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Supplementary Material
Assessing the Impact of Cyanuric Acid on Bather’s

Risk of Gastrointestinal Illness at Swimming Pools

Richard A. Falk ¥, Ernest R. Blatchley III 2, Thomas C. Kuechler 3, Ellen M. Meyer *, Stanley R.
Pickens ® and Laura M. Suppes °

S1. Steady-State Turbulent Diffusion Model of Pathogen Risk

A detailed diagram of the model inputs, intermediate calculated parameters, and results is
presented in Figure S1. The dark yellow ovals are input parameters (light yellow are indirect input
parameters set automatically via pulldown menus for pathogen selection and age of shedder), and
cyan, orange, and purple ovals are calculated parameters that appear in more than one place in the
diagram so are connections to have the diagram fit into a single page.
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S2. Calculating HOCI Concentration from Cyanurate Chemistry

Cyanuric acid (CYA) readily converts between two tautomers, as indicated in Figure S2. The
enol form predominates for unchlorinated cyanuric acid in the solid state. In solution or when
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chlorinated, the keto form (isocyanuric acid) dominates. For the sake of simplicity, cyanuric acid (or
isocyanuric acid) is represented as H3Cy in the rest of this addendum.

H H

| |
O\H/N\ O\H OYN\(O
P —
N~ N N N~
Y - \”/ -

_0 o)
H

enol form keto form

(cyanuric acid) (isocvanuric acid)

Figure S2. Two tautomers of cyanuric acid.

The three protons on the cyanuric acid ring can be sequentially removed at increasing pH to
produce mono-negative, di-negative, and tri-negative anions. Alternatively, each of the three
hydrogens can be replaced with a chlorine in a formal +1 oxidation state to form monochloro-,
dichloro-, or trichloro-isocyanuric acid.

There are three possible deprotonation (acid dissociation) reactions associated with cyanuric
acid. In addition, there are two deprotonation reactions possible for the monochloroisocyanuric acid
and a single deprotonation reaction possible for dichloroisocyanuric acid. This gives rise to six
independent equilibrium reactions and the corresponding equilibrium equations.

In Table S1, reactions (S1) through (S6) are acid deprotonation reactions associated with
cyanurate species. The corresponding equilibrium Equations (S1) through (S6) along with the
numeric values of the equilibrium constants are provided on the same rows of the table. Reactions
and Equations (S7) through (59) relate to the three hydrolysis reactions for chlorinated cyanurate
forms. Finally, reaction (S10) is the acid dissociation (or deprotonation) of hypochlorous acid.

In the current work, the equilibrium constants shown in the table were adjusted to allow for the
impact of ionic strength on activity coefficients so that concentrations rather than activities could be
plugged into the equations. Ionic strength corrections are discussed in Section S3. In some cases, the
equilibrium constants were also adjusted for temperature. Omitted from the table are redundant
equilibrium constants, which can be determined from related constants listed in the table. For
instance, the value of Krcicy» = [H2Cy™]-[HOCI]/[HCICy™] can be determined from Equations (S1), (54),
and (S7): Kucicy';h = Kuscya + Krzacyh | Kuacicya.



Water 2019, 11, 1314 4 of 31

Table S1. Acid dissociation reactions and equilibrium constants related to cyanuric acid. [1]

# Equilibrium Reaction Equation

(S1) HyCy = H* + H,Cy~ Kitycya = % —13x1077
(S2) H,Cy~ = H* + HCy?" Kiycy-a = [”Fl]izl’g—ycf;_] = 4x 1012
(S3) HCy? = H* + Cy®" Kieyra = % —3x10°M
(S4) H,CICy = H* + HCICy™ Ki,cicpa = [”gi’;—fcl;” = 4.7x107°
(S5) HCICy™ = H* + CICy*~ Kucicy-a = % =76 1071
(S6) HCl,Cy = H* + CL,Cy~ Kuciycra = % —1.8x 10~
(S7) H,CICy + H,0 = HOCL + H5Cy Ku,cicyn = % —9x10°°
(S8) HCL,Cy + H,0 = HOCI + HyCICy Kiciyeyn = ool = 12 %1073
(S9) Cl;Cy + H,0 = HOCL + HCI,Cy Keizeyn = % =2x107?
(510) HOCL = H* + 0CL~ Kyoc, = % —2.88x10°8

In addition to the ten equations shown in Table 51, there are two other equations: a mass balance
equation for cyanurate species and a mass balance equation for free chlorine (FC). Equation (S11)
below is the mass balance equation for cyanurate species:

CYtotar = [H3Cy] + [H,Cy~1+ [HCy*~ ]+ [Cy*T] 4 [H,CICy] + [HCICy™] + [CICy*"] +

[HCLCY] + [CLCy™] + [ClsCy] (1)

In Equation (S11), Cyww is the total cyanurate concentration, as would be measured by a
standard, turbidity based cyanuric acid test kit. Equation (512) below is the FC mass balance equation:

FCrprqy = [HOCI] + [OCI™] + [H,CICy] + [HCICY™] + [CICy?*] + 2 - {[HCI,Cy] +

[CL,Cy 1} +3-[Cl5Cy] (512)

Note that FCwm corresponds to the measured “free” chlorine concentration and includes
chlorinated isocyanurate species in addition to the free chlorine species hypochlorous acid,
hypochlorite anion, and the generally insignificant Cl2.

These twelve equations make it possible to calculate the concentrations of all twelve relevant
species: the ten cyanurate species indicated in Equation (S11) plus the concentration of hypochlorous
acid and hypochlorite—provided that the pH, total cyanurate concentration, and measured FC
concentration are known.

To do so, Equations (S1) through (S9) in Table S1 were rearranged to provide ratios of the
concentrations of each of the ten possible isocyanurate forms to the reference value [H3Cy]. The
resulting equations are shown in Table S2.
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Table S2. Concentration ratios of the various isocyanurate species relative to HsCy.

# Ref. #5° Equation

e e =

(S14) 1,2 [;ZYC:]] - KH[ZHCK]—.a ) [?;:ny‘]] _ KH3Cy{IJ:I'I-:]I-IZZCy—_a
o 123 S
oo o

on 4 s s s . s
o 457 st )t
o sttt
oo e
(521) 78,9 [[Cl;l:g;]] - K[chcjh . [1[115312‘?]/] Tk HZCle,h'IEZi:i;h'KChCy,h

? Indicates the equations from Table S1 used to develop the equation on the given row.

By adding up the concentration ratios of each of the ten possible isocyanurate forms (indicated
in Equation (S11)) to the common, fully protonated form, HsCy, one can get an expression for the ratio
of the total or measurable cyanuric acid concentration to the concentration of HsCy shown in Equation
(522) below:

CYeotal _ [H3CY] | [HaCy~1 | [HCY?7] | [cy®7] | [HpClcy] | [HClcy™] | [cley?T] | [HCLCy]

[H3Cy] [H3Cy] ~ [H3Cy] [H3Cy] [H3Cy] [H3Cy] [H3Cy] [H3Cy] [H3Cy] (S22)
[Clacy™] | [ClzCy]
[H3Cy] [H3Cy]

The concentration [H3Cy] is equal to the total cyanurate concentration divided by the above ratio.
Substituting the values from the right sides of Equations (S13) to (S21) in Table S2 into the
denominator of the resulting expression gives Equation (523), in which [H3Cy] is calculated solely
from the total (or measurable) cyanuric acid concentration, the pH, and the hypochlorous acid
concentration:

[H3Cy] = Cyrotar/
KH3Cy,a . KHZCy_,a . KHCyZ_,a \
/ 14022 (1 + e (1 4 Ho )) + | e

[HOCI] Kh,cicy.a Kycicy=,a [Hocl] ( KHcl,cy,a [Hocl] )
1 2 (1 (1
\KHZ ClCy,h ( + [H*] ( + [H*] ) + Kyciycyh + [H*] + Kcizcyh

For purposes of future manipulation, it is convenient to represent the denominator of Equation
(523) as “D”, so that the equation can be briefly expressed as [H3Cy] = Cytwotal/D.
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The free chlorine mass balance, Equation 512, can now be expressed in terms of [HOCI], the
known quantities Cyuwtui, [H*], and the various equilibrium constants by use of Equations (S10), (S16)-
(521), and (S23).

