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ABSTRACT

The pandemic COVID-19 disease affects people dramatically
overall the globe by illness and death. Several strategies are
applied to restrict the spread of this disease such as lock-
down, adequate social distance in different activities, hand
disinfection and the use of masks. Potential hazard outdoors
comes from released viruses, which may remain in the air
for a while and settle down afterward and contaminating
surfaces. Solar ultraviolet radiation (UVR) is known to act as
a natural environmental virucide. The virucidal effectivity of
UVR depends on a first order on the sensitivity of the virus
against UVR as well as on the amount of incoming UVR.
Here, we present estimates of the potential of solar UVR in
inactivating SARS-CoV-2 in the environment. This is done
by combining DNA-damaging surface solar UVR retrieved
by satellites and the available information on fluence for
inactivation of Coronaviridae. Our results show that solar
UVR has a high potential to inactivate these viruses, but the
degree depends strongly on location and season. In the sub-
tropics (Sao Paulo, 23.5°S), the daily survival fraction is
lower than 10−4 during the whole year, while close at norther
latitudes (Reykjavik, 64°N), such a reduction can be found in
June and July only.

INTRODUCTION
From late December 2019 until the edition of this note, WHO
reported globally 6 057 853 COVID-19 cases and 371 166
deaths (1). COVID-19 disease is caused by a new kind of coron-
avirus (Coronaviridae), named SARS-CoV-2, and was declared
a pandemic on 11 March 2020 (2), just three months and
11 days after the first reported outbreak in Wuhan City, Hubei

Province of China. Within a few weeks, COVID-19 had spread
over mid and high latitudes (30°–65°) of the Northern Hemi-
sphere from east to west, suggesting that cold and dry weather
could have a role in the spread of the disease (3). Despite the
sampling representativeness of the reported COVID-19 cases, a
global scale pattern can suggest that weather conditions might
have a role in the spread of the outbreak. Although humidity, air
temperature and other variables can affect virus survival, solar
ultraviolet radiation is the primary virucidal agent in the environ-
ment (4,5,6,7). It is well known that solar ultraviolet (UV) radia-
tion acts as a natural environmental virucide, because it causes—
among others—photodimer formation between the pyrimidine
bases in DNA and RNA, resulting in conformational changes
that interrupt the viral replication process (8,9).

To determine solar inactivation of viruses, it is necessary to
estimate the sensitivity of viruses over the whole UV range
(100–400 nm). Most of the information published on UV inacti-
vation of viruses has been based on exposure to radiation from a
low-pressure mercury vapor (germicidal) lamp, with the primary
emission at 254 nm (10). However, solar irradiance of 254 nm
does not reach the earth’s surface. To overcome this difficulty,
extrapolation from 254 nm will be required for most viruses by
using the known spectral responses (8,10,11) of others. The sen-
sitivity of a virus to UV radiation is determined via a survival
curve, with the logarithmic surviving fraction as a function of
UV exposure D or fluence. A frequently used measure for inacti-
vation is the fluence D90, the effective radiant flux necessary to
inactivate 90% (or 10% survival fraction) of the viruses. Based
on the ssRNA genomic model, Sagripanti and Lytle (11) found a
D90 value for SARS-CoV-2 of 6.9 J m−2 in aerosols that is con-
sistent with the value found by Weiss (12) for coronavirus.
Walker (13) found D90 being 6.6 J m−2 for coronavirus in air.
Sensitivity of airborne viruses to UV radiation is higher than in
liquid suspensions. However, the exact ratios can vary consider-
ably between microbial species (14). For comparison, D90 for
influenza A virus is higher than for coronavirus: 19 J m−2 in air
and 20 J m−2 in water (14), needing a much longer exposure
time to reach the same inactivation level with the same photon
energy. Recent experiments using simulated UV sunlight at
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20 °C and different relative humidity conditions show that radi-
ant fluxes equivalent to summer solstice at 40° latitude can inac-
tivate 90% of SARS-CoV-2 in 8 min on aerosol-simulated saliva
(15) and in 6.8 min on surfaces (16). Using the same TUV
model (17) and the same default atmospheric conditions, it was
possible to estimate the correspondent inactivation fluences (D90)
as 2.1 and 1.8 J m−2, respectively.

