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Abstract

Ultraviolet radiation is an important and highly energetic component of solar spectrum that needs to be monitored
because is harmful to life on Earth, especially in areas where ozone layer has been depleted like Chile. The
erythemal ultraviolet (UVER) radiation, corresponding to 280-315 nm, is the component of ultraviolet band most
used to identify overexposure limits. In this work, four years of UVER measurements at the surface, carried out
from January 1%, 2015 to December 31", 2018, in Santiago City, Chile, are analyzed and used to develop a
mathematical regression models to estimate UVER in terms of solar global irradiance (IG). The UVER models,
obtained by fitting a second-degree polynomial, perform better during summer (RMSE=0.028, NRMSE=20%)
and the worst in the winter (RMSE=0.015, NRMSE=54%) for hourly values. Similarly, performance is presented
by daily values of UVER.
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1. Introduction

Ultraviolet radiation (UV) is a highly energetic component of solar spectrum that needs to be monitored because
is harmful to life on the Earth, especially in areas where the ozone layer has been depleted like Chile (Rivas and
Rojas, 2018). It is subdivided into three specific bands: UV-A: 320<A<400nm; UV-B: 280<A<320nm; UV-C:
200<A<280nm. The UV-C is completely absorbed by the ozone layer; however, a significant fraction of UV-B
and UV-A reach the surface. Human, animals, plants and materials can be negatively affected by the radiation
within these spectral bandwidths. Human overexposure to solar UV-B radiation is properly identified through
ultraviolet erythemal radiation at the surface (UVER, 280-315 nm), which is determined by the integral of the
UV-B power spectrum weighted by the erythemal action spectrum given by the CIE (Commission Internationale
de I'Eclairage) (McKinlay, A.F. and Diffey, 1987). The erythema action spectrum and UVER are the basis of UV
index (UVI), which is used globally for public health risk information. Examples of UVER negatives effects in
human beings are reddening of the skin (erythema), reduction of vitamin-D synthesis, cataracts, suppression of
the immune system and developing of skin cancer and melanoma (Rivas et al., 2014). Melanoma is the first cause
of death among skin diseases, a malignant and very aggressive skin cancer. Worldwide, melanoma is responsible
for 59,782 global deaths (Karimkhani et al., 2017). In Chile, according to the Chilean Society of Dermatology,
237 people die from skin cancer every year (Hartman and Calvo, 2014). In this country, during the period 2010-
2015, there was an 20 % increase in the number of skin cancer cases, affecting mainly elderly persons (Iribarren
B. et al., 2018). Santiago, which has 40 % of Chile’s population, has reported high prevalence of malignant
melanoma (Sabatini-Ugarte et al., 2018). Therefore, continuous monitoring of UVER and its corresponding UVI
can provide useful information for risk assessment of skin and eye damage.

In the southern hemisphere, the increase of UVER irradiance is noteworthy (Corréa, 2015), (Feng et al., 2015).
Despite the expected increase in the stratospheric 0zone content in next years (Hodzic and Madronich, 2018), the
amount of UVER that reaches the surface needs to be considered due to its negative effects. However,
measurements in spectral bands using ground-based instruments are scarce due to the instrumentation high cost
and limiting studies about UVER, mainly in South America. One alternative, that will be addressed in this work,
is using modelling techniques. There are UVER models based on numerical solution of the radiative transfer
equations, such as TUV (Palancar et al., 2017), LibRadtran (Anton et al., 2012) and others (Koepke et al., 1998).
They are difficult to use because they require a detailed description of the atmosphere composition, mainly ozone
concentration, and of the thermodynamic state. There is a more simple model based only on empirical expressions
derived from the correlation between solar global irradiance (IG) and its ultraviolet component, both measured
independently at the surface (Ogunjobi and Kim, 2004), (Cafiada et al., 2007), (Adam and Ahmed, 2016). Most
of the correlation models reported in the literature were developed for measurements carried out in the northern
hemisphere, for a variety of climatological conditions, e.g. in Kwangju, South Korea (Ogunjobi and Kim, 2004);
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Valencia, Spain (Cafiada et al., 2007); Wuhan, Central China (Wang et al., 2014); Qena, Egypt (Adam and Ahmed,
2016);, but stratospheric ozone spatial distribution differ from that in the southern hemisphere where fewer works
are available as in Argentina (Salta, El Rosal, and Tolar Grande) (Utrillas et al., 2018) and Lauder, New Zealand
(McKenzie et al., 2006).

