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Epilimnion depth and lake depth

Global Lakes Database
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Figure S1. (A) Histogram plot of the epilimnion depth of the lakes in the Global Lakes database.!
(B) Histogram plot of the mean depth of the lakes in the Global Lakes database. In both panels
the bin size = 5m.
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Table S1. Statistics describing the lakes in the Global Lakes database!

Parameter Value
Number of lakes in database | 573
% of lakes that are fully mixed | 13
% of lakes with an epilimnion between 2 and 20 m | 96
Mean epilimnion depth (m) | 9.1
Median epilimnion depth (m) | 7.6
Most frequently appearing epilimnion depth (m) (n=16) | 4.6
Difference between epilimnion depth and lake depth
Epilimnion depth (m): 20 9 2
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Figure S2. [10;]ss as a function of depth (dotted purple line) and three different epilimnion
depths. All other parameters are set at their representative values (see Table 1 in the main text).
Note that the [10;]ss is a constant value over the depth of the epilimnion, and below the

epilimnion varies as a function of water depth.

Quantum yield relationships

®, , relationships were modelled by fitting experimental data from Partanen et

al.2 to a bi-exponential model, shown in equation S1)
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PFretieted = g, exp(—byA) + a, exp(—b, ) (S1)
Where CDZ;ediCted is the modelled singlet oxygen quantum yield at a given wavelength
(A4, nm), and a4, a,, by, and b, are fitting parameters.
The upper and lower bounds of the range of ®, , values used in this work were
obtained by adjusting the fitting parameters so that the experimental data was enclosed
within the bounds of the modelled curves. The representative ®, , curve was taken as

the average of these upper and lower bounds. Figure S3 shows the experimental data

overlaid on the modelled range of ®, ; values used in this work.
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Figure S3 Modelled range of @, ; values used in this work (as presented in the main text Figure
1A) along with points representing experimental @, ; data measured in Partanen et al.?
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Biexponential fits of SRNOM and PLFA
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Figure S4. Biexponential fits to experimental wavelength-dependent @, data. PLFA is shown in

red, and SRNOM is shown in blue.
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Factors affecting incident irradiance

Impact of reflectance on [10,] ;{gi'avg
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Figure S5. (A) Range of solar irradiance spectra highlighting 40°N in green. Reflectance-
corrected spectra shown in patterned yellow, spectra that have not been reflectance-corrected
are shown in grey for comparison. (B) Relationship between latitude and [10;]ss for a 9 m
epilimnion depth. [102]ss values modeled using reflectance-corrected solar irradiance spectra
are shown as a dashed line.
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Table S2. Percent difference between incident irradiance spectra and reflectance-corrected
incident irradiance spectra for UVA, UVB and PAR wavelengths, as well as the entire solar

spectrum (280 - 800 nm).

Latitude | % diff. between non-adjusted irradiance and reflectance adjusted irradiance
UVB UVA PAR Solar spectrum
033 4.3 4.5 4.5
40 | 4.3 6.4 6.6 6.7
70 | 8.2 14 15 15

Reflectance calculations
To calculate the fraction of light transmitted into a water body, Fresnel’s equations were

used (eq. S2-S4).

t=1-"72 (S2)
_ (sin(8;-6)\?

s = (sin(9i+9t)) (SS)
__ (tan(8;—6¢) 2

T = (tan(9i+9t)) (S4)

Where t is the fraction of light transmitted, rs is the fraction of s-polarized light
reflected, rp is the fraction of p-polarized light reflected, 8; is the angle of incident light,
and 6, is the angle of transmitted light.

6; was calculated using Snell’s Law:

Nwater __ Sinf; S5
Nair sinf ( )

where 1,4t iS the index of refraction of water, and 7, is the index of refraction in air.
Nair 1S 1.0003 over the UV and visible spectra, but 1, 4., varies as a function of

wavelength. The empirical relationship in equation S6 was used to calculate 1, 4¢3

15.868 4382 = 1.1455x10°
Nwater = 1.31405 + T + IE

(S6)
The angle of incident light, or zenith angle, is calculated according to equation S7:

cosB; = sin(lat.) sin(8) + cos (lat.)cos (h) (S7)
where lat. is the latitude (° N or S), § is the solar declination angle, and h is the hour
angle.

h is calculated according to equation S8:

h = 15° X (local solar time — 12) (S8)
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where local solar time are hours of the day (i.e. 0, 1, 2... 21, 22, 23).
The solar declination angle, §, varies as a function of time of year, as seen in table S3.

