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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 2    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.
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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 [1,2,3]. 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 of incoming UVR (affected by latitude, season and time of day), altitude, albedo, clouds, aerosols, and others atmospheric constituents [6,7,8].



For a better understanding and research, UVR is divided into three bands, depending on its transmission capability in the atmosphere and its biological effects: UVA (320–400 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 industrial 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 [22,23,24].



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 Tapajós 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 sustainable 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 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 Pará, 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].



Precipitations in the Amazon rain forest, where is Santarém, are dominated by convection 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 Pará) 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 (μmoles    s  − 1    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 μmoles    s  − 1    m  − 2     per   mV   and 1.65     Wm   − 2     per   mV  . The sensitivity of the SU-100-ss is 0.20   mV   per 1 μmoles    s  − 1    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.



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 missing 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].





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.



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.





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, furthermore 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 2    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 2    under all sky conditions and 52.24   W /  m 2    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 2    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 2    and 2.91   W /  m 2    under all sky conditions and clear sky conditions respectively.



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 maximum irradiances also occurred in the Spring/Summer months (dry period) at Maceió-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.




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 2    in January to 35.41   W /  m 2    in September. Under clear sky condition the averages ranged from 23.49   W /  m 2    in April to 37.35   W /  m 2    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].



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 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 UVI 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 2    and 87   W /  m 2    in rainy and dry seasons, respectively. Under all sky conditions the maximum in the rainy period was 79   W /  m 2    and reaching 87   W /  m 2    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.



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.



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 photosynthetic active radiation (PAR) can reach values of the order of 70% [44,45,46]. 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 variability 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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Figure 1. Map showing the location of Santarém in north Brasil. 
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Figure 2. Tower where the UVR sensor was installed. 






Figure 2. Tower where the UVR sensor was installed.



[image: Atmosphere 13 01054 g002]







[image: Atmosphere 13 01054 g003 550] 





Figure 3. Cloud coverage at Santarém-PA for the 2019–2020 period. 
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Figure 4. Cloud cover and precipitation monthly average at Santarém. 
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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. 
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Figure 7. UVR monthly average in all sky and in clear sky condition. 
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Figure 8. Variability of UVR according to the period considered (dry or wet). 
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Table 1. Metar sky coverage oktas and codes.
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	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)
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
UVR (W/m?)

100

80

2
3

5
&

20

All Sky UVR

100

Clear Sky UVR

#

UVR (W/m?)

3

5

20

:

12345678 9101112
Months

12345678 9101112
Months





media/file4.png





nav.xhtml


  atmosphere-13-01054


  
    		
      atmosphere-13-01054
    


  




  





media/file16.png
UVR (W/m?)

All Sky UVR

100

80 -

60 -

Rainy

Periods

UVR (W/m?)

100

Clear Sky UVR

80 1

60 -

Ra'iny Dry
Periods





media/file2.png
| Legend
Equator Line

* Santarém

B Brazilian Amazon

B Brazil i ~

Bl South America _

I World Countries

0

30.000°W






media/file5.jpg
BKN

ove

FEW






media/file3.jpg





media/file1.jpg
Equator Une
« Sartarém
= Erlan Amazon
=l
I South America
8 Word Courtries






media/file7.jpg
600

500

8
8

Precipitation (mm)
g 8

100

Climatology

—— Cloud Coverage (2019-2020)
— Precipitation (1991-2020)
—— Precipitation (2019-2020)

5

6 7 8 9 10 11 12
Months

o

=

N M
Cloud Coverage (METAR)





media/file10.png
100
5

Daily All Sky UVR (2019-2020)

(zW/M) YAN

o un
~ 1 N

8T 9T #T 2T 0T 8
JNOH

Daily Clear Sky UVR (2019-2020)

(zW/M) YAN

8T 9T ¥T ZT0T8 9
JNOH

i





media/file12.png
UVR (W/m2)

100

Hourly All Sky UVR Hourly Clear Sky UVR

100
80 -
~ .
= 60
S~
=
S
= 40 -
20 A
0 -

L T T T T T T T T T T T T
6 7 8 9101112131415161718
Hour Hour





media/file9.jpg
{zw/m) ¥AN (zw/m) ¥AN

S S
8 w g v 8 w g v

2R 31 =R 31
D —— U l——

0EL

€0L

= =t 99

[ — =]

' 24

=== — | S6S

S

=

Daily All Sky UVR (2019-2020)
Daily Clear Sky UVR (2019-2020)

A (ORI SR o 1
8TOTYIZIOTE 9 8TOTYIZI0TS 9
INOH ANOH





media/file0.png





media/file14.png
UVR (W/m?)

All Sky UVR Clear Sky UVR

100 100
80 A . 80 -
| ~ i
60 = 601 _
—
=
<
40 A = 40 A
20 20
0 T I 1 I 1 T o O T 1 1 T
12345 6 K 8 9101112 1 3 4 5 6 7 8 9101112

Months Months





media/file8.png
Precipitation (mm)

600

Climatology

500 -

I

o

o
1

300 -

200 -

100 A

—— Cloud Coverage (2019-2020)

—— Precipitation (1991-2020)
——  Precipitation (2019-2020)

N w ~ o
Cloud Coverage (METAR)

T
[






media/file11.jpg
UVR (W/m?)

100

80

60

a0

20

°

Hourly All Sky UVR

100

Hourly Clear Sky UVR

UVR (W/m?)

80

3

5
H

20

6 7 8 5101112131a15161718
Hour

6 7 8 ©101112131a15161718
Hour





media/file6.png
BKN

ovC

FEW






media/file15.jpg
UVR (W/m?)

100

80

3
8

5
&

20

All Sky UVR 100 Clear Sky UVR
80
T w0
=
g
3 0
20
0
Rainy ory Rainy
Periods Periods