In this paper, we have combined the knowledge of coron-
avirus inactivation with available UV radiation data from satel-
lites to estimate exposure times for inactivation and survival
ratios for this virus family and with that the potential influence
of solar UV radiation.

MATERIALS AND METHODS
Measurements of biologically effective UV radiation from satellites are
available as spectrally weighted (e.g. with the action spectrum of DNA
damage) values of daily radiant exposure (horizontal flat surface). In this
section, we will show how the weighted radiant exposure can be
converted into virucidal acting fluence (spherical surface) and how it
can be calibrated in respect to the fluence and response for coronavirus.
From these, practical measures such as the daily survival fraction of
viruses and the duration for a certain degree of inactivation are derived
to demonstrate the potential influence of solar UV radiation.

Satellite data. UV radiation data were obtained from the TEMIS
(Tropospheric Emission Monitoring Internet Service). TEMIS provides a
variety of UV radiation products, which are produced by assimilation of
data from several instruments (GOME, GOME-2, SCIAMACHY and
OMI) aboard polar orbiting satellites. Data from TEMIS have been
widely used for the estimation of surface UV radiation (e.g. 18,19) and
for some medical applications (e.g. 20,21). One of the products available
from the TEMIS is the DNA-damaging daily radiant exposure HDNA
(22):

HDNA ¼
Zt¼sunset

t¼sunrise

Zλ¼400nm

λ¼100nm

Eðλ, tÞSDNAðλÞdλdt (1)

where E is the clear-sky surface downward spectral irradiance for a
given wavelength λ and time t, and SDNA is the spectral effectivity (ac-
tion spectrum) for DNA damage in the UV range.

This quantity is estimated for each point of a regular grid
(0.25° × 0.25°) at the earth’s surface, considering the altitude and atmo-
spheric parameters such as total ozone column and aerosol optical depth.
Cloud modification factors (CMF) are used from MSG (Meteosat Second
Generation) geostationary satellites data to correct clear-sky irradiance for
cloudiness.

Radiant exposure and Fluence. Irradiance E, the radiant flux received
by a plane surface, is not the most relevant radiative quantity to airborne
particles (6). Geometry of an airborne particle is rather spherical, and its
orientation in respect to the sun is rather random. The radiation received
by a particle’s surface from all directions is also called fluence rate and
therefore is different from the irradiance referred above (23). The same
holds for their time integrals: radiant exposure H and fluence Φ.
Madronich (6) found that the fluence rate (respectively fluence) is
systematically larger than the irradiance (respectively radiant exposure)
by a certain factor R:

Φ¼H �R (2)

The factor R is around 2 or higher near the surface, and this factor
increases with altitude. Madronich (6) proposed the following
parametrization for the ratio R:

R≈2:6þ0:8z� 0:8þ0:5zð ÞcosΘN (3)

where z is the local altitude in km and ϴN the solar zenith angle at
noon. It should be noted that this parameterization is based on DNA-
damaging radiation, 24 h average and clear-sky conditions (6).

Action spectra of DNA and RNA damage and scaling. The DNA
damage action spectrum provided by Setlow (24) is generally used for
the computation of the HDNA. Laboratory experiments have shown that
the rates of RNA damage closely mirror the loss of viral infectivity,
which demonstrates that genomic damage is the dominant cause of
inactivation (10). Lytle and Sagripanti (8) showed that there is little or no
difference between the action spectra for the inactivation of DNA and
RNA viruses. With that, the DNA damage action spectrum SDNA (λ) can
be used as a proxy for the RNA inactivation action spectrum SRNA (λ)
(6):

SRNA λð Þ¼ SDNA λð Þ (4)

The action spectrum used by TEMIS (based on Setlow) is normalized
at 300 nm. The inactivation fluence (D90) is given for 254 nm, and there-
fore, a linear scaling (calibration) is necessary to bring the TEMIS data
in agreement with the D90 value. The scaling factor f corresponds to the
ratio of the sensitivity at 254 nm (SDNA (254 nm)) and the sensitivity at
300 nm (SDNA (300 nm)):

f ¼ SDNA 254 nmð Þ
SDNA 300 nmð Þ (5)

Daily fluences, exposure times and inactivation fractions. The daily
fluence for RNA damage ΦRNA can be computed straightforward by
using HDNA (=HRNA) from TEMIS for each day and place:

ΦRNA ¼HRNA

f
�R (6)

From daily fluence values, practical measures such as the daily sur-
vival fraction S or the time necessary to inactivate a certain percentage of
viruses T% can be estimated.

