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Abstract: Ultra violet (UV) solar energy can cause several negative effects to the skin and eyes in
case of overexposure. To protect people from erythemal damage, personal erythemal exposure must
be carefully assessed when outdoor activities are carried out. The direct measure with scientific
instruments is impracticable to common people, and indirect methods assess the exposure only on the
horizontal plane: this work developed a mathematical model to assess erythemal exposure to all the
body districts. UVA irradiance and erythemal irradiance were measured on several inclined planes,
oriented to the four cardinal directions, in seven environments with multiple sky conditions. The UV
erythemal (UVE) ratio between erythemal irradiance on an inclined plane (Iery◦) and UVA irradiance
on a horizontal plane (IUVAh) was calculated. The results indicate that the UVE = Iery◦/IUVAh
is variable across the day and depends on the plane orientation, its degree of inclination, and sky
conditions. Mathematical models to calculate erythemal exposure in clear, intermediate and overcast
sky conditions on planes with different inclinations and orientations were derived from the daily
trends of the UVE = Iery◦/IUVAh. The application procedure of the mathematical model to the
vertical plane oriented to the south is provided as an example.

Keywords: UV solar radiation; erythemal exposure; outdoor environments; orientation; inclination;
human health

1. Introduction

Solar energy under certain conditions can be dangerous for human beings since the
UV component has the capability to damage biological tissues [1]. UV is the most energetic
band of the whole electromagnetic spectrum, and when an excessive amount of UV energy
is received by the exposed human tissues, it can produce damage of different entities.
Overexposure to solar UV energy can cause diseases to the skin [2] and eyes [3], which
could be acute or chronic [4]. All this damage could affect all people carrying out outdoor
activities, both for work and leisure. The World Health Organization (WHO) estimated
that in 2020, about 1.2 million new cases of non-melanoma skin cancers, 325,000 cases of
melanomas of the skin and 15,000 cases of people blinded by cataracts were caused by
overexposure to UV radiation [5].

The erythemal effect connected to a specific condition of solar irradiation is accounted
for with specific quantities. The erythemal effective irradiance [W/m2] (erythemal irradi-
ance in the following) derives from the UV spectral irradiance (W/m2) with the application
of the erythemal action spectrum Sλ [6,7]. The erythemal effective exposure [J/m2] (erythe-
mal exposure in the following), which is the erythemal irradiance level for the exposure
interval of time, measures the dose received by the skin and expresses the risk of erythemal
damage. Starting from the erythemal irradiance, the UV Index (UVI) was conceived to
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indicate in a simple form the risk of tissue damage due to exposure to solar radiation [8]: it
is a dimensionless value ranging between 1 (low risk) and 11+ (extreme risk).

The Standard Erythemal Dose (SED) was defined to quantify the erythemal effect of UV
radiation on the skin: it corresponds to an erythemal exposure of 100 J/m2 weighted with
the International Commission of Illumination (CIE) erythemal action spectrum. A limit of
erythemal exposure that establishes a threshold of safe exposure to solar radiation has not
been defined, but in the literature, the limit of 1.0–1.3 SED is applied as indicated by the
International Commission on Non-Ionizing Radiation Protection (ICNIRP) [9]. Previous
works that measured the erythemal exposure of people performing different outdoor
activities demonstrated that the ICNIRP limit is rapidly exceeded in summer and that at
certain latitudes, it can also be exceeded in winter [10–17].

Erythemal exposure depends on the solar UV irradiance (W/m2) received by the skin,
which is influenced by atmospheric elements, weather conditions and astronomical pa-
rameters. The ozone absorption of UVB radiation reverberates on erythemal exposure [18]:
time-series studies evidenced that the reduction in ozone in the atmosphere in the last
decades produced an increase in daily erythemal doses [19,20]. The attenuation of UVA
solar irradiance measured due to aerosol [21,22] caused a reduction in UVI [23] and in
erythemal irradiance [24]. Clouds can reduce or slightly increase UV irradiance due to
multiple reflections [25,26]; the attenuation or the enhancement of UV erythemal radiation
depends on cloud optical thickness (COT) [27] and on the solar zenith angle (SZA) [28]. The
surface albedo increases the amount of UV erythemal radiation in a percentage dependent
on the surface inclination and on the SZA [29].

The level of erythemal irradiance is related to the sun’s position in the sky: it assumes
the maximal value at noon and minimal values at sunrise and sunset [18,30]; moreover,
the highest values of erythemal irradiance can be found in summer and the lowest in
winter [18,19,31].

The assessment of the erythemal exposure of a person performing an activity under the
sun with a good precision level requires the use of scientific instruments [32]; measuring the
erythemal exposure of every single body district irradiated by the sun is very complicated.
For a correct evaluation of personal erythemal exposure, UV spectral irradiance has to be
measured using a spectroradiometer for the whole exposure interval; then, the measured
data have to be processed to calculate erythemal exposure. The previous procedure has
to be applied to all the body districts exposed to the sun. Due to the difficulty of placing
one or more spectroradiometers on the human body, usually, personal erythemal exposure
is measured using dosimeters, which are wearable scientific instruments equipped with
spectral filters reproducing the erythemal action spectrum [33,34]. They measure erythe-
mal irradiance with a settable time step, and erythemal exposure has to be successively
calculated. Neither of the two methods described above can be adopted by non-technical
people performing outdoor activities who wish to define their actual erythemal exposure
level to not exceed the safe exposure threshold of 1.0–1.3 SED.