Table S3. Solar declination angles for the solstices and equinoxes

Day solar declination angle (°)
December 21 -23.44
March 21 0
June 21 23.44
September 21 0




Impact of using solar noon or summer day irradiance spectra on [102]§gl,avg
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Figure S6. (A) The range of solar irradiance spectra for June 21 solar noon (green), June 21
daily average (purple), and annual average (blue). 40° N is shown as a geen line for each type of
spectra. (B) Impact of using June 21 solar noon and June 21 daily average irradiance instead of
average annual irradiance on calculations of [102]ss at a 9 m epilimnion depth.
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Diffuse attenuation coefficients and absorbance

The impact of DOC concentration on [102z]ss
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Figure S7. The modelled fraction of light attenuated as a function of water column depth for
multiple DOC concentrations and wavelengths of light. These values were calcuated using an
empirical relationship for Ky that takes DOC concentrations as the input variable.

Equation for Rrusing absorbance spectra
Since absorbance is measured in decadic log units, it is important to use the correct
form of the main text equation 2. The equation shown below should be used when

decadic absorbance is the input parameter rather than diffuse attenuation coefficients.

. I .
R = 3,08 x (1 - 1074%) X By (59)

where a; is the decadic absorbance of the water (cm-1), and the other parameters are as
defined in the main text.
Ka vs. absorbance in calculations of [102]ss

To compare the impact of using modeled Kdvalues and measured absorbance
spectra on calculated values of [102]ss, measured absorbance spectra for surface waters
and organic matter isolates containing a range of DOC concentrations were used (Figure
S8). Some of the surface waters were also used in the test tube validation (see below).
The rest of the waters used in this analysis were collected from lakes and streams

across northern and western Switzerland on July 22d and 25t, 2019. These samples
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were collected approximately 5 - 10 cm below the surface of the lake or stream and
stored on ice until they could be refrigerated. Samples were passed sequentially
through two filters (glass-fiber filter, pore size 0.7 um, followed by Omnipore PTFE,
pore size 0.2 um), and stored in HDPE bottles (acid-washed, autoclaved, and wrapped in

aluminum foil) at 3 °C.
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Figure S$8. Absorbance spectra of the natural water samples and organic matter isolates used in
a comparative analysis of the impact of experimentally measured absorbance spectra and
modeled Kq4 values on calculations of [102]ss.
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Figure S9. (A) Measured absorbance spectra for natural waters with increasing DOC
concentration or diffuse attenuation coefficient spectra modelled using approximately the same
DOC concentrations. (B) Relationship between DOC and [10;]ss for a range of epilimnion depths.
[102]ss values calculated using measured absorbance spectra are shown in grey, and those
calculated using modeled diffuse attenuation coefficients are shown in blue.
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Modelled absorbance spectra

It is advantageous to be able to model the absorbance spectra of surface waters,
both in case it is not feasible to experimentally determine the absorbance spectra, or
when a range of surface waters are of interest, not only a specific lake or river. The
APEX model, for example, allows for user-input absorbance spectra as well as for
approximated spectra based on the concentration of non-purgeable organic carbon
(NPOC) and wavelength. This empirical relationship was developed by fitting
exponential curves to experimentally obtained absorbance data for 9 lakes in northwest
Italy, and is shown in equation S10 below.>

a, = NPOC - (0.45 + 0.04) - ¢=(0015+0.002)2 (S10)

NPOC = 1.3D0OC (S11)
where a; is the absorbance (cm-1), NPOC is the concentration of non-purgeable organic
carbon (mgc/L), 4 is the wavelength (nm), and DOC is the concentration of dissolved
organic carbon (mgc/L).

As seen in Figure S10, we find that absorbance spectra collected from surface
waters from Switzerland and the U.S. (Figure S8) do not well match the absorbance
spectra generated using the empirical relationship in equation S10. This may be
because the empirical relationship was developed using waters with low NPOC
concentrations (maximum NPOC = 5.4 mgc/L, corresponding to a DOC concentration of
approximately 7 mgc/L), or it could be that the absorbance of lakes in a specific
geographic location cannot be generalized to other lakes. The difficulty in generalizing
absorbance spectra gives another reason to use modelled K4 values when calculating
[102]ss in surface waters. It is also important to remember that based on the results of

this work, the DOC concentration has a very limited impact on [10,]2"*"9
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Figure $10. Absorbance modelled using an empirical relationship (green region) and measured
absorbance values for corresponding DOC concentrations (grey region).
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[102;ss at the near-surface of lakes
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Figure S12. Range of literature [10;]ss values for a variety of different lakes, measured under

different light sourcess-?
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Table S4. Average value of [10;]ss reported in the literature for a given water source and light
sources-16

water light number of

source source [102]ssavg data points  reference

lake sunlight 3.90E-14 4 (Haag & Hoigne, 1986)
lake UVA 2.07E-13 3 (Maizel & Remucal, 2017)
lake UVA 2.88E-14 4 (Peterson et al., 2012)
lake UVA 2.75E-14 8 (Vione et al., 2010)

lake Xe lamp 5.89E-13 23 (Chen etal., 2020)

