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A B S T R A C T

The equivalent monochromatic wavelength (EMW) approximation allowed us to predict the photochemical
lifetimes of the lipid regulator metabolite clofibric acid (CLO, triplet sensitization) and of the non-steroidal anti-
inflammatory drug diclofenac (DIC, direct photolysis þ triplet sensitization) in lakes worldwide. To do so, we used
large lake databases that collect photochemically significant parameters such as water depth and dissolved
organic carbon, which allow for a preliminary assessment of some photoreactions. Extension to other photore-
actions is currently prevented by the lack of important parameters such as water absorption spectrum, suspended
solids, nitrate, nitrite, pH, and inorganic carbon on a global scale. It appears that triplet-sensitized CLO photo-
degradation would be strongly affected by the dissolved organic carbon values of the lake water and, for this
reason, it would be fastest in Nordic environments. By contrast, direct photolysis (DIC) would be highly affected
by sunlight irradiance and would proceed at the highest rates in the tropical belt. Interestingly, the predicted
lifetimes of CLO and DIC are shorter than the residence time of water in the majority of global lake basins, which
suggests a high potential for photoreactions to attenuate the two contaminants on a global scale. Photo-
degradation of DIC and CLO would also be important in waste stabilization ponds, except for elevated latitudes
during winter, which makes these basins potentially cost-effective systems for the partial removal of these
emerging contaminants from wastewater.
1. Introduction

Photochemical reactions play key roles in the attenuation of bio-
recalcitrant contaminants in sunlit freshwaters, thereby contributing to
the depollution of aquatic environments from many contaminants of
emerging concern (CECs) [1–3]. CECs include many chemicals used in
daily life, such as pharmaceuticals, personal care products, fragrances,
and metal corrosion inhibitors. These compounds can harm both aquatic
life forms and humans [4,5], but they can be photochemically degraded
by direct photolysis if they absorb sunlight [6]. At the same time or in the
alternative, CECs can undergo indirect photolysis, which is the trans-
formation upon reaction with photochemically produced reactive in-
termediates (PPRIs). PPRIs include the hydroxyl radical �OH, carbonate
radical CO3

��, singlet oxygen 1O2, and the excited triplet states of the
chromophoric dissolved organic matter, 3CDOM* [7]. Environmental
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parameters such as depth, organic matter, some dissolved ions, latitude,
and season can significantly affect photochemical degradation kinetics,
which also differ between seawater and freshwaters [8].

PPRIs are generated upon radiation absorption by photosensitizers,
i.e., naturally occurring compounds (for instance, NO3

�, NO2
�, and

CDOM) that absorb sunlight in the UV-visible region. In particular, the
photolysis of both NO3

� and NO2
� yields �OH [9], CDOM irradiation

produces 3CDOM*, 1O2, as well as �OH [10–12], while CO3
�� is gener-

ated upon HCO3
�/CO3

2� oxidation by �OH and upon CO3
2� oxidation by

3CDOM* [13,14]. Note that CDOM is partly made up of complexes be-
tween Fe(III) and organic ligands, which contribute to PPRI generation,
including �OH [15]. Other than being generated, PPRIs are quickly
scavenged/quenched upon reaction with DOM (dissolved organic mat-
ter), HCO3

�, and CO3
2� (�OH), DOM alone (CO3

��), internal conversion
and O2 reaction (3CDOM*), as well as collision with the water solvent
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(1O2) [10,16,17]. Moreover, in seawater, Br� is the main �OH scavenger
[18]. The budget between photogeneration and scavenging/quenching
results in PPRIs reaching very low steady-state concentrations under
sunlight, typically in the 10�18

–10�14 M range, often following the order
�OH< 3CDOM*� 1O2 < CO3

��. In particular, �OH, CO3
��, and the direct

photolysis are usually enhanced in DOM-poor waters (containing low
dissolved organic carbon, i.e., DOC), while the opposite happens for
processes triggered by 3CDOM* and 1O2 [7].

