Chile (39.83°S), using data collected
with a multichannel radiometer (GUV-511) between January 1995 and March 1999
(LOVENGREEN, FUENZALIDA & VILLANUEVA, 2000). Also, for the city of Valdivia,
Huovinen, Gémez & Lovengreen (2006) reported a study spanning five years (1998-2003) of
continuous solar-irradiation measurements from a scanning spectroradiometer (SUV-100),
accompanied by an evaluation of the impact of UV on marine macroalgae at this site. UV
conditions showed a strong seasonal variation (HUOVINEN, GOMEZ & LOVENGREEN, 2006).

Ground-based UV continuously measured between January 1995 and December 2011, using a
multi-channel filter radiometer (PUV-510) were compared with satellite-derived data retrieved

from the TOMS, the OMI, and the SCIAMACHY in the study of Cabrera et al. (2012). They found
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that satellite derived UVI products largely overestimate surface UVI. The ground-based UVI
measurements were significantly lower than TOMS—derived UVI data and OMI—derived UVI data.

An example of a more recently published study on the variability of UV in Chile is the work of
Gonzélez-Rodriguez et al. (2021). The analysis performed in their work took into consideration the
effect of climate features, mainly sky conditions, on the seasonal variation of UVER in an urban
area of Santiago. It was concluded that the population is exposed to a high risk of developing
sunburn and/or other sun-related skin damage in 46% of days with UVI <5, even under cloudy
conditions and before 11:00 local time during spring, summer, and fall, (GONZALES-
RODRIGUEZ et al., 2021).

Regarding research focused on investigating UV in other South American countries, Coariti et
al. (2017) carried out a study in which the main objective was to evaluate the behavior of the UVI
levels and number of new cases of FTD (development of photodermatoses) for the period 1998-
2012, in La Paz, capital of Bolivia, with 3.600 m of altitude. Information on FTD cases was
collected from the “Caja Nacional de Salud” Hospital. The UV information was obtained using a
Brewer spectrophotometer MKIV. A descriptive evaluation of the incidence rates of FTD, UVI
and Minimum Erythematosus Dose (MED) was performed. It was observed that, regardless of the
time of the year, at around midday, 94.6% of the UVI records corresponded to the "Very High and
Extreme" scales, the MED for phototype IV (450/m~2) was soon reached in the first two hours of
the day (COARITI et al., 2017).

Yamamoto et al. (2018) conducted research in Peru, examining UV measurements across six
locations, Ica, Tacna, Moquegua, Arequipa, Cajamarca, and Marcapomacocha, at altitudes ranging
from sea level to 4,479 meters. This study aimed to validate and analyze the UV index along with
daily erythemal doses (DEr). For accuracy, clear-sky data were filtered and compared to numerical
simulations from the TUV radiation model, enabling the development of numerical regression
equations. Regarding the UVI, at times close to local noon, high values were observed (6 < UVI <
7) at all locations and in all seasons of the year. The town of Marcapomacocha showed UVI
measurements values higher than 20 in summer, autumn and spring (YAMAMOTO et a., 2018).
During the past years, there were also UV studies in Quito Ecuador: (HUACA et al., 2018) and
(PARRA et al., 2019).
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2.7.2 Study of UV in Antarctica

In 1985, scientists Joseph Farman, Brian Gardiner, and Jon Shanklin reported a 30% decrease
in ozone levels over Antarctica during October (FARMAN et al., 1985). This marked reduction
was unprecedented in terms of its magnitude, timing, location, and seasonal pattern. The ozone
depletion occurred annually each spring, concentrated in the lower stratosphere, an area previously
thought to be unaffected by increased chlorine levels (DOUGLAS et al., 2014). Satellite data
subsequently showed that the depleted ozone region, later called the ozone hole, expanded rapidly
throughout the 1980s and reached a size comparable to North America by 1992 (DOUGLAS et al.,
2014).

Most of the studies related to UV that have occurred in Antarctica have focused on investigating
the increase in intensity of incident UV in response to ozone depletion. As an example, the US
National Science Foundation’s (NSF) Ultraviolet Spectral Irradiance Monitoring Network
(UVSIMN) was established in 1987 for measuring UV at high latitudes, and included seven sites,
three of which in Antarctica (BERNHARD et al., 2008). The network primarily employed SUV-
100 spectroradiometers (BERNHARD et al., 2008).

The UV data from Antarctic sites has been used in the validation of satellite-derived UV
radiation (KALLISKOTA etal., 2000; TANSKANEN et al., 2007). Validation of radiative transfer
model calculations (KANCLER et al., 2005; BERNHARD et al., 2008); and the establishment of
UV climatologies and trends (BERNHARD et al., 2008). Data have further been used by biologists
analyzing the effects of UV irradiance on aquatic (SMITH et al., 1992) and terrestrial (DAY et al.,
1999) ecosystems.

In 2020, the study by Bernhard and Stierle provided additional evidence that UV index levels
in Antarctica were beginning to decrease during the summer months. However, no statistically
significant reductions in UVI were observed during October and November, a period characterized
by high UVI variability due to the presence of the ozone hole, even when data from the spring of
2019, when an unusually small ozone hole was observed, were included (BERNHARD &
STIERLE, 2020).

Cordero et al. (2022) found that, despite progress in ozone recovery, the Antarctic ozone hole
still forms each year, causing significant ozone loss. In late November and early December 2020,
they recorded some of the highest UV levels in Antarctica in the last two decades, especially around

the northern Antarctic Peninsula. On December 2nd, the UV index reached 14.3 at noon on King
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George Island, close to the continent’s record high. On the next day, December 3rd, the erythemal
daily dose at the same site was among the highest globally, comparable to those found at high-
altitude sites in the Atacama Desert, near the Tropic of Capricorn (CORDERO et al., 2022).
Furthermore, the proximity of South America to Antarctica is a relevant factor as the ozone
hole is present in the southern region of the planet from the end of winter to the beginning of
summer in some years This translates to higher potential health risks for the South American
population and is a feature that leads researchers to investigate the variability and impacts of UV

in this region.

2.7.3 Study of UV in Brazil

The monitoring of UV radiation in Brazil began in the early 1990s (KIRCHHOFF et al., 1993).
To complement the existing Brazilian ozone network of Dobson spectrophotometers, three Brewer
spectrophotometers were installed: one in Cuiaba (14.6°S, 56.1°W, Brewer number 056), with Os,
SO2, and UV observations starting in October 1990; one in Santa Maria (29.4°S, 53.5°W, Brewer
number 081), with measures starting in 1992; and another in Rio Branco (9.5°S, 67.5°W, Brewer
number 073), which began measuring Os, SOz, NOz, and UV in 1991 (KIRCHHOFF et al., 1993).
Due to technical issues, such as computer failures caused by the highly variable energy supply
common in the Amazon region at the time, a long-term data record was not established at Rio
Branco. As a result, in 1994, the Brewer spectrophotometer was relocated to Natal. In 1997, UV
measurements began in Cachoeira Paulista (23°S, 45°W) with a Brewer spectrophotometer
(number 124) (ECHER et al., 1999). Although UV monitoring in Brazil started during this period,
publications on UV radiation in the country do not comprehensively cover all these sites or the
entire monitoring period. The following paragraphs provide examples of research conducted since
the 1990s.

Time series of biologically active UV-B radiation observed at sites in Brazil, La Paz, Bolivia,
and Punta Arenas, Chile, were presented by Kirchhoff et al. (2000). Regarding Brazil’s data, they
used measurements acquired since 1991 by the National Institute for Space Research (INPE)
network of radiometers to measure UV-B at ground level. Results showed that the regions of La
Paz, Campo Grande, and Natal had the highest UV-B intensities. The UV-B radiation exhibited a
dependency on geographical latitude and altitude. The UV Index for summer was close to 15 in La
Paz and above 12 for Campo Grande and Natal (KIRCHHOFF et al., 2000).
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For the city of Botucatu in the state of Sdo Paulo, southeast Brazil, Escobedo et al. (2006)
presented equations for estimating hourly and daily UV, photosynthetic (PAR), and infrared (IR)
radiation as a function of global radiation, measured between 2001 and 2005. Global irradiance
was monitored using an Eppley PSP pyranometer, and UVI was measured with a CUV-3
radiometer (ESCOBEDO et al., 2006).

In the same year, Corréa and Fattori (2006) published a study that evaluated UVI variations over
Sdo Paulo, specifically in the metropolitan region (SPMR). This study was based on observations
of ozone and aerosol optical properties. For ozone content, they used satellite data from TOMS
observations between 1996 and 2002, and for aerosol properties, they used surface data from a
Cimel 318A photometer of the AERONET, collected between 2001 and 2002. The researchers also
used a multiple scattering radiative transfer algorithm, UVGAME (Ultra-Violet Global
Atmospheric Model), to calculate the UVI. The results showed high levels of UV during practically
all seasons, even during high-pollution episodes commonly observed in SPMR (CORREA &
FATTORI, 2006).

Ground-based UV observations were conducted in Tokyo, Japan; Sdo Martinho da Serra,
Brazil; and Punta Arenas, Chile by Nozawa et al. (2007). Their study used UV spectroradiometers
and UV radiometers, manufactured by EKO Instrument Co., Ltd. Data from Punta Arenas revealed
a sudden increase in UV—B radiation at the start of spring, suggesting that the arrival of the ozone
hole could be detected from the ground (NOZAWA et al., 2007). Silva (2008) presented erythemal
dose measurements obtained with a biometer solar light, for one of the densest Brazilian
metropolitan area, Belo Horizonte (19.92°S, 43.94°W, 858 m a.s.l.), for the period 2005 to 2007.

In addition to research related to UV conducted in the southeast, the second region with the
largest number of research investigating UV in Brazil is the northeast, especially in Natal, the
capital of Rio Grande do Norte. Measurements of the UV index in Natal, taken between 2001 and
2007, using a GUV-511 C surface radiometer, were used to generate hourly mean value curves for
all days during that period and monthly mean values for the same period as reported by Silva,
Oliveira, and Marinho (2008). Their results indicated that besides the expected difference in values
between the rainy and dry seasons, there was an increase of about 1 point between the peak hour
indexes between 2001 and 2007, also, the peak of the index occurred before 12:00 (noon) in all
years of the study (SILVA, OLIVEIRA & MARINHO, 2008). Other studies on UV in Natal:
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(MARINHO & SILVA, 2013); (LOPO et al., 2013); (LOPO et al., 2014) and (CORREA et al.,
2015).

The information regarding UV in Brazil is scarce with low spatial and temporal coverage
(LEAL, TIBA & PIACENTINI, 2011). This information scarcity, due to the small number of
measuring stations, has directed some researchers towards the creation of computational parametric
models or the generation of statistical models for the estimation of the UV radiation from the
measurement of the global radiation. As example of this type of research, Leal, Tiba & Piacentini
(2011) worked with measurements of daily global solar and UV radiation from 2 stations in
Pernambuco, one in the city of Pesqueira and other in Araripina, for the period of 2008 to 2010.
The measurement of the UV was carried out using a TURV pyranometer (Total UV Radiation) and
for the measurement of the daily global solar radiation a black and White pyranometer was used.
(LEAL, TIBA & PIACENTINI, 2011).

To the capital of Pernambuco, Recife, Tiba & Leal (2012) presented a work that aimed at the
elaboration of an hourly statistical model for determining the UVI from UV irradiation (A+B).
Simultaneous measurements of erythemal and UV irradiance (A+B) were performed using a
biometer (501B) and a total ultraviolet radiometer (TUVR). The model generated from the
measurements showed a statistical performance (MBE) of 0.41% and an (RMSE) of 14.1% (TiBA
& LEAL 2012). They highlighted the need for a greater number of measurements to improve the
statistical validation of the model, however, it demonstrated a good prediction accuracy for the UV
Index.

Another important research from the northeast was the one conducted by Porfirio et al. (2012).
In their study, they presented the first UV observations made at an agro-meteorological and
radiometric station in the metropolitan region of Maceio (9.28°S, 35.49°W, 127 m). They analyzed
UV variability over various timescales and investigated its fractional contribution relative to global
solar radiation (QG), expressed as, Fyy = UV/G under different sky conditions. The UV was
measured using the Kipp & Zonen model CUV3 radiometer. Broadband global solar irradiance
was measured with Kipp & Zonen model CM5 Pyranometer (PORFIRIO et al., 2012). The study
found that cloud cover has a greater impact on annual variations in daily UV totals than seasonal
changes. Under partially cloudy conditions, multiple reflections increased UV levels by 11.1% and

18.8% compared to clear days (PORFIRIO et al., 2012).
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Papers that have analyzed UV in other cities in Brazil: Sdo Paulo, Itajuba and Ilhéus - (CORREA
& PIRES, 2013); Santa Maria (RS) — (SCHUCH et al., 2015), (BRESCIANI et al., 2018);
Conceicdo das Pedras (MG) — (SILVA et al., 2016); Recife, Rio de Janeiro, Sdo Paulo and Porto
Alegre — (CORREA et al., 2021). In the northern region there is a very large deficit of research
investigating UV. In 2022, Alves et al. (2022) described the seasonality of the UVI in the city of
Humaita, in the Amazonas state, northen Brazil. The UVI data were collected from October 2019
to September 2020 by an UVM-30A Ultraviolet Ray sensor (200 — 370 nm), connected to an
Arduino Uno R3 platform. The results obtained showed that in the spring the maximum mean UVI
vary from 4 to 8, in summer it is constant and equals to 4, in autumn it varies from 4 to 6 and in
winter it oscillates from 8 to nearby 11. The highest values occurred during the winter, which
coincides with the dry period of the region (ALVES et al., 2022).

UV can be provided as past record, nowcast or forecast. To achieve information on UV it is
necessary measurements, models, and validation procedures. In Brazil and around the world
researchers have sought ways to expand the UV monitoring network, to improve and develop more
robust modeling techniques to investigate UV, as well as the inclusion of satellite-derived data to
understand the spatial-temporal variability of UV across the globe, but especially, in as many
populated areas as possible where there are no monitoring stations. This PhD thesis adds to the
efforts of all the aforementioned scientists, with the goal of characterizing the temporal variability
of the incident UV in low and mid-latitude South American sites.

Figure 17 shows a map indicating locations where researchers have conducted UV monitoring
using ground-based instruments, based on some papers published between 1983 and 2022. It is
worth noting that a systematic review was not conducted, therefore, there may be places that have
conducted or are conducting UV monitoring that are not included on the map, especially in the

Northen hemisphere.
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Figure 17 — Some sites where UV was measured using ground-based instruments according to articles related to UV
published between 1983-2022. A systematic review was not conducted, therefore, there may be places that have
conducted or are conducting UV monitoring that are not included on the map.
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3 RESULTS: Temporal variability of UV radiation in Santarém using ground-based and

satellite data

The results of this thesis are divided into three main sections (sections 3, 4 and 5):

Section 3: Subdivided into two subtopics, corresponding to two published articles. The first
article, "Solar Ultraviolet Radiation Temporal Variability Analysis from 2-Year of Continuous
Observation in an Amazonian City of Brazil" and the second, "UV Index Seasonal Variability in
an Amazonian City of Brazil Based on Satellite Data."

Section 4: This section presents the findings for the city of Natal, as detailed in the paper
"Comparative Analysis of Ground-Based and Satellite-Derived UV Index Levels in Natal, Brazil,"
which has been published.

Section 5: This section discusses the results from the study "Comparative Analysis of Ground-
Based and Satellite-Derived UV Index: Variability and Reliability from Three South American
Low- and Mid-Latitude Sites." While these findings have not yet been published, they were
presented as a poster at EGU 2024 (European Geosciences Union General Assembly).

This division and the resulting publications emphasize the importance of understanding UV
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radiation patterns at specific sites in different regions with distinct environmental characteristics
and assessing the reliability of ground-based and satellite-derived data. By addressing these
specific objectives, this thesis makes a significant contribution to environmental, atmospheric
sciences, and public health, offering valuable data and insights that address the important and

lacking research on UV radiation in regions of South America.

3.1 Article I overview and thesis contribution

UV is a highly energetic component of the solar spectrum that needs to be monitored because
of the effects on human health and on the ecosystems. In Brazil, few cities monitor UV, especially
in the Amazon region which is particularly poor in observation. This work was the first to address
the short-term (2-year) temporal variability of UV in Santarém (2.25° S, 54.44° W, 51 m) using
ground-based measurements. The irradiance in the wavelength range of 250—400 nm was
investigated on different time scales. Furthermore, to understand how the UV varies without the
influence of clouds, METAR was used to select the hours corresponding to the clear sky condition
as well as the hours in all sky conditions.

The article "Solar Ultraviolet Radiation Temporal Variability Analysis from 2-Year of
Continuous Observation in an Amazonian City of Brazil" contributes to the first and second
specific objectives of this thesis, which aim to characterize the temporal variability of surface UV
at Santarém and to analyze its variability with and without the influence of cloud cover. The study
reveals smaller UV variation over the course of the year, as expected for a low latitude site close
to the equator, even though the dry period presents higher UV values. It suggests the influence of
cloud cover on UV variability, both in attenuation and enhancement, as observed when certain
months in the rainy period showed more intense UV under all sky conditions compared to clear
sky conditions. Due to missing data, it was not possible to confirm the expected semi-annual cycle.
It will be necessary to extend the measurements over time to consolidate these results over several
years and to obtain representative UV climatologies for this site, but this first study already
provides a reference for other studies requiring knowledge of UV irradiance. Examples are health
studies or the influence of UV on terrestrial and aquatic ecosystems. In the future, it will also be
important to look at the influence of other factors on UV variability. Among these important factors
are aerosol loading, atmospheric ozone amounts, and cloud cover. This study establishes a
foundational reference for UV levels in Santarém, aiding in the broader understanding of UV

variability across low and mid-latitude South American sites.
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3.2 Publication status

REIS, Gabriela; SOUZA, Samuel; NETO, Helvécio; et al. Solar Ultraviolet Radiation Temporal
Variability Analysis from 2-Year of Continuous Observation in an Amazonian City of
Brazil. Atmosphere, v. 13, n.7, p. 1054, 2022. Available in: https://www.mdpi.com/2073-
4433/13/7/1054.

3.3 Article I
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Abstract: Solar ultraviolet radiation (UVR) is a highly energetic component of the solar spectrum
that needs to be monitored because of the effects on human health and on the ecosystems. In Brazil,
few cities monitor UVR, especially in the Amazon region which is particularly poor in observation.
This work is the first to address the short-term (2-year) time variability of UVR in Santarém (2°25’ S,
54°44’ W, 51 m) using ground-based measurements. The irradiance in the wavelength range of
250-400 nm was investigated on different time scales. Furthermore, to understand how the UVR
varies without the influence of clouds, the hours corresponding to the clear sky condition were
analyzed as well as the hours in all sky conditions. Regarding the averages, there is a slight variation
over the year. In all sky and clear sky conditions, the dry season had a higher average than the rainy
season, despite the slight difference. Also, both in all-sky and clear-sky conditions the maximums
occurred around local solar noon, and reached a maximum of 87 W/m? in the dry season under
the clear sky condition. Further understanding of the radiative effects of the clouds in UVR time
variability is considered essential for future research. This study can serve as a reference for UVR
levels in this region where no other ground-based UVR measurements are made.

Keywords: solar ultraviolet radiation; clear sky; atmospheric science; temporal variability; environmental
monitoring; Amazon; Brazil

1. Introduction

Solar Ultraviolet Radiation (UVR) comprises a set of electromagnetic waves with
wavelengths between 100 and 400 nm that represents a small fraction (5%) of the solar
radiation that reaches the terrestrial surface [1-3]. This spectrum of solar radiation has
a direct effect on human health, terrestrial and aquatic ecosystems, and the degradation
of materials [4,5]. The amount of UVR reaching the Earth’s surface depends on solar
variations (such as Schwabe solar cycle), on the variations in the Earth’s position relative to
the Sun, on atmospheric, geographical, and temporal parameters which include the angle
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of incoming UVR (affected by latitude, season and time of day), altitude, albedo, clouds,
aerosols, and others atmospheric constituents [6-8].

For a better understanding and research, UVR is divided into three bands, depend-
ing on its transmission capability in the atmosphere and its biological effects: UVA
(320400 nm) that makes up most of the UVR received on the terrestrial surface; UVB
(280-320 nm) which is partially absorbed into the atmosphere and UVC (100-280 nm)
which is completely absorbed by stratospheric ozone [9].

In humans, exposure of the skin to solar radiation in the UV (ultraviolet) band results
in the production of vitamin D, and it is the main source of this type of vitamin for most
of the world’s population [10]. Increasing evidence is identified for a range of other
benefits; for example, for systemic autoimmune diseases (such as multiple sclerosis) [11],
in the prevention of myopia [12] in addition, recent research suggests that adequate UVR
exposure, may be substantial in reducing mortality [13].

A sharp increase in the incidence of skin cancer has been observed in populations
worldwide since the early 1970s, strongly associated with personal behavior regarding sun
exposure and its ultraviolet component [14]. The Brazilian National Cancer Institute (INCA)
estimated for the 2020-2022 triennium about 177 thousand new cases of non-melanoma skin
cancer in Brazil. In the northern region, it is the second most incident type of cancer among
men [15]. Among women, it is the most incident cancer in all regions of the country [15].