Several applications for smartphones indicating the UVI were developed for the
general public and are also available to download for free, but generally they are based
on forecasting methods and do have not a good precision level [35–37]. Recently, a smart
wearable device was developed that estimates personal erythemal exposure with good
reliability using complex algorithms [38–40]. The device requires that the person wears
the device, and this could be uncomfortable or troublesome for the activity [41]. Micro-
wearable sensors detecting the amount of UV radiation received that change their color
when a defined level is reached were also developed: they do not indicate the actual level
of erythemal exposure, but only the cumulative UV dose [42].

Indirect methods that calculate personal erythemal exposure of body districts from the
measurement of UV solar irradiance on the Earth’s surface could be useful. In fact, these
data are easily measurable with good precision using micro smart sensors available on the
market, in addition to radiometers, and they are also provided by satellites [43,44].
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Different models were developed previously in the literature that defined erythemal irra-
diance at the ground level integrating satellite data with meteorological variables [24,45–48].
For instance, the UVIOS system estimates the near-real-time UVI over Europe with a spatial
resolution of 5 km [49], while the TROPOMI provides the erythemal dose rate, the daily
erythemal dose and the UVI with good precision levels [50]. Several radiative transfer
models (RTMs) [51–53] were proposed that integrated some environmental parameters to
predict UV radiation; UVBoost is an estimator that applies the supervised machine learning
technique to an RTM integrating UV radiation, SZA, total ozone content and aerosol optical
depth and simulated the UV dose with a precision of ±3% [54]. Moreover, a tool to estimate
the erythema dose together with DNA damage and vitamin D doses across the UK and
Ireland was proposed [55].

Several studies used UV data from in situ monitoring stations to derive erythemal
models. For instance, Malinovic-Milicevic et al. (2015) derived an empirical equation to
assess the daily erythemal UV doses in all sky conditions correcting the clear sky mea-
sured data with total ozone and sunshine duration [56]. Recently, Garcia-Rodriguez et al.
(2023) [57] developed artificial neural network models of the global horizontal erythe-
mal irradiance for five CIE standard sky conditions using recorded climatic parameters.
Gonzales-Rodriguez et al. (2021) [58] correlated hourly and daily values of horizontal
erythemal irradiance with global irradiance to define empirical models of the four seasons
and five sky conditions. All the previous models provide values of the erythemal quanti-
ties on the horizontal plane, which does not correctly express the exposure of the whole
human body, formed by curved surfaces differently inclined and oriented: the irradiation
of a surface is maximal for orthogonal incidence and decreases with angular directions
until it becomes minimal for oblique rays. A general model to calculate the irradiation on
inclined planes from the value measured on the horizontal one was described in Boers et al.
(1998) [59]. Several studies demonstrated that vertical and inclined planes have a different
exposure trend with respect to horizontal planes, and, even in general, the horizontal plane
is the most exposed; in particular conditions, the irradiance on vertical surfaces can be
higher than on horizontal surfaces [60–63]. For these reasons, the models that derived
erythemal exposure of the human body from horizontal erythemal irradiance are very
imprecise for body districts that cannot be approximated to the horizontal plane.

Soueid et al. (2022) defined a regression model of personal exposure from measure-
ments of personal exposure and self-reported data of time spent outdoors, and it had a
poor correlation with ambient UVR [64].

Some studies proposed models to predict erythemal exposure of body districts. Vernez
et al. [65] defined a regression model that estimated the UV exposure ratio between the dose
on the anatomic site and the dose on the ground using as input parameters the maximal
SZA and the visible sky fraction of the anatomic site; the errors in calculating the daily
dose from simulated data ranged from +20% to −10%. More recently, a model to estimate
body exposure during beach vacations was developed: it combined a radiative transfer
model with a 3D model of the human body and information related to human behavior
during beach vacations to calculate the UVI and the SED on 12 body districts considering
the respective clothing coverage [66]. Another study proposed a method to predict the
whole exposure of the human body for adults and children, integrating the exposure ratio
of the six surfaces of a cube and considering the percentage of anatomical parts not covered
by clothing [67].

The aim of this work is to define mathematical models to calculate erythemal exposure
(Eery) on several inclined planes, starting from horizontal values of UVA irradiance. The
calculated values of erythemal exposure can refer to the exposed body districts using a
simplified model of the human body [41].
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2. Materials and Methods

An extensive outdoor measurement campaign was carried out in the period of spring–
summer 2023 to measure UVA solar irradiance and erythemal irradiance in several environ-
mental settings under different weather conditions and on multiple planes and orientations.

The results of measurements were analyzed for separate days with the intent of defin-
ing a relation between the erythemal exposure of the different planes and the horizontal
UVA irradiation. Firstly, a UVE ratio was calculated for each minute of measurement; then,
UVEC curves representing the trend of the UVE ratios as a function of the sun position were
analyzed for each plane of measurement; successively, the UVEC curves were analyzed
together for single orientations and inclinations, to define UVE mathematical models for
different planes.