It is now possible to reliably model the kinetics of aquatic photore-
actions, and several models and/or software packages have been devel-
oped for this purpose [19–22]. A recently developed expert system is
even able to predict the direct photolysis products of contaminants [23,
24]. The packages that predict photoreaction kinetics are based on
multi-wavelength calculations, which take into account the poly-
chromatic nature of both sunlight and the radiation absorption by pho-
tosensitizers and contaminants [25]. Moreover, a monochromatic
approximation has been developed recently that highly simplifies the
mathematics involved in kinetic calculations. This approach is based on
the equivalent monochromatic wavelength (EMW or λeq) and consists in
finding the wavelength that alone approximates the polychromatic sys-
tem [26]. The EMW approach has paved the way for the assessment of
photoreaction kinetics on a wide geographic scale [27,28]. To do so,
however, one needs an easy way to assess the global sunlight irradiance
at λeq and, preferably, its seasonal variations as well. We recently suc-
ceeded in reaching this goal, at least for the 60�S–60�N latitude belt [27].
The final issue is the availability of global water chemistry data; while a
global database of full chemical water parameters is not yet available,
there are global estimates of lake-water DOC and depth [29,30] that are
the most significant parameters for photochemical reaction kinetics.

In this work, we carry out a global-scale comparison of the photo-
chemical behavior of two contaminants of emerging concern that differ
for the prevailing phototransformation pathways, namely clofibric acid
(3CDOM* reaction) and diclofenac (direct photolysis plus 3CDOM* re-
action). The presence of both clofibric acid and diclofenac in all the study
lakes is adopted here as a hypothetical scenario for a geographical
comparison of the direct photolysis and 3CDOM*-induced reactions. We
can thus provide insight into the global significance of these processes,
the locations where either prevails, and the associated lifetimes of the
investigated pollutants. Such pieces of information play a key role in
the assessment of the photochemical depollution potential of
freshwaters and, in turn, allow for the identification of environments that
are most vulnerable to pollution as an important tool for freshwater
management.

2. Methods

2.1. Lakes considered in the photochemical model

Data about dissolved organic carbon (DOC) of lake water were ob-
tained from the work of Toming and co-workers [30,31]. Toming et al.
have used a machine-learning technique and global databases to estimate
DOC in lakes with a surface area > 0.1 km2. Catchment properties,
meteorological and hydrological features, as well as lake morphometry
were used as input data for the model [30]. Data on global lakes and
reservoirs were obtained from HydroLAKES v. 1.0 21 [29,32], available at
the website https://www.hydrosheds.org (Accessed January 2024).
HydroLAKES contains data about 1.43 million individual lakes, including
both fresh- and saline waters, with a surface area of at least 0.1 km2

[29,32]. For the lakes considered in the present study, the DOC had an
average relative standard deviation of 20% that was assessed by uncer-
tainty data on the predicted DOC values, as reported in the database of
Toming and co-workers [30,31].

For the purposes of the present photochemical modeling/mapping,
only a small fraction of the lakes included in the HydroLAKES þ Toming's
work databases were considered based on geographical coordinates,
average lake-water depth, and ground altitude. The latitude belt >60�N
2

was not considered because (i) our solar photon-flux model is not valid for
that region, and (ii) ice/snow coverage of lakes can be a problem for the
photochemical model, especially in the cold season. Only those lakes with
an average water depth �5 m were chosen, which would limit issues
connected with the high turbidity of shallowwater bodies during overturn.
The photochemical model was run using the value of the average lake-
water depth reported in HydroLAKES, which is defined as the ratio be-
tween total lake volume and lake area [32]. Most of the considered lakes
(~86%) have an average depth between 5 and 10 m, while for an addi-
tional ~13% the average depth is between 10 and 50m. The remaining 1%
has an average depth � 50 m. Since the predictions of our photochemical
model are good in the water-depth range between 5 and 50 m (vide infra),
computations for lakes with depth> 50 m were run by setting 50 m as the
water-column depth.

Regarding altitude (h), only lakes located at h < 500 m a.s.l. were
considered in our model. Lakes located at elevations� 500 m a.s.l. (~11%
of the total) were excluded because the model does not consider: (i) the
ice/snow coverage of lakes, possibly occurring in some regions of the
world (e.g., alpine areas of temperate regions), and (ii) the variability of the
solar photon flux with ground elevation for some geographical conditions.
Despite the fact that altitude-related sunlight spectrum might not be that
important for several aquatic photoreactions [33], in some cases (and
especially for some compounds undergoing direct photolysis), the spectral
variations can be similar to or slightly higher than seasonal variations in
solar-photon-flux models [34]. The database was thus reduced to 72,380
lakes (~5% of the lake number present in the HydroLAKES database).

