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A B S T R A C T

The Ultra-Violet Index (UVI) is widespread used to communicate the UV radiation intensity to the general public.
The knowledge of the UVI value and of its daily variation is essential for many techniques for monitoring the
personal exposure to UV radiation. The UVI values are usually provided by the meteorological services and
nowadays it is very common to find UVI forecast tools even in smartphone apps. In this paper, with the aim to
evaluate the prediction accuracy of six smartphone apps, a measurement campaign of UVI has been carried out.
The measurements have been conducted for the site of Pisa (central Italy), using a portable photoradiometer
equipped with a UV erythemal irradiance probe (operating range 250–400 nm). The measured UVI values have
been compared with the predicted UVI values (using smartphone apps). Bland-Altman and Passing-Bablok
methods have been used to compare the data, the comparison has been conducted on the basis of 90 different
UVI measurements, taken at different times, different days and different sky conditions. From the comparison
between measured and predicted UVI values it has been possible to observe a general poor accuracy of the apps.
The percentage deviations between measured and predicted UVI values were quite high and only one app was
able to predict more than 70% of the measured data with an average percentage deviation lower than 30%.

1. Introduction

Ultra-Violet (UV) radiation is a small part (about 5%) of the elec-
tromagnetic radiation emitted from the Sun reaching the Earth's surface
(Modenese et al., 2018). UV radiation is included in the wavelengths
between 100 and 400 nm but, due to the filtering effect of the Earth's
atmosphere, the major part of UV wavelengths below 290 nm are ab-
sorbed by the stratospheric ozone O3 (Ghetti et al., 2006). According to
standard CIE 209 (Commission Internationale de l’Eclairage (CIE),
2014), UV radiation can be classified in three different spectral bands:
UVC (wavelengths in the range 100–280 nm), UVB (280–315 nm) and
UVA (315–400 nm).

1.1. UV radiation exposure risks of outdoor workers

The exposure to UV radiation induces several effects on the human
body, some of which are positive but most are negative (Baczynska
et al., 2019). Daily exposure, in small amounts, to UV radiation is vital
for humans because UV radiation has a crucial role in the activation of
the vitamin D production process (Kift et al., 2018; Rajakumar et al.,
2007). Furthermore, UV radiation is adopted in the medical field for the

treatment of certain diseases such as rickets, lupus vulgaris, psoriasis,
vitiligo, osteoporosis, etc. (Chubarova and Zhdanova, 2013; Krzyścin
et al., 2015; World Health Organization (WHO), 2003). On the con-
trary, overexposure to UV radiation induces acute, chronic and long-
term adverse effects on the skin and on the eye. The most frequent
adverse effects are sunburns (erythemas), wrinkles (skin ageing), skin
moles (nevi) and increased photosensitivity (photodermatoses) (Backer
et al., 2001; D’Orazio et al., 2013; ). The most serious adverse effects
are melanoma cancers on the skin and cataracts on the eye (Arisi et al.,
2018; Thieden et al., 2005). The International Commission on Non-Io-
nizing Radiation Protection (ICNIRP) recognizes UV radiation as the
main photobiological risk factor for the human tissues and the Inter-
national Agency for Research on Cancer (IARC) classifies UV radiation
as carcinogenic to humans (Solar radiation was classified as Group 1of
the IARC classification of the carcinogenic factors) (International
Commission on Non-Ionizing Radiation Protection (ICNIRP), 2004;
International Agency for Research on Cancer (IARC), 1992).

The complete absence of exposure to UV radiation cannot be con-
sidered a solution for the elimination of the connected photobiological
risks, because, as aforesaid mentioned, it would entail other problems
related to vitamin D deficiency (e.g. skeletal diseases). The optimal
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level of exposure to UV radiation is that able to maintain acceptable
production of vitamin D (during summer, in most countries, adequate
level of Vitamin D production is achieved with low sun exposure),
minimizing the risks due to UV overexposure. Global estimation of the
burden of disease caused by environmental risks, has been analysed by
the World Health Organisation (WHO). With specific reference to the
solar UV radiation, a detailed guide for assessing the burden of disease
at country or local level is proposed in (Lucas et al., 2006), in order to
respond to the need to quantify the health risks and to use it as input to
rational policy making. Given the importance of appropriately dosing
the exposure to UV radiation (neither low nor excessive), the knowl-
edge of UV radiation received over time by each individual is very
important, also in order to undertake adequate and timely corrective
measures (Salvadori et al., 2019). For example, in reference to the risk
of UV overexposure, it is proved that timely protecting behaviours, such
the use of hats, sunglasses, sunscreens and UV protective clothing, are
able to significantly reduce the harmful effects produced on humans
(Modenese et al., 2016; Peters et al., 2016; Reinau et al., 2013).

