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Abstract. Seasonality of acute viral respiratory diseases is a well-known and yet not fully
understood phenomenon. The course of the SARS-Cov-2 pandemics has showed no exception.
In this contribution, we show that: (a) the seasonality of viral respiratory diseases, as well as its
distribution with latitude on Earth, can be fully explained by the virucidal properties of UV-B
and A Solar photons through a daily, minute-scale, resonant forcing mechanism; (b) UV-B/A
photons have a powerful virucidal effect on the single-stranded RNA virus Covid-19 and the
Solar radiation that reaches temperate regions of the Earth at noon during summers, is sufficient
to inactivate 63% of virions in open-space concentrations in less than 2 minutes.
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1. Introduction

Several models have been proposed to explain
the regularity of yearly recurring outbreaks
of acute respiratory diseases, and their phase-
differences at different latitudes on Earth (e.g.
Lofgren et al., 2007 and references therein).
Internal biological dynamics that allow in-
fluenza viruses to evade host’s immunity and

become more virulent (Cox and Subbarao,
1999), manifest mainly through ‘“antigenic
drift”, the property of such viruses to mutate
rapidly (Agranovski et al., 2004; 2005). For
A and B influenza viruses, such mutations de-
velop at rates of about 12 and 6 mutations per
RNA segment per year (Logfren et al., 2007;
McCullers et al., 1999), about 2-4 times the
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mutation rate estimated for the Covid-19 virus
(e.g. Morales et al., 2021). These rates are suf-
ficient (especially for type-A influenza) to trig-
ger recurrences of epidemics on antigenic-drift
timescale. However, without an external forc-
ing mechanism, such recurring events are typ-
ically of modest intensity, can only last for a
few cycles, and most importantly are not able
to reproduce the observed phase-shift between
north and south hemisphere on Earth.

One or more concurring external mecha-
nisms must be invoked to explain all evidence,
and several have been proposed: weather-
related temperature and humidity oscillations
on Earth (e.g. Baker et al., 2020), the observed
yearly pattern of air-travel (e.g. Grais et al.,
2003, but see also Grais et al., 2004), indoor
heating during winter (e.g. Liao et al., 2005),
bulk aerosol transport of virus through global
convective currents or related to weather os-
cillations like “El Nifio” (e.g. Ebi et al., 2001;
Viboud et al., 2004). Most of these, however,
can only explain, singularly, some aspects of
seasonality of recurring outbreaks, or the on-
sets of particularly violent outbreaks. For ex-
ample, the load of air-travel flow is typically
larger during northern hemisphere summers,
and this is in contrast with most of the out-
breaks developing during falls and winters in
these countries. On the other hand, vastly pop-
ulated areas in the north hemisphere lie at rela-
tively low latitudes in temperate regions where
indoor heating is not massively widespread:
yet, even in these areas, influenza epidemics
typically develop during winters, and remain
inactive in summers. Similarly, temperature,
humidity, as well as air pollution, are not ho-
mogeneously distributed through the planet,
and micro-climate can vary substantially at the
same latitude, depending on the particular geo-
graphical or industrial setting of even contigu-
ous areas. The cross-influence of all these fac-
tors could certainly synergize to produce the
observed geographical and time modulations,
but this would require a hard to obtain perfect
fine-tuning of the many parameters at play.

The one mechanism that has been act-
ing constantly at (almost) the same pace ev-
ery day of the year and every year for the
past four billion years, is the irradiation of the

Sun on Earth. At a given location on Earth,
this is modulated daily by the Earth’s spin-
ning and yearly by the Earth’s orbit around
the sun. Solar ultraviolet photons with wave-
length in the range 200-290 nm (UV-C ra-
diation) photo-chemically interact with DNA
and RNA and are endowed with germicidal
properties that are also effective on viruses
(Kowalski, 2009; Rauth, 1965; Kesavan and
Sagripanti, 2012; Chang et al., 1985; McDevitt
et al., 2012; Welch et al., 2018; Walker and Ko,
2007; Tseng and Li, 2005). Fortunately, UV-
C photons are filtered out by the Ozone layer
of the upper Atmosphere, at around 35 km
(e.g. Walker and Ko, 2007). Softer UV photons
from the Sun with wavelengths in the range
290-320 nm (UV-B) and 320-400 nm (UV-A),
however, do reach the Earth’s surface. The ef-
fect of these photons on Single- and Double-
Stranded RNA and DNA viruses (e.g. Lytle
and Sagripanti, 2005; Lubin and Jense, 1995)
and the possible role they play on the seasonal-
ity of epidemics e.g Martinez, 2018), are nev-
ertheless little studied.

