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Abstact


Ultraviolet radiation is a highly energetic component of the solar spectrum that needs to be monitored because is harmful to life on Earth, especially in areas where the ozone layer has been depleted, like Chile. This work is the first to address the long-term (five-year) behaviour of ultraviolet erythemal radiation (UVER) in Santiago, Chile (33.5° S, 70.7° W, 500 m) using in situ measurements and empirical modelling. Observations indicate that to alert the people on the risks of UVER overexposure, it is necessary to use, in addition to the currently available UV index (UVI), three more erythema indices: standard erythemal doses (SEDs), minimum erythemal doses (MEDs), and sun exposure time (tery). The combination of UVI, SEDs, MEDs, and tery shows that in Santiago, individuals with skin types III and IV are exposed to harmfully high UVER doses for 46% of the time that UVI indicates is safe. Empirical models predicted hourly and daily values UVER in Santiago with great accuracy and can be applied to other Chilean urban areas with similar climate. This research inspires future advances in reconstructing large datasets to analyse the UVER in Central Chile, its trends, and its changes.
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1. Introduction


Ultraviolet solar radiation (UV, 100–400 nm) plays an important role in the upper atmosphere’s composition and material, terrestrial and aquatic ecosystems, and human health [1,2,3,4,5,6,7,8]. It is subdivided into three spectral bands: UV-C radiation (100–280 nm), UV-B radiation (280–315 nm), and UV-A radiation (315–400 nm). Their interaction with the biosphere involves different physical, chemical, and biological processes [1,5]. Some of them are harmful to humans, causing skin reddening (erythema) [9], reduction of vitamin D synthesis [10,11,12], cataracts [13], or development of melanoma skin cancer [14,15]. As a consequence, human health risk assessment requires continuous monitoring of UV levels, mainly that of erythemal ultraviolet radiation (UVER). UVER is calculated by weighting the spectral curve of the incident UV-B solar radiation at the surface with the spectral action curve proposed by the International Commission on Illumination [16]. Moreover, UVER can be used to estimate other widely used variables, such as the UV index (UVI), standard erythemal doses (SEDs), minimum erythemal doses (MEDs), and sun exposure time (tery). The last two erythemal indices are related to the effect of exposure to ultraviolet radiation (tanning) and skin colour (white, brown, or black), and are influenced by the melanin present in the skin. Melanin plays a vital role in protecting the human body from UV radiation by filtering sunlight before it can damage skin cells [17,18]. Pale or white skin burns easily and tans slowly and poorly: It needs more protection against sun exposure. The Fitzpatrick classification identifies skin types based on the UV effect on the skin [19].



Despite the global recommendation [20], few studies of UVER are available in South America [21]. This is particularly burdensome in Chile, especially in Santiago, where there is a high prevalence of melanoma cancer caused by UV exposure and which comprises 40% of the country population [22]. Given the increase of problems related to the exposure to UV radiation in Chile [11,22,23,24,25], spectral measurements of the solar resource have been incorporated into the solar network. Currently, 29 stations measure the UVER and 22 of them measure the UV-B; recently, UV-B, UV-A, photosynthetically active radiation and infrared radiation estimates have been incorporated into the online tool “Solar explorer” [26]. The main institutions involved in UV monitoring are the Chilean Meteorological Office (DMC) [27], the National Cancer Corporation (CONAC), and the University of Santiago (USACH). The last two carry out UVI measurements in some localities of the country, which can be found at [28]. However, few studies are available about the doses received in periods of exposure by workers and individual susceptibilities [9,11,29]. As will be shown in this work, long-term measurements of UVER and its corresponding erythemal indices, such as UVI, SEDs, MEDs, and tery, can provide useful information for risk assessment of sun-induced skin damage. One simple alternative is using empirical expressions derived from the correlation between solar global irradiance (IG) and its UV component, both measured independently at the surface [30,31,32]. For instance, Ref. [33] developed empirical expressions for daily UV-B values, and Refs. [34,35] did so for hourly UV-B and UVER values, respectively. Recent work has proposed simple linear regression to estimate UVER in two locations at high altitudes in Argentina [36], and in a previous work, we developed a preliminary empirical model to estimate hourly and daily values of UVER in Santiago, Chile [37].



The hypothesis that will be tested in this research is whether the UVER observed at the surface in Santiago de Chile is sufficient to generate erythemal damage in skin phototypes that characteristic of the Chilean population when the UVI indicates that it is safe. To test this hypothesis, we are going to (1) estimate the seasonal variation of the daily and hourly UVER in Santiago de Chile under different sky conditions, (2) evaluate the negative effects of UVER using four indices of erythema (UVI, SEDs, MEDs, and tery), and (3) develop and validate empirical models to estimate hourly and daily values of UVER from IG radiation at the surface, considering explicitly the seasonal variation of cloudiness and other climate features so they can be applied to assess UVER exposure of populations in other areas of Chile.




2. Materials and Methods


2.1. Study Area


This study was performed in the most populated area of central Chile, Santiago de Chile (33°30′ S, 70°42′ W), a city with just over 5.6 million inhabitants, accounting for 40% of the national population with a density of 393 inhabitants per km2 [38]. Santiago is located in a relatively flat and wide valley at 500 m above sea level (asl) and about 100 km from the Pacific coast (Figure 1). It is surrounded by mountain ranges, with the Andes mountains on the east side, Cordillera de la Costa heading west, Chacabuco to the north, and Paine to the south. The mountain ranges (up to 4000 m high) and hills surrounding the city reduce ventilation and affect air pollutant dispersion, mainly in winter [39]. During the warm and dry summer months, the city is exposed to relatively high concentrations of secondary oxidants, while in winter, it is exposed to high concentrations of particulate matter and nitrogen oxides [39,40]. Santiago presents a semi-arid climate with an annual mean precipitation of 350 mm, which is concentrated in the winter months [41].