The Sun is the main exposure source to UV radiation for humans and
everyone is exposed to the Sun during his leisure time (recreational
exposure) but many workers are exposed to the Sun also during their
working activities (occupational exposure) (Grandahl et al., 2018).
Outdoor workers are usually divided into two groups: workers poten-
tially exposed to low levels of UV radiation (e.g. school teachers, police
officers, delivery-persons, etc.) and workers potentially exposed to high
levels of UV radiation (e.g. workers in the construction field, farmers,
fishermen, ski resort guides, lifeguards, etc.) (Borra et al., 2018; Leccese
et al., 2018; Vecchia, 2007). The ICNIRP establishes a maximum limit
not to be exceeded to avoid the negative effects due to UV radiation
overexposure. The daily exposure limit is fixed in 30 J/m2 and is re-
ferred over a period of 8 h (International Commission on Non-Ionizing
Radiation Protection (ICNIRP), 2010). At mid-latitude and in the hot
season, the value of 30 J/m2 is exceeded in few minutes (Gugliermetti
et al., 2019), on the contrary exists a northern boundary beyond wich
skin cancer does not constitute an occupational risk (Kenborg et al.,
2010). For this reason, especially in the occupational field, the
knowledge of the UV doses received is important to: protect and
monitor the worker's health, help the institutes against accidents at
work in the preparation of guidelines to avoid UV radiation over-
exposure, increase the awareness of UV radiation risks and adopt safety
behaviours, this last two aspects are very important not only for
workers but also for the whole population (Militello et al., 2016).

In order to evaluate and increase the awareness of the risks con-
nected to UV radiation exposure, the World Health Organisation (WHO)
introduced the Ultra-Violet Index (UVI) as an indicator facilitating the
communication of the UV radiation intensity to the general public (for a
definition of the UVI, see Appendix A) (World Health Organization
(WHO), 2002). The UVI can be adopted for the evaluation of the UV
radiation intensity also in the occupational field (Allinson et al., 2012).
An improvement of the people's awareness about the UV radiation
overexposure and its consequences may have a positive impact on the
national public health systems, if the awareness produces a change in
habits (spontaneous or induced by rules), it can reduce the number of
subjects who manifest Sun exposure induced diseases and who require
specific treatments (Militello et al., 2016).

1.2. Smartphone applications for UVI prediction

The use of widely spread smart devices, like smartphones and ta-
blets, provided new possibilities for working anytime and anywhere,
with a consequent increase in risks, on the other it has provided the
possibility of monitoring the risks through data transmission, that is

performed by commonly used devices (not by specifically safety dedi-
cated devices, which often encounter the worker's resistance to their
use).

Smartphones are nowadays very common and diffuse among po-
pulation. Surveys show that the smartphone market has skyrocketed,
even in the economies of the emerging Nations, from 1 billion of pieces
sold at the beginning of the decade, to 2 billion in 2017 and with a
prevision to over 5 billion in 2025 (Götz et al., 2017). Smartphone
applications have been proven to be useful for young people in emer-
ging Nations (Do et al., 2018). The success of smartphones is due to
their portability: in a relatively small case, smartphones are fairly un-
obtrusive, remotely accessible, sensor-rich and computationally pow-
erful at the point that they may soon become more common than
computers (Wang et al., 2016). Furthermore, the use of the operative
systems of smartphones and of their apps is very simple and intuitive,
not requiring particular skills by the user (Xu et al., 2011). For these
reasons, smartphones and their apps may become an instrument of very
simple use not only to monitor, evaluate and reduce the occupational
risks, but also to monitor the well-being of people subjected to parti-
cular psycho-physical conditions, such as during a polluting crisis or
during a postnatal period (Zhang et al., 2014, 2017). Nowadays,
smartphones are particularly used to reduce the risk of driver collisions
(Botzer et al., 2017; Papadimitriou et al., 2019) and for the location of
workers in construction sites or production plants, in order to promptly
intervene in the event of accidents (Ansaldi and Bragatto, 2019;
Soltanmohammadlou et al., 2019). With reference to protection against
the risks of UV exposure, the UVI values are usually provided by the
meteorological services and nowadays it is very common to find UVI
prediction tools even in smartphone applications (apps). If the accuracy
of smartphone and apps is ascertained, smartphones with their apps can
even become a tool to control the regulatory limits by the official of the
institutes against accidents at work.