2.2. Assessment of 3CDOM* concentration

The values of the steady-state concentration of 3CDOM* (C3CDOM*, units
of mol/L) were computed for the considered 72,380 lakes, as follows:

C3CDOM* ¼ 10ηappð560 nmÞp
�
ð560 nmÞ

dk'd

�
1� 10�

100A1ð560 nmÞCDOCd

n

�a
(1)

where: 10 is the conversion factor between units of (m�1�cm�2) and
(L�1); 100 is the conversion factor between units of m and cm; ηapp(560
nm) ¼ 0.46 mol nm/E (E ¼ Einstein ¼ mole of photons) is the photon
efficiency for 3CDOM* formation from irradiated CDOM [26]; p�(560 nm)
is the photon flux density of sunlight at 560 nm [units of E/(cm2⋅s⋅nm)]
[20]; d is the lake-water depth (units of m; see the previous section for its
values); k'd ¼ 5 � 105 s�1 is the pseudo-first order rate constant of
3CDOM* quenching by O2 in aerated solution [10]; A1(560

nm) ¼ 1 � 10�4 L/(mgC⋅cm) is an average value for the 560-nm absorp-
tion coefficient of CDOM [26]; CDOC is the lake-water DOC in mgC/L, the
values of which were from refs. [30,31]; n ¼ 5.40 and a ¼ 0.35 are pa-
rameters derived from EMW validation (vide infra).

The values of A1(560 nm), kd, and ηapp(560 nm) are reasonable averages,
but the photoactivity of CDOM may vary depending on its sources. For
instance, there is some evidence that pedogenic organic matter is more
reactive overall (i.e., considering both sunlight absorption and photon
efficiencies) than the aquagenic one [35].

2.3. Computing clofibric acid (CLO) photodegradation in the studied lakes

The 3CDOM* concentrations were used to compute parameters
relative to the indirect photodegradation of CLO in the considered
lakes. It should be pointed out that CLO can be degraded by both
3CDOM* and �OH [36–38], but our model cannot take the latter reac-
tion into account because of a lack of data about the global distribution
of �OH photosensitizers other than CDOM (mainly, nitrate and nitrite).
The pseudo-first order rate coefficient of CLO photodegradation
by 3CDOM* (k0CLO, units of day�1) was computed as
k0CLO ¼ 3600ψkCLOþ3CDOM*C3CDOM*τDL, where kCLOþ3CDOM* ¼
5.23 � 10

9 L/(mol⋅s) is the bimolecular rate constant of the reaction
between CLO and 3CDOM*, assessed by using the triplet state of

https://www.hydrosheds.org
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benzophenone-4-carboxylate as 3CDOM* surrogate [38]. Such rela-
tively high reactivity is likely due to the fact that CLO is a phenolic
ether, and phenolic compounds are quite reactive towards 3CDOM*
[10]. The parameter τDL ¼ 2

15 arccosð � tan ϕ tan δÞ is the day length in
hours (note that the value of the arccos is in degrees) [27]; δ is the Sun's
declination expressed as δ ¼ 23:45� sin

�
360
365 ðdayþ284Þ�, where day ¼ 1

is 1st January and day ¼ 365 is 31st December, and 60�S
(�60�) < ϕ < 60�N (þ60�) is the latitude [27]. Since CLO oxidation by
3CDOM* can be inhibited by the antioxidant moieties of DOM [38], the
parameter ψ ¼ 0.68 þ 0.32/(1 þ 10CDOC) was introduced here to take
this inhibition effect into account [38–40]. Finally, 3600 is the con-
version factor between seconds and hours (1 h ¼ 3600 s). The photo-
chemical half-life time of CLO in lake water was assessed as
t1/2 ¼ ln2/k0CLO.
2.4. Computing diclofenac (DIC) photodegradation in the considered lakes

Although DIC can undergo direct photolysis as well as oxidation by
3CDOM* and �OH, the �OH reaction would account for no more than 10%
of the overall DIC photodegradation for DOC values ranging between 1
and 10 mgC/L [37]. On the contrary, direct photolysis is the main pho-
totransformation pathway for DIC in surface waters, followed by
3CDOM* [37,41].