Natural factors such as solar activity (11-year solar cycle), dynamical atmospheric
processes (e.g., quasi-biennial oscillation (QBO)) and ocean dynamics induce changes in
the atmosphere varying from each location in the world [16]. Climate change, influenced
by land use change, such as deforestation, agricultural transformations, urban and indus-
trial development also influences, for example, altering cloud cover [16,17], which is one
important regulator of the radiance balance of the earth-atmosphere system [18]. Clouds
can reflect and scatter solar radiation and increased cloud cover generally tends to reduce
UVR on surface, but in some cases, there is an enhancement of local radiation depending
on the type of clouds [19,20].

Under cloudy conditions, the interactions of UVR with the Earth’s atmosphere are
complex and for clear sky conditions, ozone is the main absorber and aerosols are the
main contributors to UVR attenuation [21]. Every year the gas and particle emissions from
tropical biomass burnings cover a large portion of South America originating from fires in
the Amazon [22,23]. Aerosols reduce the direct solar radiation reaching the surface, while
they increase the diffuse fraction of solar radiation [21]. Biomass-burning aerosols also act
as cloud condensation nuclei affecting cloud microphysical properties and therefore change
the radiation budget over disturbed areas [22-24].

In addition, it is increasingly apparent that the Amazon is under increasing threat from
both climate change and human practices such as deforestation and biomass burning [24].
Amazonian cities such as Santarém, the study area of this research, may become a common
pattern, thus representing a new challenge to understanding the atmosphere-biosphere
interactions. For example, the presence of the urban region and the large rivers (such as the
Tapajos and Amazon rivers, which pass through Santarém) alters the diurnal cycle of cloud
formation and modifies the wind regime, which starts to lead to atmospheric pollution
generated in cities, by burning fuels and industrial emissions, to distant regions, covered
by forests or production areas [25].

Despite the importance of all these issues related to UVR for public health and sus-
tainable development, there are knowledge deficits at local levels of UVR [19,25]. In Brazil,
there are still few cities that monitor UVR and few are those that have been monitoring it
continuously for more than 10 years [26]. The lack of UVR data is even greater when it
comes to the Brazilian Amazon.

Therefore, given the importance of UVR, the lack of ground-based data, the uncertainty
regarding the existence of trends, and both the increase or decrease in the incidence of
surface UVR. The aim of this study is to characterize the temporal variability of surface
UVR at different time scales (daily, monthly, seasonal) at Santarém-PA for the period of
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2019-2020, a period for which we have ground-based measurement of UVR. Furthermore,
in order to understand how the UVR varies without the influence of clouds, the hours
corresponding to the clear sky condition were analyzed as well as the hours in all sky
conditions. These findings are useful to improve the understanding of the UVR time
variability at surface in an amazonian city in addition to serving as a first step for future
study on the influence of cloud cover on surface UVR variability in the Amazon.

2. Materials and Methods

Santarém (2°25' S, 54°44’ W) is situated in the western Par4, in the north of Brazil
at approximately 51 m above sea level (Figure 1). The city fits into the climatic type Am,
that is, the climate is humid equatorial with a well-defined dry and wet seasons [27].
The rainy season generally lasts from January to June and the dry season comprises the
months between July and December [28]. It has little variability in relative humidity,
air temperature, atmospheric pressure, and wind speed, due to being located in tropical
latitudes close to the Equator [29].
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Figure 1. Map showing the location of Santarém in north Brasil.

Precipitations in the Amazon rain forest, where is Santarém, are dominated by convec-
tion with a summer rainy and a winter dry season [24]. During the nonpolluted periods in
the rainy season, the atmosphere over this area has been described as a green ocean owing
to very low aerosol concentrations and a maritime-like cloud regime [24,30]. In contrast,
during the dry season, biomass-burning enhance aerosol concentrations [24,25].

2.1. Instruments and Data
2.1.1. Ground-Based UVR Instrument at Santarém

The UVR sensor was installed at a height of 18 m above ground level in a tower located
on the UFOPA (Federal University of Western Para) campus in Santarém (Figure 2). It was a
used a UVR sensor, model SU-100-ss, manufactured by Apogee Instruments. The sensor is a
photodiode designed for UVR detection in photon flow units (umoles s 'm~2) and Wm ™2
energy flow units. It has a spectrum range from 250 nm to 400 nm, that is, it comprises
the entire UVA and UVB range. The calibration factors are 5 pmoles s~'m~2 per mV and
1.65 Wm™2 per mV. The sensitivity of the SU-100-ss is 0.20 mV per 1 pmoles s~ 'm~2,
0.61 mV per 1 Wm 2, stability of 3% change over the period of one year and an operating
temperature of —40 °C to 70 °C [31]. The UVR sensor was brand new and calibrated
by Apogee.
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Figure 2. Tower where the UVR sensor was installed.

A two-year period of data (April 2019 to November 2020) was measured. The
UVR data were collected continuously with a sampling frequency of 1 Hz, in watts per
square-meter unit, and using the Campbell Scientific model CR10X data logger. The miss-
ing days are due to the period in which the sensor had not arrived and due to some
technical problems.

2.1.2. Cloud Clover Data from Santarem’s International Airport

Cloud cover data were obtained from METAR—data from the international airport of
Santarém. Downloaded for free through the REDEMET (Air Force Command Meteorology
Network) application [32] available in 1—h intervals. Metar data is the regular aerodrome
weather report and contains elements such as wind, temperature, lightning, visibility, and
others such as cloud height and cover [33].

Traditionally the cloud cover has been determined by human observers and The World
Meteorological Organization (WMO) defines the rules for the register of cloud cover [34].
Observers estimate the cloud cover in oktas, dividing the sky into 8 regions and evaluating
the regions covered by clouds (Table 1) [32,33]. Clear skies have 0 oktas, and overcast
corresponds to 8 oktas [19,33,34].

Table 1. Metar sky coverage oktas and codes.

Octas Sky Coverage Code
0 CAVOK
1 FEW
2 FEW
3 SCT (Scattered)
4 SCT (Scattered)
5 BKN (Broken)
6 BKN (Broken)
7 BKN (Broken)
8 OVC (Overcast)
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2.2. Methods and Statistical Analysis

In order to understand how the UVR varies without the influence of clouds, the
hours corresponding to the clear sky condition were analyzed as well as the hours in all
sky conditions.

In this work, it is considered clear sky 0 oktas, denoted by the acronym CAVOK
(“Ceiling in Visibility OK”) and 1 to 2 oktas, denoted by the acronym FEW. [35] used a
threshold of 20% of a cloud fraction measured by an all-sky camera, with up to about
70% of the clear sky condition in their survey of the Inter-Comparison Campaign of UVR
Instruments under Clear Sky Conditions at Reunion Island (21° S, 55° E). Therefore, 0, 1 and
2 oktas can be used to represent clear skies, as they represent less than 30% sky coverage.

As the cloud cover data were in hourly frequency, the UVR series were grouped
according to the hourly average in order to select the hours corresponding to the clear sky
condition. For the 2 years of study, hours of clear sky represented 37% of the total, however,
due to gaps in UVR data, this percentage was larger, 41% (Figure 3), since only the hours of
sky coverage with corresponding UVR data were analyzed.

BKN

ove

FEW

CAVOK
Figure 3. Cloud coverage at Santarém-PA for the 2019-2020 period.

In order to provide information about data variability, through the use of statistical
measures, boxplots were prepared. The boxplot is a visual statistical method that composes
a specific resource to detect trends and replace tables, besides contributing to better data
interpretation, detection of outliers adend comparison of sample groups [36].

The monthly distribution of the data was also performed, as well as the seasonal
distribution of the year: Rainy period (January, February, April, May, and June) and dry
period (July, August, September, October, November, and December). The average over the
study period for UVR in the two sky conditions was also calculated. Although the dataset
does not cover a sufficient period to be climatologically significant, the monthly variability
and the differences between clear sky and all-sky UVR present interesting results.

The climatology of the cloud cover using METAR data and precipitation using data
obtained for free from the INMET (National Institute of Meteorology) website were also
calculated (Figure 4) in order to illustrate the rainy and dry season divisions adopted in
this work.
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Figure 4. Cloud cover and precipitation monthly average at Santarém.

3. Results and Discussion

In this section, the UVR time variability in clear sky and all sky conditions patterns
are presented to demonstrate how UVR varies without the influence of cloud cover, fur-
thermore to understanding how seasonality influences the intensity of surface UVR in an
Amazon city.

3.1. UVR Hour-Daily Series in Clear Sky and All Sky Conditions

Daily hourly averages of UVR from April 2019 to November 2020 are shown in Figure 5.
Of the 731 days corresponding to the years 2019 and 2020, the UVR series obtained contains
443 days of data and thus 288 days without UVR data. Of all these days monitored, 333 had
some hour of clear sky condition. A total of 3194 h of UVR data under all sky conditions
and 1309 under a clear sky. In both all sky and clear sky conditions the maximums
occurred around local solar noon (UTC—3) and reached a maximum of 87 W/m? at 11 am in
November, in the dry period under clear sky condition. Although the maximum occurred at
11 am, the time of greatest intensity was at noon (Figure 6), with an average of 49.15 W/m?
under all sky conditions and 52.24 W/m? under clear sky conditions. It can be observed
that the hourly amplitude of UVR is greater under all sky conditions than under clear sky
condition, mainly between 11 am and 3 pm. Also, intensity above 40 W/m? was recorded
from 9 am to 3 pm, which indicates that even early in the morning (9 am) levels of UVR
start being dangerous, requiring adequate sun protection. Between 6 pm and 7 pm when
the sun sets, the average recorded was 2.33 W/ m? and 2.91 W/m? under all sky conditions
and clear sky conditions respectively.
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Figure 5. UVR hour-daily series in all sky and in clear sky conditions.
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Figure 6. Hourly UVR variation under all sky and clear sky conditions, averaged over 2 years

at Santarém.

Santarém is located in a tropical region, at a low latitude, close to the equator, therefore
solar zenith angle (SZA) is lower throughout the year, which induces a higher UVR, smaller
amplitude between the seasons, as well as a very low photoperiod variation. Predictably,
the intensity of radiation on the ground is highest around solar noon when the SZA
is minimum.

Global and UV irradiances had similar variation throughout the year and the max-
imum irradiances also occurred in the Spring/Summer months (dry period) at Macei6-
Northeastern Brazil [37]. A maximum happening in months of transition to the dry period
the rainy (December-January) was also reported by [4,38] in their studies of UVI variability
at tropical latitudes. [4] found comparable characteristics by studying the variability of UVI
at Indian Ocean stations located at different latitudes between the equator and 20° S. For
example, they observed that Mahé, at 4.6° S, had a higher mean UVI than the cities more at
the south and explained that the difference was due to latitude.
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3.2. UVR Monthly Average in Clear Sky and All Sky Conditions

The monthly average for UVR in the two sky conditions (Figure 7) showed that, as can
be seen from the boxplots, the UVR intensity is higher during the months that correspond
to winter and spring in the south hemisphere, that is, between June and December, but
especially between June and October. These months correspond to the dry period in
this region and are characterised by less rainfall, higher temperature, and amount of
aerosols in the atmosphere, due to the period of fires in the Amazon. Regarding the
averages, the variation was smaller under all sky conditions. Ranging from 24.16 W/ m?
in January to 35.41 W/m? in September. Under clear sky condition the averages ranged
from 23.49 W/m? in April to 37.35 W/m? in august. An interesting fact is that under clear
sky conditions the averages were higher than at all sky conditions mostly in winter and
early spring months (June to September) and presented greater amplitude in the transition
between rainy and dry seasons. At a fixed latitude, the intensity of UVR depends on the
season of the year: generally, in summer the sun is higher than in winter, resulting in more
intense UVR in summer than in winter [39], even though, at Santarém’s latitude the four
seasons’ characteristics are not predominantly, basic with just summer and winter divisions,
indicating the dry (starting in winter in south hemisphere) and the rainy season (starting in
summer). Also, the fact that under all sky condition the averages were higher than under
clear conditon in some months, like in April, May, and December means that under all sky
condition there is some factor that influences these higher averages, such as the presence of
cumulus or deep cirrus clouds, which can produce multiple scatterings, increasing locally
the UVR flux that reaches the surface [40].

All Sky UVR Clear Sky UVR
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Figure 7. UVR monthly average in all sky and in clear sky condition.

Although the average, median, and third quartile are higher during the dry season
months, with September being the month with more hours of higher UVR, the maximums
occurred in November, followed by April, January, and December in all sky conditions.
April and January are months of the rainy season, and December is a month of transition
with cloud cover and pluviosity starting to increasing again, as can be seen in Figure 4.
Therefore, cloud cover seems to play an important role in the variability of UV radiation,
mostly by attenuation but sometimes by increasing the ground intensity. Besides, under
clear sky condition, the maximums occurred in November, April, March, and September.

The fact that months of the rainy season have higher UVR intensity than months of
the dry season under clear sky condition can be explained both by the fact that in rainy
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season there are fewer aerosols in the air than in the dry season, when is the burning season
in the Amazon and, like explained before, due to the presence of cumulus or deep cirrus
clouds. In this latitude, aerosols and clouds can be expected to have a significant impact
on the variability of surface UVR. [37] Observed that in the city Antananarivo, the capital
of Madagascar (18.279° S, 47.564° E), aerosols also have an important impact on surface
UVl variability.

In addition, the sun passes through the zenith of Santarém (equator) about twice a
year at the equinoxes and this is when the highest UVR is expected [41]. In the September
equinox there is a greater flow of solar radiation, a fact that added up the atmospheric
characteristics of the month of September, such as longer weather with clear skies and
less cloud cover, form an explanation for the higher intensity of incident UVR recorded
in September. Unfortunately, due to the missing data, in this work, it is not possible to
confirm the expected semi-annual cycle on the clear sky UVR during march equinox, when
it’s raining season and the heavy cloud cover is supposed to make the radiation levels on
the ground drop.

3.3. Average Level of UVR According to the Period in Clear Sky and All Sky Conditions

Figure 7 reinforces the characteristics of the incident surface UVR variability discussed
in the previous topics. Figure 8 shows that both in all and clear sky conditions, the dry
season had a higher average than the rainy season. In clear sky condition the maximum
reached 76 W/m? and 87 W/m? in rainy and dry seasons, respectively. Under all sky
conditions the maximum in the rainy period was 79 W/m? and reaching 87 W/m? in the
dry period, the same of the clear sky condition because all sky conditions englobe it. The
area between the first and third quartiles also starts and ends at higher UVR levels in the
dry season than in the rainy season, in both sky conditions, which means once again that
the surface UVR intensity in the dry period is higher.

All Sky UVR Clear Sky UVR
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Figure 8. Variability of UVR according to the period considered (dry or wet).

In the rainy period under all sky conditions clouds can decrease direct radiation, and
can also produce an increase in the amount of diffuse radiation reaching Earth’s surface
leading to an enhancement in surface UVR intensity, which can explain the small variation
between the maximums and averages in the periods in all sky conditions, together with the
latitude factor.

It is important to note that due to the missing months (February and March) the
difference in UVR intensity between the dry and rainy periods may not correctly represent
reality. Although it is a good indicator of what the temporal variation of UVR is like
between these periods at this Amazonian site.
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The characteristics of the temporal variability of the incident surface UVR under clear
sky condition show that the UVR at this latitude, in the Amazon region, presents slight
variation during the year, even so, the months corresponding to the dry period presents
the highest intensities, demonstrating that the influence of seasonality does not happen as
expected, with highest intense of UVR not happening in summer months, but in months
corresponding to winter and spring in the southern hemisphere. Another factor that can
influence and needs to be analyzed in the future is also the influence of aerosols, since, as
already published by other authors, in the Amazon region, biomass burning is the main
driver of changes in atmospheric composition, accounting for a significant increase in
the particle numbers concentration in the dry season [25,42,43]. In the dry season, where
biomass burning emissions are widespread, the reduction in the ground-based flux of pho-
tosynthetic active radiation (PAR) can reach values of the order of 70% [44—46]. Therefore,
it is expected that this variation in the amount of aerosols also acts as an important factor
influencing UVR variability and needs to be taken into account.

In summary, there is a large variation in the incident solar radiation at many locations
throughout the year because of the changing angle of inclination of the Earth with respect to
the Sun [47]. At the equator there is little difference, as was shown for Santarém’s latitude
here in this paper, with a slight UVR intensity difference between the periods. The results
also indicate, as expected, that cloud cover has an influence on the variability of UVR
in this region, both to dissipate and to intensify the incident UVR, for example, with the
highest intensities recorded during summer months (less cloud cover) and the highest
maximums in some rainy period months in all sky conditions, than in the same months in
clear sky condition, indicating the presence of clouds with the characteristics to increase
incident UVR. The same happens in relation to aerosols, which in months with more clear
sky conditions, are the explanation for the decrease in incident UVR at the surface. The
dynamics of aerosols, together with the behavior of cloud cover appears to be the main
factors for the characteristics of the temporal variability of UVR at this site, under clear
and under all sky conditions. In Amazonia, there are major gaps in understanding the
complex relationship of biosphere-atmosphere interactions. Therefore, more long-term
environmental measurements are necessary in order to substantiate the results of this
first study.

4. Conclusions

Through this work, it was possible to start the monitoring of the surface UVR in
Santarém and to characterize its temporal variability under clear and all sky conditions
using ground-based UVR data and cloud cover METAR data.

In both all sky and clear sky conditions the maximums occurred around local solar
noon. UVR showed slight variation throughout the year, even so, the months corresponding
to the dry period presented the highest intensities. Of the entire study period, the maximum
was reached under clear sky conditions in the dry period.

The results also indicate, as expected, that cloud cover has its influence on the vari-
ability of UVR in this region, both to dissipate and to intensify the incident UVR. These
patterns are in agreement with what is reported in the literature for latitudes comparable to
Santarém. Also, other factors that can influence and need to be analysed in the future are
the influence of aerosols, and the influence of seasonality, which due to the missing data, in
this work we could not confirm the semi-annual cycle of the clear sky.

This first study has made it possible to begin analysing the evolution of UVR on the
ground at Santarém, in the Amazon region, over a period of 2 years. It will be necessary
to extend the measurements over time to consolidate these results over several years
and to obtain representative UVR climatologies for this site, but this first study already
provides a reference for other studies requiring knowledge of UV irradiance. Examples
are health studies or the influence of UVR on vegetation and forests. In the future, it will
also be important to look at the influence of other factors on UVR variability. Among these
important factors are aerosol loading, atmospheric ozone amounts or cloud cover.
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3.4 Article I1 overview and thesis contribution

The UV index is a dimensionless indicator designed to report the intensity of UV incident on
the Earth’s surface. It has five exposure categories, ranging from low to extreme, with
recommended sun protections at each level. The higher the value, the greater the health risk. With
only few stations reporting long-term ground-based UV measurements in several countries, which
significantly restricts its extrapolations to all populated areas, a way for continuous monitoring UV
on a global scale is through satellites. In this work, the monthly and seasonal variability of the
incident UVI in Santarém, Pard, was analyzed. For this, a 13-year time series of daily noontime
UVI data from the OMI satellite instrument was used, as well as the 13-year noontime UVI time
series from the GOME-2 satellite instrument.

This paper "UV Index Seasonal Variability in an Amazonian City of Brazil Based on Satellite
Data" contributes to the first specific objective of this thesis by analyzing the temporal variability
of the UV index (UVI) in Santarém. Using 13-year time series data from OMI and GOME-2
satellite instruments, the study highlights expected UVI patterns in Santarém due to its low latitude,
with averaged UVI levels ranging from high to extreme around solar noon and minimal seasonal
variation. Both OMI and GOME-2 showed two annual maxima at the equinoxes. A divergence was
found: OMI recorded higher UVI averages during rainy months, while GOME-2 showed higher
values in dry period months. The comparison of monthly UV index and solar zenith angles
indicated that the lowest solar zenith angles months are in austral spring at Santarem’s latitude,
therefore the highest UV index levels are expected be in this period too, corroborating with the
GOME-2 results. Nevertheless, without longer ground-based time series, it remains challenging to
confirm the exact timing of peak UV levels in Santarém. This article is significant for using satellite
data to assess the UV index levels in a region where, at the time of the research, there were no

ground-based instruments measuring or reporting it.

3.5 Publication status

REIS, Gabriela Cacilda Godinho dos; PERES, Lucas Vaz; SILVA, Rodrigo da; et al. UV index
seasonal variability in an Amazonian city of Brazil based on satellite data. Ciéncia e Natura, v. 45,

n. esp. 2, p. €76670, 2023. Available in: https://doi.org/10.5902/2179460X76670.
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ABSTRACT

The solar ultraviolet radiation - UV (280-400 nm) is a highly energetic component of the solar spectrum
that needs to be monitored especially because of the effects on human health and on the ecosystems.
The UV index (UVI) is a dimensionless indicator designed to report the intensity of UV incident on the
Earth’s surface. It has five exposure categories, ranging from low to extreme, with recommended
sun protections at each level. The higher the value, the greater the health risk. With only few stations
reporting long-term ground-based UV measurements in several countries, which significantly restricts
its extrapolations to all populated areas, a way for continuous monitoring UV on a global scale is through
satellites. In this work, the monthly and seasonal variability of the incident UVI in Santarém, Par4, was
analyzed. For this, a 13-year time series of daily UVI data from the OMI satellite instrument was used, as
well as the 13-year UVI time series from the GOME-2 satellite instrument. According to the results, the
dry period (July to December) shows higher average UVI than the rainy period (January to June) for the
GOME-2 time series. The rainy period, on the other hand, in both series presents greater amplitude in
the variability of the UVI.