Previous researches on evaluating UVI with smartphone devices and
apps can be classified into two categories. The first category is re-
trieving UVI data from web servers to personal devices with the help of
an app. The data usually came from the bureau of meteorology or re-
lated government departments. The second category is retrieving UVI
values with a combination of external UV sensors and the smartphone,
since in commerce there are no smartphones equipped with an UV
sensor (Mei et al., 2017). In the first category, the use of an internet
connection is required to deliver to the user real-time data while in the
latter case the UVI values are measured using an external sensor that
communicates with the user's smartphone. The smartphone thereby
acts as a user interface to present the measured data (Fahrni et al.,
2011). However, users have to carry this accessory sensor in hand,
which is not convenient not to mention the extra-cost due to the sensor
purchase. According to (Tellez et al., 2017), the 69.6% of free apps in
English language in the Apple and iOS market store providing sunsc-
reen information do not have an institutional certification which is
important to guarantee the quality of the information provided. In the
scientific literature, there is no evidence of studies conducted for the
accuracy assessment of apps (very common and diffuse among popu-
lation and consulted by a very large number of people) in predicting
UVI values (a very useful tool to estimate risks arising from sun ex-
posure).

The aim of the research is to evaluate the accuracy of smartphone
apps in UVI prediction. Such accuracy is tested comparing UVI values
predicted using apps with UVI values measured with portable radio-
metric instrumentations. The assessment campaign of this study can be
useful for health professionals to recommend smartphone apps to their
patients, for app developers to improve their apps content and for re-
searchers to choose smartphone apps for their studies.
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2. Materials: description of the selected smartphone apps

For the assessment campaign of the smartphone apps accuracy in
UVI prediction, six apps have been selected from the app market stores
of the three main operative systems present on commerce (Android, iOS
and Windows Phone). For every operative system, two apps have been
selected. The two apps (for each operating system) were chosen as the
most present on a sample of 70 smartphones belonging to randomly
selected workers on the building construction sector, who perform tasks
mainly outdoors.

2.1. Apps features

All the six selected apps are free for download and retrieve data
from web servers requiring an active internet connection to properly
function. The six selected apps are summoned up in Table 1. Since the
UVI data are retrieved from internet, the model and the specific brand
of the smartphone on which the app is downloaded and installed is not
important, as it does not affect the app's operation. The servers from
which the UVI values are downloaded are declared only in three apps
(A.1, A.3 and A.5) while in the other apps servers of data origin are not
specified. For all the apps, the algorithm or the methodology to eval-
uate the UVI values is neither specified in the settings, nor in the
“About” sections, nor on the online sites. Therefore, it can be stated that
apps work as “black boxes” for the users giving UVI values with an
uncertain origin.

2.2. Procedure for data collection from apps

UVI data from apps have been collected in the month of July 2018
from 9th to 20th, usually being one of the hottest periods of the year for

the selected location of Pisa (latitude 43.72°N, longitude 10.39°E). The
UVI values of nine days have been collected (in three days data col-
lection has not been possible due to rainy conditions). During the
period of data collection, the UVI values shown, using apps, have been
collected with steps of 1 h starting at 9:30 and ending at 18:30. In the
app settings, the geographical position of Pisa has been selected. The
data refresh time in two apps (A.1 and A.6) is selectable and has been
selected to refresh and update data every 1 h. In the other four apps, the
data refresh time is not selectable in the settings and it is not clear how
often the UVI value is refreshed. For each day and for each app, 10 UVI
values have been collected for a total of 90 UVI values for each app
during the period of data collection.