Here, the rate coefficient of DIC direct photolysis (k0DIC,d.p., units of
day�1) in lake water was computed as follows:

k 'DIC;d:p: ¼
36000p�ð315 nmÞηappð315 nmÞεDICð315 nmÞτDL

dA1ð315 nmÞCDOC

�
1� 10�100A1ð315 nmÞCDOCd

�

(2)

where: 36,000 is the conversion factor between units of (L/h) and
(m�cm2/s); p�(315 nm) is the photon flux density of sunlight at 315 nm
[units of E/(cm2⋅s⋅nm)] [20]; ηapp(315 nm) ¼ 1.34 mol nm/E is the photon
efficiency of DIC direct photolysis [26]; εDIC(315 nm) ¼ 583 L/(mol⋅cm) is
the molar absorption coefficient of DIC at 315 nm [20]; τDL is the day
length (h/day) as previously described; d is the lake-water depth (m);
A1(315 nm) ¼ 4 � 10�3 L/(mgC⋅cm) is an average value for the 315-nm
absorption coefficient of CDOM [20]; CDOC is the DOC value in mgC/L,
taken from refs. [30,31].

The pseudo-first order rate coefficient of DIC degradation by 3CDOM*
(units of day�1) was computed as k0DIC,3CDOM* ¼ 3600 kDICþ3CDOM*
C3CDOM* τDL, where kDICþ3CDOM*¼ 1� 109 L/(mol⋅s) is the bimolecular rate
constant of the reaction between DIC and 3CDOM* [37]. The
Fig. 1. (a) Calculated steady-state concentrations of 3CDOM* for different values of t
that DOC ¼ CDOC). The squares represent polychromatic calculations (Eq. 3), while t
(Eq. 1). (b) Calculated values of k0DIC,d.p., for different water depths and DOC values. T
are the assessment carried out with the EMW approximation (Eq. 2). Well-mixed wate

3

photochemical half-life time of DIC (units of days) was assessed as
t1/2 ¼ ln2/(k0DIC,d.p. þ k0DIC,3CDOM*).
2.5. Model validation

First of all, the monochromatic approximation for 3CDOM* concen-
tration (Eq. 1) was compared with the multi-wavelength assessment of
the same quantity. The integral equation for 3CDOM* concentration
reads as follows [26]:

C3CDOM* ¼
10
dkd

Z
λ

Φ3CDOM* p
�ðλÞ�1� 10�100A1ðλÞCDOCd

�
dλ (3)

where most variables have already been described when introducing Eq.
1. Here, as a difference from Eq. 1, the sunlight photon flux density p�(λ)
and water absorbance A1(λ) are wavelength-dependent. In Fig. 1a, the
concentrations of 3CDOM* with varying DOC (with DOC ¼ CDOC) and
water depth d are represented as squares when calculated according to
Eq. 3, while the dashed curves represent the fit of the multi-wavelength
data with the monochromatic Eq. 1 (which, among other things, allowed
for the determination of the n and a parameters).

A similar issue applies to the case of k0DIC,d.p., where the poly-
chromatic assessment (Eq. 4) [26] was fitted with themonochromatic Eq.
2. The fit results are shown in Fig. 1b.

k
0
DIC;d:p: ¼

36000τDL
dCDOC

Z
λ

p�ðλÞΦDICεDICðλÞ
A1ðλÞ

�
1� 10�100A1ðλÞdCDOC

�
dλ (4)

In both cases (Fig. 1a and b), there was excellent agreement between
the polychromatic data and the monochromatic approximation.

The next step was to compute p�(315 nm) and p�(560 nm) as a function of
the day and latitude. In the case of λ ¼ 560 nm, the daily dose reaching
the Earth's surface was computed as follows [27]:

Gdayð560 nmÞ ¼F1p�snð560 nmÞτDL ¼
Z
1 day

p�ð560 nm;tÞdt (5)

where p�sn(560 nm) ¼ IAM0(560 nm) exp
h �κð560 nmÞ
cosðϕ�δÞþ0:506�ð96:08þϕ�δÞ�1:636

i
560
hcNa

[units of E/(cm2⋅s⋅nm)] is the incident spectral photon flux density of
sunlight at solar noon, with IAM0 as the intensity of sunlight outside the
atmosphere [(IAM0(560 nm)¼ 1.786W/(m2⋅nm)] [43], κ as the atmospheric
extinction coefficient [κ(560 nm)¼ 0.128 AM�1] [43], ϕ as the latitude, h as
Planck's constant, c as light's speed in vacuum, and Na as Avogadro's
number.
he water depth (average value, shown near each data series) and the DOC (note
he dashed curves are the assessments carried out with the EMW approximation
he squares represent polychromatic calculations (Eq. 4), while the dashed curves
r conditions are assumed here. Sunlight irradiance: noon, 45�N, spring equinox.
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The expressions used for δ and τDL were already introduced in Section
2.3. As far as the integral in Eq. 5 is concerned, each value of p�(560 nm, t)
was computed by introducing the zenith angle obtained with the Solar
Position Algorithm (SPA) from the National Renewable Energy Labora-
tory (NREL) [44], for each hour of the day.