Keywords: Solar ultraviolet radiation; Temporal variability; Santarém-Brazil

RESUMO

A radiagdo solar ultravioleta - UV (280-400 nm) é um componente altamente energético do espectro
solar que precisa ser monitorado especialmente devido aos efeitos sobre a salde humana e sobre os
ecossistemas. O indice UV (IUV) é um indicador sem dimensdes projetado para relatar a intensidade

@ @@@ Article published by Ciéncia e Natura under a CC BY-NC 4.0 license.
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do incidente UV na superficie terrestre. Ele tem cinco categorias de exposicdo, variando de baixa a
extrema, com as protecdes solares recomendadas em cada nivel. Quanto maior o valor, maior é o
risco a saude. Com apenas poucas estacdes relatando medicdes UV de longo prazo no solo em varios
paises, o que restringe significativamente suas extrapolagdes para todas as areas povoadas, uma forma
de monitoramento continuo da radiacdo UV em escala global é através de satélites. Neste trabalho, a
variabilidade mensal e sazonal do IUV em Santarém, Par4, foi analisada. Para isto, foi utilizada uma série
temporal de 16 anos de dados diarios de IUV derivados do instrumento de satélite OMI, bem como a
série temporal de UV de 13 anos do instrumento de satélite GOME-2. De acordo com os resultados, o
periodo seco (julho a dezembro) mostra uma média de IUV maior do que o periodo chuvoso (janeiro
a junho) para a série temporal do GOME-2. O periodo chuvoso, por outro lado, em ambas as séries
apresenta uma maior amplitude na variabilidade do [UV.

Palavras-chave: Radiacdo solar ultravioleta; Variabilidade temporal; Santarém-Brasil

1 INTRODUCTION

Solar Ultraviolet Radiation (UV) is an important environmental parameter,
affecting living organisms, materials, and atmospheric chemical processes (Medhaug
et al., 2009). UVR corresponds to electromagnetic waves with wavelengths of 100-400
nm, constituting approximately 5% of the energy emitted by the sun (Cadet et al., 2020).
Beside this small percentage, UVR affects the biosphere having both benefits and
detrimental effects, whose relative importance depends strongly on time of exposure,
latitude, season and on various meteorological parameters like total ozone, clouds,
aerosols, and surface albedo (Porfirio et al., 2012; Brogniez et al., 2016).

Diseases related to the accumulation of UVR exposure, like skin cancer and
cataract, are largely preventable with proper sun protection (Who, 2002). In view of
the need for this type of information, the World Health Organization - WHO released
the Ultraviolet Index - UVI, a dimensionless indicator that inform the amount of UVR
that reaches the Earth’s surface and has varying values on a scale from 0 to 11 or more
(Who, 2002). Based on this scale, the Who defines five exposure categories, ranging
from low to extreme, with recommended protections at each level.

UVR data measured by ground-based monitoring stations comprise an essential

component of datasets of UVR, however, these measuring facilities are limited in
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number at only certain locations due to the cost of these facilities and the need for
skilled maintenance personnel (Parisi et al., 2021). With only few stations reporting long-
term UVR measurements in several countries (like Brazil), which significantly restricts its
extrapolations to all populated areas (Gonzales-Rodriguez et al., 2022), the only way for
continuous monitoring UVR on a global scale is through satellites, although ground-based
monitoring of UVR is more accurate than satellite retrievals (Kosmopoulos et al, 2021).

In Brazil, there are still few cities monitoring surface UVR, and fewer are those
monitoring it continuously for more than 10 years (Teramoto et al., 2014). In the
Brazilian Amazon region, the lack of ground-based UVR data is even greater (Reis et
al., 2022) with only two published papers using ground-based UVR measurements in
the region. One for the city of Humaita in the state of Amazonas (Alves et al., 2022).
The other one, for the city of Santarém, state of Parg, both published in 2022 and using
only data referring to the years 2019 and 2020 (Reis et al., 2022).

In addition, the Amazon region is under increasing threat from both climate
change and human practices such as deforestation and biomass burning (Bevan et
al., 2009). Thus, cities such as Santarém, the study area of this research, may become
a common pattern, representing a new challenge to understanding the atmosphere-
biosphere interactions. Furthermore, even with the importance of monitoring UVR,
especially in a tropical region, at a low altitude, where there is a low photoperiod
variation and higher UVR throughout the year (Reis et al., 2022), Santarém does not
have a ground-based weather station monitoring UVR over a long period, and satellite
data is needed for a better understanding of how UVR varies in this area.

Therefore, given the UVR importance and the lack of ground-based data the
aim of this study is to characterize the monthly and seasonal variability at Santarém,
Para, using satellite data. This research represents an important scientific contribution
regarding UV patterns in an Amazonian city. In addition, to serve as a basis for future
research, for better understanding about UV variability and to be considered for the

development of an excess UV exposure prevention strategy.
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2 MATERIAL AND METHODS

Santarém (2°25'S, 54°44'W) is situated in the Western Parg, in North of Brazil at

approximately 51 m above sea level (Figure 1).

Figure 1 - Map showing the location of Santarém in north Brazil
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The climate in Santarém is humid equatorial with a well-defined dry and wet
seasons (Alvares et al., 2013). Precipitation in Santarém is dominated by convection
with a summer rainy and a winter dry season (Bevan et al., 2009). The rainy season
generally lasts from January to June. The dry season comprises the months between
July and December (Jacinto et al., 2006). This area also presents small variability in
relative humidity, air temperature, atmospheric pressure, wind speed and UVR,
due its location at tropical latitude, close to the Equator (Andrade & Corréa, 2014;

Reis et al., 2022).
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2.1 UV index derived from satellite-based instruments

The main objective of this study is to characterize the temporal variability of
UVR in monthly and seasonal time scale. To this end, daily time series of UVI obtained
from the OMI instrument (Ozone Monitoring Instrument) on board the AURA satellite
and from GOME-2 instrument (Global Ozone Monitoring Experiment) on board the
Metop-A/B/C satellites are used. All this data is available online and free for download

through the websites listed on table 1.

Table 1 - Satellite sources of UV index data

Satellite  Instrument Type of Time Website
data
01/2008-
AURA oMl uvi 12/2021 https://giovanni.gsfc.nasa.gov/giovanni/
01/2008-
Metop-A/B/C Gome-2 uvi 12/2021 https://safserver.fmi.fi/index.html

Source: Organized by the authors (2022)

The study period is from 2005 to 2021, varying according to each data source
(Table 1 - Time). The UVI is a dimensionless indicator, usually divided into five risk
categories: UVl < 2 (low); 2 < UVI < 5 (medium); 5 < UVI < 7 (high); 7 < UVI < 11 (very
high); and UVI = 11 (extreme). This index is defined by the equation (1) (WHO, 2002).

400nm (1 )

Uvi=K,, [ EyS,rdA

250nm

where is a scaling factor originally equal to 40m2W-1,EA is the erythemal action spectrum,

and is the spectral solar irradiance at the surface (Who, 2002; Parra et al., 2019).
2.2 OMIl data

The OMI is a nadir viewing spectrometer that measures solar reflected and
backscattered light in a selected range of ultraviolet and visible spectrum (Levelt et al.,

2006, lalongo et al., 2011). This instrument is onboard the NASA EOS Aura spacecraft,
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flying in a sun-synchronous polar orbit since July 2004 (lalongo et al., 2011). The Aura
satellite crosses the equator at 1:45 pm local time, providing global daily coverage of
ozone columns and profiles, aerosols, clouds, spectral irradiance data at solar noon
in the UVA waveband at 324 nm and 380 nm, as well as in the UVB waveband at 305
nm and 310 nm, solar noon daily erythemal irradiance, erythemal daily exposure and
the solar noon UVI (used in this study) (lalongo et al., 2011, Parisi et al., 2020). The
OMlI-based evaluation is of the order of 7% to 30% higher than ground measured data,
due to absorbing aerosols in the boundary layer not being taken into account (Parisi
et al., 2020). Also, additional errors sources are changes in the cloud cover between
the satellite overpass time and solar noon, variations over the size of a pixel, diurnal
variations in the cloud cover for the calculation of daily exposures and variations in

albedo and aerosols (Tanskanen et al., 2006).
2.3 GOME-2 data

The GOME-2 instrumentation is an optical spectrometer on board the three
Metop sun-synchronous polar orbiting satellites of Metop-A, Metop-B and Metop-C
(Kujanpaa & Kalakoski, 2015). The first Metop satellite was launched in 2006, with
the other two following at five-year intervals (Krebs, 2022). The GOME-2 instrument
provides UV data products as well information on atmospheric trace gases. Daily
maximum UVA (315-400 nm) irradiance at solar noon, total daily UVA exposure, total
daily erythemal irradiance, unweighted UVB, solar noon UVI and other products are
provided by this instrument. Comparison with ground-based data has shown that the

GOME-2 daily erythema UV exposures are generally higher by 10%-20% (Parisi et al.,2021).
2.3 Statistical Analysis

To provide information about data variability using statistical measures, boxplots
were prepared. From the daily measurements, the monthly distribution was also performed,

as well the discussion of the seasonal distribution of the year (rainy period and dry period).
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3 RESULTS

In this section, the UVI time variability is presented to demonstrate how UVl varies

in monthly and seasonal time scale, according to the 2 satellite-instruments data.

3.1 UV index monthly and seasonal variability

Figure 2 - Monthly variability for OMI and GOME-2 time series at Santarém (month

average in red line) over 2008-2021 periods
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The Figure 2 presents the UVI monthly variability at Santarém according to
OMI and GOME-2 time series. The seasonal characteristic is evident, with the lowest
averages recorded in the early austral winter months, with the average increasing with
the arrival of spring and summer.

Generally, one of the main factors affecting the intensity of UVI is the season
of the year: in summer the sun is higher than in winter, resulting in more intense UVI

in summer than in winter (Sacchetti et al., 2022), even though, at Santarem's latitude
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(equatorial), one does not distinguish four seasons, but only two seasons, summer and
winter, which correspond to the rainy and dry seasons, respectively (Reis et al., 2022).
Itis also possible to observe that the OMI series presented higher UVI than the GOME-
2 series, as for example, with the UV index levels achieving 16 in the raining period.
These higher levels were expected, since the literature describes that UVR data from
OMI are more over estimated when compared to ground-based data, than GOME-2
data (lalongo et al., 2011, Brogniez et al., 2016, Parisl et al., 2021).

As can be seen in Figure 2, the minimum records in both time series occurred
in the rainy period months. However, the averages and maximums were higher in
this period for the OMI series, while for the GOME-2 series, the dry period presented
higher averages and maximum. Porfirio et al., (2012) found similar results in his study at
Maceié-Northeastern Brazil, with global and UV maximum irradiances also occurring in
the Spring/Summer months (dry period). Surface UVR had similar variation throughout
the year in 2019-2020 at the Santarém, according to Reis et al., (2022). Another point
to be highlighted is the amplitude, which is higher in in the rainy period in both series.
During the rainy period, clouds are expected to play an important role in the variability
of UVR (Reis et al., 2022), therefore UVI, mostly by attenuation, what can explain the
minimums over this period, but sometimes by increasing the intensity reaching the
ground (Corréa et al.,, 2010).

Takinginto accountthatthereis no ground-based derived UV index for Santarém,
in order to make a comparison and clarify which of the two satellite time series better
represent the reality of the UVI variability in this area, the variation of the solar zenith
angle (SZA) over the year for Santarém was plotted (Figure 3), so that it was possible
to understand which series presents variability more in accordance with the variability
of the SZA. The SZA is the angle measured from the surface between the Sun and a
point directly above the observer (Du Preez, 2019; Cadet et al., 2020). Smaller SZAs
results in greater solar flux reaching the Earth’s surface, this happens more frequently

around noon and during summer months (Wald, 2018). At larger SZAs (at dawn and
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dusk time), UVR is lower, as the path through the atmosphere is longer and results in
more attenuation of UVR through the scattering and absorption by particles and gases

in the atmosphere (Wald, 2018; Du Preez, 2019).

Figure 3 - Noontime UVI monthly average in all-sky conditions and the corresponding
noontime solar zenith angles-monthly averaged (indicated with the red line and the

right vertical axis) for Santarém
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At places within the Tropic of Capricorn the sun is at its peak twice a year and the
stations register two annual maximums (Coariti, 2017). For Santarém, the noontime
averaged UV index peaks occurred in the end of summer (around march), and in
spring (around September) (Figure 3), in the GOME-2 series, in accordance with the
SZA variability. The UVI OMI series varied in agreement to the SZA variation in the rainy
period, but in the dry period it peaked in November, instead of around September and
October. In comparison with research conducted in other places with a latitude close

to the latitude of Santarém, two-year maximums were similarly reported by Kirchhoff
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et al. (2000) and Coariti (2017) for the city of Natal (5.84°S, 35.21°W), also by Lamyet al.
(2021) for Mahé (4.67°S, 55.53°E).

Figure4-Noontime frequency of the UVindexlevels under all-sky conditions as function

of the instrument (OMI, GOME-2) and period of the year (Rainy, Dry) for Santarém
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Figure 4 shows the frequency of the UV index levels as a function of the instrument
(Omi, Gome-2) and of the period of the year (rainy or dry seasons). According to the
U.S. Environmental Protection Agency (Epa) a low danger from the sun’s UV rays only
occurs when the UV index ranges from 0 to 2. Even so, it is recommended to wear
sunglasses on clear days, protect yourself with clothing, and use broad spectrum
SPF30+ sunscreen (Epa, 2017). Only 0.27% of the noontime UV index levels under all
sky conditions were low during the rainy period, and 0.11% during the dry period,
according with the OMI series. The GOME-2 series presented a bit higher percentage
of Low levels, 3.38% and 0.84, rainy and dry period respectively.

When the level is at most moderate the recommendations are as follows: Stay

in shade; if outdoors, wear protective clothing, a wide brimmed hat and UV-blocking
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sunglasses; generously apply broad spectrum SPF30+ sunscreen every 2 hours, even on
cloudy days and after swimming or sweating; watch out for bright surfaces, like sand, water
and snow, which reflect and increase UV (Epa, 2017). When UV index is high (6 to 7) or very
high (8 to 10), the same recommendations as the ones cited before are necessary but is
also recommended to reduce time in sun if there is a high or very high risk (Who, 2002).

Together, moderate, high, and very high UVI levels represent 39.75% of the UVI
incident at noontime during the rainy period in Santarém and 54.31% during the dry
period, for the OMlI series. Even during the rainy period, when there are greater presence
of cloud cover and precipitation (Reis et al., 2022), approximately 60% of the incident UV
index at Santarém at noontime is extreme. For the GOME-2 series just 23% of the UVI
levels were extreme during the rainy period and 37.74% in the dry period. If there is
no use of sun protection, skin and eyes can have sunburn in minutes if the UV index is
extreme (Who, 2002). It is recommended to avoid sun exposure when these levels are
reached and take all the recommendations cited before (Who, 2002; Epa, 2017).

In summary, the dry period showed higher average UVI, according to the GOME-2
series, with 11 (extreme) being the average UVI in the dry period and 10 (very high)
being the average UVl in the rainy period, at noontime. The average was also between
very high and extreme in the OMl series, but with the rainy period being extreme. These
characteristics of both time series reinforce that during the rainy as well the dry period the
maximum protective measures need to be taken to avoid overexposure to UVR.

Santarémis in a tropical region, at a low latitude, close to the equator, therefore
solar zenith angle (SZA) is lower throughout the year, which induces a higher UVR,
smaller amplitude between the seasons, as well as a very low photoperiod variation
(REIS et al., 2022). Predictably, the UVI is higher around solar noon when the SZA is
minimum, therefore these higher UVI levels were expected. UVI in this range was
expected for Santarém, given its location. The presence of seasonality but small
amplitude of UVI between rainy and dry periods was also expected. As well as higher

values of UVl in the OMI series than in the GOME-2 series.
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The divergence between the higher means and medians found in the rainy months
in the OMI series in contrast to those found in the dry months in the GOME-2 series is a
characteristic to be further investigated, for example, with the insertion of a comparison
of UVI data from the Tropomi instrument, from reanalysis, and in the future with ground-

based data for a better understanding of the UVR variability in the Brazilian Amazon region.

4 CONCLUSIONS

Through this work it was possible to characterize the monthly variability of the UVI
for the city of Santarém, as well as to analyze how UVI varies between the seasons of the
year, using data from two different instruments on board satellites. The patterns found
are in agreement with the literature, for example, with the highest average UVI recorded
during the dry period, in the months corresponding to spring and summer, in the GOME-
2 series. The results also reinforce that at solar noontime maximum protective measures
need to be taken to avoid overexposure to UVR, both during rainy and dry periods.
Comparison with ground-based data is needed for a more robust and complete work, as
well as comparison with UVI obtained from other sources, such as from another satellite

or reanalysis, to better understand the variability of UVR in this Amazonian city.
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4 RESULTS: Comparative analysis of ground-based and satellite-derived UV index levels in
Natal, Brazil

4.1 Article III overview and thesis contribution

This paper aimed to compare the levels of UV index measured on the ground and by satellite
(OMI and GOME-2) over Natal, Brazil (05.78°S; 35.21°W) from 2005 to 2022. The comparison
was made under clear-sky conditions selected using METAR cloud cover and LER data as cloud
cover proxies. Characterization of the diurnal and seasonal variability of the ground-based UV
index levels under all and clear-sky conditions is also reported.

This paper contributes to the first, second, and third specific objectives of this thesis by
characterizing the diurnal and seasonal variability of UV index in a low-latitude South American
site (Natal), assessing its variability under all and clear skies, and by comparing ground-based and
satellite-derived UV index levels in Natal, Brazil, under clear-sky conditions.

The study found a semi-annual cycle with two maxima during austral summer and spring, and
smaller levels during austral winter. The UV index average around noon remained very high even
during winter. A daily maximum of 16 UVI was recorded in different years in the ground-based
and OMI noontime series, while GOME-2 and OMI overpass reached less than 15, indicating, in
any case, extreme UV levels. The presence of cloud cover around noontime was consistent
throughout the years, with clear-sky conditions prevailing during night hours and more hours of
clear sky between August and November, the dry period in the region.

It was found that around noon, UVI is more intense (6.8% higher) under all-sky conditions,
likely due to the prevalence of broken clouds during this time. This suggests the influence of cloud
cover in enhancing UV levels at certain moments, aligning with literature that reports broken
clouds can increase UV radiation.

The comparison showed that OMI data are less biased than GOME-2, with OMI often
overestimating and GOME-2 underestimating ground UVI levels. Metrics such as MAE, MAPE,
and RMSE indicated good agreement between satellite and ground-based measurements, with low
overall differences. Even more, the differences in clear-sky identification methods were notable,
with LER identifying significantly more clear-sky days than METAR. These discrepancies
emphasize the importance of accurate sky condition determination to reduce uncertainties related

to cloud coverage analysis and, therefore, improve the reliability of UV radiation assessments.
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This study differs from previous studies and contributes to the scientific understanding of UV
radiation levels using unpublished UV index data from a ground-based station in a city located near
the equator, in South America’s tropical region, where until now, there has been relatively limited
research focusing on this field of study. "With the reliability of these satellite and ground-based
data assessed for Natal, future studies can explore trends in the UV index at this tropical Brazilian
site. These findings contribute to a better understanding of UV patterns in tropical low-latitude

South America regions, providing solid base for future research and public health strategies.

4.2 Publication status

DOS REIS, Gabriela Cacilda Godinho; BENCHERIF, Hassan; SILVA, Rodrigo; et al.
Comparative Analysis of Ground-Based and Satellite-Derived UV Index Levels in Natal,
Brazil. Remote Sensing, v. 16, n. 24, p. 4687, 2024. Available in: <https://www.mdpi.com/2072-
4292/16/24/4687>.
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Abstract: The ultraviolet radiation index (UV index-UVI) is a dimensionless indicator that informs
the intensity of ultraviolet radiation on the Earth’s surface. It makes it easier for people to assess UV
levels and understand how to protect themselves from excessive Sun exposure. In Brazil, however,
the information regarding UV is scarce, with low spatial and temporal coverage. Thus, continuous
monitoring is conducted through satellites, although ground-based monitoring of UV is more accurate
than satellite retrievals, and comparisons are necessary for validation. This paper aims to compare
the levels of UV index measured on the ground and by satellite (OMI and GOME-2) over Natal,
Brazil (05.78°S; 35.21°W) from 2005 to 2022. The comparison was made under clear-sky conditions
using METAR cloud cover and LER data. Characterization of the diurnal and seasonal variability of
the ground-based UV index levels under all and clear-sky conditions is also reported. The analysis
indicates that in Natal, noontime all-sky UV index were 6.8% higher during periods of prevalent
broken clouds. The two satellite sources (OMI noontime and overpass) and GOME-2 noontime
are reliable sources for UV index, which show good agreement with ground-based measurements,
with UVI estimated from OMI both at the overpass and noontime being less biased than GOME-2-
estimated UVI. Such a process of data verification is important should these data be used for long-term
trend analysis or the monitoring of UV exposure risk and possible impacts on human health.