lake Xe lamp 2.31E-14 3 (Scully et al., 1997)

lake Xe lamp 6.25E-14 16 (Wasswa et al., 2020)
river Hg lamp 2.69E-13 1 (Lietal, 2016)

river sunlight 3.83E-14 3 (Haag & Hoigne, 1986)
river UVA 4.03E-12 1 (Maizel & Remucal, 2017)
river UVA 4.45E-13 2 (Peterson et al.,, 2012)
river Xe lamp 7.38E-13 1 (Chen etal., 2020)
wetland sunlight 2.79E-13 3 (Zeng & Arnold, 2013)
wetland UVA 3.59E-12 2 (Maizel & Remucal, 2017)
wetland Xe lamp 1.31E-12 9 (McCabe & Arnold, 2016)
wetland Xe lamp 7.30E-13 1 (Zeng & Arnold, 2013)
effluent sunlight 2.77E-14 3 (Haag & Hoigne, 1986)
effluent UVA 1.44E-12 2 (Maizel & Remucal, 2017)

(Mostafa & Rosario-Ortiz,

effluent Xe lamp 1.38E-13 2 2013)
effluent Xe lamp 4.14E-13 1 (Zhang et al., 2014)
effluent Xe lamp 1.90E-13 1 (Zhou etal., 2017)

Test tube validation using natural water samples and organic matter
isolates

Natural water sample collection and preservation

Natural water grab samples were obtained from Lake Bradford (Tallahassee,
Florida, USA) on December 28, 2015, the Great Dismal Swamp (Virginia, USA) along the
Jericho Ditch on September 8, 2016, the Suwannee River (Okefenokee Swamp, Georgia,
USA) on August 9, 2017, and Etang de la Gruére (Saignelégier, Jura, Switzerland) on July
25, 2019. With the exception of Etang de la Gruére water, all samples were filtered
(Whatman Polycap TC 75, pore size 0.2 um) upon collection and stored in acid-washed
brown plastic bottles at 3 °C. Etang de la Gruére water was passed sequentially through

two filters (glass-fiber filter, pore size 0.7 um, followed by Omnipore PTFE, pore size 0.2
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um) and stored in HDPE bottles (acid-washed, autoclaved, and wrapped in aluminum

foil) at 3 °C.

Organic matter isolates

Suwannee River natural organic matter (SRNOM) #2R101N and Pony Lake fulvic
acid (PLFA) #1R109, were purchased from the International Humic Substance Society
(St. Paul, MN).
Sample characterization

Samples were characterized by measuring their absorbance spectra using a Cary
100 Biospec UV-Vis spectrophotometer, and by measuring their DOC concentration
using a Shimadzu TOC-L analyzer. @4 values for each of the samples were taken from
Partanen et al.2 The DOC concentration (natural water samples) or DOM concentration
(organic matter isolates) and the ®,values can be seen in Table S4, and the absorbance

spectra of the samples can be seen in Figure S13.

Table S5. Characterization of surface water samples and organic matter isolates

Concentration

Sample name mgc/L mg DOM/L s (%)
Great Dismal Swamp water 8.79 1.0
Lake Bradford water 19.50 1.4
Suwannee River water 63.21 1.6
Etang de la Gruére water 21.45 0.8
Suwannee River NOM 5and 10 1.8
Pony Lake FA 5 2.4
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Figure S13. Absorbance spectra for surface water samples and organic matter isolates used in
the test-tube validation. Note that Dismal Swamp and Suwannee River water were diluted
three-fold for the absorbance measurement. The spectra presented here are corrected for this
dilution.

Measurements of [10z]ss

To measure [102]ss of the Swiss surface water samples, steady-state irradiation
experiments were performed using a Rayonet photoreactor equipped with UVA bulbs.
Briefly, solutions of the surface water containing 40 uM furfuryl alcohol (FFA) as a
molecular probe for 102 were irradiated with UVA light for 90 minutes. Two different
reference solutions were used; one consisted of 2 uM perinaphthenone (PN), a 102
reference sensitizer used for calculations of @, values (for comparison purposes only),
and 40 pM FFA, and the other was a chemical actinometer containing 10 uM p-
nitroanisole (PNA) used for calculating absolute irradiance values. Aliquots of the
samples and references were taken periodically, and the degradation of FFA or PNA was
measured using a Dionex Ultimate HPLC-UV-FLD.

