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Sunlight plays an important role in the inactivation of pathogenic microorganisms such as bacteria and viruses in
water. Here we present a model that is able to predict the kinetics of direct virus inactivation (i.e. inactivation
triggered by sunlight absorption by the virion, without the role played by photochemically produced reactive
intermediates generated by water-dissolved photosensitizers) on a global scale (from 60 °S to 60 °N latitude) and
for the different months of the year. The model is based on the equivalent monochromatic wavelength (EMW)
approach that was introduced recently, and which largely simplifies complex polychromatic calculations by
approximating them with a monochromatic equation at the proper wavelength, the EMW. The EMW equation
was initially established for mid-July conditions at a mid-latitude, and was then extended to different seasons
and to the latitude belt where the day-night cycle is always observed throughout the year. By so doing, the first-
order rate constant of direct virus photoinactivation can be predicted on a global scale, with the use of a rela-
tively simple equation plus tables of pre-calculated input data, as a function of latitude, month, and key water
parameters. The model was here applied to the virus organism phiX174, a somatic phage that is often used as
proxy for pathogenic viruses undergoing fast direct inactivation, and for which a wide array of published
inactivation data is available. Model predictions are validated by comparison with field data of inactivation of
somatic phages by sunlight.

et al., 2016). The absorption of sunlight by the photosensitizers triggers
the formation of photochemically produced reactive intermediates

1. Introduction

The ability of sunlight to trigger the inactivation of bacteria and
viruses occurring in water has been extensively studied in natural water
systems (Kohn and Nelson, 2007; Boehm et al., 2009; Love et al., 2010).
Furthermore, the same phenomenon has been exploited as a low-cost
option to obtain reasonably safe drinking water (solar disinfection or
SODIS) (McGuigan et al., 2012), and it may also give a contribution to
the treatment of wastewater in waste stabilization ponds and con-
structed wetlands (Curtis et al., 1994; Silverman et al., 2015). The action
of sunlight on microorganisms takes place by two main pathways, of
which the first involves direct damage by sunlight photons to (usually)
the genome (direct endogenous inactivation) (Nelson et al., 2018). The
second pathway requires sunlight absorption by photosensitizers
occurring in water, such as chromophoric dissolved organic matter
(CDOM), nitrate, and nitrite (Rosado-Lausell et al., 2013; Maraccini

* Corresponding authors.

(PPRIs) such as singlet oxygen (102), hydroxyl radicals (*OH), triplet
states of CDOM (°’CDOM*) and carbonate radicals (CO3*", secondarily
formed upon oxidation of HCO3~ and C032_ by *OH, and of C032_ by
3CDOM*) (Vione et al., 2014; Rosario-Ortiz and Canonica, 2016;
McNeill and Canonica, 2016). These PPRIs can damage viruses and
bacteria, and lead to their inactivation (Maraccini et al., 2016; Nelson
etal., 2018). Usually, different organisms undergo different inactivation
pathways to different extents.

In the case of bacteria there is also a further possibility named in-
direct endogenous inactivation, where PPRIs are produced within the
cell upon absorption of sunlight by photoactive cell constituents
(Giannakis et al., 2016). Another difference that can occur between vi-
ruses and bacteria is that the former usually show first-order photo-
inactivation kinetics (Mattle et al., 2015), while the latter can sometimes
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repair photodamage at least up to a certain extent. In this case, it may be
observed a lag time before the onset of exponential inactivation of
bacteria (Giannakis et al., 2018), which considerably complicates the
kinetic description of photoinactivation (Serna-Galvis et al., 2019).

As far as the direct (endogenous) photoinactivation is concerned, one
important issue is that not all the wavelengths within sunlight have the
same effect. Usually, UVB radiation is most effective, followed by UVA
and visible. This phenomenon is often described by biological weighting
functions or sunlight photoaction spectra, which describe the
wavelength-dependent sensitivity to damage by sunlight (Fisher et al.,
2011; Nguyen et al., 2014; Silverman et al., 2019). The main reason for
the existence of a photoaction spectrum is the fact that absorbance by
the genome decreases with increasing wavelength, at least in the range
of wavelengths that is relevant to natural sunlight. Based on this
consideration, an alternative approach disentangles sunlight absorption
by the genome from photon action (Mattle et al., 2015), with a mathe-
matical description that is very similar to the direct photolysis of mol-
ecules. This approach has also led to successful modeling of the
photoinactivation of viruses (Kohn et al., 2016).

An important difficulty with the modeling of photoinactivation is the
polychromatic nature of the phenomenon. This requires quite complex
multi-wavelength calculations, and often the use of dedicated software
to obtain inactivation kinetics as a function of the environmental con-
ditions (water chemistry, depth, sunlight irradiance, and spectrum)
(Zhang et al., 2020). The problem is that software may be seen as a
“black box” that is difficult to customize by users, and it is usually not
conceived to solve all the problems that may arise in the virus inacti-
vation field.

The same problems occur for the prediction of photodegradation of
pollutants by sunlight (Vione, 2020). In the latter context, a recent
advance to considerably simplify calculations has been the introduction
of the so-called equivalent monochromatic wavelengths or EMW.
Following the EMW approach, the polychromatic system is approxi-
mated by a much simpler monochromatic equation, and the main issue
becomes the identification of the single monochromatic wavelength (the
EMW) that ensures the best approximation. Excellent agreement has
been observed between the EMW-based monochromatic equation and
the multi-wavelength one in the case of organic pollutants (Vione,
2021).