[H*] D Ku,cicyh [H*] [H*]
2-[HoCl) ( KHuci,cya , 3:[HOCI] )
1+ +
KHcl,cy,h [Ht] 2Kcizcy,h

Abbreviating the portion of Equation (524) in brackets, with the letter B, the equation simplifies
to the following:

FCorar = [HOCI]- (1+ KH"“) + Deotal . { [Hoc (1 + SHaCltya (1+ KHCZCY_'“) +
(S24)

K CYtota
FCuora = [HOCI] - (1 + £6Ct) 4 Dtotat . p (525)

Both B and D in Equation (525) are functions of [HOCI], so the derivative of free chlorine with
respect to [HOCI] involves derivatives of these functions:

dB aD

dFCtotal _ Knoct . Datocy” P arocy S26
d[Hocl] — (1 + [Ht] ) + CYrotar D2 (526)
The derivative of D is as follows:
dD 1 Kh,cicy,a KHcicy™,a 2:[HoCl] KHcl,cy.a 3-[HOCl]
= (1 20tCy.a, (1 Y .(1 2CY, )
d[HOCl]  Kp,cicyh ( + [H*] ( + [H*] ) + Kyciycy.n + [H*] + 2Kcizcy,h (527)
The derivative of B is as follows:
dB 1 Ky, cicya Khcicy=,a 4[HoCl] Khciycya 9-[HoCl]
= 14222 (1 + 2 2) + -(1+ 2222 4 ) 2
d[HOCl]  Kn,cicyn ( [H*] ( [H*] ) Kuciycyh [H*] 4Kcizcyh (528)

Plugging the values for B, D, dB/d[HOCI], and dD/d[HOCI] into Equation (S26) gives an
expression for the derivative of free chlorine with respect to hypochlorous acid concentration:

dFCeotal _ Khoct . KHzcya | Kn,cy=a . Khcy2—a [HoCl]
d[Hocl] (1 + [Ht] ) + CYtotal (1 + [H*] (1 + [H*] (1 + [H*] ) + KH,cicy,h

K K - K
<1+ HZCle,a.(l 4 Kncwey ,a)+ [HoCl] _<1+ HClpCya [HoCl] ))) 1

[H*] [H*] KHclycyh [H*] Kcizcyn Ku,cicy,n .
Kn,cicy,a KHcicy™,a 4-[HOCI] KHci,cy,a 9:[HOC!] [HocCl]
1 2Clcya (4 v~ _(1 26, )_ . (S29)
( + [H*] ( + [H*] ) + KHclycyh + [H+] + 4Kcizcy,h KH,cicyh

1+KHZCle,a_(1 +KHCle_,a)+ 2:[HOCl] _<1+KHCIZCy,a+ 3'[HOCl]) . 1 .
[H+] [H*] KHciycyh [H*] 2'Kcizcy,h KH,cicyh

(1+KH2Cle,a.(1 _I_KHCZCy‘,a) + 2:[HOCl] _(1+KHC12Cy,a+ 3:[HOCl] )))

[H+] [H*] Kuciycyh [H*] 2:Kcizcy,h
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KH,cicy.h [H*] [H*]

2
[HoCl] _(1 4 Kueyeya [Hoa])
Kyciycyh [H*] Kcizcyh

(1 + KH3Cy,a (1 + KHycy~a | (1 + KHCyZ]_,a)> + [Hocl] (1 + KHyclcy,a | (1 + KHCle‘,a) +

Using the above equations, the procedure used to calculate the concentration of hypochlorous

acid (as well as the concentrations of the various isocyanurate species and of hypochlorite anion) was
as follows:

1.

The free chlorine concentration was converted from milligrams per liter (or parts per million)
to molarity by dividing the mg/L concentration by 70,906 milligrams of chlorine per mole.
Similarly, the pH was converted to hydrogen ion molar concentration, or to be more precise,
hydrogen ion activity, using the standard conversion: [H*] = ay+ = 107PH.

The iterative calculation was started with an arbitrary initial assumed concentration for
hypochlorous acid. (For this work. the starting value was 0 mg/L, though other first iteration
hypochlorous acid concentrations could be used and the same final result is obtained after
several iterations of the following steps.)

By plugging the hydrogen ion activity (from step 2) and the hypochlorous acid concentration
(initially from step 3) into Equations (S13)—(S21) in Table S2, the concentration ratios of each
of the ten isocyanurate species to [HsCy] was calculated, with [H3Cy]/[H5Cy], of course, being
1, regardless of the hydrogen ion or hypochlorous acid concentrations.

The ratios of all ten cyanurate species to the common form (H3Cy) were summed to determine
the ratio of the total cyanurate concentration to HsCy in Equation (522).

The total (reported, measured) cyanuric acid concentration was divided by the ratio
indicated in step 5 to calculate the H3Cy concentration for the current iteration in Equation
(523).

Each of the ratios calculated in step 4 was multiplied by the [H3Cy] concentration calculated
in step 6 to get the first estimate of the molar concentrations of each of the ten cyanurate
forms.

A resulting FC concentration was calculated for the current iteration using Equation (524).
For the next iteration, the assumed HOCI concentration was revised using the Newton-
Raphson method, in this case, based on the error in the free chlorine sum calculated in step
8:

FC —FC
[HOCl)i41 = [HOCL); + —mGm— 2, (S30)

d[HOCI]

where [HOCI]: represents the hypochlorous acid concentration used for the iteration just
completed and [HOCI]: +1 is the concentration for the next iteration; FCumes is the reported,
measured free chlorine; FCui is the summed chlorine from step 8, i.e., FCwu; and the
differential dFC/d[HOCI] is the first derivative of FCuic as a function of [HOCI], using Equation
(529). With a new, closer, estimate of the HOCI concentration, steps 3 through 9 were
repeated. Iterations continued until convergence was achieved, namely FCeuc = FCmes.
Convergence was generally achieved in a few iterations.

Three authors of this paper independently derived similar methods to those described above.
Another derivation is given in the supplemental PDF file “Computing HOCLpdf”, which defines
intermediate calculations used in the model workbook. In addition, during the writing of this paper,

Wahman [2] presented chlorinated cyanurate equations (in Wahman's Figure 5) and an open-form

solution equivalent to those in this paper.
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S3. Ionic Strength Correction

The equilibrium constant for hypochlorous acid dissociation was adjusted to account for the
impact of ionic strength on hypochlorite ion activity. The 10-PH calculation gives hydrogen ion activity
directly rather than hydrogen ion concentration, so no ionic strength adjustment is needed for it.
Moreover, neutral molecules, such as hypochlorous acid, do not require a significant ionic strength
adjustment in conversion to activity except at a very high ionic strength. Consequently, only the
hypochlorite ion concentration requires an adjustment based on ionic strength.

The activity coefficient for hypochlorite was calculated using the Davies equation:

Log(y™) = —AZ%[I°5/(1 + I°5)—0.31], (S31)

where y- is the anion (hypochlorite in this case) activity coefficient, A is a constant (approximately
0.51), Zision charge (-1 in this case), and I is the ionic strength (molarity) of the solution. The constant
A depends on the dielectric constant, temperature, and solution density. For water, the value of A is
as follows:

A = 1.8246 x 106 x D5 x (eT)~15, (S32)

where D, the density of the water (g/mL), can be rounded to 1 without significant impact on the
accuracy of the activity coefficient; T is temperature (K); and € is the dielectric constant of water as a
function of temperature [3]:

€ = 87.740 — 0.40008T + (9.398 X 10~4)T2 — (1.410 x 10~6)T?3. (S33)

Such ionic strength adjustments were not needed for the hydrolysis constants of the chlorinated
isocyanurates, as there was no net change in number of ions or ion charge in these reactions.
However, for the acid hydrolysis reactions (Reactions (S1)—(S6) and the corresponding equations in
Table S1), the ionic strength impact on the relevant cyanurate anions was taken into account. As
indicated above, no activity coefficients were needed for the hydrogen ions, since pH relates to
hydrogen ion activity rather than concentration.