[102]ssin the experimental solutions was calculated using the following equation:

kéhe = kypmio, X [*02]ss (512)

obs rxn,10,

where kfF4 is the observed FFA degradation rate constant in the experimental solution

(s1), and k£F4, is the bimolecular rate constant of FFA reaction with 102. k554 is
rxn, 0, obs
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AFFA

) versus time, where Apr, is the area under
FFA,0

obtained from the slope of a plot of In (

the HPLC signal for FFA at a given timepoint, and Az, o is the area under the HPLC

signal for FFA at time = 0. Plots of In (:FFA ) versus time for the natural water samples,

FFA,0
organic matter isolates, and reference sensitizers can be seen in Figure S14. kfféloz =
1.0 x 108M~1s~1 at 22°C.17
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Figure S14. Plots of In(A/Ao) vs. time for the samples tested. Results represent triplicate
measurements

For calculations of [102]ss within the surface water samples and organic matter
isolate solutions using equations 1 (main text) and S9, values of I, 5, sample absorbance,
and ®, must be known. The measured sample absorbances shown in Figure S13 were
used, as were the @, values in Table S4, as described above. Note that these quantum
yields are not wavelength dependent but are valid for the irradiance spectrum of the
UVA lamp used in this validation. To calculate I 5, the irradiance spectrum of the UVA
bulbs used to irradiate the samples (Figure S15) needed to be converted from the
arbitrary units obtained by an uncalibrated radiometer (Ocean Optics Jaz Radiometer)
to absolute irradiance (mmol photons cm-2 s-1 nm-1) using a chemical actinometer that

was irradiated alongside the surface water samples. The following equations were used:

IO,A =Y Il,rel (513)
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where y is a wavelength-independent scaling factor, and I ,.¢; is the relative
irradiance (unitless).

The relative irradiance is calculated according to equation S14:18

I m
I/l,rel =2 (S14)

2alam

where [} ,,, is the irradiance spectrum collected from an uncalibrated radiometer.

y is calculated according to equation S15:

kobs,pna
= ' S15
14 2.303-@ENAY 13 o el NA-SPNAAY (515)
PNA

where k,ps py4 IS the observed PNA degradation rate constant (s1), ®,;;” is the direct

photolysis quantum yield of PNA18, ¢"V4 are literature values for the molar extinction

coefficient of PNA18, and SfNA is the PNA solution screening factor.

The screening factor, Sy V4, is defined as:
1-10"%"
PNA _ 1=
i = 2.303afN4¢ (516)
where af "4 is the absorbance of the experimental PNA solution (cm-1), and  is the
pathlength (cm).
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Figure S15. Absolute irradiance of the UVA bulbs used in the Rayonet photoreactor
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Experimentally determined ®4 values

Experimentally determined ®, values were calculated for the samples for
comparison with the reference @, values used in the analysis. ®x values were calculated
using a relative method with PN as the reference sensitizer and FFA as a chemical probe

for 102 according to the following equation:

psample _ ki'f)?ﬁéi REDY ®PN S17
A - X sample X A ( )

PN
kobsFra Ry
here k3¢ and kPN are the observed FFA degradation rate constants of the
w obs,FFA obs,FFA \4 g

sample and of PN, respectively (s1), R2™P* and REY. are the rate of light absorbance of

abs
either the sample solution or of PN (mol photon L1 s'1), and ®£" is the singlet oxygen
quantum yield of PN. In the following calculations we used a @£ value of 1.01, the

value measured by Schmitt et al. in pure water.1?

Table of [10,]2"*"? values for a range of parameter sets
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Table Sé6. [102]§§i'av‘q values for a range of epilimnion depths and three parameter sets

[102]ss,ePiave (10-16 M)

Parameter sets

Epilimnion
depth (m) upperlimit2 lowerlimitP representativec
2 54 3.7 23
3 36 2.9 16
4 27 2.4 13
5 22 2 10
6 18 1.8 8.6
7 16 1.6 7.4
8 14 1.4 6.5
9 12 1.3 5.8
10 11 1.2 5.3
11 10 1.1 4.8
12 9.2 1.0 4.4
13 8.5 0.94 4.1
14 7.8 0.88 3.8
15 7.3 0.83 3.5
16 6.9 0.78 3.3
17 6.5 0.74 3.1
18 6.1 0.71 3.0
19 5.8 0.67 2.8
20 5.5 0.64 2.7

aLatitude = 0°, DOC = 20 mgc/L, upper limit @, relationship
b Latitude = 70° N, DOC = 1 mgc/L, lower limit @, relationship

¢ Latitude = 40° N, DOC = 5 mgc/L, representative case for @, relationship

Range of calculated half-lives
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Table S7. Range of t1,; values due to pollutant reaction with 10; for a range of ke values and
epilimnion depths. These values were calculated for a water body with a DOC concentration of 5
mgc/L at 40° N.

Krxn (M1 5°1) Epilimnion depth (m) t1/2 (days)
Near-surface 0.43
2 3.4
109
9 14
20 30
Near-surface 4.3
2 34
108
9 140
20 300
Near-surface 43
2 340
107
9 1,380
20 3,000
Near-surface 430
2 3,400
106
9 14,000
20 30,000
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