2.2. Instruments and Satellite Data


The radiometric site is in the urban area of Santiago (33.27° S, 70.41° W, 512 m asl), in the Estación Central district (Figure 1). Sensors were set up on the roof of a three-story building (Department of Physics) at the University of Santiago (USACH, Universidad de Santiago). At this site, solar radiation between 280 and 315 nm (UVER) was measured with a PMA-2101 detector that was calibrated at the factory (manufactured by Solar Light Company, Orlando, Florida, USA). Solar radiation between 350 and 1150 nm (IG) was measured with a sensor built at the USACH, consisting of a silicon detector coupled to an amplifier enclosed in an aluminium housing. The sensor was calibrated against a Kipp and Zonen pyranometer model CMP22. The primary dataset comprised hourly values of global solar radiation (IG, Wm−2) and ultraviolet erythemal radiation (UVER, µWcm−2) observed continuously for five years from 1 January 2015 to 31 December 2019.



Hourly values of cloud cover (CC, oktas) were obtained from the International Satellite Cloud Climatology Project (ISCCP-H series) for Santiago for the 21 years from 1985 to 2015. These data are available on the ISCCP website (https://isccp.giss.nasa.gov/). Daily values of the total column of ozone (TOC, DU) were estimated by the Earth Probe TOMS (Total Ozone Mapping Spectrometer) for Santiago during the five years from 2015 to 2019. These data are available on the TOMS website (http://toms.gsfc.nasa.gov).




2.3. Quality Control


The quality control (QC) procedure consisted of removing the following from the primary dataset: (a) negative values of UVER and IG; (b) IG values higher than the maximum extra-terrestrial global irradiance values on the top of the atmosphere (1366 Wm−2). After the QC, the resulting time series consisted of 13,011 hourly values and 1574 daily values of IG and UVER. They correspond to hourly and daily values measured simultaneously, a mandatory requirement for modelling applications, and are expressed in irradiance (Wm−2) or irradiation (kJm−2, MJm−2) units, respectively. Table 1 presents the number of simultaneous hourly and daily measurements for each year.



Given that most of the years are well covered by observations (Table 1), it is plausible to assume that the five years of UVER and IG measurements between 2015 and 2019 are representative climatological conditions and include most of the relevant atmospheric patterns of the Santiago climate.




2.4. Clearness Index


Clearness index (KT) is defined as the ratio of global solar radiation at the surface (IG) to extra-terrestrial global irradiance on the top of the atmosphere (ITOA) [43]. By analogy, the clearness index for UVER (KTUVER) was defined as the ratio of UVER at the surface to UVER at the atmosphere top (UVERTOA).



The hourly values of UVER and IG at TOA (ITOA) were estimated using Equations (1)–(3). The solar zenith angle (SZA) in (1) was computed by the algorithm proposed by [44]. The astronomic distance (U) in (2) is based on [45]. The extra-terrestrial irradiance at an astronomical distance (ISC) of 1 was set equal to 1366 Wm−2 for IG [45] and 9.89 Wm−2 for UVER [36]. The year-long variation of the relative sun–Earth position is indicated by  Γ  in (3) and was estimated in terms of the year–day (Jday), varying from 1 on 1 January to 365 (366) on 31 December (leap year).


   I  TOA   =  I  SC      U   cos   SZA   



(1)






  U = 1.00011 + 0.034221    cos   Γ  + 0.00128    sin   Γ  + 0.000719    cos    2 Γ  + 0.00007    sin    2 Γ  



(2)






   Γ    = 2 π ·   Jday − 1   / 365  



(3)







The clearness index is a good indicator for the absorption and scattering process of all atmospheric constituents [46], e.g., when the atmospheric attenuation increases, the clearness index decreases, mostly due to cloudiness.




2.5. Erythema Indexes


As mentioned before, UVER can be used to estimate other widely used erythema indexes, such as the UV index (UVI), standard erythemal doses (SEDs), minimum erythemal doses (MEDs), and sun exposure time (tery).



The UV index is defined as 40 times the erythemal-weighted UV irradiance [47]. The concept of UVI originated in Canada and was designed to represent the erythemal potential in a simple form,   UVI =  UVER        Wm   − 2       ×   40   [48]. As a result, this index is usually divided into five risk categories: UVI < 2 (low); 2 ≤ UVI < 5 (medium); 5 ≤ UVI < 7 (high); 7 ≤ UVI < 11 (very high); and UVI ≥ 11 (extreme) [20].



Standard erythemal dose (SED) is defined as a standardized unit of measure of erythemal radiation; 1 SED is estimated to be equivalent to an erythemal radiant exposure of 100 Jm–2 and is independent of skin type.



The minimum erythemal dose (MED) is defined as a measure of the variable nature of the skin’s sensitivity to UV radiation exposure. The sensitivity of the skin to UV radiation exposure can be classified by the Fitzpatrick classification [19]. For the most sensitive skin types, 1 MED is equal to approximately 200 Jm−2 (weighted by the erythema action spectrum), while for resistant skins, a value of 4 is approximately 500 Jm−2. For this analysis, the MED was calculated from the UVER accumulated between 8:00 and 17:00 local time (LT) considering two Fitzpatrick skin types: skin types III–IV (MED = 350–450 Jm−2). According to Ref. [49], they are the most frequently observed skin types in Chile.



Sun exposure time (tery) is defined as the time (in minutes) that it takes to cause erythema. It depends on UVER intensity and personal sensitivity value (phototype). It is estimated as    t  ery   = SPF   MED / UVER   ,   where SPF is the sun protection factor of skin, which is equal to 1 (without protection), and MED is the minimum UVER dosage that causes erythema after sun exposure between 8:00 and 18:00 LT (local time) for skin types III and IV in Santiago de Chile.




2.6. Modelling Strategy


To model UVER in terms of IG using linear regression analysis, the five-year-long dataset was divided into two parts. The data gathered between 2015 and 2018 (four years) were used exclusively to build the regression model. Measurements during 2019 (one year) were used only for validation (Table 1).