To simplify the calculation of hypochlorous acid concentration, especially in the presence of
cyanuric acid, which greatly complicates the calculations, the activity coefficients were used to adjust
the equilibrium constants to the relevant ionic strength rather than separately converting all the
individual anion concentrations to corresponding activities.

Since O'Brien’s work was performed in aqueous solutions of 0.02 M ionic strength, and the
equilibrium constants were calculated based on concentration and not corrected for activity [4] (esp.
p- 39 and Table R-XV, p. 87), it was first necessary to correct the acid ionization constants to 0 M ionic
strength by adding the activity coefficient (which was approximately 0.51 x [ 0.0295 / (1 + 0.0205) - 0.3
x 0.02 ] = 0.06 times the relevant anion charge squared) to the ionization constants reported by
O’Brien.

Once the equilibrium constants for Equations (51)-(56) were converted to true, activity-based
equilibrium constants, they could then be adjusted to other ionic strengths by using Equation (S31).
In this case, it should be noted that, while the value Z is —1 in half the cases, for the equilibrium
constants in Equations (52) and (S5), Zproduct and Zreactant are —2 and -1 respectively and, in Equation
(S3), are -3 and -2; so for instance, in view of Equation (S31), the relevant activity coefficient
adjustment for Equation (S3) is 32 — 22 = 5 times the pK correction relative to Equation (S1) which
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involves an uncharged molecule and a monoanion, apart from the hydrogen ion which requires no
correction.

It may be noted that ionic strength corrections were generally not large. When typical cyanuric
acid concentrations are involved, the error contribution from ionic strength would typically be a <4%
relative change in hypochlorous acid concentration in a Total Dissolved Solids (TDS) range of 500 to
3000 mg/L at the lower pH of 7.0, where the effect is greater.

Ionic strength can be estimated from TDS, using Langelier’s approximation [5], which has
gained wide acceptance [6]:

I =25x10"% x TDS. (S34)

In the current work, this relationship was assumed for TDS <500 mg/L. For TDS above 500 mg/L,
it was assumed that the primary contributor to TDS above 500 mg/L is sodium chloride from the
buildup of consumed chlorine or intentionally added for saltwater chlorine generators, for which the
ionic strength contribution would be 1.7 x 105 times the TDS. This is based on the formula weight for
sodium chloride (58,443 mg/mole) and the Lewis and Randall formula for ionic strength [7]:

=% 7, (835)

where c is concentration (molarity) and z is ionic charge. In the case of sodium chloride, c is 1 M for
each 58,443 mg/L TDS. Since the charge for both the sodium and chloride ions is 1 each, this whole
equation reduces to the following:

I =2(12 +1?) X TDS/58,443 = 1.71 X 1075 x TDS. (S36)

Thus, conversion from TDS to ionic strength is as follows:

For TDS <500 mg/L: I =2.5% 107> X TDS
For TDS > 500 mg/L: [ = 2.5 x 105 x 500 + 1.7 x 10”5 x (TDS — 500) (S37)

S4. Temperature Compensation

Morris has provided data on the acid deprotonation constant of HOCI as a function of
temperature over the range 0 to 35 °C [8] and the following equation (Equation (13) in Morris) was
used in the model:

3000.00

PKioci = > — 10.0686 + 0.0253T. (S38)

Adding the log of the hypochlorite activity coefficient, Equations (531)-(538) give a pKroci
adjusted for both temperature and ionic strength.

54.1.  Wojtowicz and Solastiouk

The only temperature corrections employed for cyanurate-related equilibrium constants were
for the constants Khuscye, Kczcyn, and Kucacyn and constants derived from these constants, as in
Equations (S41) and (542) below. This is because, at the usual low chlorine to cyanuric acid ratios and
usual pH in swimming pools, the dominant cyanurate is H,Cy~ and the dominant chlorinated
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cyanurate is HCICy~. The concentrations of these dominant species are influenced by these constants
(when using the model in the supplemental PowerPoint presentation file “Computing HOCI
revised.pptx”). Wojtowicz [9] provided temperature corrections for the chlorinated constants using
measurements from Pinsky and Hu [10] at temperatures of 15.5, 25, and 30 °C. For the current work,
O'Brien’s pK values at 25 °C were used but with temperature corrections for other temperatures
based on the hydrolysis enthalpies from Wojtowicz:

[HOCL]-[HCICY™] _ , 1 1 _

KClsz_,h = Ty—]y =3.09 x 1075 x e85 1) = 4.23 x 10! x ¢~ 11.078/T (539)
[HOCL)-[HyCy™] _ X 1 1 _

Kucicy-n = 7{chc;—]y =240 x 1076 x e'**2Gos ™ = 539 x 1011 x 711912/T  (54()

In the above corrections, 3.09 x 105 M and 2.40 x 10¢ M are the values of the indicated
equilibrium constants at 25 °C reported by O’Brien and 11,078 K and 11,912 K are the AH/R values
(slope of a plot of Ln(1/K) versus 1/T) reported by Wojtowicz.

The temperature-adjusted values of Khcicyn and Kcecyn could also be used to provide
temperature corrected values for Krzcicyn and Khcicy: in the model detailed in Supplementary
Material S1:

Ku,cicyn = Kucicy=n X Kuycicy,a/Kuscy,a (S41)

Kuci,cyn = Keiyey=n X Kuciyey,a/ Kuycicya (542)

The temperature dependence on Khscy.. was taken from Solastiouk [11] based on the following
equation adjusted with the 0.085494 constant to match the equilibrium constant at 25 °C reported by
O’Brien:

— - —472
Kiycy,a = 10 (0.085494+31.08—0.154T+2.441x10~4T?2) (543)

54.2.  Wahman

During the writing of this paper, improved temperature dependence and equilibrium constants
were determined by Wahman [12] for Kuscys and by Wahman and Alexander [13] for Kuacy» and
Keneyn. These are incorporated as an option in the model workbook based on the following equations
(the pKs, pKy7q, and pKy, are the equivalent constants used in the Wahman papers):

1743

PKuscy.a = PKe = = =+ 1.12 (S44)
2028
pKci,cyn = PK7q = T 2.15 (545)

2229

PKucicyn = pKoq = P 1.65 (546)
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S5. Disinfection Kinetics Sources

Studies of the effect of CYA on disinfection rates have been conducted by a number of
researchers over several decades. Table S3 provides a summary of the effects of CYA on microbial
inactivation kinetics for several waterborne microbes.

Table S3. Summary of literature reports of the effects of CYA on microbial
inactivation by chlorine.

Organism Reference

Bacteria
Streptococcus faecalis, Staphylococcus aureus [14]
Streptococcus faecalis, Staphylococcus aureus [15]
Streptococcus faecalis [16]
Pseudomonas aeruginosa [17]
Pseudomonas aeruginosa, Streptococcus faecalis, and Staphylococcus aureus — [18]
Escherichia coli, Streptococcus faecalis, Staphylococcus aureus [19]
Staphylococcus aureus, Streptococcus faecalis, Pseudomonas aeruginosa, [20]

Escherichia coli, Proteus mirabilis, Candida albicans

Escherichia coli [21]

Amoeba
Naegleria gruberi [22]

Protozoa
Cryptosporidium parvum [23]
Cryptosporidium parvum [24]

Algae
Pleurochloris pyrenoidosa, Phormidium minnesotense, Oocystis sp. [25]
Virus
Poliovirus [26]
Poliovirus [27]
Polio 1 and 2; Coxsackie A24, B3, B4, and B5; Echo 6, 7, and 11; Entero  [28]
70; Adeno 3 and 7

Poliovirus 1, Coxsackievirus A24, Enterovirus 70, Adenovirus type 3 [29]
Poliovirus 1 [30]