Aiming to fill the observational gap, the main objective of the present work is to describe the seasonal variation
of UVER radiation in Santiago de Chile, and derive a new empirical model to predict daily and hourly values of
UVER from IG radiation at the surface that takes into consideration the climate conditions and air pollution effects
of Santiago. This work is based on observation of UVER carried out in the urban area of Santiago continuously
for four years, from 2015 to 2018. In this paper sections 1 and 2 show the introduction and methods and data.
Section 3 describes seasonal variation of UVER. Section 4 describes the correlation model. Finally, section 5
summarizes the main findings of this research.

2. Methods and data

2.1 Site, climatology and sensors

Chile is a long and narrow country. It extends over 4,400 km in the longitudinal direction from 17°30" S to
56°30’ S, displaying a variety of climatic conditions (Fig. 1a). The climate in northern Chile is characterized by
high insolation due low cloudiness (Schulz et al., 2012). In the southernmost latitudes the increased cloudiness
combined with astronomical factors reduce the incident solar radiation on the surface, mainly during the Austral
winter. Santiago de Chile (33°30'S, 70°42'W), where this study is carried out, is a city with almost 6 million
inhabitants (http://www.ine.cl) located at 88 km far from Pacific Ocean, in a relatively longitudinal valley at 520
m above sea level (asl) (Fig. 1c). The standard Norma Chilena (NCh 1079-2008) classifies Santiago’s climate
as Mediterranean continental (Instituto Nacional de Normalizacion, 2008). Santiago's urban area is surrounded by
a mountain range, with the Andean mountains (peaks 5 km) to the east and the coastal hills (peaks 1 km) to the
west (Fig. 1c). These topographic features inhibit the air pollution dispersion and favors intense smog events in
Santiago during the Austral winter (Morata et al., 2008).
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Figure 1. City of Santiago de Chile showing the location of the monitoring stations (a, b), elevation map (c) and sensors (d).

In this work, the UVER and IG were measured in the roof of 4-story building of the Physics Department (Fig. 1d)
in the University of Santiago (USACH, "Universidad de Santiago™) (33°27'24"S, 70°38'53"W, 512 m asl). The
USACH is located in the Central Station district of the Metropolitan Region of Santiago and indicated in Fig. 1b
(right panel). Hourly values of 1G and UVER irradiances were measured with a pyranometer with photodiode
model BPWA46 and Analog Biologically Weighted Erythema UV-B Sensor; model PMA-1101 (Solar Light
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Company, Inc.) respectively. These sensors are calibrated annually. Table 1 shows the main features of these
sensors provided by the manufacturer. Note that the spectral ranges of pyranometer (350-1150 nm) and UV-B
sensor (280-315 nm) do not overlap. For consistency values of UVER irradiance given in pWem are transformed
to Wm?2,

Table 1. Operational characteristics of solar sensors.

Features 1G UVER
Manufacturer Vishay Semiconductors Solar Light Company, Inc.
Models BPW46 PMA1101
Spectral Sensitivity 350 - 1150 nm 280 - 315 nm
Response time 10 min 2 min
Directional (Cosine) Response + 65° zenith angle 5% for angles <60°
Operating Environment -40 to +100°C 0 to +50°C
Units Wm?2 MWem:2

To complement the UVER analysis a set of meteorological (Air temperature, relative humidity, wind speed,
precipitation and cloud cover) and environmental (particulate matter concentration and total ozone column)
variables are used. These variables are analyzed by monthly mean values. Meteorological variables such as air
temperature, relative humidity and precipitation were measured at the Quinta Normal station (33°26'27"S,
70°40'57"W, 520 m asl) belonging to the Chilean Meteorological Service (DMC, "Direcciéon Meteorolégica de
Chile™) and indicated by Quinta Normal in Fig. 1b. In case, the relative humidity was taken the values at 08:00
local time (LT).

Particulate matter concentration for particles with radius smaller than 10 um (PMao), at surface (in pg m™%), and
wind speed at the reference level of 10 m above ground level (agl), were measured at Independencia station
(33°25'00"S, 70°40'00"W, 536 m asl), belonging to the Air Quality Information System network (SINCA,
"Sistema de Informacion Nacional de Calidad del Aire™) and indicated by SINCA in Fig. 1b. Data of Total Ozone
Column (TOC) was obtained from measurements of the Ozone Monitoring Instrument—Total Ozone Mapping
Spectrometer (OMI-TOMS) onboard NASA’s Aura satellite available at NOAA Earth System Research
Laboratory website. OMI-TOMS has a spatial resolution of 0.25 degree, which results in a ground resolution at
nadir ranging from 13 km by 24 km to 13 km by 48 km. In addition, total cloud cover for the period 1983-2015,
was taken from the International Satellite Cloud Climatology Project (ISCCP) (1-degree resolution) in the nearest
grid point to Santiago de Chile.