2.1. Measurements

The measurements of UVA solar irradiance and erythemal irradiance were executed
on 16 days from April to August at different hours ranging from 11:00 to 17:00 and with
different conditions of sky coverage: clear sky, intermediate sky, and overcast sky. In
this work, the days on which the cloud coverage was less than 10% and the sun was
never obstructed were considered clear sky conditions, while the days on which the cloud
coverage was more than 80% were considered overcast sky conditions; cloud coverage
between 10% and 80% was considered intermediate sky conditions. To consider the
difference due to the setting, the measurements took place in 7 different environments
located in 4 Italian cities and towns: Rome (Lat. 41.9, Long. 12.5 and Alt. 21 m), Pineto
(Lat. 42.6, Long. 14,0 and Alt. 0 m), Introdacqua (Lat. 42,0, Long. 12.9 and Alt. 624 m) and
Campo Imperatore (Lat. 42.4, Long. 13.5 and Alt. 2129 m). In Rome, the measurements
were executed in the upper terrace of the claustrum of the Faculty of Engineering of
Sapienza University (Rome-A), in the staircase at the entrance of the Faculty (Rome-B),
in the square on the side of the Faculty (Rome-C) and inside the park of Ancient Appia
(Rome-D); in Pineto, the setting was the beach; in Introdaqua, the setting was the city
garden; and in Campo Imperatore, the setting was the peak of the mountain. Table 1
describes the measurement conditions of the 16 days of data acquisition.

Table 1. Description of the measurement conditions.

Day Place Hour Sky Planes

28 April Rome-A 11:35–13:40 clear 0◦ 90◦ E 90◦ W 90◦ N

8 May Rome-A
11:00–12:00 overcast 0◦ 90◦ S 90◦ E 45◦ S
12:00–13:00 overcast 0◦ 90◦ W 90◦ S 45◦ W

12 May Rome-C
11:00–12:00 overcast 0◦ 90◦ W 90◦ S 60◦ W 45◦ E
12:00–13:00 intermediate 0◦ 90◦ S 90◦ E 60◦ S 45◦ N
13:00–14:00 intermediate 0◦ 90◦ E 90◦ N 60◦ E 45◦ W

22 May Rome-C 11:00–12:00 clear 0◦ 90◦ S 90◦ N 60◦ N 60◦ S

5 June Rome-D
13:00–14:00 overcast 0◦ 90◦ S 90◦ E 90◦ W 90◦ N 60◦ N 45◦ S
14:00–15:00 overcast 0◦ 90◦ S 90◦ E 90◦ W 90◦ N 60◦ E 45◦ W

7 June Rome-D 11:30–12:30 intermediate 0◦ 90◦ S 90◦ W 90◦ N 60◦ S 60◦ N 45◦ N

19 June Rome-D 11:20–12:20 intermediate 0◦ 90◦ S 90◦ E 60◦ S 60◦ N

21 June Campo Imperatore 12:00–16:30 clear 0◦ 90◦ S 90◦ E 90◦ N 90◦ W 60◦ S

23 June Rome-D 11:20–12:20 clear 0◦ 90◦ S 90◦ E 45◦ N 60◦ N

30 June Introdaqua 12:10–13:10 intermediate 0◦ 90◦ S 60◦ S 45◦ N

1 July Introdaqua 12:30–13:30 overcast 0◦ 90◦ S 90◦ N 60◦ S 60◦ N 45◦ N

21 July Rome-B 12:30–13:50 clear 0◦ 90◦ E 60◦ N 60◦ S 45◦ N
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Table 1. Cont.

Day Place Hour Sky Planes

25 July Rome-B 11:30–12:40 overcast 0◦ 90 ◦S 90 ◦N 60 ◦S 45 ◦N

20 August Pineto 15:50–17:15 clear 0◦ 90 ◦W

22 August Pineto 15:30–17:45 clear 0◦ 90 ◦E

23 August Pineto
12:30–13:30 clear 0◦ 90 ◦N
15:30–17:45 clear 0◦ 90 ◦N

The measurements were executed by means of Gigahertz-Optic, Munich, Germany,
dosimeters: they provide on the same plane both UVA irradiance (W/m2) and erythemal
irradiance (W/m2). One measurement each minute was recorded. A support installed
on an easel was used to place the instruments at 1.5 m from the ground facing the four
orientations (N, E, S and W) with several inclinations: 0◦ (horizontal), 90◦ (vertical), 45◦

and 60◦.

2.2. Calculation

The recorded data were extracted from the instruments and analyzed separately
for each day of measurement and for each plane. The UVE ratio between erythemal
irradiance on an inclined plane (Iery◦) and UVA irradiance on a horizontal plane (IUVAh)
was calculated for each minute recorded using the following equation:

UVE = Iery◦/IUVAh, (1)

The UVE did not have a constant value over time, but it varied during the interval
of measurement. A UVEC curve was identified for each plane of measurement, which
represented the variation in the UVE ratio as a function of the sun’s position across the sky:
it was designed by plotting in sequence the values of the UVE ratio against the cosine of
the SZA.

The UVEC curves of planes with the same orientation and inclination referring to
measurements of different days were analyzed together to identify a common trend for the
specific plane. The UVEC curves were plotted in three graphs identified with similar sky
conditions: clear sky, intermediate sky and overcast sky.

Successively, UVECc cosine curves were derived for each sky condition. Where a
clear uniform trend was identifiable, the UVEC curves were joined to form a single UVECc
curve, representing the trend of the UVE = Iery◦/IUVAh of the specific plane. When the
UVEC curves had similar trends, the UVECc was derived from the mean UVE values of
the available UVEC curves.

For each UVECc, the fitting curve was defined, and its equation was established: they
represent the UVE models and their mathematical equations to calculate erythemal exposure.

3. Results
3.1. UVE Ratio

The values of the UVE ratio calculated on each plane vary during the day: the maxi-
mum, mean and minimum values of the UVE calculated for each plane on all the measured
days from one-minute results are reported in Appendix A.