In addition to these studies, various reports on the effects of cyanuric acid have also been
published from field studies. Table S4 summarizes pertinent aspects of these studies.
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Table S4. Summary of the results of field experiments to examine the effects of CYA on microbial
inactivation of waterborne microbes by free chlorine

Number of pools Chemical Organisms measured References
information
provided
193 pools FC, pH, CYA Coliforms, fecal streptococci, total staphylococci, [31]
Pseudomonas aeruginosa, standard plate count
42 spas FC, pH, CYA (only Pseudomonas aeruginosa, amoeba (Naegleria [32]
if present or not) australiensis, Naegleria sp., Acanthomoeba spp,
Willaertia magna)
12 pools FC, pH, sanitizer Total counts, Staphylococci, enterococci, [33]
type Streptococcus salivarius, coliform bacteria,
Pseudomonas aeruginosa
153 pools (15 in FC, pH, CYA Total plate count, Escherichia coli [34]
1960, 138 in 1963)
3750 pools Sanitizer type  Staphylococci, Pseudomonas aeruginosa, coliforms [35]
6 pools sanitizer type, FC, Total plate counts, coliforms [30]
pH, CYA

The literature generally shows that CYA increases the kill times for FC. In contrast, the literature
indicates that CYA has little effect on the efficacy of combined chlorine, such as monochloramine,
since amines bind available chlorine more strongly than CYA [16,17]. CYA also has no effect on the
efficacy of available bromine, since CYA does not bind bromine strongly enough. It is well-known
that CYA does not stabilize available bromine against sunlight degradation in a swimming pool
[36,37].

S6. Average Shedding Rate Formula

The time-dependent shedding rate shown in Figure 1 in Elmir [38] was seen to have a rough
exponential decay over time:

Rate = InitialRate X et (547)

The steady-state solution to the advective-diffusion model in Equation (7) and Equation (8) in
the main paper assumes a constant rate of introduction of pathogen (m). Therefore, it was necessary
to calculate an average pathogen introduction rate over the time that the shedding bather is in the
water. It was assumed that this time is the same as the exposure time for ingesting bathers. To get the
average rate over this time, the rate was integrated to get the cumulative amount:

Cumulative = (@) (1—ek). (S48)

Dividing by the time interval “t” gives the average rate given as Equation (3) in the main paper:

_p—kt
AverageRate = InitialRate (1 Iit ) (549)
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The Elmir data was fit to the rate formula Equation (S47) to determine the “k” value of 0.0309
min? used in the model workbook. An alternative approach shown in the supplemental workbook
“ElmirFit.xlsx” computed cumulative amounts and was fit to the cumulative formula Equation (548)
to determine the “k” value of 0.0464, which is a faster decay so is less conservative and was not used
in the model.

A more realistic model would be a combination of release of built-up fecal material (perhaps
with exponential or other modeled decay) combined with a fixed low-level leakage, but there is
insufficient data to create a better model at this time. Measurements of fecal indicator bacteria are
influenced by the more than order-of-magnitude variation in concentration of bacteria among
individuals (References [39,40] for E. coli). Future studies using indicator bacteria should measure its
concentration in each individual’s fecal matter in addition to the absolute amount released.

S7. Inactivation Constant a from U.S. EPA Ct Table

The Ct tables published by the U.S. EPA for Giardia [41] have a temperature dependence that has
the Ct value cut in half, equivalent to a doubling of the inactivation rate, for every 10 °C increase in
temperature. This is described in more detail in Section S8.

The Ct values at 5 °C were used to develop formulas for the inactivation constant at different
chlorine concentration (rows of EPA table) and pH (columns of EPA table).

Because the inactivation rate was presumed to be based on the HOCI concentration and not on
FC, an HOCI/FC factor was calculated for each pH. The inactivation constant was calculated from the
Chick-Watson equation modified to account for die-off and assuming a dilution coefficient “n” of 1
and recognizing that the EPA table was for a 3-logio reduction:

In(N;/Ny) = —In(10) X 3 = —(aC + d)t = —a(Ct) — dt (S50)

_ In(10)x3-d:t _  In(10)x3 d S51
~ (Hocl/Fc)(ct) ~ (HOCL/FC)(Ct)  (HOCI/FC)C (S51)

The “Ct” was taken from the EPA table but adjusted to equivalent Ct based on the HOCI
concentration rather than the free chlorine concentration. In the divisor for die-off, the concentration
“C” was taken from the EPA table row chlorine concentration value, and this was also adjusted to
the equivalent of HOCL. The result of applying Equation (S51) is to create a new table of inactivation
constants.

To interpolate between the values in the table, a simple linear regression was performed for each
column of the table (i.e., for each pH value). Interpolation between the columns (pH values) was done
via a table of slopes and intercepts for each pH where simple linear interpolation was done to give
intermediate slope and intercept values.

Interestingly, the inactivation constants are within a 20% range from pH 6.0 to 7.5 but increase
significantly at higher pH, implying either that hypochlorite ion (OCl") has about 1/3rd the
inactivation capability of hypochlorous acid (HOCI) or that there is some other pH enhancement to
inactivation of Giardia by chlorine.

S8. Ct Temperature Adjustment

Ct values in the literature are not always measured at 25 °C and not always at a pH of 7.5, so for
calculating a standardized inactivation constant at 25 °C and using HOCI, the Ct values for E. coli and
Cryptosporidium were adjusted using the following equation, where it is assumed that there is a
doubling of disinfection/inactivation rates or, equivalently, a halving of Ct value with every 10 °C
temperature increase.
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_25-Temp

adjusted Ct = O e — (852)

1+10(PH-7.474)

The inactivation rate constant (o)) was calculated using this adjusted Ct in Equation (5) in the
main paper. This makes this constant based on HOCI and independent of pH for E. coli and
Cryptosporidium (as noted in Section S7, Giardia inactivation rate constants were calculated from EPA
tables and have an unexplained pH dependence particularly above pH 7.5). Temperature
dependence in the model is then based on assuming a doubling of the inactivation rate constant with
every 10 °C temperature increase.

S9. Secondary Disinfection and Filtration

The model workbook includes an option to specify secondary disinfection (or filtration) with a
specified log-reduction per pass and a turnover time (the time for one pool volume of water to
circulate through the system). As shown in Table S5, a filtration system with 1-log (90%) removal is
nearly as effective as a secondary disinfection system with a 3-log (99.9%) reduction. This is due to
the law of dilution as first specified by Gage and Bidwell [42], where the fraction of total pool volume
that has gone through the circulation (and disinfection and filtration) system is 1 — e~", where T is
the number of turnovers (full pool water volumes). The following Table S5 shows the effect of
different levels of log-reduction in a secondary disinfection or filtration system with a CYA/FC ratio
of 45 and a 6-hour turnover.

Table S5. Probability of infection (CYA/FC = 45; 6-hour turnover)

secondary disinfection or filtration log reduction (%)
Pathogen/Per-Visit Risk®  0(0%)  0.10 (20%) 0.30 (50%) 1 (90%) 2(99%)  3(99.9%)
Escherichia coli O157 83x107% 83x107°% 83x107°% 83x107°% 83x107°% 83x107°
Giardia 1.3x107% 1.1x107%® 93x10™* 7.8x10™* 75x107* 7.5x107*
Cryptosporidium paroum 1.4 x 10™* 3.0x 107> 2.2x107> 1.9x10™> 1.9x10™> 1.9x107°

Pathogen/Annual Risk " 0(0%)  0.10 (20%) 0.30 (50%) 1 (90%) 2(99%)  3(99.9%)
Escherichia coli O157 1.3x107% 1.3x107® 1.3x107® 1.3x107® 1.3x107¢ 1.3x10°¢
Giardia 71x107% 58x107% 4.6x107%2 3.5x107%2 34x107%2 34x1072
Cryptosporidium paroum 9.0 X 1073 8.7 x10™* 3.7x107™* 2.1x10™* 2.0x10™* 1.9x107*

? Risk with ingestor near shedder

b Risk averaged over varying distance from shedder to ingestor

Because E. coli is killed so quickly by chlorine, there is no effect of the secondary disinfection or
filtration system on this pathogen. Likewise, there is only a modest reduction of probability of
infection for Giardia since the rate of disinfection is significantly faster than the turnover time.
However, for Cryptosporidium, there is a substantial reduction in risk even with a modest 0.1 log (20%)
reduction since the disinfection rate is slower than the turnover time.