The first goal of this work was to verify whether the EMW approach
can be applied successfully to the direct photoinactivation of viruses. We
chose viruses instead of bacteria because the behavior of bacteria under
sunlight is more complex, and some processes still resist successful
modeling (Serna-Galvis et al., 2018). The rationale for choosing direct
photoinactivation is that this process is always very significant, and it
allows for a single wavelength to be taken into account in calculations
when using the EMW approach (vide infra). Indeed, even the virus that is
most often used as a proxy of indirect (exogenous) inactivation, i.e., the
bacteriophage MS2 (Kohn and Nelson, 2007; Kohn et al., 2007; Nelson
et al., 2018) is inactivated significantly (around 50% and sometimes
even more) by the direct process under a variety of environmental
conditions (Kohn et al., 2016). Here, we chose the somatic phage
phiX174 as a model virus because this virus undergoes almost exclu-
sively the direct inactivation process (Nelson et al., 2018). Moreover,
phiX174 has been studied extensively, and sufficient data are available
that allow for successful modeling (Mattle et al., 2015).

The relatively simple form of the EMW equation is amenable to
generalizations. Therefore, the second goal of this work was to extend
the modeling of virus inactivation (initially carried out for a mid-
latitude, mid-July condition) to all seasons and to a wide range of lati-
tudes (60 °S to 60 °N). By so doing, it would be possible to predict the
kinetics of virus photoinactivation on the basis of water chemistry and
depth, for any season and for a majority of locations on our planet. The
added value is that all this would be achieved with a relatively simple
and easily manageable equation. Model predictions for the somatic
phage phiX174 were then validated against field data that are available
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for the photoinactivation of somatic phages in natural water, where the
direct photoinactivation process is presumed to play a very important
role (Bohem et al., 2009). The choice of direct photoinactivation was
critical to limit calculations to a single wavelength and to obtain a proof
of concept of the feasibility of this approach. The EMW approach can be
extended to indirect photoinactivation as well (Vione, 2021), and the
global modeling of the indirect processes will be the subject of forth-
coming work.

2. Methods
2.1. The EMW approach to virus photoinactivation

To describe the direct photoinactivation of viruses, we used a
formalism that is quite similar to that describing the direct photolysis of
molecules. Instead of using the so-called photoaction spectrum, this
formalism considers the absorption of radiation by the virus and the
quantum yield of photoinactivation separately (Mattle et al., 2015).
Because of the relatively narrow overlap between virus absorption and
sunlight emission (300-320 nm), the photoinactivation quantum yield
can be considered constant (Kohn et al., 2016). With this approach, the
first-order rate constant of phiX174 photoinactivation is obtained as Eq.
(1) in Mattle et al. (2015). By using [L] units for volume, [m] for water
depth and referring the solution absorbance to unit dissolved organic
carbon (DOC), the mentioned equation in Mattle et al. (2015) takes a
form that is similar to the equation describing the direct photolysis of
pollutants in Vione (2021):

10 eA)r .
Kaireer = = /{po(l)'q)‘Al(g() )DOC (1 _10-10041(2) d Doc,) di 1)

where kgjrect has day’1 units, d is the water depth in meters [m], p°(A)
[Einstein cm ™2 s7' nm™!] is a standard sunlight spectral photon flux
density (vide infra), ® = 1.4 x 102 mol Einstein* the quantum yield of
phiX174 photoinactivation (Mattle et al., 2015), e(A) M1 crn’l] the
molar absorption coefficient of phiX174 (see Fig. 1), t [s day™] a
conversion factor (vide infra), DOC [mgc L] the dissolved organic
carbon of the water matrix (natural water or wastewater), and A;(A) [L
mgc’1 cm '] the absorbance of the water matrix referred to unit DOC
and to an optical path length of 1 cm. Note that 100 is the conversion
factor between [em '] and [m’l], while 10 is the conversion factor
between [m~! em™2] and [L™!]. The total absorbance of the water col-
umn is A¢ot(A) = A1(A) d DOC, which explains why water depth d appears
at the denominator in Eq. (1). This is reasonable because the deeper is
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Fig. 1. Left Y-axis: Absorption spectrum &(\) (molar absorption coefficient) of
the virus phiX174 (Mattle et al., 2015). Right Y-axis: Spectral photon flux
density p°(A) of sunlight, equivalent to a UV irradiance of 22 W m~2 (Vione,
2020). The product () p°(A) (units of Einstein L mol ! em ™3 s~! nm™?!) is also
plotted against the right Y-axis.
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water, the lower is kgirect, and photochemical reactions are slower in
deeper waters that are less efficiently illuminated by sunlight (Vione
et al., 2014; Kohn et al., 2016).

The chosen standard value of p°(A) corresponds to a sunlight UV
irradiance (290-400 nm) of 22 W m 2 (see Fi g. 1), which on a sunny 15
July at 45 °N latitude can be observed at 9 am or 3 pm solar time (solar
noon + 3 h). Of course, such an irradiation condition is not constant
during the day, and the conversion factor T = 3.6 x 10* s day™! takes
into account the ratio between constant irradiation at p°(A) and actual
sunlight intensity from sunrise to sunset (Vione, 2020).