By so doing, it is possible to obtain F1 ¼ �
p�snð560 nmÞτDL

��1

R
1 dayp

�
ð560 nm;tÞdt and to compute Gday(560 nm) for all days and latitudes

(�60� < ϕ < 60�). The validation of this approximated assessment for
λ ¼ 560 nm has been reported in our previous work [28].

An analogous procedure was carried out in the case of λ ¼ 315 nm.
Fig. 2a shows the fit procedure that allowed us to obtain F1(315 nm) ¼ 0.52
from Eq. 5, in the case of mid-latitude sunlight. Fig. 2b and c shows the
very good agreement between both sides of Eq. 5 (exact, integral ¼ solid
symbols; approximation¼ curves), when assuming F1(315 nm) ¼ 0.52 on a
worldwide scale.

Overall, the normalized mean root square error between integral and
predicted values was <11%. These results suggest that the EMW
approximation is suitable for the global modeling of CLO (3CDOM*) and
DIC (direct photolysis þ 3CDOM*) photodegradation.
2.6. Limits of the model

The used model has limits, some of which are intrinsic while others are
caused by a lack of input data. First of all, no worldwide data on nitrate,
nitrite, pH, or inorganic carbon in lake water are available, which prevents
the modeling of reactions involving �OH or CO3

��. Further, the approach
we used is in principle able to deal with stratified lakes, by considering
hypolimnion and epilimnion separately [45]. Photoreactions are less effi-
cient in stratified lakes compared to mixing ones [46], although the sce-
nario might change depending on pollution sources [45]. However, no
global data are currently available for thermocline depths that would also
vary during the year in stratified lakes. Therefore, we assumed here
well-mixed water columns and, to minimize uncertainties, the
reported data refer to the spring equinox when lake turnover is often
active.

No data on water turbidity are available for worldwide lakes, thus
we considered radiation absorption only and not scattering by sus-
pended particles. Suspended solids modify the underwater light field by
increasing near-surface irradiance and decreasing illumination of the
lower depths. Still, unless an important fraction of radiation is reflected
towards the sky, the average irradiance in the whole water column is
modified less substantially [47]. Our model deals with water-column
average values in a mixed system, which limits the impact of scat-
tering on the results. Moreover, we did not consider the shallowest
lakes (d < 5 m) to minimize turbidity issues.

The type and origin of organic matter would also affect its photo-
reactivity [35]. Considering that this type of information was not avail-
able, here we considered average (C)DOM properties.
Fig. 2. (a) Fit for the daily dose during the year for a latitude of 45�N. The solid squ
line shows the values predicted by Eq. 5, with F1 ¼ 0.52. (b,c) Validation of the proc
year (curves: calculated daily dose; dots: integrated daily dose). (b) Latitudes from 0
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Finally, our model considers clear-sky conditions. Cloud cover
would decrease photoreaction rates by up to 40%–50% in some
equatorial areas and in East Asia [48]. Even larger effects are predicted
for Nordic latitudes with ϕ > 60�, but these regions are not included in
our model.

2.7. Photochemical mapping

The relevant photochemical parameters (e.g., 3CDOM* concentration
and half-life times of CLO and DIC) were mapped by means of the QGIS
software (version 3.2.3-Bonn) [42]. For this purpose, the dataset ob-
tained for a given photochemical parameter y was divided into four
color-labeled groups, defined by considering the average (μy) and stan-
dard deviation (σy) of that dataset. In particular, the chosen intervals
were: (i) y < μy – σy; (ii) μy – σy < y < μy; (iii) μy < y < μy þ σy, and (iv)
y > μy þ σy. In general, for a given parameter y, reddish points indicate
higher photochemical activity of lake water, while bluish points suggest
lower photochemical activity.