3. – Methods: description of the UV Index measurement campaign

In Subsection 3.1 the used instrumentation is shown, in Subsection
3.2 the procedure for the UVI measurement campaign is described, in
Subsection 3.3 the data post-processing procedure for the collection of
90 UVI values to be compared are summarized.

3.1. Used instrumentation

For the UVI measurement campaign, portable radiometric in-
strumentation has been adopted. In particular a photoradiometer,
composed of data logger Delta Ohm mod. HD2102.2 equipped with
LP471A-UVeff probe, has been used. The probe is able to measure the
UV erythemal irradiance in the range from 250 to 400 nm. The UV
erythemal irradiance is weighted according to the erythema action
spectrum defined in the international standards ISO CIE 17166 (ISO and
CIE, 2019). In Fig. 1, the spectral response of the adopted in-
strumentation compared with the ISO/CIE erythema action spectrum is

Table 1
Main features of the six selected apps for the comparison of Section 4.

ID app Name Version Developer Last update Operative system Server of data origin/app website Data refresh time

A.1 Meteo 8.0.0.351 Huawei Technologies 15/04/18 Android AccuWeather.com www.huaweimobileservices.com/appgallery 1 h
A.2 UV Lens 2.4.0 Spark 64 Ltd 23/05/18 iOS 12.1 Server not specified www.uvlens.com not selectable
A.3 MSN

Meteo
3.1.5.0 Microsoft

Corporation
2015 Windows Phone msn.com

www.msn.com/it-it/meteo
not selectable

A.4 UV Index 1.0.2 Alex Ershov 2017 Android Server not specified www.uvimate.com not selectable
A.5 MSN

Meteo
3.1.6 Microsoft

Corporation
2016 Windows Phone msn.com

www.msn.com/it-it/meteo
not selectable

A.6 iOS Meteo 2.5.4 Apple Inc. June 2018 iOS 12.1 Server not specified www.support.apple.com/en-gb/guide/
iphone/iph1ac0b35f

1 h

Fig. 1. Image of the photoradiometer (left) used in the experimental activity; spectral response of the probe (LP471A-UVeff) compared with the ISO/CIE erythema
action spectrum (right), as specified in technical documentation made available by the manufacturer (https://www.deltaohm.com/en/).
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shown (for the ISO/CIE erythema action spectrum, see Appendix A).
The probe measures the UV erythemal irradiance in the range from
0.001 W/m2 to 20 W/m2, with a maximum resolution of 0.001 W/m2

and a linearity deviation (ISO and CIE, 2014) lower than 3%. Before the
present activity, the measurement chain (data logger + probe) was
subjected to calibration at the manufacturer's laboratories; the cali-
bration was performed by a calibrated reference photodiode (calibra-
tion uncertainty lower than 15%).

3.2. Measurements procedure

The UVI measurement campaign has been made in the month of
July 2018, in the same period of data collection from apps. The UVI
values of 9 days have been collected (in 3 days data collection has not
been possible due to rainy conditions). The UV erythemal irradiance, Ier
(see Appendix A for its definition) has been measured and then the UVI
values have been calculated with Eq. (1) shown in Appendix A. The UV
erythemal irradiance measures have been acquired from 9:15 to 18:45
with steps of 1 min at the geographical position of Pisa. The time
periods from sunrise to 9:15 and from 18:45 to sunset have been ne-
glected because the UVI values, even in the hottest periods, are always
less than 2 and so the UV radiation is not harmful according to the WHO
scale of UVIs (see Figure A2 in Appendix A). During the measurement
campaign, the adopted instrumentation described in Sub-Section 3.1
has been placed on the roof top of a building at the height of 12 m
above the sea level. The probe sensor has been placed in a horizontal
position without any shielding element projecting shades on the probe
sensor. During the measurement campaign, the sky conditions have
been collected with steps of 1 h from 9:30 to 18:30. The sky conditions
have been classified into 4 categories: cloud coverage of the sky less
than 10%, cloud coverage of the sky less than 50%, cloud coverage less
than 90% and cloud coverage equal to 100%, evaluated on the basis of
the international standards (ISO, 2004).