Integration of Eq. (1) is carried out over the wavelength range where
absorption by the virus (¢(A)) and sunlight emission (p°(1)) overlap.
With the above data, kgirect is Obtained as the first-order rate constant of
phiX174 photoinactivation on a fair-weather 15 July at 45 °N latitude.

Eq. (1), together with its derivations where p°(A) was modified in
particular cases (fall equinox) to account for photoinactivation at
different latitudes, was found to predict well the behavior of phiX174
under sunlight (Kohn et al., 2016).

It is interesting to observe that Eq. (1) contains all the main pa-
rameters that have been shown to affect the photoinactivation of vi-
ruses, which is most affected by time and location (which impact p°(1)),
DOC and water depth (Zhang et al., 2020). The current model does not
take into account the effects of pH, dissolved oxygen and temperature on
virus inactivation. These parameters were found to have limited effect
on virus inactivation when varying in the typical ranges found in waste
stabilization ponds and constructed wetlands (Maiga et al., 2009; Dias
et al.,, 2017). In contrast, they would play an important role in the
framework of the solar disinfection of drinking water (SODIS) (Romero
et al., 2011; McGuigan et al., 2012; Carratala et al., 2016; Garcia-Gil
et al., 2020a; Garcia-Gil et al., 2020Db). Altitude was also assessed to have
limited impact on inactivation (Zhang et al., 2020), most likely because
of limited absorption by the virus at or below 300 nm (Fig. 1).

In the case of molecules, it has been shown that the integral calcu-
lation based on Eq. (1) can be approximated very well with a much
simpler monochromatic equation based on the equivalent mono-
chromatic wavelength (EMW or Aeq) (Vione, 2021). In the case of
phiX174, the corresponding monochromatic equation would read as
follows:

10 £(4e _
K = ) 5y L (1 norm ) 000 @
where some entries (10, d, T, DOC, 100) are exactly the same as per Eq.
(1), while others (p°(Aeq), £(heq); A1(heg)) are referred to the single
wavelength A¢q instead of the wavelength range used for integration in
Eq. (1). However, the main mechanistic implications (sunlight intensity,
virus absorption, water absorption) are the same in both cases and they
are thus not lost in Eq. (2) as compared to Eq. (1).

The main difference between the two equations is the replacement of
the quantum yield ® of virus photoinactivation by the apparent photon
efficiency #7app [nm mol Einstein']. Napp » ® compensates for the fact
that Eq. (2) only considers sunlight absorption by the virus at Aeq, which
is much smaller compared to cumulated absorption of radiation over a
whole range of wavelengths (Vione, 2021). However, one needs to know
® for a certain virus in order to derive 7app, which means that the
mechanistic information contained in ® cannot be ignored.

To verify whether Eq. (2) with the proper value of Aeq can approxi-
mate Eq. (1) well, the following procedure was followed (Vione, 2021):

(i) Use Eq. (1) to produce data of kgjrect for different values of d and
DOC. A good approximation for Aj(A) in several natural water
matrices is A1(A\) = 0.45 e 0015 2 (Vione, 2020).

(ii) Fit the data thus obtained with Eq. (2). While d, DOC and t are
kept fixed at the same values used for Eq. (1), in a first round p°
(Meq)s €(heq), A1(heq) and 1app are all defined as free-floating var-
iables. The key value is that of Aj(\eq), because it defines the

Water Research 208 (2022) 117837

trend of kgirect VS. DOC and is not affected by the values of the
other variables. Therefore, considering that A;(\) = 0.45 e~ 0-015
k, the value of A;(heq) obtained by data fit allows for the identi-
fication of Aeq = —66.7 In [A1(Aeg)] — 53.2 (note that Aj(heg) < 1).
(iii) Once Aeq is obtained, find the corresponding values of p°(Aeq) and
€(Aeg) (note that p°(A) and ()) are reported in Fig. 1; to aid with
similar cases, the corresponding numerical values are also re-
ported in Table S1 of the Supplementary Material, hereinafter
SM). At this stage, with fixed p°(heq), e(heq) and A;(heg), it is
possible to fit the data with #,p, as the only free-floating variable.
If the fit quality is good, it can be concluded that the poly-
chromatic system allows for a convenient EMW approximation.

By using Eq. (2) with fixed values of p°(heq), £(heq), A1(heq) and napp,
it is possible to predict kgirect as a function of d and DOC. These are the
most important water parameters as far as direct photoinactivation is
concerned (Zhang et al., 2020). Indeed, direct photoprocesses are faster
at low d and low DOC, because: (i) deep waters are poorly illuminated by
sunlight, and (ii) high DOC usually means elevated CDOM that competes
with the virus for absorption of solar UV radiation.

If Eq. (2) approximates Eq. (1) well, it can be used to predict the
value of kgirect 0n 15 July at 45 °N latitude. The given time and latitude
depend on the choice of p°(\) and 7, which are key issues to generalize
the photochemical model to different seasons and latitudes.