In some cases, the value of the UVE ratio is higher than 1: this could be possible for
some circumstances in which the value of the Iery◦ is higher than the value of the IUVAh.
It can occur when the horizontal plane is shaded, and the tilted plane is under the sun, or
when the ground reflects a high amount of radiation to the tilted plane and nothing to the
horizontal one.

The results of the calculations indicate that the value of the UVE depends on the
inclination and orientation of the plane. For instance, for the plane 90◦ S, the value of the
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UVE often ranged between 0.35 and 0.65; for the plane 90◦ E, it mostly ranged between
0.15 and 0.40; for the 60◦ N, it ranged between 0.35 and 0.70.

Considering the orientation of the planes, the UVE of the south orientation was
generally higher than the UVE of the east and north orientations for the planes 90◦ and
60◦, while for the 45◦ planes, the highest UVE was found for the north orientation. For
the north and south orientations, the value of the UVE increased when the inclination of
the planes decreased from 90◦ to 45◦, while for the east and west orientations, the highest
values of the UVE were calculated for planes at 60◦.

The analysis of the UVE ratio indicated that its value depends on the orientation
and inclination of the plane, but it seems scarcely related to the month and season; for
this reason, the following analysis considered the UVEC curves grouped for orientation
and inclination.

3.2. UVEC Curves

The UVEC curves were designed by plotting the values of the UVE ratio against the
cosine of the SZA, so they represent the trend of the UVE with the sun’s position in the sky
for each plane.

Figures 1–3 show the trends of the UVEC related to the 90◦ planes, 60◦ planes and 45◦

planes oriented to the north.
The top graph of Figure 1 shows that the UVEC of the 90◦ planes in clear sky conditions,

even if they are a little distant from each other, follow the trend of the 21 June curve: in this
case, the value of UVE slightly increases from the intermediate to the high cosine values.
Also, for the overcast condition, a clear trend emerges from the curves in the bottom graph,
while the single curve in the middle graph does not provide enough information for the
intermediate condition.
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The curves in the top graph of Figure 2 show a clear trend for the 60◦ plane in clear
sky conditions: by joining the very close curves of 7 June and 23 June that partially overlap,
it is possible to notice that the value of the UVE ratio slightly decreases with the increase in
the cosine value. Also, for the covered sky condition, it is possible to identify a trend of the
UVEC referred to on 5 June and 25 July.

The top graph of Figure 3 shows that the curves referring to the 45◦ north with clear
sky have a similar trend that can be represented by 23 June; on the contrary, the few data
samples presented in the middle and bottom graphs do not allow for the identification of a
trend for the intermediate and overcast sky conditions.

The trends of the UVEC for the planes oriented to the south are shown in Figures 4–6:
the top graphs refer to the clear sky, the middle graphs to the intermediate sky, and the
bottom graphs to the overcast sky.

Analyzing the graphs of Figure 4, it is possible to identify similar trends of the UVEC
for all weather conditions. For clear sky condition, it is possible to notice that the UVEC
curves follow the trend of the 21 June curve: the values of the UVE ratio increase for the
intermediate values of the cosine and then slowly decrease for the higher cosine values.
The curves referring to the overcast and intermediate sky conditions also show a common
linear trend for the high cosine values.
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The graphs in Figure 5 show a clear trend of the UVEC for the clear and intermediate
sky conditions, while the data of the overcast sky are discordant. From the top graph, it is
possible to see that the curves follow the trend of the 21 June UVEC, which increases from
low to intermediate cosine values and then slowly decreases for the high cosine values.
The trend in the middle graph is identifiable with the 7 June UVEC, to which the other data
are close.
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For the 45◦ planes oriented to the south, only the graphs of clear and overcast sky
conditions resulted from the measured data. The top graph shows that all the curves have a
similar trend, and the UVE values slowly decrease from low to intermediate cosine values,
while the two curves in the bottom graph are too distant to identify a common trend.

Figures 7 and 8 show the trends of the UVEC related to the planes oriented to the west:
the measured data provide results for all three sky conditions only for the 90◦ planes, while
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for the 60◦ and 45◦ planes, data were recorded in only one condition and the respective
results are shown in the same figure.
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For the west planes, the UVEC curves related to the vertical position in the clear
sky conditions also follow the trend of the 21 June curve, with values decreasing from
intermediate to high cosine values. A trend can also be identified for the overcast sky
condition joining together the curves in the bottom graph of Figure 7, while the two curves
of the middle graph do not allow us to derive a common trend.

Concerning Figure 8, the curves in the bottom graph indicate a decreasing trend of the
UVE values from the first to the intermediate cosine values for the 45◦ planes in overcast
sky conditions, while the single curve in the top graph does not give sufficient information
to deduce a trend for the 60◦ planes in intermediate sky conditions.

Figures 9 and 10 show the trends of the UVEC oriented to the east: for this orientation,
the measured data provides results for all three sky conditions only for the 90◦ planes, while
for the 60◦ and 45◦ planes, data were recorded only in two conditions and the respective
results are shown in the same figure.