Given the large uncertainty of the available data for SARS-CoV-2 UV
radiation sensitivity, this work will use the lowest and the highest D90

values found in the peer-reviewed literature as references for the most
and least prudent scenarios, respectively. From these, the lowest D90 is
1.8 J m−2 (15) and the highest is 7 J m−2 (11).

A survival fraction of 10% (D90) is maybe too high for reducing the
risk of infection significantly. Therefore, it may be useful to estimate the
fluence for 99% virus inactivation (1% survival) or for even lower levels
of survival (11). In this way, sterilization level (10−6 survival) fluences
(DS) will be used. The lowest DS is calculated to be 10.8 J m−2 and the
highest to be 42.0 J m−2.

As shown by laboratory experiments with viruses in culture medium,
the material in aerosols (as created by COVID 19 patients and carriers)
may shield the virus from UV radiation (16). With that, the virus survival
fraction becomes higher; respectively, a higher fluence is necessary to
gain a certain level of reduction. Altogether, the required fluence for ster-
ilization, when viruses are shielded, becomes 20 times larger than for a
10% reduction (11). Applying this, our lowest and highest sterilization
fluences (DS) become 36 and 140 J m−2, respectively.

The exposure time TS necessary for virus sterilization can be com-
puted for a given day and place dividing the DS values by the respective
computed daily average fluence rate:

TS ¼ΔT�DS

ΦRNA
(7)

where ΔT is the length of the day (from sunrise to sunset). In prac-
tice, TS corresponds to the average fluence rate which occurs at the 1st
and 3rd quarters of the (cloudless) day (e.g. 9:00 and 15:00 when day-
light lasts 12 h from 6:00 to 18:00). At noon, this time is just half and is
longer before and after.

Exposure times for several inactivation levels are given in Table 1 for
the highest and lowest sensitivities for different fluence rates FRNA and
values of daily fluence (for 12 h daylight), respectively. It can be seen
that exposure times required for the same inactivation level as well as the
daily fluence can vary significantly due to the uncertainties found for
SARS-CoV-2 UV sensitivity. In addition, for the same fluence level,
exposure times range from several minutes to several hours.

The second practical measure, the daily survival fraction S, can be
calculated by using the definition expression:
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S¼ N
N0

≡e�kΦRNA (8)

where N and N0 are the numbers of active viruses after and before the
exposure to the daily fluence ΦRNA. The factor k is gained by converting
Eq. 8 and applying the known DS value (for fluence and the correspond-
ing survival fraction for 10−6 (S = N/N0 = 10−6)):

k¼�lnð10�6Þ
Ds

or k¼�lgð10�6Þ
DS � lgðeÞ

To sum up, the above satellite data and methods will be used to esti-
mate time series of daily fluences, exposure times for sterilization and
survival ratios of coronavirus family at selected locations and for daily
global maps. Constants used in the computations of exposure times and
survival fractions for sterilization level are given in Table 2.

RESULTS

Time series for some selected locations

Four different locations have been selected to illustrate the influ-
ence of seasons at different climates and latitudes on the inacti-
vating potential of solar UV radiation. The selected sites are Sao
Paulo (23.625°S, 46.625°W, 779 m a.s.l.), Lisbon (38.875°N,
9.125°W, 132 m a.s.l.), Vienna (48.125°N, 16.375°E, 201 m
a.s.l) and Reykjavik (64.125°N, 21.875°E, 55 m a.s.l.). For each
selected location, the cloud-modified DNA-damaging UV radiant
exposure HDNA in kJ m−2 is taken from the closest center of a
grid cell (0.25°×0.25°) for each day from 22 January 2005 to 19
April 2020. From each HDNA time series, daily TS and daily sur-
vival fractions S were computed using the described methods.
Figure 1 shows the daily cloud-modified fluence for RNA dam-
age ΦRNA for each site. It can be seen that fluence shows a clear
annual cycle at all locations with values close to zero in winter.
The maximum values differ by a factor of around 4 between Sao
Paulo and Reykjavik. In addition, the shape of the annual course
differs between locations. At Reykjavik, the period with very

low fluences is long (September to March), while at Sao Paulo,
this period is restricted to a few days per year (June).