2.2. Generalization of the EMW equation

Apart from poorly predictable issues related to the weather, the value
of p°(A\) mostly depends on the time of the day, day of the year and
latitude. The problem is that variability is very large and the associated
time interval quite short, which may prevent a manageable equation to
be obtained. As already done in the case of Eq. (1), a possible way out of
the problem is to consider a single spectrum of sunlight that is relevant
to the period under consideration, and to match it to the cumulated
incident radiation in fair-weather conditions (G‘jg‘)’,‘ (1), integral of p°(\)
over a 1-day time, units of Einstein cm~2 day ! nm™}; Kalogirou, 2013).
Note that “max" refers to the fact that sunny weather is initially assumed,
with different weather conditions lowering the cumulated incident ra-
diation. In the framework of the EMW approximation, Gz:* (1) becomes
the cumulated incident radiation at Aeq (G{i“:y" (4eq)) that can be calculated
as follows:

o) = [

P (Req, 1) dt 3

1 day

where p°(Aeg,t) takes into account the variability of the spectral photon
flux density of sunlight over the time t of the day. The curve of p°(Aeg,t)
vs. time that is to be integrated was obtained by using Eqs. (S4,S5) in
SM, introducing the zenith angles obtained with the Solar Position Al-
gorithm (SPA) from the National Renewable Energy Laboratory (NREL,
2021). The curve was defined with 24 points, i.e., one point for each
hour of the day (time step = 3600 s).

As an approximation, Gg:*(e) is also given by the product of a

single value of p°(heg,t), such as the incident spectral photon flux density
of sunlight at solar noon (p, (4¢q), units of Einstein em 257! nm ™) times
the day length 7p;, (the time in [s] from sunrise to sunset), and times a
proportionality factor F; (unitless). The factor F; expresses the rela-
tionship between the cumulated incident radiation and the daily dose, if
the solar photon flux density corresponds to the solar noon and is con-
stant during the day length (Eq. (4)).

GZZI;‘ (Aeq) =F 'pzn (/13,[) “TpL )

Detailed procedure to determine the solar photon flux density at
solar noon for the equivalent wavelength (p%,(4.)) and the day length
7pr, can be found in the SM.
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Thus, the Gji7(1eq) data were first computed with Eq. (3) for a lati-
tude of 45 °N, considering the 15th day of each month. These same
Ggg‘}’,‘ (deq) data were then optimized with Eq. (4) to obtain the propor-
tionality factor F;, minimizing the normalized root-mean-square error
(NRMSE) between the original data points (Eq. (3)) and those predicted
by the fit function (Eq. (4)). Optimization was carried out with Microsoft
Excel Solver.

In principle, the value of F; obtained for ¢ = 45 °N might or might
not be valid at different latitudes. Therefore, a check was made by

computing the values of Ggi*(1eq) with Eq. (3) for the 15th day of each

month, at latitudes from 60 °S to 60 °N with steps of 5 °. Then, these data
were compared with the predictions obtained with Eq. (4), using p3, (4eq)
as per Eq. (S6), 7p;, as per Eq. (S7), and the value of F, obtained from the
previous fit (¢ = 45°N).

By replacing the term “p°(Aeg) 77 in Eq. (2) with the term
“F1-p3,(Aeq)-7pL” as per the above discussion, the first-order rate con-
stants for phiX174 direct photoinactivation are obtained in different
months, within the whole latitude belt from 60 °S to 60 °N. This prac-
tically includes all of the world’s regions where it makes sense to use
sunlight to inactivate viruses, as well as the whole continental mainland
of the Southern hemisphere (except the Antarctica). The only issue is
that this calculated value of kgirect refers to fair-weather conditions. A
further approach was thus used to take average weather conditions into
account. To do so, a new parameter (F5) was introduced as a cloud-cover
factor so that Ggecgf(/leq) = F2-Ggyy (Leq) and, therefore:

G;ﬁ;i[ (Aeq) = Fa-Fy-p2, (Aeq) oL ®)

The value of Fs is variable even for the same location and day of the
year since it depends on the weather conditions. This parameter can be
calculated experimentally or estimated using historical data. It is
strongly recommended to measure the actual irradiance in the field and
calculate F by dividing the experimental value by the theoretical value.
However, if actual measurements are not available, F5 can be estimated
using historical data according to the procedure described by Mor-
eno-SanSegundo et al. (2021). This tool calculates the cumulated radi-
ation by applying a cloud-cover factor based on the historical data of the
last 12 years with a grid of 0.5° in latitude and longitude. The developed
code is openly available at the Github and Zenodo repositories (IMor-
eno-SanSegundo et al., 2021). The values of F5 as a function of the
latitude and longitude geocoordinates are available in the Excel file (F2.
xlsx) provided as SM.

The value of F; allows for modifying Eq. (2) as follows:

10 , &(Ae
Kairect = g'Fz'Fl Dsn (/‘"eq)'TDL"']app'Al( ( q)

: ) boc (1 _ IO—IOO-AI(/L,,,)-d-DOC)
eq) "

(6)

Eq. (6) is an estimate of kgirect Under realistic weather conditions. It
should be remarked that all the procedure leading to the elaboration of
Eq. (6) was hugely simplified by the possibility to operate at a single
wavelength instead of a range of wavelengths. This is enabled by the
EMW approach, which also allows for eventually obtaining a relatively
simple equation that does not require numerical integration to be
solved.

This model was validated in two different ways with literature data.
Firstly, the cumulated incident radiation was compared with data of
average sunlight spectra, available from 8:00 to 16:00 h solar time at a
latitude of 52°N (Frank and Klopffer, 1988). Briefly, the cumulated
incident radiation was obtained following Ggfl‘;l(/leq) = F3-Gp(deq). On
the one hand, Gg‘;‘; (deq) was calculated with Eq. (3) for the 15th day of
each month, carrying out integration over time from 8.00 h to 16.00 h.
Again, the p°(keq) vs. time curve was obtained using Egs. (S4, S5) with ¢
= 52 °N, and by introducing the zenith angles obtained from NREL
(2021). The curve was defined with 8 points, i.e., one point per hour
(8.00-16.00 h, time step = 3600 s). On the other hand, F, was obtained
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for 52 °N latitude and 5 °E longitude using the Excel file (F2.xlsx) pro-
vided as SM.