The data for the 90◦ planes with east orientation produced curves slightly distant from
each other but with a clear trend for the clear sky as well as for the overcast sky. In the first
case, the UVEC trend can be identified with that of the 21 June curve, whose values increase
from low to high cosine values; in the second case, the UVE values remain almost constant,
and a mean trend can be derived. The single curve in the middle graph of Figure 9 does
not provide sufficient data to define a trend for intermediate sky conditions.
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Regarding the 60◦ planes oriented to the east, the only condition for which it is possible
to identify a trend is the overcast sky condition: the middle graph of Figure 10 shows that
the values of the UVEC gradually increase from low to high cosine values. The single curve
in the top graph of Figure 10, referring to the 60◦ plane, seems to follow the same trend of
the 90◦ UVEC, but the data available are not sufficient to define a trend for the clear sky
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condition; also, the single curve referring to the 45◦ plane does not allow us to identify a
trend for the intermediate sky condition.
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3.3. UVE Mathematical Models

In order to obtain mathematical models describing the distribution of the UVE ratio
according to the sun’s position in the sky, UVECc cosine curves, representative of the UVE
trend in function of the cosine of the SZA were defined for each plane in the different sky
conditions. The fitting curves of the UVECc represent the UVE models, and their equations
are their mathematical expressions.

The UVE models for the 90◦, 60◦ and 45◦ planes oriented to the north are shown
in Figure 11 together with their UVECc generative curves. The clear sky UVECc of the
90◦ plane corresponds to the UVEC of 21 June, and the clear sky UVECc of the 45◦ plane
corresponds to the 23 June UVEC, since both have a clear trend and the other UVEC curves
are very close to them. Moreover, they can be considered valid models because they also
approximate very well with the overcast sky models. The UVECc of the 60◦ plane was
generated by interpolating the values of the 7 June and 23 June UVEC curves; also, in this
case, the UVECc is very close to the other UVEC curves for the same plane. The UVECc
curves for the north orientation in overcast sky conditions were defined by calculating the
mean values of the UVEC for the respective planes. All the other UVE models were not
defined since the data available did not give enough information.

The UVE models for the south orientation and their UVECc generative curves are
shown in Figure 12. The UVECc for the 90◦ and 60◦ planes in clear sky conditions cor-
respond to the respective 21 June UVEC curves, while that of the 45◦ plane was defined
joining the curve of 30 June with the adjacent curve of 21 July that continues its trend. The
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other UVEC curves approximate these UVECc curves, so all these UVE models can also be
considered valid for them.
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The 90◦ UVECc values for both the intermediate and the clear sky conditions were
defined calculating the mean values of the UVEC curves for each cosine value, while the
60◦ UVECc for the intermediate sky corresponds to the 7 June curve to which the other
UVEC curves closely approximate. No UVE models could be established for the other
planes since the data were not sufficient to define any UVECc curve.

Figure 13 shows the UVE models of the 90◦ and 45◦ planes oriented to the west
together with the respective UVECc; no model could be defined for the 60◦ plane to the
west since the data were not sufficient. The UVECd of the clear sky for the 90◦ plane
corresponds to the UVEC of 21 June: it has a clear trend, and the other UVECs are very
close to it. The UVECc for the cloudy sky condition was defined joining together the UVEC
of the 45◦ plane: the single UVEC curves were one consequent to the other and all together
defined a trend.
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Figure 14 shows the 90◦ and 60◦ models for the east orientation; no models could be
defined for the 45◦ planes due to the scarce amount of data available. Also, in this case, the
clear sky model for the 90◦ plane corresponds to the UVEC of 21 June: the other UVEC
curves for clear sky conditions are very close to it. Both the 90◦ and 60◦ UVECc curves
of the overcast sky were obtained from the mean values of the respective UVEC curves,
which all have similar trends.

For each UVE model, the respective equation was defined; the mathematical equations
that describe the UVE models are reported in Table 2.

Table 2. Equations describing the UVE models of the different planes.

Plane Clear Sky Intermediate Sky Overcast Sky

90◦ N y = −3 × 10−7x2 + 0.0006x − 0.0176 y = −6 × 10−7x2 + 0.0008x − 0.0945
60◦ N y = −7 × 10−6x2 + 0.0081x − 1.893 y = −7 × 10−6x2 + 0.0071x − 1.5175
45◦ N y = −10−5x2 + 0.0073x − 0.4471
90◦ S y = −8 × 10−7x2 + 0.0012x + 0.0641 y = −7 × 10−7x2 + 0.0017x − 0.5218 y = −0.0014x + 1.7356
60◦ S y = −2 × 10−6x2 + 0.0017x + 0.3894 y = −3 × 10−6x2 + 0.003x + 0.1776
45◦ S y = −10−5x2 + 0.0083x + 0.01
90◦ W y = −5 × 10−6x2 + 0.0047x + 0.1277
45◦ W y = −8 × 10−6x2 + 0.0014x + 0.8516
90◦ E y = 7 × 10−7x2 − 0.0007x + 0.3691 y = 0.1325 × 100.0019x

60◦ E y = 0.0238 × 100.0029x
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The equations of the UVE models for the north, south and west planes are all poly-
nomials of the second order, representing parabolas with downward concavity, with the
exception of the 90◦ plane oriented to the south in overcast sky conditions, which is a
straight line with negative inclination. In these models, the values of the UVE ratio increase
at low or intermediate cosine values, reach a maximum and then decrease for intermediate
or high cosine values.

The equations describing the east models are exponentials representing curves having
upward concavity, in which the UVE values slightly increase from low to high cosine values.
Only the model of the 90◦ in clear sky conditions is a polynomial of the second order with
an upward concavity that represents a flat parabola.

3.4. Application of the UVE Models

Using the UVE models, it is possible to derive the erythemal exposure of a de-
fined plane located in any environmental context in which the horizontal UVA irradiance
is known.