Figure 2 shows the times series of TS for coronavirus between
low and high DS and for the four selected sites.

Figure 3 shows the estimated TS-low (left scale), respectively,
T90-low (right scale) at the selected sites (using the lowest D% for
calculation). It becomes evident that there are obvious differences
between the four locations. At Sao Paulo, TS-low is below 6 h
during almost the whole year and TS-low is longer than available
daylight hours on just a few days in June. At Lisbon, TS-low is
shorter than 6 h between April and October, and at Vienna,
between May and August. At Reykjavik, TS-low is longer than
6 h during the whole year. However, there are many days
between the equinoxes that last long enough to reach TS-low,
because the duration of daylight reaches 24 h in summer. Look-
ing on the T90-low (right scale), there are many days on which
T90-low is below 1 h at all locations.

Survival ratio for high and low DS after a daily exposure is
shown in Figure 4 for the same locations.

Figure 5 shows the estimated daily survival fraction for coron-
avirus after daily solar exposure estimated for Sao Paulo, Lisbon,
Vienna and Reykjavik for 2019. It can be seen that at all four
locations, there are periods during which the daily fluence is high
enough to inactivate 99.99% (10−4 survival fraction) of the
viruses. At Sao Paulo, this period lasts over the whole year (ex-
cept for one single day). At Lisbon, this period lasts from March
to the end of October, at Vienna, this period lasts from May to
October, and at Reykjavik, this period lasts from May to August.

The potential of solar UV for inactivation is zero in Vienna
only on selected days with snowfall, but at Reykjavik, it is zero
from October to the end of February. At Lisbon, the sun is effec-
tive for inactivation during the whole year. There are only a few
days in December on which inactivation is less than 90%.

Daily maps for the Central Hemisphere

TEMIS provides daily maps of HDNA for clear sky on a global
scale, but only cloud-modified HDNA grids (in HDF4 format,
based on MSG cloud data) for the hemisphere centered at (0°N,
0°W). Daily fluences, exposure times and survival fractions were
computed for each grid point using the already mentioned meth-
ods for Northern Hemisphere winter and spring days (21 Decem-
ber 2019 and 14 April 2020). The resulting maps are shown in
Figs. 6–8

21 December 2019 was selected as an example of prepan-
demic conditions and because it is close to the winter solstice (of
the Northern Hemisphere), when solar radiation at the surface
reaches the annual minimum. By the start of this work (around
14 April 2020), most countries in Europe had already reached
the first peak of new daily reported cases of this pandemic (32).
14 April 2020 was therefore selected as an example for condi-
tions after the peak and as an example of a spring day (not that
far from the equinox).

Figure 6 depicts the latitudinal variation of daily virucidal flu-
ence at the surface on a winter/summer (Fig. 6a) and a spring
(Fig. 6b) day. The highest values can be found in the continental
regions of the tropics and of the Southern Hemisphere (summer).
The lowest values occur in the Northern Hemisphere (winter).
Therefore, the spatial amplitude of fluence is larger at the sol-
stices than at the equinoxes. The effect of the topography is also
visible, by the highest daily fluence in the Andes (>800 J m−2)

Table 1. Exposure time ranges (lowest to highest sensitivity) for several
inactivation levels in dependence of mean fluence rate, respectively, cor-
responding daily fluence value (see Eq. 5) for SARS-CoV-2.

Inactivation level

FRNA
(mW m−2)

ΦRNA
(J m−2) 90% 99% 99.9% Sterilization

4.63 200 6’–25’ 26’–2 h 52’–3 h 2–8 h
2.32 100 13’–50’ 52’–3 h 2–7 h 4–17 h
1.16 50 26’–2 h 2–7 h 3–13 h 9–34 h

Table 2. Constants used for TS and S calculations.

Constant name Value

f 29.8247
DS (low) 36 J m−2

DS (high) 140 J m−2

k (low) 0.383764 m2J−1

k (high) 0.098682 m2 J−1

ΔT 12 h

Photochemistry and Photobiology, 2021, 97 215



(both figures). These figures show also the effect of cloudiness
patterns (associated with synoptic systems, which naturally
reduce UV radiation reaching the surface (dark blue and black
patterns in both figures)).