Here we first briefly introduce our mathe-
matical model of epidemics that includes the
effect of Solar UV photons (‘“solar-pump”,
hereinafter: Nicastro et al., 2020) and show
that is able to naturally reproduce the sea-
sonality of influenza-like epidemics without
forcing seasonal oscillations with ad-hoc
mathematical prescriptions (e.g. Dushoff et al.,
2004; Neher et al., 2020). We then combine
(i) our measurements of the action spectrum
of Covid-19 in response to UV light (Biasin
et al., 2022) , (if) Solar irradiation measure-
ments on Earth during the SARS-CoV-2
pandemics (from the Tropospheric Emission
Monitoring Internet Service (TEMIS) archive:
http://www.temis.nl), (iii) worldwide
recorded Covid-19 mortality data (from
the GitHub repository provided by the
Coronavirus Resource Center of the John
Hopkins University - JHU-CRC: https://
github.com/CSSEGISandData/COVID-19)
and (iv) our “Solar-Pump” diffusive model of
epidemics, to show that the Solar radiation that
reaches temperate regions of the Earth at noon
during summers, is sufficient to inactivate
63% of virions in open-space concentrations
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(precisely, 1.5 x 10° Median Tissue Culture
Infectious Dose per ml - TCIDsp/ml - con-
centrations, i.e. higher than typical aerosol)
in less than 2 minutes. We conclude that the
characteristic seasonality imprint displayed
world-wide by the SARS-Cov-2 mortality
time-series throughout the diffusion of the
outbreak (with temperate regions showing
clear seasonal trends and equatorial regions
suffering, on average, a systematically lower
mortality), might have been efficiently set
by the different intensity of UV-B/A Solar
radiation hitting different Earth’s locations
at different times of the year. Our results
suggest that Solar UV-B/A play an important
role in planning strategies of confinement
of epidemics, which should be worked out
and set up during spring/summer months and
fully implemented during low-solar-irradiation
periods.

2. The Solar-Pump Model

Our SIR-like (Susceptible-Infected-
Recovered/Deaths)  “Solar-Pump”  model
is discussed in details in Nicastro et al.
(2020). Here, we briefly summarize the main
ingredients of the model. The model considers
isolated (i.e. no cross-mixing), zero-growth
(i.e. death rate equal to birth rate), groups of
individuals in whom an efficacious anti-viral
immune response has either been elicited
(Susceptible — Infected — Recovered:
SIR) or not (Susceptible — Infected —
Recovered —  Susceptible: SIRS). The
inefficiency of the natural (disease) and
induced (vaccines) anti-viral immune re-
sponse is parameterized through population
loss-of-immunity (LOI) rates.

For a given set of initial and/or boundary
conditions, unique solutions of the model are
obtained by integrating, the following set of
1¥-order differential equations, in which the
Susceptible population (S) interacts not lin-
early with Infected (I) at a rate 8 (proportional
to the reproductive parameter R,: with Ry =
RO being the intrinsic reproductive number of
the epidemic), recovers (R) or dies (D) with
rates y,,, and yu, respectively, get vaccinated
(V) at a rate &,,,, and can become again sus-

ceptible with loss-of-immunity (LOI) rates y;,
(natural) and &;,, (vaccines):

% = _ﬁ% _goulS +7i11R+§inV
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The Solar virus inactivation mechanism
(Solar-Pump) is introduced by modulating
the rate of contacts S between susceptible
and infected individuals through the factor
(1-esin(0)), where 6 is the solar elevation an-
gle (function of Earth’s latitude «, time of the
day h and day of the year 7) and € is the effi-
ciency of the mechanism. The efficiency e is
evaluated at noon at a given Earth’s latitude
a and day of the year ¢, based on our labo-
ratory data on the covid-19 virus (see below,
and Nicastro et al., 2021, for a full treatment).
Model solutions have a time resolution of 1 day
and infra-day modulations of the solar—pump
efficiency are obtained by integrating daily to a
sub-resolution of ~ 1.5 minutes.

Figure 1 shows typical yearly (main panel)
and infra-day (onsets) R, modulations of an in-
trinsic reproduction number RO = 3, imprinted
by the solar mechanism (see details in Figure’s
caption).

Figure 2 shows, as an example, our model
predictions for the first 20 years of annual
Influenza outbreaks at three different latitudes
on Earth, +40 degrees north (black), -40 de-
grees south (blue) and the Equator (orange),
with (panel (a)) and without (¢ = 0; panel
(c)) active solar-pump. When the solar-pump
is active (panels (a) and (b)) constructive res-
onance builds-in regular sun-modulated oscil-
lations already after the first 2 cycles, and
the strength of the seasonal outbreaks adjust
to constant values that depend on latitude.
Without solar-pump (panels (c) and (d)) the cy-
cles follow the LOI period and are the same at
all latitudes: the epidemics quickly die out in a
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Fig. 1. Main panel: day-by-day yearly modulation
imprinted by the solar mechanism on the intrinsic
reproduction number RO = 3 of the epidemic (black
horizontal dashed line), at three average latitudes on
Earth, corresponding to the North (green curves),
South (blue curves) and Tropical (orange curves) in-
habitated areas, as labeled. Onsets: infra-day solar-
pump modulation of RO at the three latitudes on
January 1st (left onset) and July 1st (right onset)
2020, as labeled.

few years, because of lack of supply among the
susceptible population.