The procedure starts with the identification of the inclination and orientation of the
plane and the weather conditions. Hypothesizing, for example, a plane oriented to the
south, in vertical position (90◦), during a clear-sky day, the UVE model that describes its
exposure is expressed with the equation y = −8 × 10−7x2 + 0.0012x + 0.0641 (see Table 2).

To apply the model, at least one measure of the horizontal UVA irradiance measured
in the same place of the exposed plane during the exposure time is required. The satellite
data of IUVAh or the value provided by the nearest weather station could be used too, but
this would decrease the precision of the result. On the contrary, using more than one value
measured within the exposure time would increase the precision of the calculation result.
In this example, the exposure occurred on the 21 of July from 12:30 to 14:00 and the IUVAh
was measured every 10 min.
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The x values of the models correspond to the cosine values of the SZA in the exposure
interval multiplied by the absolute number 1000, i.e., x = cos (SZA) × 1000. Applying the
correct value of x in the equation model, the corresponding y value can be calculated: this
value is the UVE ratio. In this example, for x = 925, the UVE is 0.490, and for x = 845, the
UVE is 0.507.

Multiplying the IUVAh for the corresponding UVE value, the erythemal irradiance
on the plane can be calculated. In Table 3, the resulting values of erythemal irradiance
(Iery) together with the measured values of IUVAh and the UVE ratio, were reported every
10 min in the exposure period 12:30–14:00 as an exemplum.

Table 3. Results of erythemal irradiance and the corresponding values used in the calculation procedure.

Hour (hh:mm) x UVE IUVAh (W/m2) Iery (W/m2)

12:30 925 0.490 0.0257 0.01257
12:40 921 0.491 0.0258 0.01264
12:50 916 0.492 0.0261 0.01285
13:00 910 0.494 0.0264 0.01304
13:10 902 0.496 0.0265 0.01316
13:20 893 0.498 0.0266 0.01323
13:30 883 0.500 0.0265 0.01325
13:40 871 0.502 0.0265 0.01333
13:50 858 0.505 0.0267 0.01349
14:00 845 0.507 0.0267 0.01354

The erythemal exposure Eery can be finally calculated by multiplying the Iery for
the exposure interval of time in seconds. Considering the exposure period 12:30–14:00,
the corresponding Eery is 78.665 J/m2 if the values of Iery are available each minute or
even every 10 min, as in the exemplum; less precise values of erythemal exposure can be
calculated with a lower amount of erythemal irradiance data. If only one value of Iery is
available, for instance, at the hour 12:30, it must be multiplied for the whole time interval
of 5400 s to calculate the corresponding Eery; in the second case, the resulting Eery is
67.877 J/m2.

4. Discussion

The results concerning the calculation of the UVE ratio show that, for all the measured
planes, its value is not constant during the interval of measurement, but it is variable with
the position of the sun in the sky and the values assumed by the UVE form curves (UVEC).
In fact, the two values of IUVAh and Iery◦ differ with the SZA and its ratio is variable with
the cosine of the SZA.

The results of the analysis show that the trend of the UVEC depends on the plane
orientation and inclination. Curves referring to the same day have different trends, since
the Iery◦ varies according to the inclination degree of the plane and with its orientation,
while the values of the IUVAh are related to the horizontal plane. Moreover, the UVEC
trends depend on sky conditions: the amounts of direct and diffuse UV radiation differ in
intermediate and overcast skies with respect to clear sky, and, consequently, the percentage
of irradiation of the different planes differs with sky coverage. With a clear sky, the direct
radiation from the sun is predominant and additional diffuse radiation comes from the sky
vault; in this sky condition, the higher irradiation level on the Earth is generally registered.
When the clouds completely cover the sky vault, the direct radiation from the sun is shaded
and only a limited percentage crosses the clouds as diffuse radiation; therefore, in the
overcast sky condition, a lower amount of irradiation is generally measured on the ground.
During intermediate sky conditions, the sun and the sky are partially shaded from the
clouds: only a portion of the sky vault is visible and sometimes also the sun’s rays go beyond
the clouds. These are the most variable conditions in which direct and diffuse radiation can
be present, but both are normally attenuated by the clouds. In intermediate sky conditions,
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a higher irradiation level can be registered on Earth, due to interreflections of the sunrays
within the clouds that amplify the irradiation level registered on the ground [26]. This
means that the daily trends of both the IUVAh and the Iery◦ in overcast and intermediate
sky conditions are not the same as those with clear sky conditions.

The many measurements executed during the year, in several environments and under
different weather conditions, indicated that all the UVEC values referring to the same
planes and weather conditions have a similar trend. Even if the UVE is not constant during
the day, the UVEC trend is repeated for the same SZA. The figures from 1 to 10 show that
the UVEC curves referred to different days, even in different seasons, have similar trends;
for instance, Figure 7 shows that the UVEC results referring to 28 April and 21 June for the
same plane (90◦ west) have the same trend

Similarly, the environment in which the measurements were executed did not have a
significant influence on the UVEC trend. It is possible to notice in Figure 4, for the plane
90◦ south and overcast sky conditions, that the UVEC of 5 May referring to the park of
Ancient Appia is overlapped with the UVEC of 8 May referring to the terrace and to the
UVEC of 25 July referring to the marble staircase. Another example with intermediate sky
conditions is shown in Figure 4 (90◦ south), where the UVEC of 12 May relating to the city
square is overlapped with the UVEC of 7 June (park of Ancient Appia).