5$10. Geometric Series Projection

The model workbook has a limited size for the number of bathers whose shedding is computed
in an otherwise infinitely sized swimming pool. The calculation sums the effect of shedders in rings
around a central ingestor. (The rings may be offset if one is closer to a particular bather.) To improve
the accuracy of calculation, the relationship between the number of bathers in each ring and the
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dilution and disinfection of pathogens was examined as one looks at the effects from more distant
shedders.

The number of shedders in an annular ring of inner radius r and width dr around a central
ingestor is described by Equation (S53). The ratio of shedders at radial position r+dr to shedders at
radial position r is described by Equation (S54):

Shedders
Area

Shedders = X 2mr X dr (S53)

Shedders at r+dr r+dr
— = = (S54)

Shedders atr r

The solution to the spherical diffusion equation (see Reference [43]) is described by Equation
(S55). The ratio of pathogen concentration at a radial position of r+dr to the concentration at position
r is described by Equation (S56):

. aC
—_m DT (S55)
4ntDr
aC aC
Pyatrtdr _ v e~ o5 (r+dr-r) __T e~ o5 ar (556)
Pyatr r+dr r+dr

Multiplying Equations (S54) and (S56) together indicates that terms dependent on radius cancel,
and we have the pathogen concentration ratio dependent on the differential width of an annular ring
(dr):

aC
Pgyatr+dr _ e~ -5 ar (557)
Pguatr

Because this differential width is constant, this implies that the ratio of pathogen contribution
from a ring of shedders from successively more distant rings is constant. This is the definition of a
geometric series whereby it has a constant ratio between successive terms. While the model
workbook uses squares of bathers and not circular rings, the use of a geometric series projection,
nevertheless, produces a realistic result. The ratio converges and becomes increasingly accurate with
more distant squares of bathers on the grid.

The model workbook does an accurate sum for the 21 x 21 grid of bathers explicitly defined but
then adds in the projected sum for the rest of the terms of the geometric series using the ratio of the
sums of two outermost squares of the grid and the sum from the outermost square that is the starting
term of the series:

, Rings
ProjectedSum = % (558)

“RingSumpy_;

Total = RingSum, + -+ + RingSumy_, + ProjectedSum (559)

S11. Pathogen Prevalence
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The prevalence of each pathogen in the population (i.e., the percentage of infected individuals
at any one point in time) was determined in the manner described below for each pathogen.

S11.1. E. coli (STEC)

Shiga toxin-producing E. coli (STEC) is tracked via active surveillance data. Table 2 in Majowicz
et al. [44] for WHO subregion AMR A (U.S., Canada, and Cuba) gives a mean incidence of 93.5 per
100,000 person-years. This rate of 93.5/100,000 = 0.0935% was used in the model workbook.

A similar estimated incidence is given in Scallan et al. [45], where the total STEC (0157 and non-
0157) is (3,704 x 26.1) + (1,579 x 106.8) = 265,312 out of a 2006 U.S. population of 299,000,000 for a rate
of 0.0887%.

Because symptoms typically last for 1-4 weeks, these annual incidence rates overestimate the
likely incidence at any single point in time but were used in the model as a conservative estimate.
The length of shedding is not known, so the incidence value was not adjusted to prevalence.

S§11.2. Giardia

The prevalence of parasites in fecal material (formed stools) from chlorinated swimming pools
was determined in CDC’s Morbidity and Mortality Weekly Report (MMWR) [46], where 4.4% of 293
formed stools had Giardia detected. This rate was used in the model workbook. This may be an
overestimate if those infected with Giardia were more likely to defecate in the pool and may be biased
more towards children if they are more likely to defecate in the pool.

Hellard et al. [47] reported an incidence rate of 1.6% for Giardia in 1093 asymptomatic individuals
in Melbourne, Australia. Those aged <10 years had a higher incidence of 2.7% compared to those
older with an incidence of 0.9%.

Furness et al. [48] states that “The prevalence of Giardia in stool specimens submitted for
examination ranges from 2% to 5% in industrialized countries and from 20% to 30% in developing
countries, and it can be as high as 35% among children attending day care centers in the United States
in a nonoutbreak setting.”

The incidence rate given in Scallan et al. [45] is 20,305 x 1.3 x 46.3 = 1,222,158 out of a 2006 U.S.
population of 299,000,000 for a rate of 0.41%.

511.3. Cryptosporidium

Hellard [47] reported an incidence rate of 0.4% for Cryptosporidium in 1093 asymptomatic
individuals in Melbourne, Australia. Those aged <10 years had a higher incidence of 0.9% compared
to those older with an incidence of 0%. The 0.4% rate was used in the model workbook.

The prevalence of parasites in fecal material (formed stools) from chlorinated swimming pools
was determined in CDC’s MMWR [46], where 0% of 293 formed stools had Cryptosporidium detected,
implying a rate of <0.3%.

The incidence rate given in Scallen et al. [45] is 7594 x 98.6 = 748,768 out of a 2006 U.S. population
of 299,000,000 for a rate of 0.25%.

S12. Mirror Image Sources

The swimming pool floor and the water surface exposed to air are boundaries where the flux
must be zero. The linearity of the advective-diffusion equation makes it possible to achieve the
boundary condition by adding additional sources at mirror image positions across each boundary.
These mirror image sources effectively simulate the reflection at each boundary and result in a higher
concentration near a boundary. If there were only a single reflection, the concentration at the
boundary would be doubled.

The mirror image sources also add flux to the more distant boundary, thereby requiring higher
order mirror image sources to cancel their effect and to maintain the zero flux condition at each
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boundary. There is an infinite number of mirror image sources needed to produce the zero-flux
condition, but the model workbook uses a limit of 100 such source pairs and the calculations are done
using macros to sum the calculation result from each image plane. Figure S3 illustrates the placement
of the mirror image sources and the relevant distances where “L” is the distance between the two
boundaries (floor and water surface) and “S” is the distance from one boundary (e.g., the floor) to the
original shedding source.

Figure S3. Placement of mirror image sources. Red is original shedder source. S is distance of source
from left boundary. L is distance between boundaries. Blue shows first-order mirror image sources,
green shows second-order sources, and purple shows third-order sources.

Table S6 shows the positions of the mirror image sources relative to the original source. The
model workbook adjusts the “z” vertical distance of the ingestor to simulate the shift in the plane of
shedding sources for their mirror image positions. The final entry in the table shows the classic mirror
image position when halfway between boundaries (5=L/2), but in general, the odd and even formulas
must be used instead.