The maps in Fig. 7 show a remarkable zonal variation of ster-
ilization times, by increasing from the tropics to the poles. The
lowest values occur in the continental regions of the tropics,
where virucidal fluence is highest. The shortest times can be
found in the Andes region and are shorter than one hour. The
role of cloudiness in influencing sterilization times is even more
important. The map in Fig. 7b shows that sterilization times can
vary from 2 to 10 h in within a few kilometers (horizontally).
Our results show that sterilization times across Europe near the
winter solstice of 2019 (Fig. 7a), that is, before the pandemic,
are longer than 24 h. Contrary, these times were generally
between 8 and 12 h in spring (Fig. 7b).

Most of the Northern Hemisphere above 30°N receives less
than 120 J m−2 per day near the winter solstice (Fig. 7), leading
to sterilization times longer than 3 h to several days over most
of Europe (Fig. 8). Corresponding daily survival fractions are
generally greater than 10−6 for Europe and well below steriliza-
tion levels (<10−6) at tropical latitudes and southern latitudes

Figure 1. Time series of daily fluences for RNA damage estimated for (a) Reykjavik, (b) Vienna, (c) Lisbon and (d) Sao Paulo.

Figure 2. Time series of daily exposure time ranges (hours) between high and low Ds for SARS-CoV-2 sterilization estimated for (a) Reykjavik, (b)
Vienna, (c) Lisbon and (d) Sao Paulo. [Color figure can be viewed at wileyonlinelibrary.com]

Figure 3. Daily exposure times for sterilization of coronavirus, estimated
at four selected sites for 2019. The scale on the right indicates exposure
times for 90% inactivation.
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below 30°S. These results suggest that UV exposure over a
whole day at the winter solstice (Fig. 8a) may not be enough for
outdoor virus sterilizing for almost the entire European continent.
On the other hand, these figures show that the daily fluence can
be high enough in spring to reach sterilization levels in large
parts of Europe. At lower latitudes (<�30°), daily fluence is
generally higher than 300 J m−2 all the year. Therefore, TS is in
the range of 2 or 6 h, and therefore, daily survival fractions are
clearly below the sterilization threshold (Fig. 8). These results
also suggest that daily sunlight exposure in spring can be enough
to sterilize most of the outdoor Coronavirus in almost the entire
Europe, while at lower latitudes, it is sterilized almost all the
year.

DISCUSSION
There is some evidence that meteorological parameters and UV
radiation correlate with the spread of viral diseases such as influ-
enza (24-26). Recent studies concluded that high air temperature,
humidity and UV solar radiation have a decline effect on
COVID-19 transmission rate (4,27,28,29). Aerosol particles can
carry active viruses and remain for several hours in the air before

Figure 4. Time series of daily survival fraction ranges between high and low Ds of SARS-CoV-2 after a daily solar exposure estimated for (a) Reyk-
javik, (b) Vienna, (c) Lisbon and (d) Sao Paulo. [Color figure can be viewed at wileyonlinelibrary.com]

Figure 5. Daily survival fraction of coronavirus after daily solar expo-
sure estimated for Reykjavik, Vienna, Lisbon and Sao Paulo (<104 dur-
ing almost the whole year) for 2019.

Figure 6. Daily cloud-modified fluence (J m−2) for RNA damage estimated for (a) 21 December 2019 and (b) 14 April 2020.
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settling down on surfaces (30). Several laboratory studies have
estimated the survival times of SARS-CoV-2 for several types of
surfaces and environmental conditions (16,30,31), ranging from
24 h (paper) to 9 days (plastic) without UV irradiation. However,
UV radiation is a high effective virucide agent and solar UV is
the most important natural virucide. Its virucidal potential
depends on the amount of the effective radiant exposure or flu-
ence that reaches the surfaces or the airborne particles that con-
tain the active viruses.

In this paper, we have estimated the potential of solar UV
radiation to inactivate Coronaviridae and with that to the
spread of COVID-19. We have used available information on
inactivation together with globally available satellite UV radia-
tion data. As shown by these, the RNA-damaging daily flu-
ence can vary from 0 to several hundreds of J m−2 along the
year and from high to low latitudes. Additionally, we calcu-
lated the corresponding survival fraction and TS as a practical
measure.