The similarities of the UVEC curves previously described allowed us to derive UVE
models referring to planes with the same orientation and inclination, for the three sky
conditions. Figures 11–14 show that the trend of the UVE model mainly depends on the
orientation, and in some cases, on the weather conditions, while the plane inclination
influences the curvature: Figures 11 and 12 clearly show that the UVE models of the 90◦

planes are flatter than those of the 60◦ and 45◦ planes.
All the UVE models are parabolas, except for the east orientation, for which two

UVE models are exponential curves (Figure 14) and the south model in overcast sky
conditions that is a straight line (Figure 12). The concavity of the UVE models differs with
the orientation: it is downward for the north, east and south planes, while it is upward for
the east planes. Moreover, the east UVE models have an opposite trend with respect to the
other models, which generally reach their maximum for intermediate cosine value, and the
models of the east planes have their minimum in the low or intermediate cosine values.

The different trends of the UVE models are due to the sun’s position during the day:
when the inclined plane is exposed to the sun, the UVE = Iery◦/IUVAh is higher than when
the inclined plane is shaded. For this reason, the value of the UVE ratio is higher in the
morning than in the afternoon for the east planes, while for the west planes, it is higher in
the afternoon than in the morning. Theoretically, the Iery◦ can also be derived from the
erythemal irradiance on the horizontal plane by applying the geometrical rule based on
the ratio of the two SZA cosines [59]; practically, it does not consider the shading due to
the orientation of the plane and this would lead to a relevant error in the calculation of
erythemal exposure. The horizontal erythemal irradiance must be measured with scientific
instruments, while the UVAh is easily accessible since it is provided by environmental
stations and satellites: for this reason, this study used the UVAh.

The UVE mathematical models are described by polynomial equations of the second
order for most of the planes and by exponential equations for the two west planes. The
equations indicate that the polynomial curves of the 90◦ planes are very flat, having more
decimal numbers at the squared terms, while those referring to the 60◦ and 45◦ planes
are less flat. The equations also indicate that at the increase in the plane angle, the UVE
model curve is positioned corresponding to the lower values of the UVE coefficient: the
first graphs of Figures 11 and 12 show that the UVE model curves of the 90◦ planes are
placed under those of the 60◦ planes, which are placed under the UVE model curves of the
45◦ planes.
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5. Conclusions

The obtained results demonstrate that it is possible to define a relationship between
UVA solar irradiance on the horizontal plane (IUVAh) and erythemal irradiance referring
to planes with different orientations and inclinations (Iery◦): this relationship is expressed
as a ratio named UVE. As expected, this UVE ratio differs according to the orientation and
inclination of the plane and the weather conditions; moreover, it is variable during the day,
since the ratio between the Iery◦ and the IUVAh depends on the sun’s position and the
level of shading of the considered plane. For this reason, the relationship between the Iery◦

and the IUVAh is defined by hourly UVEC curves, generally having a parabolic shape. The
Iery◦ cannot be derived from the UVAh using simple geometrical and diffuse models, since
erythemal irradiance derives from solar irradiance through a weighting process with an
action spectrum and an integration process instead of a simple coefficient that is requested
to pass from solar irradiance to erythemal irradiance.

From the many measurements executed during the year in different weather condi-
tions, UVE models of clear sky and cloudy sky conditions were derived for 90◦, 60◦, and 45◦

planes in the four cardinal directions, valid for all the seasons and in several environments.
As explained in the applicative example, using the UVE models, the erythemal ex-

posure Eery on the body districts can be easily calculated with a few simple passages
by automatic systems, without measuring the spectral UV irradiance and without post-
processing the data with the action spectrum curve. Applying the UVE mathematical
model, it is possible to derive the value of the UVE ratio related to a specific plane at any
hour of any day. Using the UVE, it is possible to easily calculate the value of erythemal
irradiance on a plane starting from the value of the horizontal solar UVA irradiance level.
By multiplying the values of erythemal irradiance for the exposure time, it is finally possible
to calculate the erythemal exposure. Alternatively, forecasting the values of erythemal
exposure in the following hours of the day is also possible.

Respect to previous studies [49,50,54], the models defined in this work do not provide
the UVI, which is an index indicating the dangerousness of UV solar radiation, but they do
calculate erythemal exposure that is a quantity related to erythemal damage: for instance,
once the MED threshold dose established for the skin type is exceeded, erythema occurs on
the skin. Moreover, the models presented in this work expand on the literature that assesses
erythemal exposure on the horizontal plane [57,58], providing the equations to calculate
erythemal exposure on several inclined planes in the four cardinal directions; the inclined
planes approximate the exposure of many body districts, such as the face, the chest, the
back and the limbs, better than the horizontal plane that can estimate the exposure of the
shoulders and the feet.

With respect to other models that can predict the exposure of body districts considering
clothing coverage or vacation habits [66,67], the models presented in this study have a more
general valence: they can be applied to all the exposed body parts (with clothing they are not
exposed) and to whichever behavior. They are not based on forecasted UV values or linear
regression models [53,65], but they were defined starting from instrumental measurements
that allow for the consideration of the modifications due to weather conditions; moreover,
the application of these models is not limited to a specific region [55,56], since they are
defined as a function of the cosine of the SZA, so the erythemal exposure can be calculated
knowing the sun’s position in the sky.