2.2 Data quality control

A quality control procedure was applied to irradiances measurements where negative values and values higher
than the Top-of-Atmosphere (TOA) were discard. The hourly values of UVER and IG irradiances at TOA are
estimated using (1)-(3). The solar zenith angle (SZA) in (1) is estimated by the algorithm proposed by (Ibrahim
Reda, 2004), the earth-sun distance factor (U) in (2) are based on the expression proposed by (Igbal, 1983). lo is
the extraterrestrial irradiance at 1 astronomical distance set equal to 1366 Wm? for IG and 9.89 Wm for UVER
(Utrillas et al., 2018). The yearlong variation of sun-earth relative position is indicated by (I") in (3) estimated in
terms of the year day (Jday), vary from 1 on January 1 to 365 (366) on December 31(leap year).

I =1, U cos SZA
TOA 0 (1)

U =1.00011 + 0.034221 cos I' + 0.00128 sin I + 0.000719 cos 2I" + 0.00007 sin 2I" (2)
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I' =2m-(day —1)/365 @)

After quality control, the resulting time series consist of 10,799 hourly values and 1,460 daily values for
simultaneous measurements of UVER and 1G. The available hourly values of solar irradiances are reprocessed
into a daily and monthly resolution, respectively. Hourly values are expressed in irradiance units (Wm-2) and daily
values in irradiation units are expressed in kJm2for UVER and MJm2 for IG, respectively. Table 2 shows the
number measurements depending on the resolution at each year after the quality control.

Table 2. Number of values after the quality control.

Year Hourly Daily
2015 2,593 338
2016 3,022 351
2017 2,631 345
2018 2,533 332
Total 10,799 1,460

2.3 Models validation

A convenient measured of the correlation between two variables is the Pearson correlation coefficient (R)
indicated (4), is a quantity that gives the quality of a least squares fitting. The R measures the direction of a
relationship between two variables X and Y.

R = EE KR @
[T -T2 B, (1T

It should be noted that -1 <R < +1, where + and — signs are used for positive and negative correlations respectively.
Where, X is the mean of X variable and ¥ mean of Y variable. When the value of the correlation coefficient (R)
is multiplied by itself, R is squared (R?). R? close to 1 indicates more efficient models. On the other hand, if there
is no correlation, the R is close to 0. To verify the model performance a subset (10 %) of the data set described in
Table 2 is removed from entire data set used to estimate the following statistical parameters: root mean square
error (RMSE) indicated in (5) and normalized root mean square error (NRMSE) in (6) as indicated below:

1
rusE = |2z P = 0% ®)
N
RMSE
NRMSE = —<y—-~ (6)
i=1-1
37

Where P; represents the modeled values and O; the measured one, with N the number of observations. The RMSE
is a frequently used to compare forecasting errors of different models (Despotovic et al., 2015). The NRMSE can
be interpreted as a fraction of the mean error with respect to the average. In general, lower RMSE and NRMSE
indicate better model performance.
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3. Seasonal variation of UVER

3.1 Climate and environmental conditions

The seasonal variation of meteorological and environmental variables from 2015 to 2018 in Santiago are indicated
in Fig. 2. During this period the mean temperature (relative humidity at 08:00 LT) is 15°C (78%), varying from
minimum of 8°C (maximum of 94%) in the austral winter of 2017-2018 (2017) to a maximum of 24°C (minimum
of 51%) in the austral summer of 2017 (Figs. 2a,b). Similarly, the mean wind speed is 1 m s, varying from a
minimum of 0.65 m s in the austral winter of 2016 and a maximum of 1.39 m s in the austral summer of 2017
(Fig. 2d). During this period, the prevailing wind direction is southwesterly (not show). The cloudiest period of
the year begins in April and ends in October. Cloudy conditions predominate during 53% of the year.
Comparatively, rainfall in Santiago presents larger interannual variability. The mean annual accumulated
precipitation is 242 mm with a maximum of 111 mm in the austral winter of 2015 and no precipitation in the
austral summer of 2016 (Fig. 2f). About 57% of the rainfall recorded in Santiago between 2015 and 2018 occurred
from June to August. Considering period of observation from 1983 to 2015, the mean cloud cover is 67%, varying
from a maximum of 79% in the austral winter (June) and a minimum of 52% the austral summer (January) (Fig.
2f). Based on analysis is possible to infer that mean conditions from 2015 and 2018 does not differ significantly
from typical climate conditions in Santiago (Stolpe and Undurraga, 2016) and (Boisier et al., 2018).
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Figure 2. Annual variability the meteorological and environmental parameters available for Santiago, Chile.