3.3. Data post-processing procedure

In the data post-processing, 10 values of the UVI have been selected
for each day and they have been used for the comparisons discussed in
the next section; in such a way the discussion is made on a basis of 90
UVI values (10 values for 9 days). The selected UVI values are those
obtained from measurements carried out at all half hours in the interval
from 9:30 (morning) to 18:30 (afternoon), obviously the same time of
data acquisition from apps. The 10 selected UVI values for each day
have been obtained as the product between the constant ker and the

mean value of the UV erythemal irradiance at the different times. The
mean values of the UV erythemal irradiance have been calculated as the
average of the irradiance values recorded every minute starting from a
quarter of an hour before up to a quarter of an hour after the considered
time. For example, the mean UV erythemal irradiance value at the 9:30
is the average of the UV erythemal irradiance values recorded every
minute from 9:15 to 9:45. In order to analyse the agreement between
predicted and measured UVI values, the Bland-Altman method have
been used. Furthermore, a linear regression analysis has been per-
formed using the least squares method and then calculating the coef-
ficient of determination (R2).

4. Results and discussion

In this Section the comparisons between the UVI predicted values
(using smartphone apps described in Section 2) and measured values
(with the procedure described in Section 3) are shown. For each day,
the 10 UVI values collected with apps have been compared with the 10
UVI values obtained by measurements. The UVI trends of predicted and
measured values are shown for both a typical sunny day (see Subsection
4.1) and a day with very variable sky conditions (see Subsection 4.2).
The comparisons between the UVI predicted and measured values are
shown, for each app, during the whole period of data collection.

4.1. UVI trend in a typical sunny day

In Fig. 2, the UVI trends carried out the 9th July are shown for both
predicted and measured values. This day is shown because it was a
typical sunny day with clear sky conditions and a cloud coverage of less
than 10% (only at the 15:30 the cloud coverage was less than 30%). The
trend of the measured values is represented by a bell curve, symmetrical
with respect to the solar noontime. In fact, in the graph, the measured
UVI peak is at the 13:30. The solar noontime for the geographical po-
sition of Pisa and for the 9th July has been at 13:23 (considering +1 h
due to Summer Time). All apps give an overestimation of the UVI values
in the early hours of the day (9:30/10:30). In the case of the apps A.1
and A.4, the predicted value is more than twice the measured value. At
the UVI peak (13:30), four apps (A.2, A.3, A.4 and A.5) give an un-
derestimation of the UVI value while two apps (A.1 and A.6) give a very
accurate prediction of the measured value. The underestimation in the
period in which the peak of the measured values is recorded is a critical
element if these apps are used for health protection purposes. At the
15:30, when the cloud coverage increases and the measured UVI value
decreases with respect to the case of clear sky, not all the apps predict

Fig. 2. UVI trends on the 9th July (clear sky day).
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this decrease but only apps A.1, A.3 and A.6. In the hour before sunset
(18:30), as in early hours of the day, all apps predict UVI values greater
than the measured one.

In Fig. 3, the UVI percentage differences between measured and
predicted values on the same day 9th July are shown. The differences
are greater in the early hours of the day and in the hours before sunset.
The app accuracy increases in the hottest hours of the day near the solar
noontime (from 11:30 to 14:30) while at 15:30, when the cloud cov-
erage increases, the app accuracy decreases.