3. Effects of Solar UV Photons on the
SARS-CoV-2 Pandemics

To evaluate the potential of Solar UV-B/A
photons on the onset, diffusion and strength
of the recent SARS-CoV-2 pandemics, in our
analysis we use the Covid-19 action spectrum
(i.e. the ratio of the virucidal dose of UV
radiation at a given wavelength to the lethal
dose at 254 nm) recently compiled by us in
the laboratories of the University of Milan
(Biasin et al., 2022; see Fig. 1 in Nicastro et
al., 2021), together with UV-B and —A solar
radiation measurement estimates on the Earth
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Fig. 2. Panels (a) and (c): curves of growths of
the daily new infected for the first 20 years of an-
nual Influenza outbreaks at three different latitudes
on Earth, as labeled, with (panel (a)) and without
(e = 0; panel (c)) active solar-pump. Model param-
eters are fop = January lst, .,y = fo + 100 years,
RO = 1.5, yYour = 0.2, y;, = 0.0055, ¢ = 0.001 and
no external lockdown or phase-2. Yearly oscillat-
ing dotted curves at the bottom of the top panel are
UV-B/A lethal-exposure for an arbitrary efficiency
and are reported here only to mark winter peaks and
summer minima. Panels (b) and (d): S—I phase dia-
grams for the simulations of panels (a) and (c), re-
spectively. The first 100 years of the epidemics are
plotted (every other 10 years, in panel (b), for easier
visualization.

as a function of Earth’s latitude and day of
the year (Zempila et al., 2001). The action
spectrum of Covid-19 in response to Dgz UV
doses (the amount of UV photons needed to
inactivate 63% of the virions) is at least 2
orders of magnitude more efficient than that of
direct DNA-damage (https://www.temis.
nl/uvradiation/product/action.html)

or that obtained by extrapolating to longer
wavelengths the action spectrum of Lytle &
Sagripanti (2005), derived for a compilation
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Fig.3. Two world maps with a superimposed
Covid-19, monthly-averaged, lethal-times (7¢3)
intensity-gradient image, at summer (top panel) and
winter (bottom panel) solstices.

of a wide variety of viruses (see, e.g. Fig. 1
in Nicastro et al., 2021 and Fig. 6 in Biasin et
al., 2022). As a consequence, “instantaneous”
Solar lethal-times 743, i.e. the time needed
for the Sun to deliver a lethal dose Dg; at
a given time of the day and location on the
Earth, are relatively short (Fig. 3). Less than
2 minutes are needed at noon, all year round,
to inactivate 63% of Covid-19 in aerosol or on
surfaces in equatorial regions (Figure 3). This
is also the case for temperate-region locations
(20 < |a| < 60 degrees) during boreal (Fig. 3,
upper panel) and austral (Fig. 3, lower panel)
summers, but then lethal times in these regions
start increasing steadily by up to factors of 20
from falls through winters, to then decrease
again in Spring.

To investigate the effect of this radiation on
the diffusion and strength of the SARS-CoV-2
pandemics, we collected Covid-19 data from
the JHU-CRC archive. Figure 4 shows that
the absolute maximum number of daily SARS-
CoV-2 deaths per million inhabitants (mortal-
ity) reached in each Country of our sample,
anti-correlates with the Solar-UV inactivation
index E on the Earth 3 weeks prior to the
mortality peak (see Figure’s caption for de-
tails). We did not attempt to correct the data
for social-distancing measures (adopted differ-
ently and at different times of the years in dif-
ferent regions of the world) or for tropical daily
cloud-coverage (where present systematically,

like in equatorial Countries during rain versus
dry seasons), or to normalize by the fraction of
elderly population in each Country (informa-
tion not provided with the JHU-CRC data). All
these factors certainly contribute significantly
to the scatter visible in the data (main plot)
and, indeed, greatly reduced when these are
grouped in either latitude or Solar Inactivation
Index bins (left and right onsets, respectively).
Nonetheless, the correlation in Fig. 3 is statisti-
cally highly significant and extends more than
one order of magnitude in = and over four or-
ders of magnitude in mortality. Simple linear-
regression tests of the data-points (Pearson)
and their rankings (Spearman), yield null (i.e.
chance correlation) probabilities of p= 6.4 X
10712 and p= 2.0 x 107'2, respectively, corre-
sponding to Gaussian-equivalent significances
of 6.80 and 70