Keywords: solar ultraviolet radiation; UV index; ground-based measurements; satellite-derived data;
OMI; GOME-2; cloud cover; Brazil

1. Introduction

Solar ultraviolet radiation (UV) corresponds to electromagnetic waves with wave-
lengths of 100-400 nm, constituting approximately 5% of the energy emitted by the Sun [1].
The risks and benefits of exposure to UV for life on Earth have been known for many
years [2—4] and include impacts on human health [5-9], materials [10,11], terrestrial and
aquatic ecosystems [12-14], and biogeochemical cycles [15,16]. The benefits and detrimental
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effects of UV depend on the time of exposure and several other factors, the relative im-
portance of which depends strongly on the highly spatiotemporal UV variability, which is
influenced by Sun elevation, total ozone, cloud cover, aerosols, albedo, and altitude [17-19].
Less important factors controlling UV include the ozone profile, trace gases, seasonal
changes in the Earth-Sun distance, changes in solar activity, and volcanic eruptions [4,20].

UV is divided into three regions, closely associated with the biological effect of the differ-
ent wavelengths: UV-A (315-400 nm), UV-B (280-315 nm), and UV-C (100-280 nm) [21-23].
As sunlight passes through the atmosphere, all UV-C and approximately 90% of UV-B are
absorbed by ozone, water vapor, oxygen, and carbon dioxide, while UV-A is less affected
by the atmosphere [21-24]. Therefore, the UV radiation reaching the Earth’s surface is
largely composed of UV-A (94%) with a small UV-B component (6%) [25,26].

Diseases related to the accumulation of exposure to UV, like skin cancer and cataracts,
are largely preventable with proper Sun protection [25]. Given the need for this type of
information, the World Health Organization (WHO) released the ultraviolet index—UVI
(UV index)—a dimensionless indicator that provides the amount of UV that reaches the
Earth’s surface and has varying values on a scale from 0 to 11 or more [25]. Based on
this scale, the WHO defines five exposure categories, ranging from low to extreme, with
recommended protections at each level. The UV index is an important resource that
increases public awareness of the risks of overexposure to the Sun [27].

Brazil is a country of continental dimensions with a large heterogeneity of climates and
massive mixing of the population with almost the entire national territory located between
the equator and the Tropic of Capricorn, where the Earth’s axial tilt to the south makes it
one of the countries of the world with the greatest extent of land in proximity to the Sun [28].
Due to geographic characteristics and cultural trends, Brazilians are among the people with
the highest annual exposure to the Sun [28]. For the 2020-2022 triennium, in Brazil, about
177,000 new cases of non-melanoma skin cancer were estimated by the Brazilian National
Cancer Institute [29]. Non-melanoma skin cancer is the most common type of cancer in men
in the south, central west, and southeast regions [29]. In the northeast and north, it ranks
second [29]. For women, non-melanoma skin cancer is the most common in all Brazilian
regions [29]. Cataracts are the leading cause of blindness and low vision in Brazil [30]. An
annual GDP (Gross Domestic Product) loss of more than USD 9 million has been estimated
for Latin America and the Caribbean due to blindness and vision impairment, in contrast
to just over USD 3 million if education and prevention programs to address risk factors
(such as about prolonged and unprotected exposure to UV) were put into practice [30].

In middle-income countries like Brazil, networks and instruments for monitoring UV
are often sparse and poorly supported in terms of capacity and funding, and thus, obtaining
reliable UV data is difficult. The northern and central-western regions of Brazil have no
stations reporting long-term UV series. Of the few studies published on UV variability
in Brazilian cities, most were conducted in the southeast and, second, the northeast. An
important UV monitoring site in northeastern Brazil is Natal, which is along the Brazilian
coastline. Measurements of the UV index in Natal from 2001 to 2007 made using a GUV-511
C surface radiometer were used to produce the curves of hourly mean values for all days
between 2001 and 2007 and monthly mean values for the same period by [31]. Their results
showed that in Natal, high UV index levels happened before 9:30 a.m. (local time) during
all the studied years [31]. Other studies on UV in Natal are available [27,32,33].

Even though Natal is one of the only cities in Brazil where UV has been monitored
for more than 10 years, they still do not report data on cloud cover from ground-based
imagers. Clouds are important regulators of the radiance balance of the Earth’s atmosphere
system [34]. The influence of clouds is difficult to accurately account for because they
attenuate and enhance UV [35,36]. During cloudy days, they can notably reduce UV at the
surface [37]. On days with the partial presence of clouds, UV can be greater than in clear-
sky conditions (e.g., UV enhancement under broken clouds) [35-37]. Traditionally, cloud
cover is observed from the ground by human observers [38,39] (e.g., METAR, the regular
aerodrome weather report). With the advent of new technologies, cloud observations

90



Remote Sens. 2024, 16, 4687

30f22

have been improved using automatic ground-based and orbital imagers [39]. Satellites
provide the opportunity for systematic and continuous observation of cloud cover over
large spatial scales [40] and provide other ways for cloud characterization, such as using
LER (Lambertian equivalent reflectivity). LER can be used for cloud characterization to
select clear-sky days for the comparison of ground-based and satellite-derived UV index
levels at South African sites [41].

With only a few stations reporting long-term UV measurements in several countries,
which significantly restricts its extrapolations to all populated areas [42], a way for con-
tinuous UV monitoring on a global scale is through satellites, although ground-based
monitoring of UV is more accurate than satellite retrievals [32,43]. Satellite measurements,
similar to ground-based observations, are not only affected by instrument errors but are
also subject to uncertainties in the algorithms used to derive surface UV radiation [44,45].
Therefore, evaluation of satellite-based estimates of surface UV against available ground
measurements at many locations around the world is needed to characterize the errors and
further refine the surface UV estimates [45], especially in the southern hemisphere, where
there has been relatively limited work to compare ground-based and satellite-derived
UV [46].

Given these complexities, the main objective of this study is to conduct a compara-
tive analysis of the ground-based and satellite-derived solar UV indices for Natal, Brazil.
Two objectives were identified: (1) to characterize the time variability of the ground-based
derived UV index levels in Natal from 2006 to 2022 under all and clear-sky conditions; (2) to
compare ground-based and satellite-derived UV index levels in Natal using 2 different
techniques to select clear-sky conditions.

Until now, the entire dataset measured by the ground-based Davis 6490 UV sensor
used in this research has not been analyzed or compared to satellite-estimated UV index
data for the same site. A process of data verification is important to ensure that these data
can be used for long-term trend analysis or for monitoring UV exposure risks and potential
impacts on human health. In addition, since cloudy conditions pose difficulties with
comparisons between ground-based and satellite-derived UV [47], clear-sky conditions
offer a more consistent and controlled scenario, eliminating the variable attenuation effects
of clouds on UV, which ensures that any differences observed between the two sets of
measurements can be attributed more directly to the sensors themselves rather than to other
atmospheric conditions. Even more, comparing satellite-derived data with ground-based
measurements helps in validating the accuracy of satellite data, which can help identify any
discrepancies and improve the satellite data retrieval algorithms, leading to more accurate
satellite-derived UV products.

Using these different instruments and techniques, this research promotes a greater
understanding of both the variability of UV in Natal, based on different data sources,
and the limitations of the instruments and techniques themselves. Also, it is important
to highlight that this study contributes to the scientific understanding of UV radiation
levels in South America’s tropical region, where until now, there has been relatively limited
research focusing on this field of study.

2. Materials and Methods

The main aim of this paper is to conduct a comparative analysis of ground-based and
satellite-derived UV index levels from OMI and GOME-2 in Natal, Brazil (05.78°S; 35.20°W,
30 m above sea levels (a.s.1)), under clear-sky conditions. To this end, hourly ground-based
UV index and daily time series of UV index at noontime and overpass time obtained from
the OMI (Ozone Monitoring Instrument) on board the AURA satellite and UV index at
noontime derived from GOME-2 instrument (Global Ozone Monitoring Experiment) on
board the Metop-A/B/C satellites were used. All the satellite data are available online and
free for download through the websites listed in Table 1.
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Table 1. Satellite-derived data sources.
Satellite Instrument Type of Data Period Website
UV index https://giovanni.gsfc.nasa.gov/giovanni/
(Noontime) (accessed on 13 July 2022)
. January 2005- https:/ /search.earthdata.nasa.gov/search
AURA OMI uv mde.x December 2022 (accessed on 13 July 2022)
(Overpass time) https:/ /search.earthdata.nasa.gov/search
LER (accessed on 13 July 2022)
UV index January 2008— https:/ /safserver.fmi.fi/index.html
Metop-A/B/C - 1y
etop-A/B/ GOME-2 (Noontime) December 2022 (accessed on 13 July 2022)

2.1. Site Description

Natal is a tourist city with beautiful beaches and approximately 896,708 inhabitants [48,49]
located on the east coast of northeast Brazil (Figure 1). Its proximity to the equator deter-
mines great luminosity and high levels of solar radiation [27]. The city is called “Sun City”
by its inhabitants due to the high intensity of solar radiation throughout the year [27,50].
In this city, the UV index is classified as “extreme” from October to April and “very high”
from May to August [33]. The average annual UV index observed for the 2001-2012 period
was 11 (£1.0) [27]. In the daily cycle, the maximum UV index occurs around 11:20 a.m.
It is classified as “high” from 9:00 a.m. to 10:00 a.m. (UTC-3), after which the intensity
is considered “very high” [27,51]. In Natal, the average annual temperature and relative
humidity are, respectively, 26 °C and 77.3% [33]. The annual accumulated precipitation is
1465.4 mm [52]. The rainy season occurs between April and July, with predominance in
April (265 mm) [52,53]. The dry season occurs between August and November [53]. The
strongest winds are observed in September, and the weakest occur in April [33].
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Figure 1. Geographical location of ground—based solar UV sensor in Natal, Rio Grande do
Norte, Brazil.

2.2. UV Index

The lower the wavelength in the UV range, the greater the biological response, such
that small increases in UV-B irradiance may have substantial biological effects [2,26]. The
erythemal action spectrum informs the effectiveness of the wavelengths to produce the
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erythema (sunburn) [2]. When UV is weighted by the erythemal action spectrum, it is then
named ultraviolet erythemal radiation (UVER) [54,55]. UVER is used to estimate other
variables, such as the UV index, standard erythemal doses (SEDs), minimum erythemal
doses (MEDs), and Sun exposure time [56]. The UV index (UVI) is a dimensionless indi-
cator, usually divided into five risk categories: UVI < 2 (low); 3 < UVI < 5 (moderate);
6 < UVI <7 (high); 8 < UVI < 10 (very high); and UVI > 11 (extreme). This index is
defined by Equation (1) [25]:

400nm
UVI = K, ExSerdA 1)
250nm
where K., is a scaling factor originally equal to 40 m2W~!, E, is the erythemal action
spectrum, and S, is the spectral solar irradiance at the surface Wm?nm~! [25,37].

2.3. Ground-Based Measurements

Monitoring of the UV index in the city of Natal was carried out using the Davis
6490 UV sensor instrument, installed at the Rio Grande do Norte Federal University
(UFRN) at an altitude of 30 m a.s.l. This sensor measures the sum of the components
of UV transmitted directly and those scattered in the atmosphere [57]. The sensor is a
semiconductor photodiode calibrated against a Yankee Environmental Systems’ Ultraviolet
Pyranometer, model UVB-1, in natural summer daylight [57]. The spectral response is
280 to 360 nm [57], with UV index being one of the sensor outputs with a range from 0 to
16 Index and an accuracy of +5% [57].

Due to the sensitivity of UV sensors, Davis Instruments recommends recalibration
after a period. Since an approximately 2% drift per year on the readings from these sensors
is reported [57], the Natal sensor was calibrated every 2 years against a GUV 511 radiometer
until 2008. After this period, the GUV 511 used for calibration was sent to another city, and
the calibrations in Natal were carried out with a spectrophotometer Brewer 073 until 2017.
In 2018, the Davis Sensor was substituted for a brand-new Davis 6490, which is currently
in use.

The UV monitored with this sensor covered the years 2006 to 2022, with a sampling
frequency of 10 min, which was averaged to the hourly frequency to be used in this study.

2.4. Satellite-Based Instruments

Radjiative transfer codes are used for satellites to retrieve UV using ozone, aerosol
contents, cloudiness, and surface albedo as input [18]. Some of these inputs, such as ozone
and cloudiness, are products of the satellite instrument itself, while aerosol content and
albedo come from climatologies [18]. The characteristics of the two satellite instruments
that were used in this work (OMI and GOME-2) are detailed below.

2.4.1. Ozone Monitoring Instrument (OMI)

The OMI, onboard NASA'’s Aura satellite, launched in July 2004 into a Sun-synchronous
quasi-polar orbit, is a nadir-viewing UV /visible spectrometer whose mission is the moni-
toring of atmospheric ozone, trace gases, aerosol, cloudiness, and surface UV [45]. OMI has
a spectral resolution of about 0.45 nm in the UV, a wide viewing swath of 2600 km, and a
spatial resolution at a nadir of 13 km (along the track) x 24 km (across-track) [45,58]. The
Aura spacecraft circulates in a 98.2° inclination, Sun-synchronous polar orbit at 705 km
altitude, with a local afternoon equator crossing time at 13:45 & 15 min, providing 14 orbits
a day [58,59].

OMI UVI presents a positive bias when compared to ground-based UVI due to, in large
part, absorbing aerosols [60-62]. According to [18] and [63], the OMI algorithm version
v1.3 applied a correction factor to the algorithm v1.2 that accounts for absorbing aerosols
via aerosol climatology, improving the UV estimations. Another uncertainty is added when
the satellite overpass happens at a time significantly different from local noon [18] since the
OMI UVI given at noontime is estimated using the correction factor estimated at the time
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of the overpass [18,61]. The resulting uncertainty of OMI UVI is about 5-10% in clear-sky
conditions and about 7-14% in cloudy conditions [18].

2.4.2. Global Ozone Monitoring Experiment (GOME-2)

The GOME-2 is a nadir-viewing scanning UV /VIS spectrometer measuring backscat-
tered and reflected radiation from the Earth’s atmosphere in a spectral range between
240 and 790 nm [64,65]. The first GOME-2 was launched in October 2006 onboard the
EUMETSAT Metop-A satellite, and a second GOME-2 was launched in September 2012
onboard Metop-B. The long-term dataset was further extended by the third GOME-2 on
the Metop-C platform launched in November 2018 [66]. The Metop satellites are flying
in Sun-synchronous orbits with equator crossing times of approximately 09:30 LT (local
time) and a repeat cycle of 29 days (412 orbits). The summary of the GOME-2 instrument
characteristics is in Table 2.

The UV processing algorithm involves the gridding of GOME-2 total ozone data,
the inversion of cloud optical depth from reflectance data, and finally, the calculation of
surface UV quantities from the radiative transfer model [65]. The GOME-2 UV products
include the daily dose and maximum dose rates of integrated UV-B, and UV-A radiation,
together with values obtained by different biological weighting functions and solar noon
UV index [67].

Table 2. Summary of the GOME-2 instrument characteristics. Retrieved and adapted from [68].

Sensor GOME-2A GOME-2B GOME-2C
. . January 2007- December 2012— January 2019-
Operational Period November 2021 Present Present
Spectral Range 240-790 nm 240-790 nm 240-790 nm
Ground Pixel Resolution 80 km > 40 km/ 80 km x 40 km 80 km x 40 km
40 km x 40 km
Swath Width 1920 km /960 km 1920 km 1920 km
Equator Crossing Time 9:30 (local time) 9:30 (local time) 9:30 (local time)
Global Coverage 1.5 days 1.5 days 1.5 days

The GOME-2 irradiance modeling depends on ozone, surface albedo, cloud, and
aerosols; therefore, the uncertainty of GOME-2-derived UVI comes from these factors, with
the resulting uncertainty of about 8-16% in clear-sky conditions and about (20-40%) in
cloudy conditions [18].

2.5. Techniques to Select Clear-Sky Condition

In this work, the “all-sky UV index” from OMI at noon and overpass time was
used. The UV index at overpass time refers to the file attribute named OPUV index
from OMUVBG product level 2G. This Surface UV Irradiance Product from OMI contains
gridded surface UV irradiance, dose quantities, UV index, cloud optical thickness, and
LER [69]. From GOME-2, the noontime “all-sky UV index” was also used.

To only keep clear-sky days for the comparison (ground-based vs. satellite-derived
UV index), two different techniques were applied to identify clear-sky conditions: the OMI
Lambertian equivalent reflectivity (LER) and cloud-cover data extracted from METAR.
The LER applied in this work is derived from the OMI-measured radiance (I3¢9) near
360 nm, which can be expressed as a sum of the atmospheric backscatter above a specified
Lambertian surface [70]. LER is used for cloud characterization and can be obtained in
the same dataset as the UV index at overpass time from OMI [62]. Only days with an LER
smaller than 10% were used [41,62].

Cloud-cover data were obtained from METAR data from Natal’s international airport.
This METAR is available in 1 h intervals and is free to download through the REDEMET
(Air Force Command Meteorology Network) Brazilian application. METAR is a regular
aerodrome weather report that contains data on temperature, wind, lightning, and others,
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such as cloud cover [71]. The World Meteorological Organization defines rules for the

register of cloud cover that have been traditionally carried out by human observers [72,73].

Observers divide the sky into 8 regions (octas) and evaluate the regions covered by clouds
to estimate the cloud cover [72]. Here, a clear sky is considered 0 octas, denoted by the
acronym CAVOK (“Ceiling in Visibility OK”), and 1 to 2 octas, denoted by the acronym
FEW, corresponding to less than 30% of sky coverage [73].

2.6. Statistical Analysis

All the datasets were prepared separately and scrutinized for obvious errors. The
datasets were also in UTC (Coordinated Universal Time) and had the timing adjusted to the
corresponding time of Natal, which is used here (UTC-2). As the cloud cover, METAR data
were in hourly frequency, and the ground-based UV index series were grouped according

to the hourly average for the selection of the hours corresponding to the clear-sky condition.

Then, ground-based data were analyzed for diurnal and seasonal variability under all-sky
and clear-sky conditions. For ground-based measurements, a percentage difference in the
hourly average UV index under clear and all-sky conditions was also calculated. This
aids in better understanding how the UV index fluctuates throughout the day under these

differing sky conditions. The percentage difference (PDI) was calculated as in Equation (2).

PDI = (M) x 100% @
avgak

where avg is the averaged UV index value under clear-sky conditions for the specified
hour and the avg, is the averaged UV index value under all-sky conditions for the specified
hour. This formula determines how much the UVI under clear-sky conditions differs
from that under all-sky conditions, expressed as a percentage of the UV index under
all-sky conditions.

The datasets were compared at local noontime and at the overpass time (around
1:45 p.m. local time for OMI). METAR cloud-cover data was used to select clear-sky hours
in the noontime datasets. To the overpass dataset, both METAR and LER were applied
since LER from OMI corresponds to the overpass time (Table 3).

Table 3. Summary of the technique used to select clear sky for each dataset of comparison.

Comparison Technique to Select Clear Sky
Ground-based noontime vs. OMI noontime Octas 0, 1 and 2 (METAR)
Ground-based noontime vs. GOME-2 noontime Octas 0, 1 and 2 (METAR)
Octas 0, 1 and 2 (METAR)

Ground-based overpass vs. OMI overpass LER < 10%

To compare the ground-based with satellite data, the following metrics were calculated
and analyzed: the Pearson correlation coefficient (), the coefficient of determination (the
square of the Pearson correlation coefficient r2), Mean Bias Error (MBE), Mean Absolute
Error (MAE), Mean Absolute Percentage Error (MAPE), the Root Mean Square Error
(RMSE), and the p-value to determine the statistical significance of the relationship between
the variables.

The Pearson’s coefficient (r), Equation (3), commonly used in linear regression, is
a popular correlation coefficient used to measure how strong a relationship is between
two variables [74]. The correlation between the two variables is quantified with a number
that varies between —1 and +1 [75]. Zero means there is no correlation, whereas 1 means
a complete or perfect correlation [76]. A negative r means that the variables are inversely
related [76]. The 12 (coefficient of determination) represents the proportion of variance
in the dependent variable that can be explained by the independent variable [77]. The
MBE is an average of algebraic errors, while the MAE is an average of the absolute errors
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(Equations (4) and (5), respectively) [78]. In this work, the MBE can indicate whether the
satellite-derived UV index overestimates or underestimates the ground-based measure-
ments. The MAPE measures the average absolute error of a model as a percentage of
the actual value [79]. It represents a measure of accuracy in statistics [80], expressed as
Equation (6). The RMSE is a measure of the differences between calculated values (in this
study, OMI and GOME-2 data) and observed values (ground-based observations). The
smaller the RMSE values, the lower the residual variance [41]. This metric is calculated as
in Equation (7).