Secondly, Eq. (6) was used to assess published field data of virus
photoinactivation. In particular, Boehm et al. (2009) studied the pho-
toinactivation rate constants of somatic phages measured in a lagoon in
Avalon Bay, California (20th-23rd August, latitude: 33 °N), and sug-
gested that direct photoinactivation would play an important role. Key
water conditions were 15 cm water depth and 7 mge L™! DOC. The
disinfection kinetic constant predicted with our model for direct pho-
toinactivation of the somatic phage phiX174 was compared with the
observed disinfection kinetic constant that has been determined as 28
day’1 Iyvs ', where Iyyg is the irradiance of sunlight in the UVB region
(Boehm et al., 2009). The parameter F, for Eq. (6) was obtained as usual
with the F2.xlsx file provided in the SM, for 33 °N latitude and 118 °E
longitude.

3. Results and discussion
3.1. EMW approximation of photoinactivation kinetics

The values of kgirect for phiX174 as a function of DOC and water
depth d were first calculated with Eq. (1), using the values of p°(A)
(sunlight spectrum) and £()) (virus absorption) shown in Fig. 1, with ®
= 1.4 x 1072 mol Einstein! (Mattle et al., 2015) and A;(A) = 0.45
e %015 % (yione, 2020). The results of the relevant calculations are re-
ported as solid squares in Fig. 2. The dashes curves represent data fit
with Eq. (2), using napp as the only free-floating variable after finding Aeq
= 307.5 nm.

On this basis, it was possible to fix p°(307.5 nm) = 4.04 x 10712
Einstein cm™2 s~ nm_l, £(307.5 nm) = 3.45 x 10° M~! cm_l, and
A1(307.5 nm) = 0.00447 L mgc’1 cm L. With these parameter values,
data fit returned #7app = 0.203 nm mol Einstein~'. The excellent agree-
ment between the kgjrect data obtained with Eq. (1) and with Eq. (2)
suggests that the EMW approximation can be applied well to the direct
photoinactivation of phiX174.

It is not surprising to find Aeq = 307.5 nm, when considering the
absorption spectrum of phiX174, (1) (which is similar to that of many
viral genomes) and the spectral photon flux density of sunlight, p°(A)
Fig. 1). The two spectra overlap in a rather narrow interval in the UVB
region, and the product p°(A) e(1) that appears in Egs. (1),((2) shows a
maximum that is quite near the value of Aeq.

Considering that depth and DOC are the main water parameters

25
im
1m-
1.
T204 N,
E 1% .
. 1V . ~md=o01m
= 157 " n .
: ] ‘\\ \. ‘\\ ‘.\‘l‘
= 0l . N - 02m ol
s IR \l - i T
T ] \w o .
£ 1 V™ = _o5m em g
~ 51 'y WIm R TE-. g
4 ~ - e
{ 2 m‘l‘1~"-—;-._j‘_"“l-l----_.
1 "."I-Iul-:liit::'::l::l
0 | LA LA B L S L R B R B R B
0 5 10 15 20 25
DOC, mge L'

Fig. 2. Modeled first-order rate constants (kgirect) for the direct photo-
inactivation of the virus phiX174, for different values of water depth d and DOC
(dissolved organic carbon). Depth and DOC values are referred to conditions in
which photoinactivation is most effective (shallow waters) and has been studied
in the field. Solid squares: data calculated by using Eq. (1). Dashes curves: fit
results obtained by using Eq. (2) with 1, as fit variable.
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affecting virus inactivation (Zhang et al., 2020), the variation ranges
shown in Fig. 2 cover the majority of scenarios where solar inactivation
can be taken advantage of in ponds and wetlands. The very good
agreement between Egs. (1) and (2) once the appropriate values of Aeq
and 7,pp are found suggests that the monochromatic approximation does
not cause loss of generality in the photochemical model. The EMW
approximation does not take into account the effects of vegetation and
water body hydrology, but these effects are not considered in Eq. (1) as
well. However, if they translate into a numerical factor, these can be
easily included in both Egs. (1) and (2).

3.2. Kinetic predictions as a function of latitude and the day of the year

3.2.1. Maximum (fair-weather) daily dose using the photon flux density of
sunlight at solar noon: determination of F;

The maximum daily dose Gg;» (1eq) was first calculated with Eq. (3),
and the results of the calculations are shown as solid squares in Fig. 3.
Then, these data were used for optimization with Eq. (4). The term F; in
Eq. (4) was optimized for a latitude of 45 °N at Aeq = 307.5 nm, and it
took a value of 0.43 with a NRMSE of 1%. The value of F; thus obtained
means that the average photon flux density of sunlight during the whole
day length is 43 % of the photon flux density peak at the solar noon
(P9, (4eq), see Eq. (4)). The excellent data fit suggests that this value of F;
(referred to fair-weather conditions at 45°N) is consistent during the
year.