The exponential dependence of the survival fraction on the
fluence leads to variations on survival fractions and exposure
times of several orders of magnitude between different latitudes
and different seasons. The disinfection power of solar UV radia-
tion can be compared with other biocidal agents. For instance,
cleaning for 30 s with 5% ethanol solution is equivalent to
200 J m−2 of sunlight irradiation (31).

Some assumptions must have been made for this work, which
may lead to some uncertainties in the gained results:

• Surface UV irradiance data are remote sense retrievals from
satellite measurements and therefore have lower accuracy than
ground-based measurements.

• Most of the day-to-day variability as well as some spatial vari-
ability in surface UV radiant exposure is due to the presence
of clouds. Cloud effects on UV surface irradiance are cor-
rected using MSG geostationary satellite data, adding addi-
tional uncertainty to the HDNA data used.

• There is no specific action spectrum for SARS-CoV-2 inacti-
vation, but DNA and RNA damage action spectra are close.

• The parameterized conversion of daily radiant exposure into
fluence used in this work was validated for clear-sky condi-
tions only and therefore can be another source of uncertainty
for cloudy days.

• Few peer-reviewed works on UV sensitivity of SARS-CoV-2
were found, and published D90 values may possess uncertain-
ties. While relative uncertainties in fluence cause the same
uncertainties in exposure times, small uncertainties in fluences
lead to very large uncertainties in daily survival fractions.

It should be noted that our results are intended for longer peri-
ods like weeks and months and not for a daily basis. Our results
are applicable to identify seasonal trends or special periods.

Figure 7. Daily exposure times (hour) for SARS-CoV-2 sterilization estimated for (a) 21 December 2019 and (b) 14 April 2020. Dashed colored areas
correspond to high Ds and solid gray lines to low Ds.

Figure 8. Daily survival fraction for SARS-CoV-2 after a daily exposure estimated for (a) 21 December 2019 and (b) 14 April 2020. Dashed colored
areas correspond to low Ds and solid gray lines to high Ds.
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Our results suggest that solar UV exposure in spring (fall) and
summer can be the main natural limiting factor for the virus sur-
vival outdoors, because more than 90% of the viruses can be
inactivated in less time than other natural environmental factors
(e.g. surface type, air temperature and humidity) can do. The
estimated T90 and TS show that UV radiation may have minor
effects on the direct viral transfer from person to person in air,
because this can occur within minutes. However, our estimates
show that viruses remaining in the air or adhering at surfaces are
clearly affected by solar UV radiation. Even in Iceland, the solar
UV is able to inactivate 90% within 30–100 min in summer and
sterilization within a day. At Sao Paulo, this ability lasts the
whole year.

Geographic latitude and atmospheric ozone can limit the max-
imum values of UV radiation and therefore of virucidal fluence
at the surface. However, other factors such as topography and
cloudiness also play a very important role in the distribution of
UV radiation at the surface and consequently in the inactivation
times as well as in the survival fraction. Our results suggest that
in December (2019), daily solar irradiation would not be suffi-
cient to reach a level of sterilization across the European conti-
nent (Fig. 8a). This may have enabled survival conditions
outdoors for coronavirus enough to stay infective during several
hours or even over whole days (Fig. 7a). In mid-April 2020,
after the first peak of the pandemic in Europe (32), the survival
fractions over the European continent were equivalent to or even
below the sterilization levels (Fig. 8b). This suggests that infec-
tions contracted outdoors may have been inhibited in some way
by sterilizing the coronavirus by solar UV radiation.

It should be mentioned that among the shades, the survival
fractions are higher. It should be also mentioned that glass win-
dows block most of the solar UV-B radiation (280nm-315nm)
and therefore inhibits the virucidal effectiveness of sunlight.

Knowledge of environmental conditions, humidity, tempera-
ture and UV radiation can be important for neutralizing or mini-
mizing the contagiousness of contaminated surfaces or even for
mitigating the aggressiveness of the virus contagiousness. Pro-
gressive deflation is essential for the economic recovery and nor-
malization of all recreational, educational and occupational
activities. For this, all individual and community protection mea-
sures are important at this stage and during a possible second
wave to minimize the risk of contagiousness. We hope that these
data can be a contribution to complementary studies on the role
of solar UV radiation in reducing the contagiousness of contami-
nated surfaces and can act as an additional tool for individual
and collective protection.
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