. Y"1 (Sonp,i — Senp ) (Ssat,i — Ssar) ®)

\/():?:1 (SGND,i - §GND)2) ():?:1 (Ssari — §SAT)Z)

1
MBE = ;Z?:l(SSAT,i — SGND,i) @)
1
MAE =~ |Ssar,i — Sonp,i (5)
Ly |Ssari — Scn,i]
APE = - . 1 oA TeAb
M nZz:I ( 00 * Sonn, )
RMSE = | —Y" (s s ,
= n,12i:1( $AT,i = SGND,i) @)

where S is the UV index, S is the averaged UV index, SAT is the satellite observation, GND
is the ground-based observation, and 7 is the number of observations.

These metrics together provide a comprehensive view of the accuracy and reliability
of satellite data as compared to ground-based data. It helps in identifying potential biases,
understanding the strength of the relationship, and quantifying the magnitude and relative
importance of the errors.

3. Results
3.1. Ground-Based Derived UV Index Time Variability

Hourly data from the ground-based UV measurements in Natal were analyzed for
the period 2006-2022. Raw data are provided in Figure 2. Data gaps are evident, with
the longest being between 2017 and the end of 2018. A total of 53,286 h of UV index data
was collected, with the maximum reaching 16 (extreme UV index) and an average of 6.22
(high UV index level). Throughout the years, high levels of UV start at 9 a.m. going until
3 p.m., reaching extreme between 10 a.m. and 2 p.m., as expected from a typical diurnal
solar UV pattern, characterized by the increase of UV index levels during the day, to a peak
reached at solar noon, and the decrease during the afternoon as solar zenith angle increases
again [41].

Natal (05.78°S; 35.21°W, 30m)
17 Extreme
| | Very Migh
| |
’ u

- Voderate

7 Lo
6
2006 2007 2008 2009 2010 2m 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022
Years
Figure 2. UV index observations as a function of day and hour per day for Natal, Brazil, from 2006
to 2022.
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In this study, the comparison of ground-based and satellite-derived UV indices is
made only using data from clear-sky conditions. Figure 3 shows the monthly climatological
average cloud cover (in octas) for Natal for all available years between 2006 and 2022,
shown as a function of time of day and month of the year, to illustrate how the cloud cover
varies in Natal according to METAR cloud cover data.

Natal (05.78°S, 35.21°W, 30m)

S
Averaged Octas

Hour (Local time)
012345678 91011121314 1516171819 20212223

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Months

Figure 3. The monthly climatological average cloud cover (in octas) for Natal for all available years
between 2006 and 2022 shown as a function of time of day and month of the year.

Around noon, there is a greater presence of cloud cover throughout the year. Clear-sky
conditions prevail during night hours, as can be seen with the clear colors during these
times and more hours of clear sky from August to November. These months correspond to
the dry season in this region, from August to November [81]. Ref. [27] reported a similar
pattern in cloud-cover variability throughout the year in their study of UV extreme events
in northeast Brazil.

Figure 4a shows the percentage distribution of cloud cover for Natal for the period
between 2006 and 2022, considering all day and night hours and only day hours. The
clear-sky condition represents 24.18% of the day and night hours. It represents an even
smaller percentage when taking into consideration only daylight hours (6 a.m. to 6 p.m.),
exactly 15.21%, corresponding to 2925 h of clear-sky conditions during the days.

As indicated in Figure 4b, from 6 a.m. to 11 a.m., the averaged cloud clover indicates
the predominance of scattered clouds (SCT = 3, 4 octas), while between 12 and 1 p.m.,
broken clouds prevail (BKN =5, 6, 7 octas). In the afternoon, the scattered clouds prevail,
but with a higher average, indicating a lower prevalence than in the morning hours. The
short-term variability of the UV radiation reaching the Earth’s surface is mainly controlled
by changes in cloud cover [21,43,44], which mainly has an attenuating effect on the UV
(20% to 70% for overcast skies) [44] but also enhancement effects manifested by increased
UV irradiance at the surface compared with the equivalent clear-sky situation [21,44].
According to [45], enhancements were found to be most pronounced for large cloud cover
of 5 to 7 octas (broken clouds) when the solar disk is unoccluded. This result of cloud-cover
variability indicates that in Natal, around noontime, there is a greater presence of cloud
cover (broken clouds), which can explain the higher UV index values registered under
all-sky than under clear-sky conditions at noontime (5 and 6).

97



Remote Sens. 2024, 16, 4687

10 of 22

Day Hours: Percantage Distribution of Prevalling Cloud Cover with Tetal Hours
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Figure 4. (a) Percentage distribution of cloud cover for Natal for the period between 2006 and
2022 considering all day and night hours (upper plot) and only day hours (bottom plot). (b) Daily
climatological average cloud cover (in octas) for Natal for the period of 2006 to 2022.

In Figure 5, the monthly average ground-based UV index levels for Natal for all
available years between 2006 and 2022 as a function of time of the day and month of the
year under all and clear-sky conditions are presented. The UV index shows a semi-annual
cycle with two maxima and a minimum in a year (Figure 5). At stations within the Tropic
of Capricorn, the case of Natal, the Sun is at its peak twice a year, around the equinoxes
when the Sun is directly overhead at the equator, and the stations register two annual
maxima [82]. For Natal, the two peaks occurred in the summer and spring months. Similar
results were reported by [48,82], and two-year maxima were also reported by [83] for Mahé.
The effects of latitude on solar UV index levels are apparent, where even during austral
winter months, high, very high, and extreme UV index levels were registered. Natal is
located at latitude 05.78°S, where the solar zenith angle is lower throughout the year, which
induces higher-intensity UV throughout the year.

Ground based UV index (All sky conditions) Ground based UV index (Clear Sky condition)
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Figure 5. The monthly average ground-based UV index levels in Natal for the years between 2006
and 2022 as a function of time of day and month of the year under all and clear-sky conditions.

The UV index values were generally higher under clear-sky conditions; however,
during noontime, the months of January, February, and March showed higher UV index
levels under all-sky conditions than under clear-sky conditions. A similar characteristic
occurred at 11 a.m. in December. The percentage difference in hourly average UV index
levels between clear sky and all-sky conditions for Natal, shown in Figure 6, reinforces
this result.
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Figure 6. Percentage difference in hourly average UV index levels between clear sky and all-sky
conditions for Natal for all available years between 2006 and 2022.

The UV index is higher under clear-sky conditions during the early morning and late
afternoon hours. It is important to note that the difference is small, with the UV index under
clear-sky conditions being at most 0.31 units higher than under all-sky conditions, peaking
at 3 p.m. At noon, when the cloud average is in the broken cloud’s interval (Figure 4b),
the UV index under all-sky conditions is 6.8% higher than under clear-sky conditions,
which means a 0.78 UV index unit higher. Ref. [82] reported an increase of 18% in the UV
levels under a partially cloudy sky due to multiple reflections for the city of Macei6 (9.28°S,
35.49° W, 127 m), northeast Brazil.

According to [84], surface UV can be enhanced under scattered or broken cloud con-
ditions, occurring when the Sun is not obscured by clouds and there are clouds present
elsewhere in the sky. The rainy season in Natal is concentrated between May and July [81];
however, the monthly rainfall starts to increase from December onwards [85]. Ref. [73]
reported higher UV averages under all-sky conditions than under clear-sky conditions dur-
ing some months (April, May, and December) of the rainy season for the city of Santarém,
Northern Brazil. According to the authors, during the rainy season, factors such as the
presence of cumulus or deep cirrus clouds can produce multiple scatterings, which can
locally increase the UV reaching the surface [73,74].

Regarding the hourly UV index variability, the Environmental Protection Agency
(EPA) informs that for the average person, low danger from the Sun’s UV rays only occurs
when the UV index ranges from 0 to 2. Even so, it is recommended to wear sunglasses on
clear days, protect yourself with clothing, and use broad-spectrum SPF30+ sunscreen [86].
In Natal, this low-danger period only occurs until 8 in the morning and 4 in the afternoon
(Figure 7). It is important to note that even during those hours, moderate levels were
recorded (Figure 7).

At 9 a.m., the predominance is moderate, achieving high intensity. At 3 p.m., most
of the UV is moderate, and very high levels are achieved. When the level is at most
moderate, the recommendations are as follows: Stay in the shade; if outdoors, wear
protective clothing, a wide-brimmed hat, and UV-blocking sunglasses; generously apply
broad-spectrum SPF30+ sunscreen every 2 h, even on cloudy days and after swimming or
sweating; avoid long stay over bright surfaces, like sand, water, and snow, which reflect
and increase UV [86].

Between 10 a.m. and 2 p.m., extreme levels were recorded, with noon having medium
and average UV index under all-sky conditions in the extreme range (UVI > 11). Unpro-
tected skin and eyes can have a sunburn in minutes if the UV index is 11 or more and there
is no Sun protection [86]. It is recommended to avoid Sun exposure when these levels are
reached and take all the recommendations recommended by [21,49]. During 5 h of the day,
between 10 a.m. and 2 p.m. (UTC-2), the population in Natal can be exposed to extreme UV
levels. The World Health Organization recommends Sun protection mainly between 10 a.m.
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and 4 p.m. when radiation is most intense [21]. According to these results, protection is
needed from 8 a.m. for those who frequent the city of Natal. Considering the hours with
extreme levels, maximum protective measures need to be taken from 10 a.m. (UTC-2).

Natal (05.78°S; 35.21°W, 30m)

=== Hourly Average
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Figure 7. Hourly averaged UV index levels for Natal from 2006 to 2022.

The daily cycle of the UV index reported by [33] for the year 2008 also achieved
moderate levels at 8 a.m., high at 9 a.m., and very high and extreme from 10 a.m. Similar
results were reported by [31] regarding the monthly hourly UV index averages for the
period of 2001-2007.

3.2. Comparison of Ground-Based vs. Satellite-Derived UV Index

Figure 8 shows the time series of the noontime and overpass time (respective to OMI)
UV index from ground-based (GB) measurements in Natal under all-sky conditions. It
also shows the UV index derived from OMI at noon and overpass time and from GOME-2
at noontime. The satellite, as well as the GB time series, shows a semi-annual cycle with
two maxima in a year. In Natal, a daily maximum of 16 UV index has been recorded
in different years. Ground-based and OMI noontime UV index presented a UV index
maximum of 16, while the GOME-2 and OMI overpass reached a maximum of 14.72 and
14.80, respectively. Nevertheless, in all cases, these values represent an extreme UV index,
as expected for noon and overpass time, which is around noon (approximately 1.45 p.m.).

The average UV index level from the GB at noontime was 11.50. From OMI at noon-
time, it was 11.41. From GOME-2 at noontime, 10.31, and according to OMI at overpass
time, the average over the whole period was 8.73. In comparison with other cities around
the same latitude, measurements made from 2017 to November 2020 in the city of Mahé
(4.67°S, 55.53°E, 15 m a.s.l.) in Seychelles indicated UVI averages around 14 at noontime,
while cities further south (Antananarivo, Anse Quitor and Saint-Denis) showed UVI av-
erages at noontime of around 10 [83]. According to the authors, this difference is due to
the difference in latitude [81]. Mahé is located at latitude 4.6.S (closer to Natal’s latitude
(5.78°S), and the other cities are at latitude near 20°S. Therefore, the solar zenith angle in
Mahé, as in Natal, is lower throughout the year, which induces a higher-intensity UV.

Figure 9 shows the time series comparing ground-based versus satellite-derived solar
UV index data from 2006 to 2022 at satellite noon and overpass time. The comparisons were
performed only for clear-sky days selected with METAR, LER, and the days considered
clear sky using both LER and METAR. Table 4 brings the descriptive statistics for each
dataset for each comparison.
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Figure 8. Daily variability of the UV index in Natal for all years of study. GB noontime refers to the
ground-based data at noontime. GB overpass refers to the ground-based data at OMI overpass time.
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Figure 9. Time series comparing ground-based versus satellite-derived solar UV index data from
2006 to 2022 at satellite noon and overpass time. The comparisons were performed only for clear-sky
days selected with METAR and LER, and the days considered clear sky using both LER and METAR.

For certain periods, a visual comparison shows large differences between the UV index
levels taken from different instruments. For example, from 2008 to 2009, the differences
between the noontime UVI from GB measurements and GOME-2 increased. Correlation
analysis confirmed the smallest correlation between these two datasets (GB noontime vs.
GOME-2 noontime) (Figure 10), where R and R2 values ranged from a moderate positive
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correlation for GB noontime vs. GOME-2 noontime to a strong positive correlation for GB
noontime vs. OMI noontime.

Table 4. Summary of descriptive statistics for each time series comparison where GB Noon (ground-
based UV index at local noontime) and GB OVP (ground-based UV index at local OMI overpass
time); CKT (clear-sky technique) refers to the technique used to select clear-sky days.

Metrics N Mean Std Min 25%175% 50% Max CKT
GB Noon 109 10.75 1.89 5.86 9.65/12.08 10.46 14.81 METAR
OMI Noon 109 10.81 1.92 418 9.54/12.20 10.65 14.71 METAR
GOME-2 Noon 109 9.96 142 7.06 9.0/11.13 9.57 13.24 METAR
GB OVP 138 9.08 2.08 4.15 7.48/10.41 9.05 15.12 METAR
OMI OVP 138 8.96 2.09 431 7.24/10.64 9.05 14.01 METAR
GB OVP 1928 9.14 218 3.16 7.46/10.53 8.95 15.96 LER
OMI OVP 1928 9.24 1.93 3.80 7.79/10.55 9.10 14.70 LER
GB OVP 95 8.98 1.98 4.15 7.44/10.26 8.96 15.12 Both
OMI OVP 95 9.06 1.98 5.20 7.55/10.69 9.06 14.01 Both
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Figure 10. Correlation between ground-based UV index and satellite-derived UV index data
(OMI, GOME-2) from 2008 to 2022 for Natal at local noontime and under clear-sky conditions
selected with METAR. The Red dashed line represents the line of perfect agreement (y = x).
pvalues : 2.68 x 10721, 4.48 x 107%. The first p — value refers to GB vs. OMI (noontime) and
the second to GB vs. GOME-2 (noontime).

GB overpass vs. OMI overpass, in all scenarios (clear-sky LER, clear-sky METAR, and
clear-sky both), also presented moderate to strong positive correlation (0.62, 0.69, and 0.70,
respectively). Ref. [41] reported a positive moderate correlation between ground—based
versus OMI—derived UV index for the city of Pretoria (25.73°S, 28.18°E, 1330 m from 1994
to May 2003 and 25.81°S, 28.49°E, 1228 m from May 2003 to 2015) in South Africa.

The positive MBE (Figure 10) suggests that, on average, UVI derived from OMI at
noontime overestimates the GB UVI by 0.07 units in Natal. From the comparison of GB
noontime vs. GOME-2 noontime, the negative MBE suggests that, on average, the UVI
derived from GOME-2 at noontime underestimates the GB UVI by —0.79 units. For the
overpass time (Figure 11), the negative MBE suggests that on average, UVI derived from
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OMI overpass (METAR) also underestimates the GB UVI by —0.12 units, while when using
LER to select clear-sky days, the MBE suggests that on average UVI derived from OMI at
overpass time overestimates the GB UVI by 0.10 units. When using both techniques, it has
the smallest absolute MBE of the three, indicating it is the least biased.

UV index comparisons - Ground based vs Satellite (Overpass) - Natal (05.78°S; 35.21°W, 30m)
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Figure 11. Correlation between ground-based UV index and satellite-derived UV index data
(OMI) from 2006 to 2022 for Natal at overpass time and under clear-sky conditions selected
with LER, METAR, and hour considered clear sky using both techniques (LER, METAR).
p values : 1.80 x 1072, 3.93 x 1072, 2.51 x 107", The first p — value refers to GB vs. OMI
(overpass—LER), the second to GB vs. OMI (overpass—METAR), and the third to GB vs. OMI
(overpass—LER and METAR).

According to [87], the validation of UV index retrieved from OMI at noontime against
ground-based measurements at different climates in Egypt performed in all-sky conditions
in the period 2012-2017 at three sites: Aswan (23.97°N, 32.78°E, 192.5 m, Pyranometer),
Cairo (30.08°N, 31.28°E, 34.4 m, Pyranometer) and Matruh 31.33°N, 27.22°E, 25 m, Brewer
MK II) showed that OMI overestimates ground-based observations in all seasons at all sta-
tions with annual mean bias of 0.52, 0.68 and 1.02 to Aswan, Cairo and Matruh, respectively.

Ref. [88] examined the OMI UV performance in different cloudiness conditions using
ground-based observations in Jokioinen (60.8°N, 23.5°E) and Sodankyla (67.3°N, 26.6°E)
for the years 2005 to 2011 at the time of satellite overpass. They reported that for both
Jokioinen and Sodankyld, OMI UV overestimates the surface UV index with a mean bias
of 0.50 for Jokioinen and 0.26 for Sodankyla under clear-sky conditions. Ref. [3] found
that at Irene (25.91°S, 28.21°E, 1523 m), De Aar (30.67°S, 23.99°E, 1284 m) and Upington
(28.48°S, 21.12°E, 848 m), the GOME-2 data underestimated surface UVA measurements
with MBE of —5.5, —11.2 and —12.8 at Irene, De Aar and Upington, respectively, under
clear-sky conditions.

The MAE of 1 means that, on average, the absolute difference between the UVI derived
from OMI and the GB at noontime is 1, and for GOME-2 is 1.30. The MAE at overpass time,
using the three techniques, is higher than the MAE from OMI noontime, indicating that the
OMI overpass UVI has the largest average deviation from the GB UVI, even though the
difference is quite small between all the datasets. The MAPE of 9.68 implies that the UVI
derived from OMI deviates by about 9.68% on average from the GB UVI at noontime. The
largest deviation occurred between the OMI and GB overpass time when using the LER
technique, with a deviation of 16.11%.
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Ref. [41] reported that the MAPE between OMI and ground-based index at overpass
time using LER were 27% for Pretoria (25.73°S, 28.18°E, 1330 m, 1994 to May 2003), 28%
for Durban (29.97°S, 31.00°E, 9 m, 1994 to May 2010) and 46% for De Aar (30.67°S, 23.99°E
1286 m 2002 to 2015). Comparisons between ground-based and OMI-derived UV index
at noontime showed annual MAPE of 10.6% for Aswan (23.97°N, 32.78°E, 192.5 m, Pyra-
nometer), 17.3% for Cairo (30.08°N, 31.28°E, 34.4 m, Pyranometer) and 26.0% for Maltruh
(31.33°N, 27.22°E, 25 m, Brewer MK II) for the period between 2012 and 2017, under all-sky
conditions [87]. This means that even if the MAPE at overpass time in this work is higher
than at noontime, still the agreement is better than the agreement between OMI overpass
and the ground-based measurements made in Cairo and Maltruh cities in Egypt by [87]
and in Pretoria, Durban, and De Aar in South Africa [41].

The comparison between GB and OMI at noontime has the lowest RMSE (1.33) of all
comparisons. This suggests that the OMI noontime estimations are in closer agreement
with the GB non-noontime measurements compared to the GOME-2 noontime and OMI
overpass estimations. Nevertheless, the difference between the metrics results is quite
small between the datasets, showing that satellite UV index measurements have a good
agreement with the ground-based measurements, as indicated by the moderate to high
correlation coefficients and the clustering of points near the red line in the scatter plots.
Another indicator of this good agreement is the error distribution plots. These plots reveal
that most errors cluster around zero. Notably, the GOME-2 noontime and OMI overpass
(METAR) data are slightly skewed to the left, aligning with the negative Mean Bias Error
(MBE) and reinforcing the slight underestimation observed.

4. Discussion

The Davis 6490 UV sensor used to monitor UV levels in Natal has an accuracy of +5%,
with a drift of up to +2% per year [57]. The most notable error sources for this instrument
include troubleshooting due to cable connections, plugs not firmly seated, and lack of
calibration in the frequency recommended in the user manual [57]. For the first time, the
entire dataset from 2006 to 2022 of UV index levels in Natal monitored with the Davis
Sensor 6490 has been analyzed for diurnal and seasonal variability under all and clear-sky
conditions. Furthermore, the main objective of this study was to conduct a comparative
analysis of ground-based and satellite-derived UV index levels from OMI and GOME-2
in Natal, Brazil, under clear-sky conditions, to assess the reliability of different satellite-
derived UV index data for this site, should these data be used for long-term trend analysis,
or the monitoring of solar UV exposure risk and possible impacts to the environment.

Regarding the UV time variability in Natal, the UV index showed a semi-annual cycle
with two maxima in a year, during austral summer and spring, with smaller UV index
levels during austral winter. The less-intense levels during austral winter, around noon,
continue to be very high levels on the UV index scale. These characteristics agree with what
is expected for a city at the location of Natal, at latitude 05.78°S, where the solar zenith
angle is lower throughout the year, inducing higher-intensity UV throughout the year. Also,
since Natal is within the Tropic of Capricorn, the Sun is at its peak twice a year, around the
equinoxes when the Sun is directly overhead at the equator, with the stations recording
two annual maxima [40].