The next step consists in verifying if the value of F; depends on the
latitude or if, in contrast, F; = 0.43 obtained at ¢ = 45 °N can be
generalized. To do so, F; was validated with predictions of the cumu-
lated radiation for latitudes from 60°S to 60°N, with a step of 5 °. The
solid symbols reported in Fig. 4 represent the cumulated radiation

G‘;‘;‘}’,‘(307.5 nm), referred to the 15th day of each month and calculated

by integration using Eq. (3). The curves represent the predictions ob-
tained with Eq. (4), by using F; = 0.43. All the predictions showed a very
good agreement with the Eq. (3) data, with errors of less than 13% for
latitudes between 55 °S/55 °N, and 22-18% for 60 °S and 60 °N,
respectively. This result means that a constant value F; = 0.43 can be
used over the whole year in the whole latitude belt from 60 °S to 60 °N.

Replacing the term “p°(heg) 77 in Eq. (2) with the term
“F1-p%,(Aeq)-7pr” from Eq. (4) leads to the first-order rate constants for
phiX174 direct photoinactivation in different months, for ¢ = 60°S-
60°N. However, this approach only predicts virus photoinactivation
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Fig. 3. Fit for the daily dose during the year for a latitude of 45°N. The solid
squares represent the values calculated with Eq. (3) for the 15th day of each
month. The solid line is the result of data optimization with Eq. (4), which gave
F, = 0.43.
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G,,,(307.5 nm), 107 (Ein-cm™®-day'-nm™)

day

G (307.5nm), 107 (Ein-cm®-nm")

Fig. 4. Validation of the procedure to calculate the maximum cumulated
incident radiation Gfi"a"y" (307.5 nm) as a function of the latitude and the day of
the year, which suggests that F; = 0.43 works well on a global scale. A: Lati-
tudes from 0 ° to 60 °N with steps of 5 ° (except 45°N that was used for opti-
mization). B: Latitudes from 60 °S to 0 ° with steps of 5 °.

kinetics in fair-weather conditions, which could overestimate the actual
kinetics of inactivation by sunlight. Therefore, F, was added to account
for the cloudiness and the effect on the irradiance that reaches the
Earth’s surface. The next section presents the validation of the Eq. (6)
model against literature data.

3.2.2. Realistic values of cumulated incident radiation: determination of Fz
The approximated Eq. (4) predicts well the maximum cumulated

incident radiation (Gg‘;}f (307.5 nm)) for varying latitude and season, but

it does not include atmosphere or cloud-cover effects. In order to esti-
mate a more realistic daily dose, the factor F5 was calculated based on
graphic data shown in Fig. 5 or the tabulated data in the F2.xlsx file
provided as SM. To evaluate the accuracy of F, predictions for the
cumulated incident radiation from 8.00 to 16.00 h at 52 °N latitude,
calculated with Eq. (5) (obtained from Eq. (4) by multiplying for the F,
factor) were compared to data from the literature (Frank and Klopffer,
1988). In the cited paper, Frank and Klopffer reported average radiation
intensity referred to the time interval of solar noon =+ 4 h. To obtain the
measured cumulated incident radiation, these values were multiplied by
At = 28,800 s (i.e., the time interval from 8.00 to 16.00 h). F, took a
value of 0.58 (latitude 52 °, longitude 5 °). Similar values (57%) have
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Fig. 5. Worldwide representation of the annual average values of F; calculated
from historical data of the last 12 years, based on the procedure developed by
Moreno-SanSegundo et al. (2021). This information is also available in the
Excel file provided as SM.

been experimentally found at a latitude of 40.3 °N at Madrid, Spain
(Garcia-Gil et al., 2019).

Fig. 6 shows a good agreement between the predicted and literature
data when using the estimated value of F, based on historical weather
data, which reduces the NRMSE from 121% for F5 = 1 to 25.5% for F; =
0.58. Therefore, an approach based on historical data of the weather
considerably improves the prediction with respect to the assumption of
fair-weather conditions.

3.3. Implications for the modeling of direct virus photoinactivation

Upon introduction of the new parameter Fp, Eq. (6) allows for the
calculation of the kinetic constant for the direct photoinactivation of the
virus phiX174. Moreover, considering that Ggi®(deq) = F1-Pg,(Aeq) 7oL
(Eq. (4)), a more compact form for the same equation becomes the
following:

10

— . . (omax . . e(;””‘l)
kdirecr - d F2 Gday (lleq) rlapp Al (leq) .DOC

(1 _ 10—100~A,(/1m,)~dvDOC) @
where Aeq = 307.5 nm, #zpp = 0.203 nm mol Einstein!, £(307.5nm) =
3.45 x 10°M ! em™, and A, (307.5nm) = 0.00447 L mgc ! em ™. The
values of Fo can be obtained from the latitude and longitude geo-
coordinates using Fig. 5 or the F2.xlsx file provided as SM. The calcu-
lated values for ng‘)’,‘ (307.5 nm) are reported in Table 1 for latitudes
between 60°S and 60°N with a step of 5 °, and for the 15th day of each
month. Eq. (7) with these data allows for the calculation of kgject for
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Fig. 6. Comparison between literature (red squares, Frank and Klopffer, 1988)
and predicted data (Ggea‘;f (307.5 nm), circles) of the cumulated radia-
tion intensity.
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phiX174 at different latitudes and seasons, for different values of DOC
and d. If additional data of Gg‘;}’,‘ (307.5 nm) are needed for other lati-
tudes (between 60 °S and 60 °N) or days, they can be calculated with Eq.
(4) by considering that the values of photon flux density at solar noon,
p5,(307.5 nm), were obtained with Eq. (56) as a function of month and
latitude, while the values of 7p;, were obtained with Eq. (S7).