Table S6. Mirror Image Positions

Order Left Image Position Right Image Position

0 0 0
1 -25 +2(L-S)
2 -2L +2L
3 -25-2L +2(L-S)+2L
Odd  -25-(Order-1)*L  +2(L-S)*+(Order-1)*L
Even —Order*L +Order*L
S=D/2 —Order*L +Order*L

S13. Well-Mixed Model and Transition Thresholds

S§13.1. Well-Mixed Model

In the main paper, Equation (9) was derived by assuming that the pathogen introduction rate is
constant, that the pool water is well-mixed (i.e., no variation in the pathogen concentration with
position), that a steady state is reached in which the removal rate (disinfection + die-off rate) becomes
equal to the pathogen shedding rate, and that this steady state is reached immediately. The following
equation shows how the die-off rate can be added to the Chick—Watson equation to obtain the rate of
removal for both disinfection and die-off:
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= —(aC+d)N (S60)

The rate of pathogen introduction is designated as m (infective units/min, IU/min). The
following equation shows the net change in number of pathogens as a function of both the
introduction rate and removal rate:

& =m— (aC +d)N (S61)

This equation can be integrated to get the number of pathogens, N, as shown in the following
equation, that represents the time evolution of the number of pathogens assuming instant mixing
(i.e., infinite diffusivity):

N = (1 — e~(ac+dt) (S62)

T ac+d

For a steady-state condition at infinite time, the equation can be simplified to the following:

N = (S63)

aC+d

Equation (S63) can be divided by the volume V on both sides to get a pathogen concentration P,
and since P = N/V, the final Equation (9) in the main paper is written as the following;:

p=2L (S64)

aC+d

G§13.2. Transition Thresholds

The geometric series described in Section 510 becomes unstable and inaccurate when the ratio
between the values in concentric rings (squares in the “Steady-State Pathogen Dose-Response Model”
workbook “Diffusion Model” tab) approaches 1. It was empirically determined that the largest ratio
with reasonable values was 0.83 when there was no “Velocity in x direction” component and was
0.90 when there was such a velocity. When these thresholds are exceeded, a #N/A result is
intentionally produced in the workbook for that image plane and the macros that add results from
image sources do not include such results. Also, when both image sides have #N/A, the image source
summing is terminated. Distant image planes (i.e., the “z” direction) have higher ratios of the
summed values of the concentric rings (in the “xy” plane) because the distance does not change very
much due to the small angle between distant rings. While the geometric series projection error is
higher, the contribution from such distant planes is usually small and an additional check described
below ensures the overall result is reasonable.

The high ratio occurs when the diffusivity is high relative to the disinfection rate, in which case
the solution approaches that of the well-mixed model. In order to determine when to transition to the
well-mixed result, an error term is calculated in the macros when computing and summing the image
sources where the change from the last real computed value (not #N/A) for an image plane must not
change the sum result from all image planes by more than 0.1%. If it does or if no computation can
be done at all (i.e., #N/A from the start), then the well-mixed model in Equation (S64) is used to
calculate the average pathogen concentration. There is a limit of 100 image planes; so, if not
terminated by an earlier #N/A, the error used is from the contribution of image plane 100.
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One approaches the well-mixed model at higher diffusivity and slower disinfection rates. Slower
disinfection rates can come from lower FC or higher CYA (i.e., lower HOCI) or from a slower to
inactivate pathogen. At 2 ppm FC with 90 ppm CYA, switching to the well-mixed model occurs with
a diffusivity above around 20,000,000 cm?/min for E.coli, 8,000 for Giardia, and 700 for Cryptosporidium.

S14. Distance Average and Annual Risk

The per-visit probability of infection is calculated in the model workbook using the distance
parameters specified for the ingestor to the closest shedder. However, a distance average risk is also
calculated by varying the horizontal position of the ingestor in the swimming pool and giving equal
probability for all positions of an ingestor between infected bathers up to the specified closest
distance. A grid of positions is used for the calculation, and to minimize error, the grid is aligned to
have one point at the closest distance to a shedder on the diagonal between shedders.

The probability of infection is computed from the product of probabilities of not getting infected
for a visit at each position. An effective distance average per-visit risk is calculated as shown in
Equation (S65), and the annual risk is calculated as shown in Equation (566).

1
DistanceAveragePerVisitRisk = 1 — ([[§"4Count (1 — PerVisitPositionRisk;))Gridcount (S65)

DistanceAverageAnnualRisk = 1 — (1 — DistanceAveragePerVisitRisk)VisitsPervear (G66)

$15. Monochloramine Concentration Equivalent to HOCI in Model

Chlorine combines quickly with ammonia from sweat and urine to form monochloramine and
more slowly forms dichloramine and nitrogen trichloride [49]. The model workbook has an
informational tab “Monochloramine” that calculates the equivalent monochloramine concentration
with equivalent disinfection to that from HOCI calculated from model inputs. Table S7 shows
concentrations of monochloramine for the model pathogens for a few examples of model inputs.

Table S7. Concentration of monochloramine (mg/L Cl2) equivalent in disinfection to HOCI.

Pathogen CYA/FC=90/2=45 CYA/FC=80/4=20 FC=1,no CYA
Escherichia coli 0157 [50] 8.94 x 1071 2.09 x 10° 5.01 x 10t
Giardia [41] 2.63 x 1071 6.15 x 1071 1.37 x 10
Cryptosporidium parvum [51] 1.53 x 1072 3.58 X 1072 8.57 x 107!

The concentrations of monochloramine required to provide equivalent efficacy to HOCl when
CYA is present show that the model assumption of treating HOCI as the sole disinfectant is valid for
Escherichia coli O157 and likely valid for Giardia except possibly for conditions of a very high bather
load. However, for Cryptosporidium parvum, monochloramine may play a significant role in
disinfection because it has a Ct value (11,400) comparable to that of HOCI (15,300).

S16. Calculated HOCI from Swimming Pool Regulatory Codes

The ratio of highest to lowest HOCI concentrations allowed by State codes or guidelines that
exceed 500 are shown in bold. There are 27 such states.
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Table S8. Calculated HOCI concentrations from FC and CYA in regulatory codes for outdoor
swimming pools: all values are in mg/L. FC and HOCI values are mg/L as Cla.

Free Chlorine Cyanuric Acid HOCI!
(FC) (CYA)
State or Code Low? High Low?  High Lowest  Highest Ref.
EPA 1.00 4.08 - - - - See notes
MAHC 1.0/2.0 10.0n 0 90 0.00866 4.86 [52]
Alabama (Montg.) 1.0 10.0 0 100 0.00383 4.86 [53]
Alaska - - 0 0 0.3 - [54]
Arizona 1.0 3.0 0 150 0.00255 1.46 [55]
Arkansas 1.0/1.5 5.0 0 90 0.00644 243 [56]
California 1.0/2.0 10.0 0 100 0.00777 4.86 [57] [58]
Colorado 0.25 5.0 20 100 0.000947 0.135 [59]
Connecticut 0.8/1.5 - 0 100 0.00579 - [60]
Delaware 1.0/2.0 10.0 0 100 0.00777 4.86 [61]
District of Columbia - - 0 100 [62]
Florida 1.0 10.0 0 100 0.00383 4.86 [63]
Georgia 1.0 10.0 0 90 0.00426 4.86 [64]
Hawaii 0.6 - - - - - [65]
Idaho 1.0 5.0 0 100 0.00383 243 [66]
Mllinois 1.0¢ 4.0 0 100 0.00383 1.94 [67]
Indiana 1.0 7.0 0 60 0.00641 3.40 [68]
Iowa 1.0 8.0 0 80 0.00479 3.89 [69]
Kansas 1.0 5.0 - - - 2.43 [70]
Kentucky 1.0 2.5 0/25 50 0.00771 1.21 [71]
. 0.4 0.6 - - - 0.291 [72]
Louisiana
1.0 10.0 0 90 0.00866 4.86 [73]
Maine 1.0 4.0 0 150 0.00255 1.94 [74]
Maryland 1.5 10.0 0/30 100 0.00579 4.86 [75]
Massachusetts 1.0 3.0 0/30 100 0.00383 1.46 [76]
Michigan 1.0/2.04 - 0/20 80 0.00479 - [77]
Minnesota 1.0 10.0 0 100 0.00383 4.86 [78]
Mississippi 1.0 3.0 - - - 1.46 [79]
Missouri (St. Louis) 2.0 8.0 0/10 100 0.00777 3.86 [80]
Montana 1.0 10.0 0 50 0.00777 4.86 [81]
Nebraska 2.0 - 0 50 0.0159 - [82]
Nevada 1.0 5.0 0 100 0.00383 243 [83]
New Hampshire 1.0 5.0 0 50 0.00771 243 [84]
New Jersey 1.0 10.0 0/10 100 0.00383 4.86 [85]
New Mexico 1.0 5.0 0 100 0.00383 243 [86]
New York 0.6¢ 5.0 0 0 0.291 243 [87]
North Carolina 1.0 - 0 100 0.00383 - [88]
North Dakota 1.0 - - - - - [89]
Ohio 1.0 - 0 70 0.00548 - [90]
Oklahoma 1.0 5.0 30 100 0.00383 0.0798 [91]
Oregon 1.5 5.0 0 150 0.00384 243 [92]
Pennsylvania 0.4 - - - - - [93]
Rhode Island 1.0/2.0 10.0 0 25 0.0331 4.86 [94]
South Carolina 1.0 8.0 0 100 0.00383 3.89 [95]
South Dakota 1.0 - - - - - [96]
Tennessee 0.5 3.0 0 100 0.00190 1.46 [97]
Texas 1.0 8.0 0 100 0.00383 3.89 [98]
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Utah 1.0/2.0f 10.0 0 100 0.00777 4.86 [99]
Vermont (no code found) (no code found)
Virginia 0.5 - - - - - [100]
Washington 1.5/2.0 - 0 90 0.00866 - [101]
West Virginia 1.0 5.0 0/10 100 0.00383 2.43 [102]
Wisconsin 1.0/1.5 10.0 0 30 0.0199 4.86 [103]
Wyoming 1.0 8.0 0 100 0.00383 3.89 [104]