From 2015 to 2018, the mean PM1o concentration in Santiago is 67 ug m, varying from a maximum of 113 pg
m3in the austral winter of 2017 to a minimum of 41pg m™ in the austral summer of 2015 (Fig. 2c). In general,
the geographic (Fig. 1) and climate (Fig. 2) conditions of the Santiago do not favor the dispersion of air pollutants.
Especially during the winter months when low wind speed combined with shallow mixing layer height leads to
high values of PM1g concentrations at the surface (Morata et al., 2008). Large concentration of aerosols during the
winter in Santiago may affect the solar radiation field at the surface by increasing scattering and augmenting the
diffuse component of global radiation detrimental to the direct beam component (Préndez et al., 1995). The large
presence of aerosols during fog events in the winter in Santiago may affect also the spectral distribution of solar
radiation, mainly in the UV bandwidth (Préndez et al., 1995), (Koronakis et al., 2002).

Similarly, during the period of 2015 and 2018, the mean TOC is 283 DU, varying from a minimum of 258 DU
during the end of austral summer and begin of austral autumn of 2015 and a maximum of 320 DU in during the
austral spring of 2017 (Fig. 2e). Compared to similar latitudes in the North Hemisphere mean TOC values in
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Santiago is lower (Rafiq et al., 2017). Therefore, the seasonal evolution of TOC in Santiago indicates that steps
should be taken to avoid overexposure to radiation UVER in the warmer months.

3.2 Annual cycle using daily values

Figure 3 displays seasonal evolution of statistical parameters based on charts plots of daily values UVER and I1G
observed in the Santiago from 2015 to 2018. The seasonal variation of mean values of UVER and IG are due
mainly to astronomical factor. However, the seasonal variation of median, minimum value, maximum value, the
1%t and 3" quartiles and the 5™ and 95" percentiles) may be strongly affected by the seasonal variation of climate
(cloud, moisture) and environmental (TOC, PMyg) conditions (Fig 2).

The mean daily values of IG and UVER are 15.89 MJ m2and 2.93 KJ m, respectively. Monthly average daily
values of UVER vary from a minimum of 0.48 KJ m in austral winter (June) to 5.99 KJ m2 in the austral summer
(December). The monthly average daily values of 1G ranged from minimum of 6.52 MJ m2in the austral winter
(July) to a maximum of 26.10 MJ m2in the austral summer (January). In case the UVER radiation, the absolute
maximum of 7.86 KJ m2occurred during the austral summer (January) when TOC and cloud cover are minimum
(Figs. 2 e,f).
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Figure 3. Seasonal variation of daily values of (a) UVER and (b) I1G in Santiago de Chile. The boxplot extends from the percentile
25 to 75. Orange horizontal lines indicate the medians; green triangles indicate means and red circles outliers’ values.

In contrast, the absolute minimum values of UVER (0 KJ m) and IG (0.5 MJ m?) occurred during the austral
winter months when cloud cover is maximum and TOC increases towards spring maximum (Figs. 2 e,f). During
winter the air pollution conditions deteriorates in Santiago and the MP1o concentration (Fig. 2c) and other trace
gases (nitrogen dioxide and sulfur dioxide) increases (Gallardo et al., 2002), attenuated the solar radiation beam
and contributing to reduce UVER and IG at the surface. UV irradiances recorded under cloudy conditions can be
enhanced by the radiation scattering, produces an effect in opposition to the attenuation events (Schwander et al.,
2002).

Despite the astronomical, climatic and environmental conditions described in this section the observations carried
out from 2015 to 2018 indicates that during eight months the hourly values of UVER at solar noon are
systematically larger than 0.20 Wm2, indicating "very high" harmful potential according to the World Health
Organization (WHO et al., 2002).

