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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
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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.l)), 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

AURA OMI

UV index

January 2005–
December 2022

https://giovanni.gsfc.nasa.gov/giovanni/
(accessed on 13 July 2022)

https://search.earthdata.nasa.gov/search
(accessed on 13 July 2022)

https://search.earthdata.nasa.gov/search
(accessed on 13 July 2022)

(Noontime)
UV index

(Overpass time)
LER

Metop-A/B/C GOME-2
UV index January 2008–

December 2022
https://safserver.fmi.fi/index.html

(accessed on 13 July 2022)(Noontime)

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

https://giovanni.gsfc.nasa.gov/giovanni/
https://search.earthdata.nasa.gov/search
https://search.earthdata.nasa.gov/search
https://safserver.fmi.fi/index.html
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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]:

UVI = Ker

∫ 400nm

250nm
EλSerdλ (1)

where Ker is a scaling factor originally equal to 40 m2W−1, Eλ is the erythemal action
spectrum, and Ser is the spectral solar irradiance at the surface Wm2nm−1 [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

Radiative 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) × 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

Operational Period January 2007–
November 2021

December 2012–
Present

January 2019–
Present

Spectral Range 240–790 nm 240–790 nm 240–790 nm

Ground Pixel Resolution 80 km × 40 km/
40 km × 40 km 80 km × 40 km 80 km × 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 (I360) 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 =
(

avgck − avgak
avgak

)
× 100% (2)

where avgck is the averaged UV index value under clear-sky conditions for the specified
hour and the avgak 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)

Ground-based overpass vs. OMI overpass Octas 0, 1 and 2 (METAR)
LER < 10%

To compare the ground-based with satellite data, the following metrics were calculated
and analyzed: the Pearson correlation coefficient (r), 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 r2 (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).

r =
∑n

i=1
(
SGND,i − SGND

)(
SSAT,i − SSAT

)√(
∑n

i=1

(
SGND,i − SGND

)2
)(

∑n
i=1

(
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)2
) (3)

MBE =
1
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MAPE =
1
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(
100 ∗ |SSAT,i − SGND,i|

SGND,i

)
(6)

RMSE =

√
1

n − 1∑n
i=1(SSAT,i − SGND,i)

2 (7)

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 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].
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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.
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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).
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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.
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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 Maceió (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).
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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%/75% 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 4.18 9.54/12.20 10.65 14.71 METAR

GOME-2 Noon 109 9.96 1.42 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 4.31 7.24/10.64 9.05 14.01 METAR

GB OVP 1928 9.14 2.18 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

Remote Sens. 2024, 16, x FOR PEER REVIEW 15 of 23 
 

 

overpass time (Figure 11), the negative MBE suggests that on average, UVI derived from 

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.  

 

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). 

𝑝 values: 2.68 × 10−21, 4.48 × 10−06. The first p − value refers to GB vs. OMI (noontime) and the sec-

ond to GB vs. GOME-2 (noontime). 

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 condi-

tions in the period 2012–2017 at three sites: Aswan (23.97°N, 32.78°E, 192.5 m, Pyranome-

ter), 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 stations 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 Sodankylä (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 Sodankylä, OMI UV overestimates the surface UV index with a mean bias 

of 0.50 for Jokioinen and 0.26 for Sodankylä 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. 

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 × 10−21, 4.48 × 10−06. 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.
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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 × 10−206, 3.93 × 10−21, 2.51 × 10−15. 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 Sodankylä (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 Sodankylä, OMI UV overestimates the surface UV index with a mean bias
of 0.50 for Jokioinen and 0.26 for Sodankylä 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 UVI is 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 ± 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.

Overall, 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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