2 Where there are 2 numbers, the first is with no CYA while the second is with CYA.

® A minimum FC of 1.0 mg/L from OCSPP 810.2600 (formerly DIS/TSS-12), where AOAC 965.13 uses an
NaOCl reference starting at 0.6 mg/L and not ending below 0.4 mg/L.

¢ An FC of 2.0 mg/L at 85 °F or higher.

4 With CYA, FC is scaled adding 0.5 mg/L for every 20 mg/L CYA above 40 mg/L CYA, so the FC minimum
is 3.0 mg/L at 80 mg/L CYA.

¢ An FC of 1.5 mg/L at or above a pH of 7.8.

f At or above a pH of 7.7, the FC minimum is 2.0/3.0.

& From national primary drinking water regulations with a Maximum Residual Disinfection Level (MRDL)
for chlorine of 4.0 mg/L [105]: This is based on the No Observed Adverse Effect Limit (NOAEL) of 14.4
mg/kg-day in female rats exposed to chlorinated water for two years with an uncertainty factor of 100 (10
for interspecies and 10 for intraspecies variation). The drinking water equivalent level (DWEL) was
calculated from (0.1 mg/kg/day) x (70 kg) / (2 L/day) = 3.5 mg/L =4 mg/L [106].

" MAHC says “FAC concentrations shall be consistent with label instructions”, which would be 4.0 mg/L
per EPA.

! At pH 7.5, temperature of 25 °C, and TDS 1000 mg/L.

I A table in the regulations of HOCl as a function of pH defines the minimum FC with no CYA allowed.

§17. Adjustments for Die-Off

The Chick—-Watson equation with die-off (with “n” of 1) can be recast to show how experiments
that do not account for natural die-off can be adjusted to show a linear plot of adjusted log reduction
vs. Ct values:

In(N,/Ny) = —(aC + d)t = —a(Ct) —d - t (S67)

In(N;/Ny) +d -t =—a(Ct) (568)

Die-off becomes important when the chlorine disinfection rate is slow as it is with
Cryptosporidium. The raw data from the experiments from Murphy [23] contained controls without
chlorine from which the die-off rate (d) was calculated. This die-off constant was then multiplied by
time and added to the raw log reduction for each data point based on Equation (568).

S18. Disinfection Kinetics Results

The fact that HOCI is the primary active biocide in chlorine solutions without CYA has been
well established for decades. In 1943, Butterfield [107] established that HOCI is a much more potent
biocide than OCl- and that most of the biocidal activity of chlorine is due to HOCI. Although not as
well-established, this concept has also been proposed for chlorine solutions in the presence of CYA,
that is, the various chlorinated isocyanurate compounds in solution have very little biocidal activity.
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The idea that pathogen kill rates in the presence of CYA are directly proportional to HOCI
concentrations has been proposed by Engel [22] in their work with Naegleria gruberi. Gardiner [108]
also showed that the time required for a 99% kill of S. faecalis plotted versus the ratio of cyanuric
acid:chlorine resulted in a straight line. Saita’s [26] linear plots of survival ratios of poliovirus vs. the
molar ratio of CYA:chlorine showed a similar relationship. Wahman [2] also argued “that the
effective disinfectant in systems where chlorinated cyanurates are present is free chlorine, specifically
HOC!I”. The work of Gardiner, Saita, Wahman, and Engel show that kill rates are proportional to the
HOCI concentration in the presence of CYA.

To test the validity of this concept, data sets from the literature were evaluated for consistency
with this assumption (see Supplemental workbook: “Literature calculations HOCI vs kill time.xIsx”).
Unfortunately, few of the published studies provide the pathogen counts as a function of time.
However, the Chick-Watson equation may be used to show that the proposal is consistent with a
wide range of studies and organisms.

The Chick-Watson equation may be rearranged as follows:

In(N;/N,) = —aC™t (569)

t = In(N¢/No)/(aC™) (870)

Assuming a constant log reduction (In(Nt/No)), coefficient of lethality (a), and a dilution
coefficient (n) of 1, a plot of contact time vs. 1/HOCI concentration should be linear if HOCI is
responsible for most of the biocidal activity.

The supplemental workbooks “Literature calculations HOCI vs kill time.xlsx” and “Crypto Raw
Data from CDC_122116 with calcs.xIsm” contain plots of contact time vs/ 1/HOCI and Log(IN/No) vs.
Ct with data from various researchers.

Figure 54, using data from Murphy [23], shows that 3-log inactivation times correlate well with
1/HOCI concentration (correlation coefficient of 0.9957) and not with 1/FC concentration (correlation
coefficient of 0.5871).
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Figure S4. Relationship between a Cryptosporidium parvum 99.9% inactivation time and (a) 1/FC and
(b) 1/HOCI concentration in mg/L.

Although the relationships between Log (N/No) vs Ct and inactivation time vs. 1/sanitizer
concentration are complicated by many factors, the data from various researchers investigating
various organisms show that HOCI concentrations are a better predictor of chlorine efficacy than FC
concentrations.
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S19. Selected Values for Model

The selected, minimum, and maximum values in Tables 6 and 7 are discussed below. The
authors relied on data, codes, and standards when available as noted below. However, many of the
minimum and maximum values were simply based on the experience and judgement of the authors.
Some of the selected values were median values between two established limits (e.g., pH 7.5 is the
median between the minimum and maximum pH values allowed in the MAHC). In other cases, there
was no well-established minimum and maximum (e.g., distance between bathers), the median value
would not be representative of current pools and practices (e.g., a 1.5-log secondary disinfection
system), or there was a specific reason for choosing a value other than the median (e.g., FC 2 mg/L
instead of 2.5 mg/L). Overall, the selected values are conservative for a typical commercial/public
pool with a fairly high bather load and so may overestimate the risk of infection. However, the
selected values likely underestimate the risk of infection from facilities defined by the Model Aquatic
Health Code as “high risk venues” such as wading pools and splash pads.

§19.1. Table 6

FC 2 mg/L was chosen because it is the minimum chlorine concentration allowed in the MAHC
for pools using CYA. It is also between the minimum residual requirement of 1 mg/L and the
maximum limit of 4 mg/L prescribed by U.S. EPA for chlorine products used as biocides in swimming
pools. The minimum value of 1 ppm is also the minimum prescribed in the MAHC for pools not using
CYA. The maximum value of 10 ppm is from the MAHC.

CYA 90 mg/L was chosen because it is the maximum CYA level allowed in the MAHC. The
maximum value of 100 ppm is consistent with many state health codes as well as guidance from the
Association of Pool and Spa Professionals and other pool industry groups.

pH 7.5 was chosen as the mid-point between the minimum of 7.2 and maximum of 7.8 allowed
in the MAHC.