The regression analysis performed here consists of establishing relations between UVER and IG (hourly and daily values) for different sky conditions based on observations made between 2015 and 2018. First, a set of empirical models is developed for each season of the year and five KT categories are defined in Section 3. Each model corresponds to a polynomial curve fitted through dispersion diagrams of UVER versus IG using a simple least-squares regression method [50]. Finally, the validation of all regression models is carried out using the UVER and IG measured in 2019. The validation comprises a performance analysis based on the following statistical parameters: determination coefficient (R2), Pearson correlation coefficient (r), mean bias error (MBE), root-mean-square error (RMSE), normalized root-mean-square error (NRMSE), mean absolute percentage error (MAPE), and index of agreement (IA), given respectively by:


   R 2  =      r   2  =         ∑   i = 1  n     O i  −   O ¯        P i  −   P ¯           ∑   i = 1  n  (  O i  −     O )  ¯   2    ∑   i = 1  n  (  P i  −     P )  ¯   2         2   



(4)






  MBE =    1 n    ∑   i = 1  n     P i  −  O i     



(5)






  RMSE =         ∑   i = 1  n       P i  −  O i     2   n       1 2     



(6)






  NRMSE =   RMSE     ∑ Oi  n    × 100  



(7)






  MAPE =   100  n      ∑   i = 1  n       O i  −  P i     O i       



(8)






  IA = 1 −     ∑   i = 1  n     P i  −  O i        ∑   i = 1  n       P i  −   O ¯     +    O i  −   O ¯          



(9)




where Pi represents the modelled values, Oi represents the measured ones, and n represents the number of observations. All regression models were built using MATLAB software.





3. Results and Discussion


In this work, the analyses of seasonal variation of UVER and related variables used to assess its impact on human health, as well as the modelling, were carried based on the KT classification proposed by [30]. Here, the sky condition will be considered: (1) cloudy (KT ≤ 0.35), (2) partially cloudy (0.35 < KT ≤ 0.55), (3) partially clear (0.55 < KT ≤ 0.65), (4) clear sky (KT > 0.65), and (5) all-sky condition (0 ≤ KT ≤ 1). Daily and hourly values of irradiance (UVER, IG, IGTOA) correspond to the total flux of energy received from the Sun per unit of area and per hour and day, respectively. Daily values are expressed in MJ m−2 (IG, IGTOA) and kJm−2 (UVER), while hourly values are indicated in Wm−2.



3.1. Seasonal Variation of UVER


3.1.1. Daily Values


The observations carried out in Santiago City from 2015 to 2019 indicate that the monthly average daily values of UVER are equal to 2.84 ± 0.21 kJm−2, ranging from a summer maximum of 5.59 ± 0.09 kJm−2 (December) to a winter minimum of 0.52 ± 0.02 kJm−2 (June) (Table 2). Similarly, the monthly average daily value of IG, on average, is 15.99 ± 1.12 MJm−2, also varying from a summer maximum of 25.80 ± 0.36 MJm−2 (December) to a winter minimum of 7 ± 0.22 MJm−2 (June and July). The seasonal variation of both UVER and IG results from a combination of astronomical factors, cloud cover, and TOC patterns. For the latitude of Santiago (~33.50 S), the maximum day length (13.914± 0.004 h) and IGTOA (42.89 ± 0.02 MJ m−2) occur in December, and the respective minima (10.078 ± 0.003 h; 42.89 ± 0.02 MJ m−2) in June. The mean cloud cover in Santiago is 65.9 ± 3.3%, with a winter maximum of 78.4 ± 1.2% (June) and a summer minimum of 51.0 ± 1.2% (February).



The TOC displays a seasonal variation, with a maximum of 310.7 ± 1.8 DU in September, a minimum of 264.8 ± 1.5 DU in April, and a mean of 283.6 ± 4.8 DU. It is important to note that, on average, TOC levels remain below 320 DU, which is considered normal for Santiago [51].



The mean KT is 0.514 ± 0.038, ranging from a summer maximum of 0.628 ± 0.009 (January) to an autumn–winter minimum of 0.411 ± 0.014 (May and July). Similarly, the mean KTUVER is 0.0127 ± 0.0001, varying from a summer maximum of 0.0204 ± 0.0003 (January) to a winter minimum of 0.0049 ± 0.0002 (June and July). In general, CC increases in the winter months as a result of a decrease in KTUVER and KT, and vice versa during summer months. In addition, during winter, the higher frequency of fog and high aerosol loading events also contribute to reduce both clearness indexes in Santiago [52].



The frequency distribution of daily values of KT indicates that clear skies occur in Santiago on 20.3% of the days; the skies are partially clear on 30.6% of the days, partially cloudy on 31.3%, and cloudy on 17.8%. The impact of sky conditions on the seasonal distribution of daily values of UVER is indicated in Figure 2. In Santiago, the maximum daily value of UVER (6.27 ± 0.04 kJm−2) occurs in the summer (January) under clear sky conditions, and the minimum (0.31 ± 0.02 kJm−2) occurs in the winter (June) under cloudy conditions. The difference between daily values of UVER under clear and cloudy skies is, on average, largest during summer (4.34 ± 0.47 kJm−2) and smallest during winter (0.34 ± 0.06 kJm−2). The difference between clear and partially clear or partially cloudy skies drops to 1.96 ± 0.09 kJm−2.




3.1.2. Hourly Values


With selected observations carried out from 8:00 to 19:00 LT, the seasonal variation of the daytime evolution of UVER as a function of sky condition is displayed by contour plots in Figure 3. Monthly average hourly values of UVER under all-sky conditions are found between 0.26 Wm−2 and 0.03 Wm−2 during the central hours period (Figure 3a). The highest differences occur between clear and cloudy skies, with hourly values of UVER exceeding 0.27 Wm−2 (Figure 3b) and 0.12 Wm−2 (Figure 3e), respectively. The maximum hourly values of UVER decrease progressively from 0.24 Wm−2 under partially clear to 0.18 Wm−2 under partially cloudy (Figure 3c,d).





3.2. UVER Effects on Human Health


In this section, four erythema indices—UVI, tery, SEDs, and MEDs—are used to assess the potential risk of exposure to UV radiation in Santiago in terms of sky conditions (Figure 4 and Figure 5). Previous studies have shown that due to the physical–geographical characteristics present in Santiago, satellite-based UVI estimates had significant errors [53,54]. Hence, it is of great importance to have long-term and in situ measurements of the UVER and its relation with the mentioned erythema indexes. There have been few studies in Chile in this direction; most of them are concentrated in the north of the country, e.g., Arica [9,15,25,55].