4. Correlation model

In the literature there are two types of correlation model for UVER: simple linear (UVER = a; IG + b;) and
quadratic (UVER = a; 1G?+b; IG+¢2) (Ogunjobi and Kim, 2004; Adam and Ahmed, 2016; Gholami and Y oosefi,
2009; Kudish and Evseev, 2000; Kudish and Evseev, 2011). The model type depends on shape of the experimental
points distribution in the UVER-IG dispersion plot. In the case of Santiago, both hourly (Fig. 4a) and daily (Fig.
4b) UVER-IG dispersion plots indicate that the best fits are given by a second order polynomial for c, equal to
zero. R? values higher than 0.90 (Fig. 4) confirmed the good correlation between UVER and IG.
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Figure 4. Scatter plot of (a) hourly and (b) daily UVER and IG in Santiago de Chile for all sky conditions.

Similar procedure was applied to subsets of the time series of hourly and daily values of UVER and IG for
observations carried during summer, autumn, winter and spring months from 2015 and 2018. Tables 3-4 indicate
second order polynomial coefficients and the statistical parameters RMSE and NRMSE considering the UVER
model obtained for each season.

Table 3. The seasonal variation of regression equation coefficients and statistic parameters for empirical models of hourly values.

Season |a (107) W' m?| b (10®%) | RMSE [ NRMSE | N

Summer 2.7 3.47 0.0279 0.2030 | 3860
Autumn 2.8 1.77 0.0187 0.2537 | 2307
Winter 14 4.47 0.0148 0.5351 | 1547
Spring 2.0 7.27 0.0296 0.3206 | 3065
Annual 2.2 5.18 0.0262 0.2751 [10779

Table 4. The seasonal variation of regression equation coefficients and statistic parameters for empirical models of daily values.

Season [a (107) Wim? b (10% [ RMSE [NRMSE| N
Summer -0.5 27.0 0.0147 0.0962 | 344
Autumn 1.7 9.80 0.0146 0.2382 | 340
Winter -0.1 10.0 0.0076 0.3296 | 339
Spring 0.7 16.0 | 0.0152 | 0.1695 | 343
Annual 2.1 8.86 0.0174 0.2124 | 1366

In general, RMSE smaller than 0.03 Wm-2 for hourly (Table 3) and daily (Table 4) values of UVER, indicates that
all models performed very well. In terms of NRMSE (percentage) the best performance is obtained during summer
(20%) and the worst in the winter (53%) for hourly values of UVER. For daily values the model performed better
during summer (9.6%) and worst during winter (32%). The performance reduction in the models during winter is
caused by the increase in the cloud cover and aerosol loads in Santiago reduce the correlation between UVER and
IG. Table 5 shows a comparison between UVER models available in the literature. The coefficients of model for
hourly values in Santiago differ from ones obtained in Mediterranean sites in Cyprus (Kalogirou et al., 2017),
indicating that correlation models for hourly values are strongly dependent on climate conditions and
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environmental conditions.

Table 5. Regression equation coefficients and R2 for empirical models of hourly values.

Site Il_oarﬂ;tiligg;a Land use | Altitude (m asl) [ a2 (107) W m?| b2 (10) R*
Larnaca, Cyprus 34.87N, 33.63 E rural 1 1 17 0.96
Athalassa, Cyprus | 35.14 N, 33.39 E | semi-rural 165 0.1 1.6 0.95
Santiago, Chile | 33°30'S, 70°42'W urban 520 2.2 5.8 0.92

5. Conclusion

In this work, four years of UVER measurements at the surface, carried out from January 1%, 2015 to December
31% 2018, in Santiago City, Chile, are analyzed and used to develop a mathematical regression models to estimate
hourly and daily values of UVER in terms of solar global irradiance (1G).

The UVER models, obtained by fitting a second-degree polynomial performed better during summer
(RMSE=0.028, NRMSE=20%) and the worst in the winter (RMSE=0.015, NRMSE=54%) for hourly values.
Similarly, performance is presented by daily values of UVER. In general, UVER can be estimated in terms of IG
for Santiago using the following expressions:

UVER = 2.2*107 IG2 + 5.18*10°° IG (hourly)
UVER = 2.1*107 IG2 + 8.86*10°° IG (daily)

The results of this paper can be used in scientific areas such as solar climatology, photobiology, biophysical
studies, and material degradation as well as in other scientific fields like water treatment in disinfection solar.
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