4. Discussion and Conclusions

The high efficiency of Solar UV inactiva-
tion power against Covid-19, had already been
suggested by previous works, based on ei-
ther general models on coronaviruses (e.g.
Sagripanti & Lytle, 2020), observed anti-
correlation between sunlight doses and SARS-
CoV-2 positive cases (e.g. Tang et al., 2021])
and/or actual experiments with simulated sun-
light (e.g. Ratnesar-Shumate et al., 2020).
Particularly, the comparison between predic-
tions (Sagripanti & Lytle, 2020) and actual
measurements of Covid-19 exposure to ar-
tificial Solar radiation (Ratnesar-Shumate et
al., 2020), suggested the importance of UV-
A photons (Luzzatto-Fegiz et al., 2020, 2021).
Ratnesar-Schumate and collaborators (2020)
found that 6.8 minute of continuous expo-
sure of dried saliva-like concentrations of
Covid-19 to simulated sunlight in summer at
a latitude of 40 degrees were sufficient to
inactivate 90% of virions. Our experiments
use almost monochromatic UV light on even
higher, but non-dried, concentrations (1.5 X 103
TCIDso/ml) of Covid-19 and find 90% lethal
times in summer at similar latitudes a factor
of about 2 shorter. This difference could be
at least partly due to the difficulty in properly
subtracting the effect of the additional optical
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Fig. 4. Absolute maximum number of daily SARS-
CoV-2 deaths per million inhabitants, as recorded
over the period 22 January 2020 - 2 May 2021
for the 214 Countries (or territories) of our sam-
ple, versus the Solar UV Inactivation index = on
the Earth 3 weeks prior to the mortality peak. The
Solar UV Inactivation Index Z is defined as the ratio
of the Solar UV power administered in 2 minute to
the Covid-19 lethal dose Dg;3. Pink, green and yel-
low circles are Countries of the north hemisphere
(a > 20 degrees: 103 Countries), the equatorial strip
(la < 20 degrees: 93 Countries), and the south hemi-
sphere (@ < —20 degrees: 18 Countries). Grouping
the data in either 5-degree-wide latitude bins (left
onset) or 0.1-wide = bins (right onset) greatly re-
duces the scatter present in the main plot, but also
the degrees of freedom of the relations, thus yield-
ing to higher (but still low) probabilities of chance
correlation.

depth introduced by the process of desicca-
tion of the samples prior to sunlight exposure
(e.g. Sagripanti & Lytle, 2011), which might
have artificially increased the exposure needed
to inactivate the virions in the experiment by
Ratnesar-Shumate and collaborators (2020).
Seasonal air temperature oscillations on
temperate regions of the Earth, as well as large
day/night thermal excursion in dry and low-
latitude regions, are due to the different amount
of Solar radiation hitting different locations on
the Earth’s surface at different times of the
year. The two quantities are therefore obvi-
ously broadly correlated. However, at Earth’s

temperature heat itself cannot be the direct
cause of virus inactivation in summers or at
the equator in open-spaces, since Covid-19
is known to survive to non-Earth-like tem-
peratures of 60-70 0C, for up to 10 minutes
and to continuous exposure to extreme, but
more common, summer-like temperatures of
37 OC for longer than 6 hours (Chin et al.,
2020). However, heat (i.e. high air tempera-
tures), in low-humidity environments, can cer-
tainly boost the direct disinfecting power of
Solar UV-B/A radiation, by speeding up the
evaporation of water droplets containing viri-
ons (e.g. Dbouk & Drikakis, 2020). Humidity,
instead, is likely to play against Solar UV-B/A
inactivation power, by both hampering efficient
water droplet evaporation and by increasing
the optical depth to disinfecting radiation. This
has indeed been observed (e.g. Li, Wang &
Nair, 2020; Baker, Yang & Vecchi, 2020), par-
ticularly in equatorial regions where a year-
round risk of coronavirus infection is present
(Li, Wang & Nair, 2020), albeit with consis-
tently lower mortality (green points in Fig. 3),
due probably to the combined effect of the high
and almost constant amount of UV-B/A radia-
tion administered by the Sun over time, and the
increased optical depth due to high humidity .

Our results shows that Solar UV-A/B are
highly efficient in inactivating SASR-Cov-2:
less than 2 minutes are needed at noon, all
year round, to inactivate 63% of Covid-19 in
aerosol or surfaces in equatorial regions, and
during temperate-location summers. We also
show that such high-efficiency virucidal mech-
anism had probably a role in modulating the
strength and diffusion of the SARS-CoV-2 epi-
demics, explaining the geographical and sea-
sonal differences that characterize this disease.
They also imply, if confirmed, that the UV flux
received from our Sun in open areas may rep-
resent an important disinfection factor, able to
significantly reduce the diffusion of the pan-
demics.
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