3.2.1. UVI and Sun Exposure Time


Observations during the period 2015–2019 indicate that in Santiago, extreme UV values (UVI ≥11) occur on 26% of the days, while by including high and very high UVI values, the percentage rises to 54%. In summer months, under all-sky conditions, the UVI at solar noon reaches an average of 10 (Figure 4a), coinciding with the UVI measurement reported previously by [53]. Compared to all-sky conditions, the monthly average hourly UVI value increases (decrease) by 1 if the sky condition is clear (partially clear) (Figure 4b,c).



The analysis of monthly average hourly values indicates the presence of UVI equal to 13 at solar noon in January under clear sky conditions (not shown), which is considered as “extreme” according to the World Health Organisation (WHO) [20]. As indicated in Figure 4d (red line), under these extreme conditions, sunburn appears in 10 min for phototypes III and IV [56]. When UVI reaches values of UVI ≥ 10, skin-type III and IV persons suffer sunburn between 18–23 and 24–30 min, respectively. Now, when UVI values are between 3 and 4, a skin-type III person takes 60 min to suffer sunburn. Therefore, the population with skin types III and IV, which is predominant in Chile, is chronically exposed to high UV radiation levels without warnings of the consequences.



In the spring months, 26% of the UVI values are greater than 6. This fraction of UVI values increases to 54% when the lower threshold drops to 4. In autumn, 44% of the UVI values are less than 3 (medium), and the average value is 4. During the winter months, the UVI reaches values of 1 and 2, which are known as harmless for people. However, recent studies by [57,58] showed that even a UVI of less than 2 can cause damaging sunburns to fair skin with prolonged exposure time.



Considering these reasons, the UVI is a valuable tool for measuring health-safe sun exposure, but the exposure time is similarly important and must be considered. Ou-Yang and co-workers [59] showed that a beach umbrella alone does not provide sufficient protection for long UV exposure. Hence, this information could be used for alerting people when practising recreational outdoor activities, such as snowboarding, soccer, or beach events, as well as for outdoor workers [60].




3.2.2. Erythemal Doses (SED and MED)


As indicated in Figure 5a–d, the accumulated hourly values of UVER are related to the standard and minimal erythemal doses—SEDs and MEDs, respectively. A non-linear growth was always observed during the day.



Considering the period from 8:00 to 17:00 LT, it is observed that the accumulated UVER varies from 3.31 kJm−2 for clear skies to 2.75 kJm−2 for cloudy skies (Figure 5a), corresponding to SED variation from 33.14 and 28.04 (Figure 5b). Under partially clear and partially cloudy skies, the maximum accumulated values of UVER decrease to 0.15 and 0.32 kJm−2, respectively. Consequently, SEDs maintain high values of up to 29.98, and therefore, the presence of clouds associated with partially clear and cloudy sky conditions does not provide an effective filter for protection against UV rays.



In Santiago, when exposed to the direct sunlight between 8:00 to 17:00 LT, people with skin phototype III will receive an average of 9–10 times the minimum dose needed to cause sunburn, while a person with skin phototype IV receives seven times the dose to cause the same damage in clear conditions and six times when cloudy skies are present. The MED III and MED IV for partially clear and partially cloudy conditions were found between seven and six times, indicating that cloudy skies can minimize the UVER reaching the Earth’s surface. However, cumulative doses can exceed recommended levels even in individuals with resistant skin types or melano-protection (III and IV).



Simply by exposing themselves to the sun from 11:00 to 13:00 LT under clear conditions in December, skin phototype III (IV) persons receive, on average, 11 (9) times more than the minimum amount of radiation to cause erythema. Even in July, they are exposed to the amount corresponding to 1 MED.



Under clear and partially clear sky conditions before 11:00 LT, accumulated daily doses of up to 1.28 kJm−2 were observed in Santiago (Figure 5a). Considering the MEDs for skin phototypes III and IV, an individual exposed before 11:00 LT could receive approximately three or two times the minimum amount of radiation to develop erythema, respectively (Figure 5c,d). Therefore, because the safe amounts of erythemal UV doses are even exceeded during the safe hours (before 11:00 LT), it is recommended to implement sun protection as part of everyday life.





3.3. Development of Hourly and Daily Models


Observations have confirmed that UV and IG radiation are well correlated [30,61,62]. This property stems from the fact that the UV radiation component responds to atmospheric attenuation similarly to the entire solar radiation spectrum, allowing us to model the relationship between both variables by fitting simple polynomial functions through the cloud of points in a dispersion diagram of UVER versus IG. The polynomial degree (model type) depends on the shape of the experimental points’ distribution in the UVER–IG dispersion diagram. For Santiago, dispersion diagrams based on hourly (Figure 6a,b) and daily (Figure 6c,d) values of UVER indicate that the best fits are given by a second-degree polynomial. Earlier studies provided similar results [35,63,64]. This occurs because UVER responds to the scattering processes differently when the intensity of solar radiation is small [34,64,65]. For instance, when zenith angles are large—mainly close to sunrise and sunset or during the winter months—the reduction in UVER is disproportionately larger than in IG due to the high optical depths produced by ozone absorption and Rayleigh scattering effects.



A visual inspection of Figure 6 indicates that the best fitting is yielded by the quadratic model UVER= a IG2 + b IG + c. The coefficient c is set equal to zero to ensure that UVER = 0 since IG = 0. Table 3 shows the model coefficients (a, b) and the number of hourly and daily values of UVER. This modelling takes major features of local climate into consideration by explicitly considering the individual effects of seasons and sky conditions, as well as their combination (interactions).




3.4. Model Validation


The performance of the models developed in the previous section for Santiago is investigated in this section by using the measurements of UVER and IG carried out in 2019 as a validation dataset. The accuracy and precision of the models are assessed using MBE, RMSE, NRMSE, MAPE, and IA, as described in Section 2.6. The results are shown in Table 4 and Table 5. When the statistical parameters MBE, RMSE, NRMSE, and MAPE are simultaneously small, they indicate a good agreement between model results and in situ measurements. Negative (Positive) MBE indicates that the model results underestimate (super-estimate) measurements. On the other hand, IA = 1 indicates a perfect model score.



3.4.1. Hourly Values


Among the hourly models (Table 4), the MBE, RMSE, NRMSE, IA, and MAPE values vary between −0.041 and 0.018 Wm−2, 0.006 and 0.046 Wm−2, 13.2% and 80.1%, 0.72 and 0.98, and 12.82% and 59.58%.