3. Results and discussion

3.1. Global-scale photodegradation processes

The global map of 3CDOM* concentration, computed with the EMW
approximation (λeq ¼ 560 nm, Eq. 1) for the spring equinox (20th of
March) is shown in Fig. 3. On this day, the clear-sky irradiance of sunlight
is maximum at the equator and minimum at the poles, and despite this,
the highest values of 3CDOM* concentration are predicted at quite high
latitudes in the Northern hemisphere. The reason for this finding is that
most high-DOC waters are found in Nordic regions [30] (see Figure SM1
in the Supplementary Material for a map of the DOC values used in this
work) and, besides irradiance, 3CDOM* concentration has a strong pos-
itive correlation with the DOC as well [49].

The global distribution of CLO half-life times [t1/2(CLO), Fig. 4a], as
driven by the reactionwith 3CDOM*, has many similarities with 3CDOM*
concentration. Indeed, where 3CDOM* concentration is higher, the half-
life time of CLO is shorter. CLO photodegradation would thus be favored
in lakes with high DOC values. However, one should consider that t1/
2(CLO) is also affected by lake-water depth and by the inhibition of the
3CDOM*-induced oxidation of CLO carried out by DOM antioxidant
moieties [ψ ¼ 0.68 þ 0.32/(1 þ 10CDOC)] [38]. In deep lakes, the
half-life time of CLO is longer than in shallow lakes, all other variables
being constant, while high DOC means high 3CDOM* concentration and
high CLO back-reduction at the same time, where the former is favorable
and the latter detrimental to degradation.

It is possible to compare our predicted photodegradation kinetics
with the disappearance of CLO in lake water. In a previous field study
[50], CLO has been found to undergo photodegradation with first-order
rate coefficient k0 � 0.01 day�1 in the epilimnion of lake Greinfensee
ares represent the values integrated along the 15th day of each month. The solid
edure to calculate the daily dose as a function of the latitude and the day of the
� to 60�N with steps of 5�. (c) Latitudes from 60�S to 0�.



Fig. 3. Global map of the steady-state concentration of 3CDOM* computed for the spring equinox.

Fig. 4. Global maps of the photochemical half-life times (t1/2) of (a) CLO and (b) DIC, computed for the spring equinox.
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(Switzerland) in late summer. With our model, for the same depth
(10 m), and decreasing irradiance by 1.5 times as reported [50] to ac-
count for the cloud cover, we obtained k0 � 0.02 day�1. A factor of 2
difference is quite acceptable when taking into account all the approxi-
mations used in our model.

Photodegradation of DIC highlights a similar t1/2 range but a different
scenario than that of CLO. Fig. 4b shows that DIC photodegradation
would be faster in and around the tropical belt, while its rate would
decrease [i.e., t1/2(DIC) would increase] when moving north or south.
This is due to the fact that direct photolysis dominates DIC photo-
degradation in most conditions, with the exception of high-DOC waters
in the northern hemisphere (Fig. 5). In the latter case, the lakes where the
contribution of DIC direct photolysis would be lower are characterized by
high values of the DOC, which enhance 3CDOM* concentration and
inhibit the direct photolysis due to light screening.

Overall, these findings suggest that direct photolysis processes would
be much more closely linked to sunlight irradiance than the 3CDOM*
reactions, which explains why DIC photodegradation at the equinox
would be faster around the equator than at higher northern or southern
Fig. 5. (a) Contribution of direct photolysis (d.p.), in percentage units [100k0DIC,d.p/
equinox. (b) Contribution of 3CDOM*, in percentage units [100k0DIC;3CDOM*/(k

0
DIC,d.p. þ

that blue means limited contribution and red means major contribution, but for the sa

6

latitudes.
As previously done with CLO, it is possible to compare the first-order

rate coefficient of DIC photodegradation as computed with our model
with a field value reported for the epilimnion of lake Greinfensee
(Switzerland) in late summer. Tixier et al. [50] found k0 � 0.08 day�1,
while our model predicts k0 � 0.04 day�1, still within a factor of 2
difference.

Finally, it is interesting to observe that the average ratios between the
computed half-life times of CLO and DIC and the hydraulic residence times
of water in the lakes, as reported in the HydroLAKES database [29,32],
range between 0.5 and 0.7. This means that, on average, the photo-
degradation kinetics of CLO and DIC in a lake would be faster than
lake-water turnover. Therefore, photodegradation would play an impor-
tant role in the attenuation of both contaminants in global lake waters.