4.2. UVI trend in a typical partly cloudy day

In Fig. 4, the UVI trends for the 11th July for both predicted and
measured values are shown. This day is shown because it was a day
with a great variability of sky conditions. During the day, clear sky
conditions with a cloud coverage of less than 10% (at the 12:30, 13:30,
17:30 and 18:30) were alternating with partly cloudy conditions with
cloud coverage of less than 50% (at the 15:30 and 16:30) and with

cloudy conditions with cloud coverage of less than 90% (in the morning
from 9:30 to 11:30 and at 14:30). Unlike Fig. 2, UVI trend from apps is
not similar to UVI trend from measured values. In the morning, from
9:30 to 11:30 with a cloud coverage of less than 90%, all apps over-
estimate the measured UVI values. In the case of the apps A.1 and A.4,
the predicted value is more than twice the measured value. At 9:30,
only the apps A.3 and A.6 predict UVI values very close to the measured
one. At 10:30, only app A.3 predicts a UVI value very close to the
measured one while at 11:30 no apps are able to predict the decrease of
the UVI value due to an increase of the cloud coverage. Near the solar
noontime at 13:30 with a measured UVI value of 8.5, two apps (A.4 and
A.5) predict a UVI value of 9 while three apps (A.2, A.3 and A.6) predict
a value of 8. App A.1 predicts a great underestimation of the UVI peak
because shows a UVI value of 5. At 14:30, no apps are able to predict
the great decrease in UVI value due to the increase of the cloud cov-
erage (from less than 10% to less than 90%). The predicted values are
between 7 and 8 while the measured one is 3.4.

In Fig. 5, the UVI percentage differences between measured and

Fig. 3. UVI percentage differences between predicted and measured values on the 9th July (clear sky day).

Fig. 4. UVI trends on the 11th July (clear/partly cloudy sky).
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predicted values on the same day 11th July are shown. As in the pre-
vious case of Fig. 3, the differences are greater in the early hours of the
day and in the hours before sunset while the app accuracy increases in
the hottest hours of the day near the solar noontime (from 12:30 to
13:30). The app accuracy decreases when increases the cloud varia-
bility. At 14:30, when the sky conditions change abruptly from clear to
cloudy, there is a peak in the graph of the percentage differences and
the predicted UVI values are more than twice the measured value.

4.3. – Comparison between predicted and measured UVI values in the whole
period of data collection

In Fig. 6, the comparison between predicted (using the selected
apps) and measured UVI values is shown for the whole period of data
collection, by way of Bland-Altman charts, extensively used to evaluate
the agreement among the results of two different assessment techni-
ques.

The charts have been realized by placing on the x-axis the mean
values between predicted and measured UVI, and on the y-axis the
difference between predicted and measured UVI. The mean value of all
the differences (M) and its 95% confidence interval (CI), evaluated as
1.96-fold standard deviation (SD) increase or decrease, are also shown
in each chart. Since the UVI values obtained by the apps are expressed
through integer numbers (ranging from 1 to 11, see appendix A), the
charts in Fig. 6 have been obtained by rounding the measured UVI
values to the nearest integer. By observing Fig. 6, it is possible to notice
how the best predictions of the UVI values are made by the app A.2,
which has the lowest M value (0.444) and also the narrowest CI (from ̶
1.51 to 2.40). The most critical predictions are made by the app A.4
which, on the contrary, has the highest M value (1.58) and the widest
CI (from ̶ 3.70 to 6.86). It should be noted that when the lower limit of

the CI falls below 2 (as happens for apps A.1 and A.4), the predictions
could lead to significant underestimations of the real UVI value, and the
predicted category of risk could be one level below the real one (see
ranges for categories of risks due to UV radiation exposure based on the
UVI shown in Appendix A).

In Fig. 7, the differences between predicted and measured UVI are
shown, using a box plot diagram. The app A.2 shows again the best
results with null median value and very small box. App A.2 shows best
results with respect to app A.3 (even if the box of app A.3 are very
similar to those of app A.2) because the median of the differences is
closest to the value of zero and the whiskers of app A.3 are wider than
those of app A, 2. Apps A.1 and A.4 show a great dispersion of the
points having the biggest box and the longest whiskers.

In order to make the comparison even clearer, in Table 2, having
defined with D the deviation between predicted and measured UVI
values, some significant ranges of |D| are indicated. Table 2 shows, for
each app, the percentage of data whose predictions fall in the sig-
nificant ranges of |D|. Observing Table 2, it is possible to note that app
A.2 predicted more than half of data (57%) with |D| ≤ 15%. Apps A.4
and A.5 predicted, on the contrary, less than one third of data (23% and
32% respectively) with |D| ≤ 15% and about half of data (57% and
44% respectively) with deviations |D| > 45%.