The low MBE is displayed by the hourly model for autumn. The other minimal values of statistical indicators are: RMSE = 0.006 Wm−2 for the model Winter + Cloudy, NRMSE = 13.2% for the model Summer + Clear, and MAPE = 12.82% for the model Summer + Partially clear. Most of the models yield IA values above 0.90, which indicates a good score for all hourly models, with exceptions of Winter + Partially clear (IA = 0.72), Winter + Partially cloudy (IA = 0.89), Winter + Cloudy (IA = 0.86), and the Spring + Clear daily model (IA = 0.83). This latter model exhibits the largest MBE (−0.041 Wm−2), indicating that, for clear skies during spring, the modelled hourly values for UVER significantly underestimate the observations. In addition, the Spring + Clear and Autumn + Cloudy models show low performance according to the RMSE (0.046 Wm−2) and NRMSE (80.1%) indicators, respectively. Based on the MAPE indicator, the worst results with significantly different values from their measured counterparts were presented by the Spring model.




3.4.2. Daily Values


In the case of the daily models (Table 5), the MBE, RMSE, NRMSE, IA, and MAPE values vary between −0.423 and 0.360 kJm−2, 0.164 and 0.738 kJm−2, 10.0% and 37.4%, 0.73 and 0.99, and 8.48% and 26.21%, respectively.



Unlike hourly models, daily models underestimate observation during Autumn (MBE = −0.016 kJm−2), Winter (MBE = −0.099 kJm−2), and Spring (MBE = −0.423 kJm−2), by far the largest discrepancy. The lowest MBE is displayed by the Cloudy model with −0.015 kJm−2. The Summer + Partially clear model presented the lowest NRMSE and MAPE with an error below 10.0%, while the Winter + Cloudy model indicated the lowest RMSE (0.164 kJm−2). The best agreement was presented by the Autumn model (IA = 0.99), followed by the General model (IA=0.98). The worst IAs were presented by the Summer + Partially clear (IA = 0.73) and Winter + Partially cloudy (IA = 0.77) models. When the validation dataset size was smaller than 10 days, the model validation is not performed (Table 5).



One can notice that some models with similar or slightly similar performances improve them when seasonal and sky conditions are simultaneously considered. For example, for daily values (Table 5), the Summer + Partially clear model displays MBE = −0.060 kJm−2, MAPE = 8.48%, RMSE = 0.505 kJm−2, and NRMSE = 10.0%, which is more accurate than the Summer (MBE = 0.360 kJm−2, MAPE = 14.06%, RMSE = 0.651 kJm−2, and NRMSE = 13.2%) or Partially clear (MBE = 0.095 kJm−2, MAPE = 10.57%, RMSE = 0.586 kJm−2, and NRMSE = 12.8%) models. The only indicator that is not improved is the IA, possibly due to the lack of data. Similar behaviour is presented by hourly values, mainly for the models: Summer + Partially clear (MBE = 0.002 kJm−2, MAPE= 12.82%, RMSE = 0.025 Wm−2, and NRMSE = 14.6%) and Autumn + Partially clear (MBE= −0.001 kJm−2, MAPE= 14.46%, RMSE = 0.013 Wm−2, and NRMSE = 17.4%), as displayed in Table 4. Although for these cases, the IA indicates an ideal model score, to confirm this improvement, a much longer time series must be considered in both cases (hourly and daily interaction models).



Figure 7 shows comparison examples between modelled and measured hourly (left) and daily (right) values of UVER. In most of the cases, point clusters are distributed around the diagonal line (red), and R2 ≥ 0.91 in all cases (Figure 7a–f). The exception is for daily values of UVER diagnosticated by the Summer + Partially clear model (Figure 7d), with R2 equal to 0.73. This values of R2 are comparable to those reported in previous studies by [34,64,65].



Table 6 shows the percentage (%) difference between the estimated and measured hourly and daily UVER values using the General models. The largest difference for hourly and daily models was found in Spring (−56.9–3.1%), while the lowest was found in Winter (−1.0–0.5%). The daily models showed a deviation of 15% in the Autumn and 57% in the Spring. This could be due to the combination of a low observation frequency (minimum in Autumn and Spring) and the difference between the behaviour of the atmosphere in these periods during the year used for the validation (2019) and those used for the construction of models (2015–2018). The relative difference between the estimated and measured UVER suggests that the general model for hourly values of UVER performs better than that for the daily values. The main reason for this is that the models for hourly values were built and tested using a larger and more representative dataset compared to the model for daily values.





3.5. Comparison with Other Sites


The General models developed for Santiago display a performance similar (Table 7) to that of models developed by [35] for Cyprus. The hourly and daily models presented slightly higher R2 (0.97 and 0.98) than the Cyprus models (0.95 and 0.96). Even though the model coefficients (a, b) differ, this behaviour is an indication that climate and environmental features combined affect the behaviour of UVER similarly in both places. Indeed, the climates of Santiago and Cyprus are quite similar, with rainy winters and dry summers, as well as variations in the ozone whose effect on UV irradiance at the surface is most pronounced at high latitudes rather than at middle latitudes [66]. The empirical models can be applied to obtain and assess the UVER exposure of populations in other areas with climates similar to that of Santiago de Chile.





4. Conclusions


This study is the first to address long-term in situ measurements of UVER in Santiago de Chile, Chile’s most populated city, to assess the risk of the population to suffering skin damage by using four erythema indices: UVI, SED, MEDs, and tery.



Based on the analysis performed here, which takes into consideration the effect of climate features—mainly sky conditions—on the seasonal variation of UVER in an urban area, 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. This occurs under cloudy conditions and before 11:00 LT during spring, summer, and fall, when the SEDs, MEDs, and tery indicate that UVER values are high enough to cause sunburn, even though the UVI indicates that it is safe.



When UVI levels are low, melano-protected individuals (skin types III and IV) can be exposed to the sun for a more prolonged exposure time (two or three hours, respectively). However, recent studies by [52,53] showed that even a UVI of less than 2 can cause damaging sunburns. Indeed, the present study indicates that cloudy skies minimize the UVER intensity at the surface, but cumulative doses exceed recommended levels. Therefore, as part of a broader and integrated strategy for sun protection in Santiago is commended to include, additionally to UVI, the erythemal indexes tery, SED and MEDs, regardless sky condition and season of the year.