Another important characteristic is that in Natal, around noon, there is a greater
presence of cloud cover throughout the year (average in the broken clouds interval). Clear-
sky conditions prevail during night hours, and there are more hours of clear sky between
August and November, the dry period in the region. The clear-sky condition represents
only 15.21% of daylight hours. This pattern of cloud-cover variability can explain the
higher UV index values registered under all-sky than under clear-sky conditions at 11 a.m.
and 12 p.m. since it is already indicated in the literature that partially cloudy skies, under
scattered or broken clouds, can produce multiple scatterings that can increase locally UV
levels at the surface, reaching levels higher than under clear skies [17,46,74].
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These results indicate that in Natal, even during clear or all-sky conditions, the UV
index is generally high. Between 10 a.m. and 2 p.m., the population in Natal can be exposed
to extreme UV levels. Therefore, protection is needed from 8 a.m. for those who frequent
the city of Natal. Considering the hours with extreme levels, maximum protective measures
need to be taken from 10 a.m. It is important to note that this study uses UTC-2, according
to the latitude at which Natal is located, but the inhabitants of Natal follow the UTC of
the capital of Brazil, Brasilia (UTC-3). This means that from 7 a.m., anyone visiting or
living in Natal must protect themselves adequately from the UV radiation, with maximum
protective measures needed from 9 a.m. onwards if following UTC-3.

Regarding the comparisons between ground-based and satellite-derived UV index,
OMI UVI at the overpass and noontime presents less bias than GOME-2 UVI. While OMI
mainly overestimates the UV index levels in comparison with ground-based measurements,
GOME-2 underestimates it. UV products derived from OMI are known to overestimate
ground-based measurements [60-62,87,88]. Part of the positive bias between OMI UVI
and ground-based UVIis due to absorbing aerosols [18,62]. It is important to emphasize
that this is not a statement particular about the Natal, although the inaccurate description
of the absorbing aerosols is a possible explanation for the observed discrepancies. Other
factors of uncertainty are clear-sky irradiance modeling (depending on ozone surface
albedo), the cloud—aerosol correction factor, and satellite overpass occurring at a time
significantly different from local noon [18]. In Natal, the satellite overpass of OMI is about
13:45 4 15 min LT), not too different from the noontime, 12 p.m. While the overpass time of
the GOME-2 (09:30 a.m. LT) is more distant from noontime. Another factor of uncertainty
on GOME-2 UV products is also the climatology of aerosols and surface albedo used in the
algorithm, which was not determined from observations [3].

Through this study, it was possible to identify that the technique used to select a clear
sky also affects the statistical comparison metrics. For example, regarding the difference
between the techniques used to identify clear-sky conditions, the LER method identified a
significantly larger number of clear-sky days (1928 days) compared to the METAR method
(138 days) at overpass time. This significant difference suggests that the LER method could
have more flexible criteria for defining “clear-sky” conditions, potentially including days
with more cloud cover compared to what METAR considers as clear-sky. The difference
in the number of clear-sky days identified confirms that these two methods have vastly
different criteria for identifying clear-sky days. METAR seems to be more conservative
than LER. The difference between the METAR alone and the combined METAR and LER
(43 days) indicates that there are days that METAR identifies as clear-sky days but are not
considered clear-sky days when using the combined approach. This could potentially be
days with minor cloud cover that METAR considers, but LER does not. These differences
highlight the importance of understanding the specific criteria each method uses to identify
clear-sky days and suggest that a careful selection or combination of methods might be
necessary to obtain the most accurate representation of clear-sky days for each specific
study or application.

Another point is that the negative MBE values associated with the METAR technique
indicate that the satellite-derived UV index levels are, on average, lower than the ground-
based UV index measurements. This discrepancy could potentially be due to the METAR
data indicating clear skies, while the satellite data identifies these days as not entirely
clear, estimating lower UVI values. The METAR data are usually based on observations
at airports and represent local clear-sky conditions more accurately than satellite data,
which captures a larger area. For satellite observations, the variation introduced by clouds
is spatially averaged over the area of the pixel [89]; therefore, the satellite data might
be noticing atmospheric or cloud-cover variations over a broader region that are not
captured in the localized METAR. Implementing sky cameras installed near the UV sensor
could reduce uncertainties associated with the technique used to determine clear-sky
conditions. These cameras would provide clear images of the sky, helping to determine the
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actual sky conditions more accurately, thus potentially reducing uncertainty related to the
sky condition.

Opverall, metrics such as MAE, MAPE, and RMSE indicate that differences between the
satellite and ground-based measurements are generally low. Together with the moderate
and strong correlation coefficients, the clustering of points near the red line in the scatter
plots, and the error distribution plots clustered around zero, the analysis indicates that the
two satellite sources (OMI noontime and overpass) and GOME-2 noontime are a reliable
source for UV index data, showing good agreement with ground-based measurements.

5. Conclusions

The main aim of this paper was to conduct a comparative analysis between the ground-
based measured UV index levels in Natal, Brazil, and the satellite-derived UV index from
OMI and GOME-2. The comparison reported here was carried out using UV index levels
under clear-sky conditions. The hours of clear sky were selected using cloud-cover data
from METAR, using LER, and applying both techniques together. Furthermore, in this
paper, an analysis of the diurnal and seasonal variability of the UV index under all clear-sky
conditions in Natal was also reported.

For all the time series, the UV index showed an annual cycle with two maxima in
a year, during austral summer and spring, with smaller UV index levels during austral
winter. The less-intense levels during austral winter, around noon, continue to be very high
levels on the UV index scale. In Natal, a daily maximum of 16 UV indexes were recorded
in different years in the ground-based and OMI noontime time series. The UV index was
derived from GOME-2, and the OMI overpass reached less than 15. Nevertheless, in all
cases, these values represent an extreme UV index.

There has been a greater presence of cloud cover around noontime in Natal all over the
years. Clear-sky conditions prevail during night hours, with hours of clear sky representing
only 15.21% of daylight. There are more hours of clear sky between August and November,
the dry period in the region. The UV index under all-sky is higher than under clear-
sky conditions from 11 a.m. to noon, hours when the averaged cloud cover indicates a
greater presence of broken clouds, suggesting the influence of cloud cover in enhancing the
ground-based UV index levels under partially cloudy skies.

In Natal, the low-danger period of exposure to UV rays only occurs until 8 a.m. and
from 4 p.m. onwards. However, even during those hours, moderate levels were recorded.
Therefore, protection is needed from 8 a.m. for those who frequent the city of Natal.
Between 10 a.m. and 2 p.m., the population in Natal is exposed to extreme UV levels.
Considering the hours with extreme levels, maximum protective measures need to be taken
from 10 a.m., considering UTC-2. When following UTC-3, these recommendations should
be followed 1 h in advance.

The differences between the techniques used to identify clear-sky conditions highlight
the importance of understanding the specific criteria each method uses to identify clear-sky
days and suggest that a careful selection or combination of methods might be necessary to
obtain the most accurate representation of clear-sky days for each specific study.

The errors between the satellite and ground-based measurements are generally low,
with the analysis indicating that the two satellite sources (OMI noontime and overpass)
and GOME-2 noontime are reliable sources for UV index data, showing good agreement
with ground-based measurements. OMI UVI at noon and overpass time are less biased
than GOME-2 noontime UVI.

This study differs from previous studies and contributes to the scientific understanding
of UV radiation levels using unpublished UV index data from a ground-based station in a
city located near the equator, in South America’s tropical region, where until now, there has
been relatively limited research focusing on this field of study. With the reliability of these
satellite data accessed for Natal, we will study the trends of the UV index in this tropical
Brazilian site in future works.
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5 RESULTS: Comparative analysis of ground-based and satellite-derived UV index:

variability and reliability from three south American low and mid-latitudes sites

5.1 Article IV overview and thesis contribution

This study compares ground-based and satellite-derived UV Index levels from OMI at
overpass time during clear sky conditions, which are determined using LER (Lambertian
Equivalent Reflectivity). A characterization of the diurnal and seasonal variability of the ground-
based UV index levels is also reported. The study period ranges from 2005 to 2022, varying
according to each data source, and comprises data from two Brazilian cities — Itajuba (22.41°S,
45.44°W, 885 m, Davis 6490 UV sensor), Santa Maria (29.4°S, 53.8°W, 476 m, Brewer
Spectrophotometer MKIII #167), and from Buenos Aires in Argentina (34.58° S, 58.48°W, 25 m,
Solar Light UV Biometer — Radiometer model 501).

This study contributes to the first and third specific objectives of this thesis by characterizing
the diurnal and seasonal variability of ground-based UV index levels and comparing these with
satellite-derived UV Index levels in Itajub4, Santa Maria, and Buenos Aires under clear sky
conditions.

With this study it was found that the typical diurnal solar UV pattern is evident with UV index
levels increasing during the day, reaching a peak at solar noon, and decreasing during the afternoon
as solar zenith angles increase again for Itajuba, Santa Maria and Buenos Aires. Annual variability,
modulated by the seasonal cycle, is also evident, with summer UV index values regularly achieving
very high and extreme UV index levels at all the three sites and smaller UV index levels during
austral winter.

The UV index levels at Itajuba were lower than expected for its latitude and altitude, which
typically, would increase UV levels. Nevertheless, Itajubd showed lower UV indices than Santa
Maria and Buenos Aires, suggesting potential calibration or data accuracy issues with local UV
measurement methods. These unexpected values were reflected in the comparison results, that
showed that Itajuba’s data had the largest differences between ground-based and satellite derived
UV index levels, with a moderate correlation and the highest MBE, MAPE, MAE, and RMSE
values, indicating significant measurement deviations. Both Santa Maria and Buenos Aires showed
a stronger correlation between ground based and satellite measurements, with Buenos Aires
presenting the strongest relationship. The MBE, MAPE, MAE and RMSE were lower for these

cities as well, indicating smaller relative errors.
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The consistent results in Santa Maria and Buenos Aires emphasize the crucial hours for sun
protection and validate the accuracy of the OMI (Ozone Monitoring Instrument) and ground-based
instruments (Brewer Spectrophotometer MKIII #167 in Santa Maria, and Solar Light UV Biometer
- model 501 in Buenos Aires) in capturing UV patterns. The verification of these data is vital for
their use in future long-term trend analysis, monitoring UV exposure risks, and assessing potential
impacts on human health.

In future work, it is necessary to examine Itajubd's UV index discrepancies by reviewing sensor
calibration records, maintenance logs, and site-specific environmental factors that may influence
readings. Additionally, conducting a trend analysis to understand the long-term changes in UV
radiation levels will help better understand the dynamics of the spatial-temporal variability of

surface UV in South America.

5.2 Publication status

REIS, G.; BENCHERIF, H.; REIS, M. et al. Comparative Analysis of Ground-Based and
Satellite-Derived UV Index: Variability and Reliability from Three South American Mid-Latitudes
Sites. In: EGU General Assembly 2024, Vienna, Austria, 14—19 Apr 2024. Available in:
https://doi.org/10.5194/egusphere-egu24-2543.

5.3 Materials and Methods

In the articles I, II and III the materials and methods applied to the northern low-latitude cities
of this study (Santarém and Natal) were presented. In this fourth phase, the focus shifts to the three
southernmost locations in this study: Itajuba (22.41°S, 45.44°W, 885 m, Davis 6490 UV sensor)
and Santa Maria (29.4°S, 53.8°W, 476 m, Brewer Spectrophotometer MKIII #167) still at low
latitudes, and Buenos Aires (34.58°S, 58.48°W, 25 m, Solar Light UV Biometer — Radiometer
model 501) at mid-latitude (Figure 18) and (Table 2).

Table 2 — Ground-based UV index data Sources. The time zone of the three sites is UTC-3.

Station Instrument Type of Geographical Coordinates Altitude Period
data Position (as.)

Itajuba Davis 6490 uv Federal 22.41°S; 885m 01/2016 to

— UV Sensor index University of 45.44°W 12/2021
Itajubd
Santa Brewer uv Suthern Space 29.4°S; 476m 01/2005 to
Maria Spectropho- Index Observatory 53.8°W 12/2017
tometer MKIII

#167
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Buenos UV Biometer uv GAW 34.58°S; 25m 01/2013 to
Aires Radiometer index Regional 58.48°W 10/2017
model 501 Staion — WMO
Region II1

Source: Author (2019).

These three sites are included together in an analysis with the objectives to compare ground-
based and satellite-derived UV Index levels from the OMI at overpass time during clear-sky
conditions, determined using LER, and to provide a characterization of the diurnal and seasonal
variability of the ground-based UV index levels. This approach was chosen due to the lack of free
METAR data for Itajuba and Buenos Aires and to maintain consistency in the analysis across all
locations. Additionally, GOME-2 and OMI noontime data were not used because the LER used

here, is derived from OMI overpass time.

Figure 18 — Locations of UV index monitoring stations.
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The OMI overpass UV index and LER data can be downloaded for free from the link provided

in Table 3. This methodology enabled the characterization of ground-based UV variability over
low and mid-latitudes in South America and facilitated a reliable comparison of UV index levels.

The study period ranges from 2005 to 2022, varying according to each data source (Table 2).

Table 3 — Satellite-derived data sources.
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Satellite Instrument Type of Data Period Website
UV index 01/2005
AURA OMI (overpass time) — https://search.earthdata.nasa.gov/search
LER 12/2022

Source: Author (2023).

5.3.1 Sites Description

[tajuba is located on the mountainsides of the Serra da Mantiqueira, in the south of the state of
Minas Gerais and has approximately 97.782 inhabitants (IBGE, 2021). According to the Képpen
climate classification the climate of Itajuba is Cwa, that is, humid temperate climate with dry winter
and hot summer (REBOITA et al., 2015, SANTOS et al., 2019). The highest average temperature
is 23.3° C in February and the lowest is 15.1° C in July. The total average annual rainfall is 1458
mm, with about 80% of this value occurring between the months of October to March (rainy
season) (REBOITA et al., 2017, ALVES et al., 2021). The daily cycle of UVI for the period from
2006 to 2009 for the city of Itajuba revealed a maximum of 15.6, with 28% of the measurements
classified as “extreme”, with the maximums occurring around 1:00 to 2:00 pm local time (UTC-3)
(COARITI, 2011).

Santa Maria is in the central region of the state of Rio Grande do Sul. The city has
approximately 285.159 inhabitants (IBGE 2021). Santa Maria, according to the Ko&ppen
classification, presents a rainy temperate climate whose average temperature of the warmest month
is 24.80°C, in January, and the average temperature of the coldest month, in July, is 14.10°C
(KUINCHTNER, 2001; LONGHI et al., 2000). The average annual precipitation is 1769 mm/year
(LONGHI et al., 2000). According to Lopes (2022), measures of UV Index for the period of 2005
to 2017, made at Santa Maria, shows a maximum of 12 “extreme”, mainly between December and
end of January. During fall and spring, it varies between very high and high. During winter monthly
mean presents moderate UV index (LOPES, 2022).

Buenos Aires city, is the federal capital of Argentina, situated 240 km from the Atlantic Ocean.
It’s one of South America’s most populous cities (DAEMEI, EGHBALI & KHOTBEHSARA,
2019). The climate in this city is sub-humid to humid and would be categorized as type Cfa,
mesothermal with no dry season, according to the modified Kdppen classification system
(PEREYRA & RIMOLDI, 2003). The mean annual rainfall is 1200 mm, the mean annual
temperature 15°C and the mean annual relative humidity is 71% (PEREYRA & RIMOLDI, 2003;
DAEMEI, EGHBALI & KHOTBEHSARA, 2019). A UV index of about 11.5 “extreme” was
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registered in 1997 in Buenos Aires also UV levels achieving high values for typical days of each

season of the year during this same year (MICHELETTI et al., 2003).

5.3.2 Ground-Based Measurements

Monitoring of the UV index in the city of Itajuba was done using the Davis 6490 UV sensor
instrument (Figure 19). The same type of instrument that was used to monitor UV levels at Natal.
This sensor measures the sum of the components of UV transmitted directly and those scattered in
the atmosphere (DAVIS Instruments, 2024). The sensor is a semiconductor photodiode calibrated
against a Yankee Environmental Systems’ Ultraviolet Pyranometer, model UVB-1, in natural
summer daylight (DAVIS Instruments, 2024). The spectral response is 280 to 360 nm (DAVIS
Instruments, 2024), with UV index being one of the sensor outputs with a range from 0 to 16 Index

and an accuracy of £5% (DAVIS Instruments, 2024).

Figure 19 — Davis 6490 UV Sensor.

Source: Retrieved from COLE-PARMER an Antylia scientific company — Davis Instruments 6490 UV Sensor
(https://www.coleparmer.com/i/davis-instruments-6490-uv-sensor-for-vanatage-pro2-wireless/3224547).

Given the sensitivity of UV sensors, Davis Instruments advises periodic recalibration. Their
reports indicate an annual drift of approximately 2% in sensor readings (DAVIS Instruments,
2024). To address this, the UV sensor used in Itajuba was returned to the manufacturer for
recalibration every two years.

For the city of Santa Maria, UV data was obtained using the brewer spectrophotometer
(Brewer Model Mark - MKIII no. 167 (Figure 20) operated at the Southern Space Observatory
(SSO). The Brewer MKIII no. 167 is a fully automated instrument designed for terrestrial
measurements of spectral irradiations in the UV-B range of the solar spectrum at five wavelengths,
306.3,310.1, 313.5, 316.8, and 320.1 nm (Kerr, 2002).

The Brewer instrument operated at SSO/INPE is part of Brewer’s Brazilian network and every

15 days, the spectral responsivity of the Brewer spectrophotometer was verified by irradiating the
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entrance optics with a 1.000 W quartz-halogen tungsten reference lamp with certified spectral
irradiance. This calibration procedure ensured the instrument's accuracy by regularly assessing its

spectral response, as described in the Brewer Operator Manual (SCI-TEC Instruments, 1999).

Figure 20 — Southern Space Observatory Building and Brewer Spectrophotometer MKIII #167.

Source: Retrieved and adapted from Peres (2016).

For the city of Buenos Aires, UV data were measured using a UV Biometer — Radiometer Model
501 (Solar Light) (Figure 21 - right side), installed at the Buenos Aires Observatory (Figure 21 —
left side), which makes part of the GAW Regional station in WMO Region III — South America
(GERARDO, 2016). This instrumentis the continuation of the line of Robertson-Berger
Weatherproof meters, that have been employed in the worldwide network for UV-B monitoring
(VERTMARKETS, 2023). Model 501 UV biometers are permanent outdoor UV measurement
system, measuring UV from artificial and natural sources with wavelengths above 280 nm to 400
nm (SOLAR LIGHT, 2023). It presents an expected daily uncertainty of £5%. In South America,
the Argentine National Weather Service (SMN in Spanish) of Argentina, acting as the WMO
South-American Regional Calibration Centre, ensures the accuracy and reliability of these
measurements by employing rigorous calibration protocols. The SMN performs periodic
calibrations of solar UV radiometers, including the Solar Light Model 501 UV Biometer,

maintaining high standards for UV monitoring.
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Figure 21 — Buenos Aires Observatory and the UV Biometer - Radiometer Model 501.

Source: Retrieved from Gc;rardo (2016) and retrieved and adapted from (Solar Light, 2023).

The ground-based UVI data for Itajuba and Santa Maria was provided by collaborating
researchers who also worked with analysis of UV in South America. UVI data for Buenos Aires
was obtained for free from the World Ozone and Ultraviolet Radiation Data Centre (WOUDC)
through the website (https://woudc.org/data/explore.php?lang=en). WOUDC is one of six World

Data Centers that are part of the Global Atmosphere Watch (GAW) program of the World
Meteorological Organization (WMO). The WOUDC contains ozone and UV data measured by

instruments located on ground-based, shipborne, or airborne platforms.

5.3.3 Statistical Analysis

All the datasets were analyzed, and obvious errors were removed. Timing was also adjusted to
the corresponding time UTC-3 (Coordinated Universal Time) for all three. The original time series
of Itajub4 had a sampling frequency of 10 minutes, while data from Santa Maria were sampled
every 30 minutes and from Buenos Aires at an hourly frequency. To standardize the frequency
across all locations, the ground-based UV Index data were aggregated into hourly averages. This
allowed for consistent selection of the hours corresponding to the overpass clear-sky condition
(£1:45 PM).

The satellite derived UV index used in this work was “all-sky UV index” from OMI at overpass
time, which refers to the file attribute named OPUVindex from OMUVBG product level 2G. The
Surface UV Irradiance Product from OMI has dose quantities, UV index, cloud optical thickness,
LER among others (KALAKOSKI, 2012).

The comparisons were done with UV index under clear-sky conditions, selected using the OMI
LER as cloud cover proxy. The LER applied in this work is derived from the OMI-measured
radiance (I3¢4¢) near 360 nm, which can be expressed as a sum of the atmospheric backscatter above
a specified Lambertian surface (STAMMES & NOORDHOEK, 2022). The LER values represent

the equivalent scene reflectivity, which is the combined reflectivity of clouds, aerosols, and the
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surface as observed from space, excluding the contribution of Rayleigh scattering (LABOW et al.,
2011). Such datasets have been used to assess surface reflectivity climatology (Kleipool et al.,
2008) and cloud variability (Damiani et al., 2014). In unpolluted regions and in the absence of
snow, significant changes in LER are primarily attributed to clouds (Herman et al., 2009; Damiani
et al., 2013; Damiani et al., 2014). LER values range from 0 to 1, but they are often expressed as a
percentage from 0% to 100%. A day is considered cloud-free during the OMI overpass if the LER
is lower than 10% (ANTC)N et al., 2010; Cadet et al., 2017). Therefore, only days with an LER
value smaller than 10% were used in this study.