Moreover in Fig. 8, predicted and measured UVI values are com-
pared by way of Passing-Bablok non parametric regression charts. This
type of regression is particularly suitable for the analyses such as the
present one, since it allows to include the outliers and it does not need
that the error have a normal distribution. In the charts of Fig. 8, the
95% confidence interval lines and the ideal lines are shown together
with the regression lines. For each regression line, the values of the
slope (S) and the intercept (I) are indicated together with their 95%
confidence intervals (S95 and I95 respectively). Each chart has been

Fig. 5. UVI percentage differences between predicted and measured values on the 11th July (clear/partly cloudy sky).
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Fig. 6. Bland-Altman charts for predicted and measured UVI values, for all the selected apps. In each chart, the mean value of the differences (solid lines), the range
in which the 95% of the differences falls within (± 1.96 SD, dashed lines) are shown together with the scatter plot of the data.
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realized using all the data (90 couples of measured and predicted UVI
values), in the charts some couples of measured and predicted UVI
values can occur more than once. From the charts of Fig. 8 it is possible
to observe that the regression lines of apps A.5 and A.6 have a slope
different from the ideal line (S = 1), with S = 0.8 and S = 0.9 re-
spectively, the regression lines of the other apps have the same slope of
the ideal line. Among the regression lines with S = 1, only those of apps
A.1 and A.2 have an intercept equal to the ideal line (I = 0), conse-
quently these apps seems to have the regression more suitable to predict
the data. However the data predicted by app A.2 are very less scattered
with respect to those predicted by the app A.1, and hence the best
prediction attitude of the app A.2 is confirmed again. The regression
lines found, and the related confidence intervals shown in Fig. 8, can be
useful to correctly interpret the predicted data obtained from the apps.

4.4. Limitations of the study, and recommendations for future research

The comparisons, between measured and predicted (by the smart-
phone apps) UVI values, discussed within the present study have been
conducted on the basis of the results of a measurement campaign car-
ried out in Pisa (central Italy). The climatic characteristics of the
measurement location (representative of the central-northern
Mediterranean area), the number of measurements made and the
variability of the sky conditions for which the comparisons have been
done, made it possible to obtain some significant indications, which
allow a more conscious use of the analysed apps. Despite this, it is
desirable that other studies and other comparisons are carried out by
different research groups, extending the data obtained in the present
study to other locations and for further smartphones apps, to make the
considerations made on their use even more consistent. In addition, the
prediction of the UVI values by the apps is carried out with specific
spatial resolutions. This aspect has not been considered in the present

study and the values obtained from the measurements have been
compared with those predicted by the apps for the location identified
by the automatic positioning system, integrated in each smartphone. An
analysis of the impact of app spatial resolutions on the accuracy of UVI
value estimation is currently underway by the Authors.

5. Conclusions

In the scientific literature and among the international organiza-
tions dealing with human health, the importance of receiving the right
dose of daily UV radiation is well consolidated. The Ultra-Violet Index
(UVI) is widespread used to evaluate the UV exposure of humans, fa-
cilitating the communication of the UV radiation intensity to the gen-
eral public. The UVI values are usually provided by the meteorological
services and nowadays it is very common to find UVI prediction tools
even in smartphone applications (apps). In this paper, the accuracy of
different smartphone apps in the prediction of UVI values has been
evaluated. The evaluation involved six different apps running on the
three operating systems, nowadays more widespread among smart-
phone users (i.e. iOS, Android, Windows phone). The accuracy of each
app has been assessed by comparing the UVI values, obtained from the
apps, with those obtained from a campaign of experimental measure-
ments carried out for the month of July 2018 in the site of Pisa (Italy).
The comparison has been conducted on the basis of 90 different UVI
measurements, taken at different times, different days and different sky
conditions. From the results it has been possible to observe that the
deviations between the UVI values (predicted and measured) are quite
high for all the analysed apps: the application that shows the better
attitude to predict measured data is able to predict the 57% of the
measured values with deviations lower than 15% and the 16% of the
measured values with deviations higher than 45%. In general, all the
apps tend, on average, to overestimate the actual values of the UVI, this
can be considered a cautious aspect. However, it has also been observed
that the major underestimations of the UVI values have been obtained
in correspondence of the measured UVI peaks, this is an aspect to be
taken into great consideration in order to use these apps to monitor
human exposure to UV, especially for outdoor workers. From the Bland-
Altman and Passing-Bablok analysis, one of the 6 tested applications
showed a significantly better attitude to predicting the real data than
the others, with less mean deviation compared to the measurements
and less data dispersion.