For urban areas not covered by the Chilean solar network, hourly and daily values of UVER can be estimated by empirical models. The empirical models developed in this work, which estimate hourly and daily values of UVER in terms of IG by taking sky conditions into consideration, display a very good performance for the climate conditions of Santiago de Chile. Thus, these models can be used as part of a strategy to extend the analysis carried out in Santiago for other sites or years depending on the availability of IG observations, as long as the climate is similar. In this sense, the expansion of hourly and daily UVER values to other sites would be beneficial for improving the understanding of solar climatology, photobiology, biophysical studies, and material degradation, as well as in other scientific fields, such as water treatment in solar disinfection, areas where Chile is most in need.
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Figure 1. Geographic position of Chile in South-American (a) and topography of the city of Santiago de Chile (b). The elevation and distribution of municipalities in (b,c) were created using an ArcGIS analysis of a shapefile. The shapefiles of the metropolitan region and profile elevation were obtained from IDE [42]. 
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Figure 2. Seasonal distribution of monthly average daily values of UVER for all-sky, clear, partially clear, partially cloudy, and cloudy conditions observed during 2015–2019 in Santiago. 
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Figure 3. Contour plot of the monthly average hourly values of UVER for (a) all-sky, (b) clear, (c) partially clear, (d) partially cloudy, and (e) cloudy conditions observed during 2015–2019 in Santiago. 
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Figure 4. Contour plot of monthly average hourly values of the UV index (UVI) in Santiago for (a) all-sky, (b) clear, and (c) partially clear conditions, as well as (d) sunburn times in minutes for skin types III and IV, calculated during 2015–2019. The red dashed line in (d) represents tery = 10 min. The colour scales (Violet ≥ 10; 8 ≤ red < 10, 6 < orange ≤ 7; 3 < yellow ≤ 5; green ≤ 2) in (a)–(c) correspond to the World Health Organisation (WHO) colour pattern [20]. 
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Figure 5. Accumulated hourly values of (a) UVER, (b) standard erythemal dose (SED), (c) minimum erythemal dose (MED) III, and (d) MED IV between 8:00 and 17:00 local time (LT) for all-sky, clear, partially clear, partially cloudy, and cloudy conditions observed in Santiago from 2015 to 2019. 
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Figure 6. Dispersion diagrams of UVER versus global irradiance (IG) as a function of seasons and sky conditions for (a,b) hourly and (c,d) daily values observed in Santiago from 2015 to 2018. Second-degree polynomials obtained from least-squares fitting are indicated by dashed and continuous lines. The triangle denotes the summer, the diamond is autumn, the star represents winter, and the circle is the spring season. 
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Figure 7. Comparison of the UVER estimated and measured for (left) hourly and (right) daily data in Santiago using the following models: General (a,b), Summer + Partially clear (c,d), and Spring + Partially clear (e,f). The dashed grey line indicates the 1:1 line. Red lines indicate the fitting using the least-squares regression method. 
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Table 1. Dataset description.
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Measurement

	
Year

	
Total




	
2015

	
2016

	
2017

	
2018

	
2019






	
Hourly

	
2593

	
3022

	
2631

	
2533

	
2461

	
13,011




	
Daily

	
333

	
346

	
339

	
328

	
228

	
1574




	
Freq. Obs. (%) #

	
91.2

	
94.5

	
92.9

	
89.9

	
62.5

	
86.2








# Daily distribution.
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Table 2. Monthly average daily values (standard error) of ultraviolet erythemal radiation (UVER)and related variables under all-sky conditions from 2015 to 2019 for Santiago.
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	Month
	UVER

(kJm−2)
	KTUVER
	IG

(MJm−2)
	KT
	CC A (%)
	TOC (DU)
	Day Length

(h)
	IGTOA

(MJ m−2)





	J
	5.56 ± 0.09
	0.0204 ± 0.0003
	25.30 ± 0.40
	0.628 ± 0.009
	52.4 ± 1.2
	272.9 ± 0.8
	13.724± 0.012
	42.46 ± 0.05



	F
	5.07 ± 0.08
	0.0201 ± 0.0003
	23.93 ± 0.25
	0.629 ± 0.006
	51.0 ± 1.2
	268.1 ± 0.9
	13.055± 0.019
	39.08 ± 0.11



	M
	3.48 ± 0.07
	0.0162 ± 0.0003
	19.69 ± 0.32
	0.613 ± 0.009
	52.6 ± 1.2
	266.1 ± 1.1
	12.159 ±0.023
	33.29 ± 0.11



	A
	1.86 ± 0.07
	0.0114 ± 0.0004
	12.95 ± 0.40
	0.515 ± 0.016
	62.4 ± 1.6
	264.8 ± 1.5
	11.220± 0.021
	26.38 ± 0.16



	M
	0.82 ± 0.03
	0.0065 ± 0.0002
	7.88 ± 0.25
	0.410 ± 0.014
	73.0 ± 1.4
	271.4 ± 1.8
	10.455± 0.014
	20.81 ± 0.10



	J
	0.52 ± 0.02
	0.0049 ± 0.0002
	7.05 ± 0.22
	0.424 ± 0.014
	78.4 ± 1.2
	281.9 ± 2.1
	10.078± 0.003
	18.25 ± 0.02



	J
	0.56 ± 0.02
	0.0049 ± 0.0002
	7.02 ± 0.22
	0.411 ± 0.014
	77.5 ± 1.1
	286.8 ± 2.1
	10.240± 0.010
	19.28 ± 0.07



	A
	0.96 ± 0.04
	0.0065 ± 0.0002
	9.34 ± 0.29
	0.420 ± 0.014
	77.3 ± 1.2
	293.8 ± 1.9
	10.877± 0.019
	23.62 ± 0.13



	S
	1.90 ± 0.07
	0.0099 ± 0.0003
	12.79 ± 0.40
	0.434 ± 0.016
	77.2 ± 0.9
	310.7 ± 1.8
	11.756± 0.022
	29.82 ± 0.15



	O
	2.98 ± 0.09
	0.0130 ± 0.0004
	16.18 ± 0.49
	0.462 ± 0.016
	73.4 ± 1.2
	309.2 ± 1.5
	12.695± 0.022
	36.02 ± 0.13



	N
	4.90 ± 0.09
	0.0184 ± 0.0003
	24.00 ± 0.48
	0.601 ± 0.014
	65.1 ± 1.3
	298.4 ± 1.6
	13.503± 0.015
	40.63 ± 0.08



	D
	5.59 ± 0.09
	0.0202 ± 0.0003
	25.80 ± 0.36
	0.619 ± 0.010
	57.7 ± 1.2
	281.0 ± 1.1
	13.914± 0.004
	42.89 ± 0.02



	mean
	2.84 ± 0.21
	0.0127 ± 0.0001
	15.99 ± 1.12
	0.514 ± 0.038
	65.9 ± 3.3
	283.6 ± 4.8
	11.973 ±0.405
	31.04 ± 2.67