To compare ground-based data with satellite-derived data, different statistical metrics were
employed. The Pearson correlation coefficient (r) (2), commonly applied in linear regression,
quantifies the strength of the relationship between two variables (CORREA et al., 2010). This
coefficient ranges from —1 to +1, where zero indicates no correlation, +1 represents a perfect
positive correlation, and negative values indicate an inverse relationship between the variables
(GLEN, 2023; AKOGLU, 2018). Additionally, the coefficient of determination (r?), calculated as
the square of the Pearson correlation coefficient, reflects the proportion of variance in the
dependent variable that is explained by the independent variable (CHICCO et al., 2021).

Error metrics were also calculated to evaluate performance. The Mean Bias Error (MBE) (3)
represents the average algebraic error, while the Mean Absolute Error (MAE) (4) measures the
average magnitude of errors in absolute terms (BARBIERI et al., 2017). The Mean Absolute
Percentage Error (MAPE) (5) expresses the average absolute error as a percentage of the observed
values, providing a statistical measure of accuracy (SATHISHKUMAR et al., 2023; LILLO-
BRAVO et al., 2023). The Root Mean Square Error (RMSE) (6) calculates the differences between
predicted (OMI-derived) and observed (ground-based) values, with smaller RMSE values
indicating lower residual variance (CADET et al., 2017). To assess the statistical significance of

the relationships between the datasets p-values were determined.
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1 n
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where S is the UV index, S is the averaged UV index, SAT is the satellite observation, GND
is the ground-based observation, and n is the number of observations.

These metrics together help in identifying potential biases, understanding the strength of the
relationship, and quantifying the magnitude and relative importance of the errors. Therefore,
provide a comprehensive view of the accuracy and reliability of satellite data as compared to
ground-based data. Furthermore, characterizing the diurnal and seasonal variability of UV radiation
in these low and mid-latitude South American sites is important for accurate public health
advisories and environmental assessments. Such evaluations are essential for improving UV

radiation monitoring and for enhancing the accuracy of UV assessments.
5.4 Article IV results

5.4.1 Ground-based UV index temporal variability

Hourly data from the three ground-based UV measurements sites were analyzed for the period
2005-2021. Hourly data are provided in Figure 22. The station of Santa Maria initiated
observations in 2005, while the station of Buenos Aires initiated in 2013 and Itajuba even later, in

2016.
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Figure 22 — UV index observations as function of day and hour per day for Itajuba, Santa Maria and Buenos Aires
from 2005 to 2021.
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Data gaps are evident, with the longest being at Santa Maria between 2009 and 2011. The
typical diurnal solar UV pattern is evident with UV index levels increasing during the day, reaching
a peak at solar noon, and decreasing during the afternoon as solar zenith angles increase again.
Annual variability, modulated by the seasonal cycle, is also evident in Figure 22, with summer UV
index values regularly achieving high, very high and sometimes extreme UV index levels at all the
three sites.

Regarding the city of Itajuba, the maximum UV index there was 12.78 (extreme), registered
during noontime in February, a month of austral summer season (Figure 22, 24 and Table 4). The
average and the 50% were moderate (Table 4). For cities located in a latitude range close to Itajubd's
latitude, Lamy et al. (2021) reported that in Saint-Denis, Reunion Island (20.90°S, 55.48°E, 82 m
a.s.l.), UV index levels of +15 were registered for the period between 2016 and 2020. This
maximum also happened at noontime, as the maximum at [tajuba. When it is about the averages, a
maximum hourly average UV index of a high level (6—7) at noontime was registered for Itajuba
(Figure 24), while very high (8-10) for Saint-Denis (LAMY et al., 2021).

The peak of the UV index in Itajuba occurs in summer (Figures 22 and 23). Because of its

southern location and its position between the Tropic of Capricorn and the Equator, Itajuba presents
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a peak spread with very high averaged UV index levels from November to February (Figure 23).
The Earth's axial tilt and orbit around the Sun cause the Sun's apparent movement across the sky.
This results in the Sun passing directly over Itajuba’s latitude as the Earth moves towards the Tropic
of Capricorn and again as it shifts back towards the equator. This apparent movement is what leads
to changes in the intensity of solar radiation received at different times of the year, like during these
summer months. This happens in a shorter time, closer months (Figure 23), than for example the
case of Natal, where there are clearly two peaks in different seasons. For Antananarivo (18.916°S,
47.565°E, 1370 m a.s.l.) and Anse Quitor (19.758°S, 63.368°E, 32m), Lamy et al. (2021) also
reported higher UV index levels during summer, but reaching max monthly UV index average of

more than 15 in both cities for the period of 2016 to 2020.

Table 4 — Descriptive Statistics of ground-based derived UV Index for Itajub4, Santa Maria, and Buenos Aires.

Local N Mean Std 50% Max
Itajuba 16994 3.86 2.53 3.07 12.78
Santa Maria 16807 4.66 3.19 3.66 15.86
Buenos Aires 11180 423 2.83 3.33 13.51

Source: Author (2024).

At Santa Maria’s latitude, the months of greatest intensity of UV are the austral summer
months (Figures 22 and 23), with January presenting the highest levels. The maximum UV index
reached was 15.86 at noontime in January (Table 4, Figure 22 and 24). The average and 50% over
the hole period of study were moderate (Table 4). Santa Maria is located between the Tropic of
Capricorn and the Antarctic Circle, therefore, only one peak of solar radiation is expected during
the year, in austral summer, especially on days around the summer solstice (late December) in the
southern hemisphere. Lopes (2022) reported a similar pattern, with the highest UV index levels
happening during summer. For the city of Durban (29.61°S, 31.11°, 103 m a.s.l.), which is situated
in a latitude close to Santa Maria’s latitude (29.41°S), Cadet et al. (2017) reported the highest UV
index levels happening also during summer, in January with maximum UV index level of almost

15, at local noontime.
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Figure 23 — The monthly climatological average ground-based UV index levels for Itajuba, Santa Maria and Buenos
Aires for all available years and shown as a function of time of day and month of the year. For seasons to be shown
more easily, the plot shows the first month on the X-axis as July through to December, followed by January through
to June. Therefore, summer months are in the middle of the plot.
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Regarding the variability of the UV index in Buenos Aires, the maximum value recorded
during the entire study period was 13.5 (extreme) (Table 4). The average and median UV index
over the period were in the moderate range, similar to the findings for Itajub4 and Santa Maria. In
1997, Buenos Aires experienced an extreme UV index of around 11.5, with high values typical for
each season, as reported by (MICHELETTI et al., 2003). During the winter of the same year, the
UV index reached a maximum of 3. According to (LUCCINI et al., 2006), monthly mean UV index
values in low-elevation regions of Argentina range from approximately 12 in the north to 6 in the
south during summer, and from 4 to less than 1 in winter. Palancar & Toselli (2004) noted that
solar zenith angle variations predict UV-B maxima around December 22nd in Coérdoba (31.44°S,
64.19°W), which is close to the latitude of Buenos Aires (34.59°S). Buenos Aires, located at a mid-
latitude, experiences its highest UV intensity during the austral summer months, especially in

December, when the summer solstice occurs.
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Figure 24 — Hourly averaged UV index and variability for Itajub4, Santa Maria and Buenos Aires, across the period
from 2005 to 2021. Note: Data availability varies by location (Table 2).
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Source: Author (2024).

Regarding the hourly variability over the entire period for each location, Itajuba exhibits low
to moderate UV Index levels until 8 AM (Figure 24). From 9 AM onward, high levels begin to be
reached, peaking between 11 AM and 1 PM, and then gradually decreasing after 2 PM. Coariti
(2011) reported high values from 11 AM, with very high and extreme indices occurring between
noon and 2 PM in Itajuba, for the period of 2006 to 2009. At Saint-denis (20.902°S, 55.485°E 82
m a.s.l.), measurements made from 2016 to November 2020 shows extreme UV Index levels from
10 AM to 2 PM (LAMY etal., 2021), while in Itajuba, extreme levels were observed only between
11 AM and 1 PM.

From sunrise to 8 AM, the maximum UV Index in Santa Maria was of moderate level (Figure
24). By 9 AM, UVI levels range mainly from low to moderate, with occasional readings reaching
very high levels. The highest UV intensities were recorded between 10 AM and 2 PM, with the
maximum UVI occurring at local noon. During these peak hours, UV index levels were extreme,
even exceeding 15 at 12 AM and | PM. By 4 PM, UV Index readings were maximum moderate,
eventually declining to low levels as sunset approached. These findings align with those reported
by (LOPES 2022), who also observed maximum UV Index values of 15 and extreme levels
between 11 AM and 2 PM, peaking at noon. Similarly, Cadet et al. (2017) documented a
comparable pattern in Durban (29.61°S, 31.11°, 103 m a.s.l.), South Africa, a city situated at nearly
the same latitude as Santa Maria.

Regarding the hourly variability in Buenos Aires (Figure 24), the UV Index is predominantly

low to moderate from sunrise until 10 AM, with UV index levels starting to reach very high at this
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hour. Between 11 AM and 2 PM, extreme levels were recorded. After 3 PM, the UV Index
decreases to moderate levels, with occasional peaks reaching very high, and by 5 PM, it
predominantly falls to low.

According to the U.S. Environmental Protection Agency (EPA), low danger from the sun’s UV
rays occurs when the UV Index ranges from 0 to 2. Even under these conditions, it is recommended
to wear sunglasses on clear days, protect yourself with clothing, and use broad-spectrum SPF30+
sunscreen (EPA, 2016). The EPA also warns that unprotected skin and eyes can burn in minutes
when the UV Index reaches 11 or higher, emphasizing the need to avoid sun exposure during these
times and to follow protective measures (EPA, 2016). Itajuba experienced three hours of extreme
UV levels between 11 AM and 1 PM, Buenos Aires had four hours between 11 AM and 2 PM, and
Santa Maria recorded extreme levels for five hours between 10 AM and 2 PM. These results
highlight the importance of taking protective measures against overexposure to ultraviolet
radiation, as moderate, high, and very high levels are reached from the early morning hours in these
locations and during several hours extreme UV levels occur.

In summary, Santa Maria exhibited the highest UV index levels, followed by Buenos Aires.
Despite its lower latitude and higher altitude, which typically would result in increased UV levels,
Itajuba showed lower UV indices compared to Santa Maria and Buenos Aires. Further investigation
is needed in Itajubd to determine whether these lower levels are due to differences in cloud
characteristics between the cities or if there are discrepancies in the UV index readings caused by

sensor calibration, maintenance practices, or other site-specific environmental factors.

5.4.2 Comparison of Ground-Based and Satellite-Derived UV index

Figure 25 shows the time series of the OMI overpass time UV index for the three sites of study,
as well the respective ground-based (GB) measurements under clear-sky conditions. The satellite,
as well as the GB time series, shows an annual cycle with one maximum in a year, during austral

Summer.
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Figure 25 — Time series comparing ground-based versus satellite-derived solar UV index data for 2005 to 2021 at

satellite overpass time (the comparison was performed at the satellite overpass time and only clear sky days are selected
with LER).
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In Itajuba, maximum UV index of approximately 14 has been recorded in different years in the
OMI series (Figure 25), while the ground-based at overpass time reached a maximum of 11.30
(Figure 24). Nevertheless, these values represent extreme UV index, as expected for overpass time,
which is around noon (approximately 1.45 pm). For Santa Maria, satellite and ground-based
metrics were more similar, with both presenting a maximum around 14 (extreme), as well as similar
average of high UV index (Table 5). In the case of Buenos Aires, the metrics were also similar,

with satellite and ground-based mean and max being both high and extreme.

Table 5 — Summary of descriptive statistics for each time series comparison where GB OVP (ground-based UV index
at local OMI overpass time under clear-sky conditions).

Metrics N Mean Std Min 50% Max Local
GB OVP 431 4.68 2.21 1.20 4.28 1048 Itajuba
OMI OVP 431 6.03 2.76 2.09 520 14.03 Itajuba

GB OVP 607 6.90 341 1.01 6.61 14.86 Santa Maria
OMI OVP 607 6.42 3.34 1.50 6.28 14.67 Santa Maria
GB OVP 337 6.49 3.29 1.56 6.40 13.31 Buenos Aires
OMI OVP 337 5.67 3.16 1.22 531 11.84 Buenos Aires

Source: Author (2024).

Correlation analysis revealed the weakest correlation between the two datasets (GB OVP vs.

OMI OVP) for Itajub4d, with R and R? values indicating a moderate positive correlation for Itajuba,
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a strong positive correlation for Santa Maria, and a very strong correlation for Buenos Aires (Figure
26).

These results suggest that while the satellite UV index generally increases as the ground-based
UV index increases, the relationship is notably weaker for Itajuba. Specifically, only 38% of the
variability in the satellite UV index for Itajuba is explained by the ground-based UV index, as
indicated by its low R? value. This low R? suggests that the two datasets do not align well, meaning
the satellite data does not replicate the ground-based data with high accuracy. Additionally, the
possibility that ground-based measurements may be problematic contributes to this discrepancy
and supports the need for a review of the ground-based data, particularly given the unexpectedly

low values for Itajubd's latitude and altitude, as discussed in the previous results section.

Figure 26 — Comparative analysis of Ground-Based and Satellite-Derived UV Index with Error Distributions for
Itajub4, Santa Maria, and Buenos Aires. For all three sites: p <0.001
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Cadet et al. (2017) reported a positive moderate correlation between ground—based versus
OMI—derived UV index for the city of Pretoria (25.73°S, 28.18°E, 1330 m from 1994 to May 2003
and 25.81°S, 28.49°E, 1228 m from May 2003 to 2015) in South Africa. They also reported strong
correlation coefficient of 0.88 for Durban (29.97°S, 31.00°E, 9 m, 1994 to May 2010). The

comparison was done using clear-sky OMI overpass UVI, selected using LER and the ground-
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based instrument was a broadband UV-biometer model 501 manufactured by Solar Light, similar
as the one used in Buenos Aires.

The positive MBE value for Itajuba (Figure 26) indicates that the satellite UV index data
generally overestimates the ground-based UV index by an average of 1.35 units. Santa Maria and
Buenos Aires presented negative MBE, which means that the satellite UV index data tends to
underestimate the ground-based UV index by an average of 0.48 units and 0.82 for Santa Maria
and Buenos Aires respectively.

Pitkdnen et al. (2015) reported that in some special cases OMI underestimated UV index, for
example, when broken sky may be falsely interpreted as clear sky or overcast. This is possible to
happen when clouds are present within OMI footprint, but the clouds do not obscure the sun
(PITKANEN ET AL., 2015). Zempila et al. (2016) also reported OMI underestimations. In their
study, Zempila et al., (2016) compared NILU-UV multichannel radiometer measurements with
OMI UV irradiance estimates for Thessaloniki, Greece. For the 324 nm and 380 nm wavelengths,
the local noontime satellite estimations under clear skies comparisons showed a satellite under-
estimation of -3.75% and -4.15%, respectively, and the overpass time comparisons showed
underestimations ranging between -1.55% and -1.90% for the same wavelengths (ZEMPILA et al.,
2016). According with (ANTON et al., 2010; BROGNIEZ et al., 2016) uncertainty in OMI-derived
UVI is due to uncertainties in the clear sky irradiance modelling (depending on ozone, surface
albedo) and in the cloud—aerosol correction factor.

Other studies reported OMI overestimations, as example: Mohamed et al. (2023) assessed the
performance of the noontime OMI-derived UV index against ground-based measurements under
all-sky conditions for the period of 2012-2017 at three Egyptian sites. For Aswan (23.97°N,
32.78°E, 192.5 m, Pyranometer), Cairo (30.08°N, 31.28°E, 34.4 m, Pyranometer), and Matruh
(31.33°N, 27.22°E, 25 m, Brewer MK 1) the results showed annual mean bias of 0.52, 0.68 and
1.02 to Aswan, Cairo and Matruh, respectively, revealing that OMI consistently overestimated UV
measurements across all seasons and sites. Pitkdnen et al. (2015) also reported OMI
overestimations. They evaluated the accuracy of OMI UV data under varying cloud conditions by
comparing it to ground-based observations from Jokioinen (60.8°N, 23.5°E) and Sodankyla
(67.3°N, 26.6°E) during the satellite overpass times between 2005 and 2011. They found that OMI
UV overestimated the surface UV index, with mean biases of 0.50 for Jokioinen and 0.26 for

Sodankylé in clear-sky conditions.



128

The MAE values indicate that, on average, the satellite UV index is off by 1.68 units for both
Itajuba and Santa Maria, while it is more accurate in Buenos Aires, with an average error of 1.00,
suggesting that the satellite data is generally more aligned with ground measurements in Buenos
Aires compared to the other two cities. The MAPE, that expresses the accuracy as a percentage,
showing the magnitude of errors relative to the actual values, was higher at Itajuba, 49.61%. Santa
Maria had a moderate MAPE of 30.92%, and Buenos Aires has the lowest MAPE at 16.75%, again,
reflecting the highest accuracy among the three cities. These discrepancies can be influenced by
potential issues with the ground-based or the satellite-derived data, suggesting that both sources of
data may require further examination to determine the root causes of the differences.

Mohamed et al. (2023) compared OMI-derived and ground-based UV index measurements at
noontime under all-sky conditions for the period 2012-2017. They reported annual MAPE values
of 10.6% for Aswan (23.97°N, 32.78°E, 192.5 m, Pyranometer), 17.3% for Cairo (30.08°N,
31.28°E, 34.4 m, Pyranometer), and 26.0% for Matruh (31.33°N, 27.22°E, 25 m, Brewer MK 1I).
Cadet et al. (2017) analyzed MAPE at satellite overpass time using LER as clear sky cloud proxy
and found values of 27% for Pretoria (25.73°S, 28.18°E, 1330 m, 1994-2003), 28% for Durban
(29.97°S, 31.00°E, 9 m, 1994-2010), and 46% for De Aar (30.67°S, 23.99°E, 1286 m, 2002—
2015). This means that the MAPE at overpass time in this work still within the range of the MAPE
found from the comparisons made at the previous cited sites.

The RMSE values suggest that there are deviations between the satellite and ground-based UV
index data in Itajuba (2.61) and Santa Maria (2.26), whereas Buenos Aires has the smallest RMSE
(1.24), indicating fewer large discrepancies. This means that the alignment between the satellite
and ground-based data is closer in Buenos Aires, resulting in fewer and less severe errors. An
RMSE of 2.57 was reported for De Aar (30.67°S, 23.99°E 1286 m 2002 to 2015) by (CADET et
al., 2017) when comparing ground-based UV index at overpass time under clear sky, also selected
using LER. For the other cities of their study, the RMSE values ranged between 1.46 to 1.93. This
indicates that the RMSE values obtained in this study (ranging from 1.24 to 2.61) are consistent
with the range reported by Cadet et al. (2017), suggesting similar levels of agreement between
satellite-derived and ground-based UV index data under comparable conditions.

In Buenos Aires, the scatter plots and error distribution plots reinforce the better agreement
between satellite and ground-based UV index measurements, with most data points clustering near

the red line and errors clustered around zero, indicating the strength of the correlations. However,
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in [tajuba and Santa Maria, the error distributions show a slight skew, consistent with positive and
negative MBEs, indicating minor overestimation and underestimation, respectively.

The metrics collectively indicate that satellite data is most accurate for Buenos Aires, with the
smallest errors both in absolute and relative terms. In contrast, Santa Maria and Itajuba exhibit
more significant discrepancies, especially in Itajuba, where the errors are larger and more variable.
Localized adjustments may be necessary to address specific environmental factors or calibration
issues, particularly in Itajuba, where the discrepancies are more pronounced.

These differences highlight the varying reliability of satellite and ground-based UV index
estimations across different locations, suggesting that site-specific factors might be influencing the
accuracy of these measurements. This variability underscores the need for further investigation into
the sources of these errors, whether they arise from satellite data, ground-based measurements, or

environmental factors affecting both.

5.4.3 Conclusions

This study identified the typical diurnal solar UV pattern at the three studied sites. UV index
levels increased throughout the morning, peaked at solar noon, and declined in the afternoon as
solar zenith angles increased. The maximum UV index levels observed were 15.86 at Santa Maria,
12.78 at Itajub4, and 13.51 at Buenos Aires. Annual variability, driven by the seasonal cycle, was
also evident. During the austral summer, UV index levels frequently reached very high to extreme
levels across all three locations, while the austral winter exhibited lower UV levels.

The comparison between satellite-derived and ground-based UV index measurements revealed
significant differences. Itajuba exhibited the largest discrepancies, with moderate correlation and
the highest MBE, MAPE, MAE, and RMSE values, indicating substantial measurement deviations.
Santa Maria and Buenos Aires showed stronger correlations between satellite and ground-based
measurements, with Buenos Aires demonstrating the most accurate relationship. The relative errors
for these two cities were also smaller.