The assessment campaign of this study can be useful for health
professionals to recommend the use of smartphone apps, being con-
scious of their accuracies and limitations, for monitoring people who
spend time outdoors, but also for app developers for improving their
apps content and for researchers for comparing data obtained by their
studies. Further studies are required to evaluate these smartphone apps
based on information quality analysis from users' perspectives.

Fig. 7. Box plot of the differences between measured and predicted (by apps)
UVI values.

Table 2
Distribution of the deviations between predicted and measured UVI values for each app.

Range of deviation between
predicted and measured
UVI values

Percentage (%) of the data predicted by each app

A.1 A.2 A.3 A.4 A.5 A.6

|D| ≤ 15% 36 57 38 23 32 48
|D| > 15% and |D |≤ 30% 27 16 17 12 9 10
|D| > 30% and |D |≤ 45% 6 12 11 8 14 8
|D| > 45% 32 16 34 57 44 34
Total 100 100 100 100 100 100
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Fig. 8. Passing-Bablok non parametric regression charts of measured and predicted UVI values, for all the selected apps. In each chart, the regression line (solid blue
line), the 95% confidence interval lines (dashed black lines), the ideal line (dotted red lines) are shown together with the scatter plot of the data. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Appendix A. UV Index definition

UV Index (UVI) quantifies the erythemal potential of UV radiation to sunburn human skin (the first adverse effect occurring due to UV radiation
overexposure). UVI gives a measure of the UV radiation at the sea level and an indicator of the potential for skin damage. UVI is defined as indicated
in the technical standards CIE S007/E (Commission Internationale de l’Eclairage (CIE), 1999) according to Eqn A1:

= =UVI k I k I( ) s ( )der er er
250 nm

400 nm

er
(A1)

where: ker is a constant equal to 40 m2/W, Ier is the UV erythemal irradiance expressed in W/m2, I( ) is the UV spectral irradiance at the wavelength
, s ( )er is the erythema action spectrum and d is the wavelength interval used for the integration. The integration is between 250 and 400 nm. The

effects of UV radiation on the biological tissues are function of the particular wavelength. During the years, several action spectra have been
developed with different weighting function to take into account the effects of UV radiation at the different wavelengths. The erythema action
spectrum, s ( )er , provides an internationally accepted representation of the erythema-inducing effects on human skin because has been chosen by the
WHO as the basis of the UV index used for public health information (Moshammer et al., 2016; Webb et al., 2011). The erythema action spectrum,
graphically shown in Figure A.1, is defined with the following equations (International Organization for Standardization, 2019):

=s ( ) 1 for 250 nm 298 nmer

= <s ( ) 10 for 298 nm 328 nma
er

= <s ( ) 10 for 328 nm 400 nmer
b

with: = =a b0.094 (298 ) and 0.015 (140 ).
The UVI is an important vehicle to raise public awareness of the risks of excessive exposure to UV radiation and of the need to adopt protective

measures. As a simple measure of UV radiation levels at the Earth's surface, the values of the UVI range from zero upward (see Figure A.2). The
higher the UVI values are, the greater is the risk of damage to the skin and eye (see Table A.1).

Fig. A.1. Graphical representation of the ISO/CIE erythema action spectrum.

Fig. A.2. UVI logo and scale as standardized by WHO.

Table A.1
Categories of risks due to UV radiation exposure based on the UVI.

Category of risk due to UV radiation exposure UV Index ranges

Low 0 to 2
Moderate 3 to 5
High 6 to 7
Very high 8 to 10
Extreme 11 to ∞

G. Salvadori, et al. Environmental Research 183 (2020) 109274
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