Eq. (7) takes into account all the main parameters that have been
shown to affect the photoinactivation of viruses (irradiance, DOC, and
water depth). Moreover, this equation also accounts for the effect of
latitude and season on the first-order kinetic constant through the irra-

diance (Gg‘;}f). According to Egs. (S1-S7), for latitudes close to the

Equator, Gfd‘:;"}’,‘ remains almost constant, whereas for higher latitudes, 7p,,
and p?, increase in summer and decrease in winter (Fig. 4). The same
trend applies to the first-order kinetic constant, which is directly pro-

portional to Gg‘;)’,‘. However, the value of F, cannot be predictively

calculated based exclusively on the latitude and the day of the year,
because it depends on the weather conditions. For example, for the
Republic of Congo, a high value of the kinetic constant would be ex-
pected according to its location at the Equator. However, the high
probability of cloud-cover based on historical weather data leads to a
significantly lower expected kinetic constant in this region (Fig. 5).

The ultimate goal of the present study is to use the model thus ob-
tained to predict virus inactivation in the field. To test the feasibility of
this approach, predictions by Eq. (7) were compared with field data of
photoinduced virus inactivation. The field results of Boehm et al. (2009)
were taken into account that refer to the (presumably mostly direct,
according to the authors) photoinactivation of somatic phages, with an
overall behavior that has reasonable analogies with the direct photo-
inactivation of the somatic phage phiX174. The cited authors found a
maximal photoinactivation rate of somatic phages of 28 day ! Iyyg ' in
Avalon Bay, California (late August, 33 °N latitude, 0.15 m water depth,
7 mgc L™ DOC). In order to compare this measurement with our model
prediction, it was necessary to assess the value of Iyyg. That was ob-
tained by using SMARTS (the same procedure used by the authors),
giving an average value of 0.41 W m~2 that agrees with the published
data (see Fig. 2 of Boehm. et al., 2009). By so doing, the field kinetic
constant was calculated as 11.54 day’l. F5 took a value of 0.82 (latitude
33 °, longitude -118 °).

Our model prediction with Eq. (7) for phiX174 is kgirect = 9.8 day ..
The error value of 15% looks more than reasonable if considering that
the phages in the paper by Bohem et al. (2009) were not identical to
those considered in our model, and that indirect photoinactivation by,
most notably, 102 could not be totally excluded (Bohem et al., 2009).
Other differences between the model prediction and the field system
include the high ionic strength and the presence of halide species in the
marine environment. These factors have previously been found to
enhance the photoinactivation of viruses (Sinton et al., 2002). Another
possibility is the occurrence of consistent sunny weather during the field
study, which took place during summer. For very bright and sunny re-
gions the value of Fy is around 90% (Moreno-SanSegundo et al., 2021)
and, if Eq. (7) is recalculated with F, = 0.9 instead of Fp = 0.82, kgirect =
10.8 day ™! is obtained that is not far from the field datum.

Note that a deactivation constant Kgjrect ~ 11 day_1 translates into a
virus half-life time t; 5 ~ 1.5 h, as an average value from 8.00 h to 16.00
h. In the same 8 h time period, sunlight would thus be able to inactivate
~ 97.5% of the viruses that were initially present. Although this does not
make complete disinfection, it would certainly help reduce the viral load
in water.

4. Conclusions

e Here, we propose a relatively simple procedure to estimate the ki-
netic constant for the direct photoinactivation of the somatic phage
phiX174, which is a typical model organism for the viruses that
mainly undergo inactivation by the direct action of sunlight. The



Table 1

Predicted maximum cumulated incident radiation (Gga"‘; (307.5 nm)) as a function of latitude and month (data provided for the 15th day of each month). These values can be used in Eq. (7) to predict the rate constant

kdirect~

Predicted maximum cumulated incident radiation: Gg;» (307.5 nm) [Einstein cm ?nm 1]