A 1983–2015.
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Table 3. Model coefficients (a, b) for hourly and daily values of UVER for Santiago considering observations carried out from 2015 to 2018.






Table 3. Model coefficients (a, b) for hourly and daily values of UVER for Santiago considering observations carried out from 2015 to 2018.





	
Models

	
Hourly

	
Daily




	
a (10−7) W−1m2

	
b (10−5)

	
Number of Hours

	
a (10−3) MJ−1m2

	
b (10−2)

	
Number of Days






	
Season




	
Summer

	
2.8

	
2.1

	
3860

	
−1.0

	
24

	
344




	
Autumn

	
2.8

	
1.2

	
2307

	
5.5

	
6

	
338




	
Winter

	
1.9

	
2.9

	
1547

	
3.0

	
5

	
322




	
Spring

	
2.1

	
6.0

	
3065

	
2.5

	
13

	
342




	
Sky condition




	
Cloudy

	
7.4

	
−0.7

	
2023

	
14.0

	
3.9

	
231




	
Partially cloudy

	
5.1

	
−6.3

	
2513

	
10.8

	
0.3

	
417




	
Partially clear

	
3.8

	
−4.8

	
1880

	
8.4

	
0.1

	
386




	
Clear

	
3.0

	
−2.3

	
4363

	
5.2

	
6.9

	
312




	
Interactions (Season + Sky condition)




	
Summer + Cloudy

	
8.1

	
−2.8

	
473

	
-

	
-

	
-




	
Summer + Partially cloudy

	
5.0

	
−6.2

	
707

	
−1.4

	
25

	
37




	
Summer + Partially clear

	
3.7

	
−3.9

	
596

	
0.5

	
19

	
101




	
Summer + Clear

	
3.2

	
−1.2

	
2084

	
−2.5

	
28

	
200




	
Autumn + Cloudy

	
6.4

	
−0.9

	
382

	
7.1

	
8

	
60




	
Autumn + Partially cloudy

	
4.5

	
−4.1

	
503

	
6.3

	
6

	
93




	
Autumn + Partially clear

	
3.7

	
−4.1

	
444

	
8.8

	
−1.5

	
135




	
Autumn + Clear

	
3.1

	
−0.6

	
978

	
8.3

	
7

	
53




	
Winter + Cloudy

	
2.8

	
4.1

	
438

	
6.5

	
5.5

	
101




	
Winter + Partially cloudy

	
3.2

	
−0.5

	
536

	
9.0

	
0.1

	
165




	
Winter + Partially clear

	
3.2

	
−4.2

	
354

	
5.0

	
1.9

	
58




	
Winter + Clear

	
2.4

	
−3.7

	
219

	
-

	
-

	
-




	
Spring + Cloudy

	
8.1

	
−0.2

	
730

	
3.3

	
14

	
69




	
Spring + Partially cloudy

	
5.1

	
−6.2

	
767

	
7.4

	
7.4

	
114




	
Spring + Partially clear

	
2.9

	
0.5

	
486

	
9.4

	
−1.5

	
77




	
Spring + Clear

	
3.2

	
−3.7

	
1082

	
8.1

	
−0.8

	
83




	
General




	
All sky conditions

	
2.5

	
−2.0

	
10,779

	
5.2

	
7

	
1346
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Table 4. Statistical parameters of the models for hourly values of UVER in Santiago, Chile using observations carried out in 2019.






Table 4. Statistical parameters of the models for hourly values of UVER in Santiago, Chile using observations carried out in 2019.





	
Models

	
MBE (Wm−2)

	
RMSE (Wm−2)

	
NRMSE (%)

	
IA

	
MAPE (%)

	
Number of Hours






	
Season

	




	
Summer

	
0.001

	
0.024

	
15.8

	
0.98

	
14.07

	
622




	
Autumn

	
0.000

	
0.014

	
30.1

	
0.98

	
30.39

	
379




	
Winter

	
0.006

	
0.011

	
55.8

	
0.92

	
36.51

	
787




	
Spring

	
0.016

	
0.030

	
36.7

	
0.95

	
59.60

	




	
Sky conditions

	
694




	
Clear

	
0.001

	
0.025

	
14.1

	
0.96

	
13.67

	
457




	
Partially clear

	
0.008

	
0.021

	
17.6

	
0.97

	
13.48

	
443




	
Partially cloudy

	
0.002

	
0.019

	
34.6

	
0.95

	
24.83

	
631




	
Cloudy

	
0.002

	
0.010

	
74.6

	
0.94

	
41.86

	




	
Interactions (Season + Sky conditions)