[tajuba's lower UV index levels and higher error metrics underscore the need for a thorough
review of measurement methodologies, including calibration, maintenance of instruments, and an
investigation into environmental factors that could be influencing these readings. Meanwhile, the
consistency observed at Santa Maria and Buenos Aires highlights the reliability of the OMI (Ozone
Monitoring Instrument) and ground-based instruments such as the Brewer Spectrophotometer

MKIII #167 in Santa Maria and the Solar Light UV Biometer - model 501 in Buenos Aires. Future
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research should address the discrepancies at Itajuba and conduct long-term trend analyses to

enhance understanding of surface UV radiation's temporal variability across South America.
6 SUMMARY, LIMITATIONS AND FUTURE WORK

The main objective of this thesis was to analyze and characterize the temporal variability of
solar ultraviolet radiation at low and mid-latitude South American sites, focusing on Santarém,
Natal, Itajubd, and Santa Maria in Brazil, and Buenos Aires in Argentina. This research aimed to
contribute to a better understanding of UV radiation patterns in these regions. Throughout the
previous six chapters, a theoretical and bibliographic review was presented, explaining the basic
concepts of UV radiation and summarizing important research in this field. The study areas were
described in detail, along with the specific ground-based and satellite instruments and techniques
used to characterize and analyze UV radiation and cloud cover conditions at these South American

sites. Below is a summary of the main results obtained during the development of this thesis:
Impact of latitude on UV levels at low and mid-latitude South American sites:

The effects of latitude on the variability of solar UV radiation were confirmed in this study. The
two low-latitude cities in this research (Santarém and Natal) displayed a semi-annual cycle with
two maxima per year, as well as smaller seasonal amplitude and higher UV levels throughout the
year. This is consistent with locations that experience lower solar zenith angles year-round. Natal,
located within the Tropic of Capricorn, recorded two annual maxima, occurring around the
equinoxes when the Sun is directly overhead its location.

Due to the short-term time series and gap of data available for Santarém, it was not possible to
conclusively confirm the semi-annual cycle based on ground-based data. Even though, satellite-
derived UV index from OMI and GOME-2 indicated a semi-annual cycle but with discrepancies.
OMI showed higher UV index levels during the rainy austral summer months, while GOME-2
indicated spring, during dry season, as the period with the highest UV index levels. Differences in
OMI and GOME-2 were already reported in the literature, for example, Ialongo et al. (2021)
reported that different cloud cover assumptions in the OMI and GOME-2 algorithms can contribute
to the differences between their datasets. According to Parisi et al. (2021), the main factors
influencing UV irradiance variations between OMI, GOME-2 and ground based for a given solar

zenith angle are clouds and aerosols.
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The comparison of monthly UV index and solar zenith angles indicated that the lowest solar
zenith angles months are in austral spring at Santarem’s latitude, therefore the highest UV index
levels are expected be in this period too, corroborating with the GOME-2 results. Nevertheless,
without a longer ground-based time series, it remains challenging to confirm the exact timing of
peak UV levels in Santarém

The latitude effect was also evident in the southern low- and mid-latitude cities, which exhibited
an annual cycle with a single peak during the austral summer and lower UV levels during the austral
winter months. Itajuba, situated between the Tropic of Capricorn and the Equator, experienced a
broader period of high average UV index levels from November to February. This pattern arised
from the Earth’s axial tilt and orbital movement, causing the Sun to pass directly over Itajuba’s
latitude twice a year, in shorter period, closer months. Unlike Natal and Santarém, which have two
distinct UV peaks in different seasons. Santa Maria, located between the Tropic of Capricorn and
the Antarctic Circle, follows the expected pattern for its latitude, with a single annual peak of solar
radiation during the austral summer. This peak occurs around the summer solstice in the southern
hemisphere. Buenos Aires, a mid-latitude city, similarly experiences its highest UV intensity

during the austral summer months, particularly in December, coinciding with the summer solstice.
Itajuba’s special Case:

Itajuba, which is located at the highest altitude among the study sites and at a lower latitude than
Santa Maria and Buenos Aires, presented unexpected results. Despite its favorable characteristics
for higher UV levels (lower latitude and higher altitude), the ground-based UV index levels in
Itajuba were lower than those observed in Santa Maria and Buenos Aires. This discrepancy was
also reflected in the comparison between ground-based and satellite-derived UV index data. Itajuba
showed the largest differences, with moderate correlation coefficients and the highest values for
MBE, MAPE, MAE, and RMSE. These findings indicate significant measurement deviations and
suggest the need for further investigation into potential local factors influencing UV radiation

levels at this site.
The influence of cloud cover:

The results of this thesis also highlight the influence of cloud cover on UV variability, showing

its dual role in both attenuating and enhancing UV levels.
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In Santarém, UV variability was analyzed under all-sky and clear-sky conditions, as well as
during the rainy and dry seasons. Under all-sky conditions, certain months (such as April, May,
and December) exhibited higher average UV levels than under clear-sky conditions. These months
correspond to the rainy season and the transition from the dry to rainy season. This suggests that
cloud cover, which is higher during the rainy period, may be enhancing UV levels. This
characteristic aligns with the literature, which explains that certain cloud types, such as cumulus or
thin cirrus, can enhance UV levels by producing multiple scattering, thereby increasing the UV
levels that reaches the surface.

Both ground-based and satellite-derived UV data indicate a higher amplitude in UV levels for
Santarém during the rainy period. This suggests a significant role of clouds in controlling UV
variability, primarily through attenuation, which explains the lower noontime UV index values
observed during this period, but sometimes by increasing it, as shown in the ground-based analysis.

In Natal, there is a greater presence of cloud cover around noon throughout the year, with clear
skies prevailing during nighttime and in the dry season (August to November). Between 12 and 1
PM, broken clouds are predominant. Although UV index values are generally higher under clear-
sky conditions, at noontime during January, February, and March, UV index levels are higher under
all-sky conditions. A similar pattern is observed at 11 AM in December.

Atnoon, the UV index under all-sky conditions is 6.8% higher than under clear-sky conditions,
corresponding to an increase of 0.78 UV index units. The rainy season in Natal is concentrated
between May and July, however, monthly rainfall starts increasing from December onwards. This
characteristic of enhanced surface UV levels during some rainy months was also observed in the
study for Santarém. It was already reported that surface UV levels can be enhanced under scattered
or broken cloud conditions, particularly when the Sun is not obscured by clouds, but clouds are
present elsewhere in the sky (CEDE at al., 2002). Such enhancements are most pronounced under
large cloud cover of 5 to 7 octas (broken clouds) when the solar disk remains unoccluded (ZHANG
et al., 2019). This variability in cloud cover helps explain the higher UV index values observed
under all-sky conditions compared to clear-sky conditions at noontime in Natal. Around noon,
broken clouds are prevalent in Natal, contributing to these enhancements in UV levels.

These findings add to the scientific understanding of cloud-induced UV enhancements,
highlighting their effects in both Santarém and Natal. In this study, cloud cover for both cities were

assessed using METAR data due to the unavailability of other ground-based cloud cover
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measurements. However, future research incorporating more robust methods, such as from sky
cameras, would be essential to better understand and characterize the impact of clouds on UV
variability.

For the southern cities included in this study, Itajubd and Buenos Aires, no free METAR data
was available. Additionally, an analysis of UV variability under clear-sky conditions for Santa
Maria was previously reported by Lopes et al. (2022). Therefore, here, the analysis of UV
variability for these three low- and mid-latitude sites did not include a detailed exploration of UV
under clear and all-sky conditions. This limitation restricted the understanding of diurnal and

seasonal variability in UV at these sites to observations under all-sky conditions only.
Effect of Clear-Sky Selection Methods:

To assess clear-sky conditions, two different techniques were employed: one using ground-
based data (METAR) and the other using satellite-derived data (LER). The LER method identified
a significantly larger number of clear-sky days (1,928 days) compared to the METAR method (138
days) at OMI overpass time. This discrepancy suggests that the LER method applies more flexible
criteria for defining clear-sky conditions, potentially giving a lower percentage for sky conditions
that would not meet METAR’s criteria for clear-sky.

Even with the divergence in number of clear sky hours, the difference between the metrics
were small when comparing ground-based against OMI overpass time UV index using different
cloud cover proxies. For example, with RMSE of 1.81, 1.64 and 1.53 when using LER, METAR
and the combined dataset LER & METAR respectively. In fact, at overpass time, the best metrics
resulted from the combined dataset.

METAR data, which is based on observations from airports, tend to represent local clear-sky
conditions more accurately than satellite data, as METAR observations are localized. In contrast,
satellite-derived data, such as LER, capture a larger area, and the variation introduced by clouds is
spatially averaged over the area of a pixel. As a result, satellite data may detect atmospheric or
cloud-cover variations over a broader region that are not captured in the localized METAR
observations. These discrepancies underscore the importance of understanding the specific criteria
each method uses and suggest that a thoughtful selection or combination of methods is crucial for
obtaining the most accurate representation of clear-sky conditions for specific studies or

applications.
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Implementing sky cameras installed near the UV sensor could reduce uncertainties associated
with the technique used to determine clear-sky conditions. These cameras would provide images
of'the sky, helping to determine the actual sky conditions more accurately, thus potentially reducing
uncertainty related to the sky condition. Nevertheless, both techniques are useful for assessing
cloud cover conditions in locations where this type of data is unavailable. By employing these two
distinct methods, this study demonstrates that METAR data can be effectively used in scientific
research, particularly in areas without dedicated cloud observation instruments but with METAR
reports from airports. Additionally, the LER method broadens this capability to include locations
where METAR data is also unavailable, further enhancing the potential for studying cloud cover

and UV variability.
Accuracy and reliability of ground-based and satellite derived UV index:

In this thesis, ground-based and satellite-derived UV Index levels were compared for low- and
mid-latitude South American sites using data from different instruments, with each location
analyzed for its respective time period. To reduce errors related to cloud cover, comparisons were
conducted under clear-sky conditions, identified using the LER method and, for Natal, the METAR
method as well. For Santarém, no comparison could be performed due to the lack of ground-based
UV Index data.

For the first time, the complete dataset (2006—2022) of UV Index levels in Natal, monitored
using the Davis Sensor 6490, has been analyzed. Comparisons reveal that OMI UV Index data at
overpass and noontime show less bias than GOME-2 noontime data. While OMI generally
overestimates UV Index levels compared to ground-based measurements, GOME-2 tends to
underestimate them. Overall, metrics such as MAE, MAPE, and RMSE indicate that the differences
between satellite-derived and ground-based measurements are generally low. Coupled with
moderate to strong correlation coefficients, the clustering of points near the red line in scatter plots,
and the error distribution centered around zero, these results suggest that the two satellite sources
(OMI noontime and overpass) and GOME-2 noontime provide reliable UV Index data. Their good
agreement with ground-based measurements reinforces their value for monitoring UV radiation.

Even though it’s the same model of sensor used at Natal and Itajuba (Davis Sensor 6490), the
comparisons revealed that Itajubd’s data had the largest differences between ground-based and
satellite derived UV index levels of all site’s studied, with a moderate correlation and the highest

MBE, MAPE, MAE, and RMSE values, indicating significant measurement deviations. Both
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Santa Maria and Buenos Aires showed a stronger correlation between ground based and satellite
measurements, with Buenos Aires presenting the strongest relationship. The MBE, MAPE, MAE
and RMSE were lower for these cities as well, indicating smaller relative errors.

[tajuba's weaker metrics results, such as higher MBE, RMSE, and other discrepancies, suggest
the need for a thorough review of measurement methods to identify potential sources of error. In
contrast, the consistent results observed in Natal, Santa Maria, and Buenos Aires validate the
accuracy of key instruments, including the OMI noontime and overpass data, GOME-2 noontime
data, and the Davis 6490 UV sensor installed in Natal. Additionally, the OMI overpass and ground-
based instruments (Brewer Spectrophotometer MKIII #167 in Santa Maria and Solar Light UV
Biometer Model 501 in Buenos Aires) demonstrated reliability in capturing UV patterns.

With the reliability of these satellite and ground-based instruments assessed for these locations,
we now have the capability to conduct trend analyses and other studies, such as evaluating the
long-term effects of UV radiation on public health. These findings provide a critical foundation for
future studies aiming to understand UV variability, its interactions and effects in low- and mid-

latitude South America, particularly in the tropical region, where data has historically been scarce.

UV Index and public awareness:

Since the UV index is an indicator of UV levels and serves as an important tool for raising
public awareness about adequate sun exposure and protection, this thesis used UVI data to assess
UV variability and the levels to which populations are exposed at the studied sites. Unfortunately,
for Santarém, it was not possible to conduct a detailed analysis of ground-based UVI levels due to
data limitations. However, an analysis of satellite-derived noontime UVI was performed.

In Santarém, moderate, high, and very high UVI levels represent 39.75% of the noontime UVI
during the rainy period and 54.31% during the dry period, based on the OMI dataset. These levels
already warrant protective measures. During the rainy period, when cloud cover and precipitation
are more prevalent, approximately 60% of the noontime UVI is classified as extreme, according to
OML. In contrast, the GOME-2 dataset indicates that only 23% of the UVI levels are extreme during
the rainy period, with 37.74% during the dry period. According to WHO (2002), extreme UVI
levels can cause sunburn to skin and eyes within minutes if sun protection is not used. It is strongly
recommended to avoid sun exposure at these levels and to follow all protective measures outlined

by WHO (2002) and EPA (2017).
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These findings from both datasets emphasize the importance of maximum protective measures
during both the rainy and dry periods to avoid overexposure to UV radiation. Santarém's tropical
location, characterized by a low solar zenith angle throughout the year and minimal photoperiod
variation, predictably results in higher UVI levels, especially at noontime when the solar zenith
angle is at its minimum. Understanding the diurnal pattern of UVI at this location is essential;
however, the scarcity of ground-based data imposes limitations, restricting this study to noontime
UVl analysis. Nevertheless, the results reinforce the critical need for maximum protective measures
during solar noontime to minimize the risk of UV overexposure, regardless of the season.

In Natal, the UV index is generally high, under clear and all-sky conditions. The low-danger
period of exposure to UV rays only occurs until 8 AM and from 4 PM onwards. However, even
during those hours, moderate levels were recorded. Therefore, protection is needed from 8 AM for
those who frequent the city of Natal. Between 10 AM and 2 PM, the population in Natal is exposed
to extreme UV levels. Considering the hours with extreme levels, maximum protective measures
need to be taken from 10 am, considering UTC-2. When following UTC-3, these recommendations
should be followed 1h in advance.

[tajuba, exhibits low-danger period of exposure to UV rays only until 8§ am and from 3 pm
onwards, also with occasional moderate levels at these hours. Starting from 9 AM, very high levels
are reached, peaking between 11 AM and 1 PM, and gradually decreasing after 2 PM. It is
important to note that, compared to cities at similar latitudes and even those further south, Itajuba’s
UV Index levels are unexpectedly lower. Extreme UV levels in Itajuba were observed only between
11 AM and 1 PM, with fewer and shorter durations of extreme levels than expected. The specific
reasons for these unexpected results remain a subject for future research.

In Santa Maria, the UV Index levels remain at maximum moderate from sunrise until 8 AM.
By 9 AM, the UV Index typically ranges from low to moderate, with occasional very high levels.
Extreme UV levels are observed between 10 AM and 2 PM, peaking at local noon when the UV
Index exceeds 15. After 2 PM, the intensity gradually decreases. By 3 PM, most readings are at
moderate levels, eventually declining to low levels as sunset approaches. This pattern emphasizes
the need for maximum protective measures during the hours of highest UV intensity, particularly
between 10 AM and 2 PM. Early morning and late afternoon provide safer periods, with lower UV

levels, but moderate protection may still be advisable during those times.
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Excluding Santarém due to a lack of data and Itajuba due to inconsistent results, Natal
exhibited the highest UV Index levels, followed by Santa Maria and Buenos Aires. Aditionaly,
although Santa Maria is located at a much higher latitude compared to Natal, the average UV levels
were found to be just as high as those reported for Natal. The key difference lies in the seasonal
distribution of extreme UV levels. In Natal, extreme monthly average UV Index levels are observed
in all seasons except austral winter, when the levels decrease but remain very high. In contrast,
Santa Maria experiences monthly average very high UV levels only during the summer months.

The UV Index in Buenos Aires is predominantly low to moderate from sunrise until 10 AM,
with levels reaching very high starting at 10 AM. Between 11 AM and 2 PM, extreme levels were
recorded. After 3 PM, the UV Index decreases to moderate levels, with occasional peaks reaching
very high, and by 5 PM, it predominantly falls to low levels.

While Itajuba experienced three hours of extreme UV levels between 11 AM and 1 PM,
Buenos Aires had four hours of extreme levels between 11 AM and 2 PM. Santa Maria and Natal
recorded five hours of extreme levels between 10 AM and 2 PM. These findings highlight the
critical importance of taking protective measures against overexposure to ultraviolet radiation, as
moderate, high, and very high UV levels are reached starting in the early morning hours, with

several hours of extreme UV exposure posing significant risks to the population.

7 CONCLUSIONS

The main objective of this doctoral research was to analyze and characterize the temporal
variability of solar ultraviolet radiation at low- and mid-latitude South American sites, focusing on
Santarém, Natal, Itajuba, and Santa Maria in Brazil, and Buenos Aires in Argentina, to contribute
to a better understanding of UV radiation patterns in these regions. Even with the limitations related
to lack and quality of UV and cloud cover data, all the specifics objectives were achieved.

The study confirmed the effects of latitude on solar UV radiation variability. Low-latitude
cities, Santarém and Natal, displayed a semi-annual cycle with two annual maximums, smaller
seasonal amplitude, and consistently higher UV levels due to lower solar zenith angles year-round.
However, limited ground-based data and discrepancies between OMI and GOME-2 satellite
estimates for Santarém made it challenging to confirm the exact timing of peak UV levels. Southern
low- and mid-latitude cities showed an annual cycle with a single peak during austral summer and

lower UV levels in winter. Itajuba experienced a broader peak of high UV levels from November
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to February due to its position between the Tropic of Capricorn and the Equator. Santa Maria and
Buenos Aires followed expected patterns, with the highest UV levels occurring in austral summer,
around the December solstice. Natal exhibited the highest UV Index levels, followed by Santa
Maria and Buenos Aires.

This thesis also highlighted the dual role of cloud cover in UV variability, both attenuating
and enhancing UV levels. In Santarém, certain months during the rainy season, when cloud
coverage is greater, showed higher average UV levels under all-sky conditions compared to clear-
sky conditions. In Natal, UV levels at noontime, a period when broken clouds were found to
prevail, were 6.8% higher under all-sky conditions than under clear-sky conditions, corroborating
with previously cloud-enhancement effects reported in the literature.

Another important contribution was the comparison of ground-based and satellite-derived UV
Index levels for low- and mid-latitude South American sites, using data from different instruments
and time periods. For the first time, the complete dataset (2006-2022) of UV Index levels in Natal,
recorded by the Davis Sensor 6490, was analyzed. The results showed that OMI data both at
overpass and noontime had less bias than GOME-2, with OMI tending to overestimate UV Index
levels and GOME-2 to underestimate them. Despite these differences, metrics such as MAE,
MAPE, and RMSE indicated generally low errors, confirming the reliability of OMI and GOME-
2 data for this low latitude tropical site.

In contrast, at Itajuba, where the same model of instrument as used in Natal was employed to
monitor UV, the largest discrepancies between ground-based and satellite-derived data were found.
It exhibited a moderate correlation and the highest MBE, MAPE, MAE, and RMSE values,
indicating significant measurement deviations and highlighting the need for further investigation
into potential local factors affecting measurements. Meanwhile, both Santa Maria and Buenos
Aires showed stronger correlations between ground-based and satellite data, with Buenos Aires
presenting the better agreement. The MBE, MAPE, MAE, and RMSE were also lower for these
cities, indicating smaller relative errors. These findings validate the reliability of key instruments,
including the OMI and GOME-2 satellite datasets, as well as the ground-based instruments used in
Natal, Santa Maria, and Buenos Aires. This reliability provides a basis for conducting trend
analyses and further studies on UV variability, exposure risks, and public health impacts.

Another key finding of this thesis was diurnal pattern of UV levels to which the population is

exposed at the studies sites. In Santarém, satellite-derived results revealed that extreme UV index
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levels occur up to 60% of the time at noontime during the rainy season. Understanding the diurnal
pattern of UVI at this location is essential; however, the scarcity of ground-based data imposed
limitations, restricting the study to noontime UVI analysis. Nevertheless, the results reinforce the
critical need for maximum protective measures during solar noontime to minimize the risk of UV
overexposure, regardless of the season.

During five hours of the day, from 10 AM to 2 PM, the population in Natal and Santa Maria
is exposed to extreme UV levels. In both locations, low-danger periods are confined to the early
morning and late afternoon (before 8 AM and after 4 PM), although occasional moderate levels
during these times may still require sun protection. In Buenos Aires, UV levels remain low to
moderate from sunrise until 10 AM, with very high levels beginning from this hour onward. These
findings underscore the critical importance of implementing protective measures against UV
overexposure, as moderate, high, and very high levels are reached starting in the early morning,
with extended periods of extreme UV exposure posing significant health risks to the population.

In conclusion, this thesis makes an important contribution to understanding the variability of
UV radiation in South America, a region where UV-related studies are still limited. The
methodologies applied here also hold potential for expanding UV and cloud cover research to other
underrepresented areas. The findings are scientifically valuable and relevant for public health,
offering information to guide awareness campaigns and strategies for UV protection. In a time of
increasing environmental challenges, this work confirms the reliability of instruments and datasets,
providing a foundation for environmental and health studies in the complex field of UV radiation,
its interactions, and its effects, addressing a critical knowledge gap in atmospheric and

environmental sciences.
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