3.2. Photodegradation processes in waste stabilization ponds

Waste stabilization ponds (WSPs) or treatment lagoons are waste-
water treatment facilities intended to serve small communities. They rely
(k0DIC,d.p. þ k0DIC,3CDOM*)], to the overall photodegradation of DIC on the spring
k0DIC;3CDOM*)], to the overall photodegradation of DIC on the spring equinox. Note
ke of readability, the ranges are not the same in the two figure panels.



Fig. 6. Modeled first-order photodegradation rate coefficients (k, left Y-axis) and half-life times (t1/2, right Y-axis) of (a) CLO (3CDOM* reaction) and (b) DIC (3CDOM*
reaction plus direct photolysis) as a function of latitude, at the equinoxes and solstices. Conditions: CDOC ¼ 15 mgC/L, d ¼ 1 m, thorough water mixing, clear sky. Data
are referred to the northern hemisphere, but similar results would be obtained for the southern one.
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on plants, microorganisms, and sunlight for the removal of nutrients,
metals, pathogenic viruses and bacteria, as well as (possibly) organic
pollutants [51]. In the case of pollutants, sunlight plays a major role in
degradation, and our model approach allows for an assessment of the
WSP potential to photochemically remove DIC and CLO on a global scale.
WSPs are usually shallow to allow sunlight to illuminate most of the
water column and for surface-attached biofilms to be more effective at
biodegradation, thus, here we assumed d ¼ 1 m and a typical CDOC ¼ 15
mgC/L [52]. By means of Eqs. 1,2 and with these values of d and CDOC, it
is possible to compute 3CDOM* concentration, k0DIC,d.p., and the
first-order rate coefficients for degradation of both DIC and CLO by
3CDOM*. The resulting overall, first-order photodegradation rate co-
efficients are shown in Fig. 6 as a function of season (solstices and
equinoxes) and latitude. They are computed for the northern hemisphere,
but similar results would be obtained for the southern one.

First of all, as already observed for lake waters as a global average, the
half-life times of DIC and CLO (some days in both cases, depending on the
season) would be quite similar in WSP conditions. DIC and CLO photo-
degradation would also be slower by around one order of magnitude
compared to the inactivation of pathogenic viruses [52]. In June, when
photodegradation of DIC and CLO would be most effective, kinetics
would not change much with latitude, unlike in the other months.

By considering a hydraulic retention time of water of 15 days in a
typical WSP [51], almost complete photochemical removal of DIC and
CLO would take place in June at all latitudes. Under clear-sky conditions,
as assumed here, the system would also be fairly effective in March and
September. Finally, performance would become rather poor in December
at the highest latitudes, and possible cloud cover would slow down
photodegradation even further.

Overall, the ability of WSPs to photochemically remove DIC and CLO
would depend on hydraulic retention time, latitude, season, and likeli-
hood of fair weather. In many cases, the photoinduced removal would be
significant, whichmakes the use of WSPs a very cost-effective strategy for
the attenuation of easily photodegradable CECs.

4. Conclusions

The EMW approximation is suitable for the prediction of both
3CDOM* reactions and direct photolysis on a global scale, as shown here
for the emerging contaminants CLO and DIC. The reason for limiting the
assessment to triplet sensitization and direct photolysis is also not linked
to the EMW approach, but to the lack of data regarding nitrate, nitrite,
and inorganic carbon concentrations in lakes globally.

Interestingly, processes mediated by 3CDOM* are strongly linked
with the DOC values of water, which are expected to play a more
important global role towards 3CDOM* than sunlight irradiance. As a
7

consequence of this, the fastest CLO photodegradation on the spring
equinox would be observed at Nordic latitudes instead of the equator
where clear-sky sunlight irradiance reaches its maximum values. The
opposite happens in the case of direct photolysis, which dominates the
photodegradation of DIC and follows irradiance much more closely.

Direct photolysis and 3CDOM* reactions would also play an impor-
tant role in the attenuation of DIC and CLO in waste stabilization ponds
under clear-sky conditions, except for elevated latitudes in winter.
Interestingly, at constant DOC, the photodegradation kinetics of DIC and
CLO in June would be practically independent of latitude in the absence
of cloud cover.

Finally, although a worldwide assessment of �OH and CO3
�� pro-

cesses cannot be obtained yet due to missing data as explained above, the
rather strong negative correlation between DOC and �OH or especially
CO3

�� [7] would suggest that these processes could follow similar or
even more marked worldwide trends as the direct photolysis and, for this
reason, they could be even more skewed away from Nordic
environments.
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