This work has some limitations. Despite the many measurements executed, for some
planes, the data were not sufficient to elaborate the UVE model; moreover, only three
inclinations and the four principal cardinal directions were investigated. Models for other
inclinations and other orientations would also be needed for a practical application. Even
when the UVE model could be defined, the limited amount of data did not allow us to
validate them. The measurement campaign included several different environments, but
other locations could be investigated to confirm that the surroundings do not impact the
models, in particular, if the environment is characterized by high albedo values. Also, some
data should be recorded in winter, to confirm the validity of the model for the whole year.
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Probably the most important limitation is that in many cases, the measurements
covered a temporal arc of one hour, and for this reason, some models were defined joining
adjacent curves. Moreover, the data before 11:00 are completely missing. In a large part of
the year, the relevant hours for the erythemal damage range from 11:00 to 15:00.

A larger measurement campaign will be carried out in future work, which will include
many planes and orientations, many environments and days, and recording periods cover-
ing almost three hours, to confirm the trends of the UVE models. Some measurements will
also include the early morning hours, in particular for the west planes. A more consistent
measurement campaign is needed to validate the models: the present study is a starting
point and a reference for a larger-scale study.
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Appendix A

The following Table A1 reports the maximum, mean and minimum values of the UVE
calculated for each plane on all the measured days from one-minute results.

Table A1. Values of the UVE ratio.

Day Hours Planes UVE Min UVE Mean UVE Max

28 April 11:35–13:40
90◦ E 0.21 0.34 0.47
90◦ W 0.51 0.61 0.85
90◦ N 0.36 0.39 0.45

8 May

11:00–12:00
90◦ S 0.45 0.54 0.62
90◦ E 0.15 0.19 0.24
45◦ S 0.40 0.46 0.50

12:00–13:00
90◦ W 0.30 0.34 0.42
90◦ S 0.23 0.29 0.38
45◦ W 0.28 0.35 0.47

12 May

11:00–12:00

90◦ W 0.25 0.37 0.55
90◦ S 0.20 0.35 0.39
60◦ W 0.48 0.61 0.71
45◦ E 0.25 0.45 0.57

12:00–13:00

90◦ S 0.34 0.44 0.52
90◦ E 0.08 0.11 0.20
60◦ S 0.62 0.70 0.88
45◦ N 0.19 0.37 0.52

13:00–14:00

90◦ E 0.08 0.13 0.22
90◦ N 0.09 0.18 0.34
60◦ E 0.26 0.35 0.48
45◦ W 0.53 0.65 0.75

22 May 11:00–12:00

90◦ S 0.48 0.55 0.61
90◦ N 0.46 0.50 0.52
60◦ N 0.27 0.40 0.46
60◦ S 0.75 0.81 0.84
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Table A1. Cont.

Day Hours Planes UVE Min UVE Mean UVE Max

5 June

13:00–14:00

90◦ S 0.45 0.51 0.55
90◦ E 0.27 0.34 0.37
90◦ W 0.22 0.30 0.35
90◦ N 0.23 0.30 0.33
60◦ N 0.31 0.36 0.38
45◦ S 0.92 0.95 0.99

14:00–15:00

90◦ S 0.24 0.45 0.62
90◦ E 0.14 0.21 0.31
90◦ W 0.23 0.42 0.54
90◦ N 0.14 0.24 0.37
60◦ E 0.21 0.30 0.35
45◦ W 0.85 0.89 0.93

7 June 11:30–12:30

90◦ S 0.31 0.44 0.58
90◦ W 0.65 0.71 0.89
90◦ N 0.20 0.21 0.32
60◦ S 0.61 0.77 1.00
60◦ N 0.41 0.49 0.63
45◦ N 0.59 0.75 0.95

19 June 11:20–12:20

90◦ S 0.35 0.48 0.65
90◦ E 0.32 0.44 0.57
60◦ S 0.64 0.78 0.97
60◦ N 0.41 0.52 0.69
45◦ N 0.62 0.84 0.97

21 June 12:00–16:30

90◦ S 0.46 0.51 0.53
90◦ E 0.18 0.26 0.47
90◦ N 0.21 0.25 0.27
90◦ W 0.37 0.81 1.35
60◦ S 0.47 0.76 1.02

23 June 11:20–12:20

90◦ S 0.46 0.51 0.53
90◦ E 0.36 0.48 0.59
60◦ N 0.41 0.49 0.71
45◦ N 0.64 0.82 1.13

30 June 12:10–13:10
90◦ S 0.39 0.43 0.47
60◦ S 0.54 0.61 0.67
45◦ N 0.87 0.94 1.13

1 July 12:30–13:30

90◦ S 0.25 0.42 0.63
90◦ N 0.54 0.61 0.67
60◦ S 0.48 0.72 0.89
60◦ N 0.37 0.55 0.70
45◦ N 0.64 0.82 0.93

21 July 12:30–13–50

90◦ E 0.49 0.60 0.65
60◦ S 0.81 0.90 0.95
60◦ N 0.33 0.40 0.65
45◦ N 0.86 0.99 1.06

25 July 11:30–12:40

90◦ S 0.18 0.52 0.97
90◦ N 0.13 0.17 0.36
60◦ S 0.40 0.52 0.64
60◦ N 0.33 0.39 0.54

20 August 15:50–17:15 90◦ W 0.77 0.95 1.23

22 August 15:30–17:45 90◦ E 0.18 0.23 0.34

23 August
12:30–13:30 90◦ N 0.14 0.18 0.22

15:30–17:45 90◦ N 0.27 0.42 0.57
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