	
951




	
Summer + Clear

	
0.018

	
0.023

	
13.2

	
0.97

	
15.78

	
320




	
Summer + Partially clear

	
0.002

	
0.025

	
14.6

	
0.92

	
12.82

	
110




	
Summer + Partially cloudy

	
0.006

	
0.023

	
26.9

	
0.91

	
18.99

	
131




	
Summer + Cloudy

	
0.001

	
0.016

	
63.2

	
0.91

	
49.46

	
72




	
Autumn + Clear

	
0.016

	
0.022

	
21.5

	
0.93

	
34.83

	
71




	
Autumn + Partially clear

	
−0.001

	
0.013

	
17.4

	
0.98

	
14.46

	
85




	
Autumn + Partially cloudy

	
−0.002

	
0.014

	
37.2

	
0.95

	
26.91

	
79




	
Autumn + Cloudy

	
−0.001

	
0.008

	
80.1

	
0.90

	
42.61

	
144




	
Winter + Clear

	
-

	
-

	
-

	
-

	
-

	
-




	
Winter + Partially clear

	
−0.015

	
0.018

	
31.5

	
0.72

	
24.46

	
92




	
Winter + Partially cloudy

	
−0.007

	
0.012

	
35.6

	
0.89

	
25.51

	
228




	
Winter + Cloudy

	
−0.002

	
0.006

	
79.3

	
0.86

	
38.14

	
456




	
Spring + Clear

	
−0.041

	
0.046

	
25.7

	
0.83

	
22.90

	
118




	
Spring + Partially clear

	
−0.017

	
0.029

	
23.3

	
0.92

	
15.29

	
156




	
Spring + Partially cloudy

	
−0.010

	
0.022

	
35.0

	
0.94

	
26.20

	
152




	
Spring + Cloudy

	
−0.002

	
0.011

	
52.6

	
0.96

	
40.84

	




	
General

	
259




	
All sky conditions

	
−0.021

	
0.032

	
42.9

	
0.95

	
41.18

	
2482
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Table 5. Same as Table 4, but for daily values.






Table 5. Same as Table 4, but for daily values.





	
Conditions

	
MBE (kJm−2)

	
RMSE (kJm−2)

	
NRMSE

(%)

	
IA

	
MAPE (%)

	
Number of Days






	
Season

	




	
Summer

	
0.360

	
0.651

	
13.2

	
0.89

	
14.06

	
73




	
Autumn

	
−0.016

	
0.185

	
10.9

	
0.99

	
16.83

	
27




	
Winter

	
−0.099

	
0.210

	
17.2

	
0.92

	
21.72

	
65




	
Spring

	
−0.423

	
0.738

	
22.7

	
0.93

	
17.31

	
63




	
Sky condition

	




	
Clear

	
0.097

	
1.024

	
17.7

	
0.20

	
13.15

	
8




	
Partially clear

	
0.095

	
0.586

	
12.8

	
0.94

	
10.57

	
95




	
Partially cloudy

	
−0.031

	
0.432

	
23.4

	
0.97

	
18.85

	
76




	
Cloudy

	
−0.015

	
0.334

	
37.4

	
0.92

	
23.21

	
49




	
Interactions (Season + Sky condition)

	




	
Summer + Clear

	
−0.423

	
0.548

	
9.7

	
0.14

	
8.65

	
7




	
Summer + Partially clear

	
−0.060

	
0.505

	
10.0

	
0.73

	
8.48

	
57




	
Summer + Partially cloudy

	
−0.521

	
0.969

	
24.4

	
0.79

	
37.23

	
7




	
Summer + Cloudy

	
-

	
-

	
-

	
-

	
-

	
2




	
Autumn + Clear

	
-

	
-

	
-

	
-

	
-

	
-




	
Autumn + Partially clear

	
−0.100

	
0.272

	
8.6

	
0.96

	
7.44

	
10




	
Autumn + Partially cloudy

	
−0.146

	
0.209

	
19.6

	
0.93

	
18.56

	
9




	
Autumn + Cloudy

	
0.010

	
0.110

	
18.4

	
0.91

	
14.23

	
8




	
Winter + Clear

	
-

	
-

	
-

	
-

	
-

	
-




	
Winter + Partially clear

	
-

	
-

	
-

	
-

	
-

	
-




	
Winter + Partially cloudy

	
0.253

	
0.330

	
32.2

	
0.77

	
26.21

	
40




	
Winter + Cloudy

	
0.119

	
0.164

	
31.3

	
0.81

	
23.28

	
25




	
Spring + Clear

	
-

	
-

	
-

	
-

	
-

	
1




	
Spring + Partially clear

	
0.332

	
0.498

	
12.2

	
0.97

	
11.68

	
28




	
Spring + Partially cloudy

	
−0.041

	
0.465

	
14.9

	
0.94

	
15.46

	
20




	
Spring + Cloudy

	
0.282

	
0.439

	
28.2

	
0.88

	
22.42

	
14




	
General

	




	
All sky conditions

	
−0.136

	
0.539

	
18.5

	
0.98

	
16.74

	
228
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Table 6. Season average of the relative difference between observed (   O i   ) and modelled (Pi) values.






Table 6. Season average of the relative difference between observed (   O i   ) and modelled (Pi) values.





	
Season

	


       1 N    ∑  1 N       O i  −  P i     O i        × 100 %    












	
Hourly

	
Daily






	
Summer

	
−2.8

	
1.2




	
Autumn

	
−1.1

	
14.7




	
Winter

	
−1.0

	
0.5




	
Spring

	
−3.1

	
−56.8




	
Annual

	
−2.0

	
−13.6








N is the number of observed and modelled values in each season.
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Table 7. Regression equation, coefficients, and R2 for annual empirical models of hourly and daily values. Observations were carried out in Santiago during 2015–2018.






Table 7. Regression equation, coefficients, and R2 for annual empirical models of hourly and daily values. Observations were carried out in Santiago during 2015–2018.





	
Site

	
Latitude, Longitude

	
Land Use

	
Altitude

(m asl)

	
Model

	
Coefficients

	
R2




	
a

	
b






	
Santiago, Chile

	
33°30′ S, 70°42′ W

	
urban

	
520

	
Hourly

	
2.5 × 10−7

	
−2.0 × 10−5

	
0.97




	
Daily

	
5.2 × 10−3

	
7.0 × 10−2

	
0.98




	
Larnaca, Cyprus #

	
34°87′ N, 33°63′ E

	
rural

	
1

	
Hourly

	
1.0 × 10−7

	
17.0 × 10−5

	
0.96




	
Daily

	
2.6 × 10−3

	
5.9 × 10−2

	
0.96




	
Athalasa, Cyprus #

	
35°15′ N, 33°40′ E

	
semi-rural

	
165

	
Hourly

	
0.1 × 10−7

	
1.6 × 10−5

	
0.95




	
Daily

	
3.6 × 10−3

	
8.3 × 10−2

	
0.96








# Ref. [32]; a (10−7) in W−1m2; b (10−3) in MJ−1m2.
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