Latitude January February March April May June July August September October November December
60°S 3.82x1077 2.35x1077 9.36x1078 1.10x1078 1.20x1071° 2.82x10713 6.14x10712 2.46x107° 4.81x10°8 1.79x1077 3.39x1077 4.27x1077
55°S 4.16x1077 2.84x1077 1.39x1077 3.09x10°8 2.31x10°° 1.68x10°1° 5.78x1071° 1.21x10°8 8.54x10°8 2.29%x1077 3.79x1077 4.53%1077
50°S 4.45%x1077 3.28x1077 1.88x1077 6.17x1078 1.15x1078 2.69x107° 5.19x107° 3.26x1078 1.29x1077 2.76x1077 4.13x1077 4.76x1077
45°S 4.68x1077 3.66x1077 2.35x1077 1.01x1077 3.12x1078 1.25x1078 1.87x1078 6.37x10°8 1.76x1077 3.20x1077 4.41x1077 4.94x1077
40°S 4.85x1077 3.99x1077 2.80x1077 1.45x1077 6.17x10°8 3.29x10°8 4.32x1078 1.03x1077 2.23x1077 3.58x1077 4.62x1077 5.06x1077
35°S 4.95%x1077 4.25x1077 3.21x1077 1.92x1077 1.00x1077 6.39x1078 7.76x1078 1.47x1077 2.68x1077 3.90x1077 4.77x1077 5.11x1077
30°S 4.98x1077 4.45x1077 3.57x1077 2.38x1077 1.45x1077 1.03x1077 1.19x1077 1.94x1077 3.10x1077 4.16x1077 4.85x1077 5.10x1077
25°S 4.95x1077 4.57x1077 3.88x1077 2.82x1077 1.92x1077 1.48x1077 1.65x1077 2.40x1077 3.47x1077 4.35x1077 4.86x1077 5.02x1077
20°S 4.85%1077 4.63x1077 4.12x1077 3.22x1077 2.39x1077 1.96x1077 2.13x1077 2.85x1077 3.78x1077 4.48%1077 4.81x1077 4.88%1077
15°S 4.69x1077 4.62x1077 4.29x1077 3.58x1077 2.84x1077 2.44x1077 2.60x1077 3.26x1077 4.04x1077 4.54x1077 4.69x1077 4.68x1077
10°S 4.47x1077 4.55x1077 4.41x1077 3.89x1077 3.27x1077 2.91x1077 3.06x1077 3.62x1077 4.24x1077 4.53x1077 4.51x1077 4.42x1077
5°S 4.20x1077 4.42x1077 4.46x1077 4.14x1077 3.66x1077 3.35x1077 3.48x1077 3.94x1077 4.37x1077 4.46x1077 4.27%x1077 4.11x1077
0° 3.87x1077 4.22x1077 4.44x1077 4.34x1077 4.00x1077 3.75x1077 3.86x1077 4.20x1077 4.44x1077 4.33x1077 3.98x1077 3.75x1077
5°N 3.49x1077 3.96x1077 4.36x1077 4.47x1077 4.28x1077 4.11x1077 4.19x1077 4.41x1077 4.45x1077 4.13x1077 3.63x1077 3.35x1077
10°N 3.07x1077 3.65x1077 4.21x1077 4.53x1077 4.52x1077 4.43x1077 4.47x1077 4.55x1077 4.39x1077 3.88x1077 3.24x1077 2.90x1077
15°N 2.62x1077 3.29x1077 4.01x1077 4.53x1077 4.69x1077 4.68x1077 4.69%x1077 4.63x1077 4.27x1077 3.57x1077 2.81x1077 2.43%x1077
20°N 2.15x1077 2.89x1077 3.74x1077 4.47x1077 4.80x1077 4.88x1077 4.85x1077 4.65x1077 4.08x1077 3.21x1077 2.35x1077 1.95x1077
25°N 1.67x1077 2.45x1077 3.41x1077 4.34x1077 4.85x1077 5.02x1077 4.96x1077 4.60x1077 3.83x1077 2.80x1077 1.88x1077 1.47x1077
30°N 1.21x1077 1.98x1077 3.04x1077 4.14x1077 4.83v1077 5.09%x1077 4.99%x1077 4.48x1077 3.52x1077 2.36x1077 1.41x1077 1.03x1077
35°N 7.91x1078 1.52x1077 2.61x1077 3.88x1077 4.74x1077 5.11x1077 4.96x1077 4.30x1077 3.15x1077 1.90x1077 9.68x10°8 6.32x1078
40°N 4.43x10°8 1.07x1077 2.16x1077 3.55x1077 4.58x1077 5.05x1077 4.87x1077 4.04x1077 2.73x1077 1.43x1077 5.85x10°8 3.23x10°8
45°N 1.93x1078 6.70x10~% 1.69x1077 3.17x1077 4.36x1077 4.94%x1077 4.71x1077 3.72x1077 2.28x1077 9.87x1078 2.89x107% 1.21x1078
50°N 5.38x107° 3.49x10°8 1.22x1077 2.73x1077 4.07v1077 4.76x1077 4.48%1077 3.34x1077 1.80x1077 5.97x1078 1.01x1078 2.49x107°
55°N 5.91x1071° 1.33x1078 7.91x1078 2.25x1077 3.72x1077 4.52x1077 4.20x1077 2.91x1077 1.32x1077 2.93x1078 1.82x107° 1.34x1071°
60°N 5.31x10712 2.83x10°° 4.31x10°8 1.75x1077 3.32x1077 4.26x1077 3.87x1077 2.43x1077 8.67x10°8 1.01x10°8 6.81x10° ! 9.60x10° 14
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procedure is based on an approximated equation for monochromatic
light absorption, which relies on the identification of the equivalent
monochromatic wavelength that best simulates the behavior of the
polychromatic system.
e The main advantage of this approach is to obtain a simple and
manageable equation (Eq. (7)) to easily predict inactivation kinetics,
with no need to use external and complex software. Predictions were
quite good in the case of somatic phages undergoing direct photo-
inactivation in the field. To extend the model to other types of vi-
ruses, the corresponding values of ® and &()\) are required.
The simplicity of the procedure leads to a few limitations that do not
really compromise its usefulness. For example, for latitudes in which
there is no sunrise or sunset in some seasons, this procedure is not
applicable because 7p; cannot be calculated with Eq. (7). However,
in these latitudes (below 60°S and above 60°N), the incident radia-
tion received is not enough to take advantage of a sunlight-mediated
process. The most significant limitation is probably the fact that
considering average weather with the Fo parameter would not fit
well periods with consistently fine or bad weather. However, this is a
handicap that more complex, software-based polychromatic ap-
proaches would not solve either.
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