A temperature of 25 °C was chosen because most of the kill rate studies were conducted at room
temperature and 20-25 °C is typically considered room temperature for scientific studies. It should
be noted that recommended pool temperatures vary depending on the activity, with the coolest
recommendations for competitive pools of 26 °C [109] and maximum water temperatures up to 40 °C
(104 °F maximum limit in MAHC). Furthermore, the O’Brien equilibrium constants were measured
at 25 °C. Although 25 °C is cool for swimming, the low temperature has longer kill times and, so, is a
more conservative approach.

TDS 1,000 mg/L was chosen as a round figure that would be reasonable for many swimming
pools. The Association of Pool and Spa Professionals American National Standard for Water Quality
in Public Pools and Spas [110] recommends that pools be drained if the TDS concentration increases
greater than 1,500 mg/L over the concentration from when the pool was first filled. The minimum
and maximum values of 500 and 5,000 mg/L were chosen to span an order of magnitude, with the
minimum being a reasonable value for a freshly filled pool that has been adjusted for water balance
and the maximum being a high value for a pool that uses an electrolytic chlorine generator.

Secondary disinfection per pass 99.9% was chosen as both the selected and maximum values
because the MAHC requires secondary disinfection systems to achieve a minimum 3-log reduction in
the number of infective Cryptosporidium parvum oocysts per pass through the secondary disinfection
system for interactive water play aquatic venues: 90% was chosen as the minimum value because
some filters may be capable of a 1-log removal of pathogens [111].

Secondary disinfection turnover time of 0 minutes was chosen, even though it is lower than the
minimum value, because most swimming pools are not required by the MAHC to have secondary
disinfection systems (and 0 in the model disables secondary disinfection). For the purposes of this
paper, to evaluate the effect of CYA, secondary disinfection was not included. This function was
incorporated into the model as a tool for researchers, regulators, and operators to use when
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calculating predicted risks for facilities with secondary disinfection. The minimum and maximum
values of 30 and 360 minutes span the minimum and maximum turnover times in the MAHC for most
pools. The only exception is the 8-hour turnover time allowed for diving pools.

Water replacement rate of 0 L/bather was chosen to keep the model as simple as possible. Like
secondary disinfection, this function was incorporated as a tool for future use of the model. The
maximum 30 L/bather is taken from WHO recommendations [112].

Diffusivity 500 cm?/min (0.54 ft?>/min) in the xy plane was chosen because turbulent diffusion is
typically in the hundreds to thousands of cm?/min. Setting this value to 500 cm?/min results in Dx and
Dy from Equations (6)—(8) in the main paper being equal to 500 cm?/min. At 500 cm?/min, the time for
an instantaneous point release to reach the maximum concentration at the ingestion point with no
disinfection is about 1 %2 minutes.

Diffusivity in the vertical direction (D-) was chosen to be the same as the xy diffusivity (i.e., 100%
results in Dz being equal to Dx and Dy).

Velocity of 0 cm/min in the x direction (Ux) was chosen to keep the model as simple as possible.
Future use of the model may choose to simulate one swimmer swimming behind another or bathers
in a unidirectional flow. For example, the velocity of a swimmer capable of swimming 25 yards in 30
seconds would have a velocity of 4572 cm/min. Trained competitive swimmers achieve speeds
around 4 miles/hour (10,000 cm/min).

Depth of pool at 91.44 cm is a typical shallow pool depth of 3 feet. This value is used for the
boundary conditions described in main paper Section 2.4.3. The minimum and maximum values of
30.48 cm and 250 cm represent 1 ft. and 8.2 ft., respectively.

Distance between bathers 118.05 cm (3.87 ft.) is equivalent to 15 ft?/bather of surface area. The
MAHC specifies a peak occupancy of 20 ft?/bather for flat water and 15 ft?/bather for agitated water.
The minimum value of 80 cm (2.62 ft.) is equivalent to 6.9 ft?/bather, and 240 cm (7.87 ft) is equivalent
to 62 ft2/bather.

The ingestion to source plane (45.72 cm), x distance to source (45.72 cm), y distance to source (0
cm), and source plane height (45.72 cm) settings will result in the x—xo and z-z. distances being 45.72
cm (1.5 ft) and y—yo being 0 cm. This distance is half the 3 ft pool depth. In choosing this value, the
mean height of children in the United States was also considered [113].

Ingestion rate of 24.2 ml/hr was chosen because it is the mean pool water ingestion rate for
children from Suppes [114]. The mean ingestion rate for adults is 6.3 ml/hr [114]. Suppes reported a
range of 0-60.6 ml/hr for adults and 0-105.5 ml/hr for children.

Exposure time 1.9 hrs/visit was chosen because it is the mean swim duration for children from
Suppes [114]. The mean swim duration for adults is 1.2 hrs/visit [114]. Suppes reported a range of
0.3—4 h for adults and 0.5-8 h for children.

Exposure frequency of 72.9 visits/year was chosen because it is the mean visit frequency for
children from Suppes. The mean visit frequency for all swimmers is 72.6 visits/yr [114]. Suppes
reported a range of 1-360 visits/yr for adults and 1-200 visits/yr for children.

Fecal introduction rate of 0.0007 g/bather/min was chosen because it is the mean fecal shedding
rate calculated from Keuten et al. [115]. If the Gerba data [116] for children is used (mean 21.1
mg/bather/min and maximum 667 mg/bather/min), extraordinarily high risk predictions result from
the model. In order to evaluate the other input parameters, a more moderate fecal introduction rate
was used for the selected value. The Keuten values may also be more realistic since they are based on
pool-side shower data from 32 adults and one child. The Gerba data included household shower data
of families with small children 18 months to 9 years. The calculation of the minimum (0.04
mg/bather/min) and maximum (667 mg/bather/min) values are discussed in the main paper Section
2.4.1 and are the minimum and maximum values from Table 2.

§19.2. Table7

The selected values in Table 7 are discussed in the relevant sections of the main paper:
%Infected: Section 2.4.3
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Inactivation rate: Section 2.4.2

Die-off rate: Section 2.4.2

Dose response: Section 2.4.4

When the minimum percent infected values are set to 0%, the model calculates the risk of
infection for bathers swimming next to a single infected bather.

The minimum E. coli inactivation rate is from Zhao et al. [117], where one of the strains tested
was more resistant to chlorine.

The maximum E. coli inactivation rate is from Table 3.1 in LeChevalier and Kwok-Keung [118].

The minimum and maximum inactivation rates for Giardia and Cryptosporidium were taken as 2
the selected value and 2 times the selected value, respectively.

The die-off rate minimums for all three pathogens were set to zero to see the effect of not
including this parameter.

The maximum E. coli and Giardia die-off rates were chosen to be 2x the selected values. The
maximum Cryptosporidium die off rate is from Murphy [23].

The dose response minimums and maximums used in the sensitivity analysis were the 5th and
95th percentiles, respectively, for E. coli [119], Giardia [120], and Cryptosporidium [121].

S20. Accidental Fecal Release (AFR)

According to Hlavsa et al. [122], from 2000-2014, 42% of outbreaks and 79% of cases in treated
recreational water were from the parasite Cryptosporidium while only 2% of outbreaks and 1% of cases
were from the parasite Giardia. The model described in the main paper shows the higher risk from
regular fecal sloughing in high bather-load pools to be from Giardia. The difference may be due to
outbreaks being caused not by regular fecal sloughing but by an accidental fecal release (AFR).

An AFR, particularly from diarrhea, is a much larger volume of fecal matter dispersed in the
water in a much shorter period of time. According to Rendtoff and Kashgarian [123], the average
weight of a stool is 123.6 g, but diarrhea stool volumes can exceed 2 L in immunocompromised
patients [124]. By comparison, regular fecal sloughing is on the order of 20 mg/hour to 100 mg/hour
(or 0.5 to 18 g/hour using young children data from Gerba).

Also according to Rendtorff and Kashgarian [123], volunteers fed C. parvum who developed
diarrhea had over 10 times the oocyst concentration in their stools than those without diarrhea.
Regular fecal sloughing in this paper assumed oocyst concentration in infected individuals consistent
with those without diarrhea.

With an AFR, the faster chlorine disinfection of Giardia vs. Cryptosporidium may limit outbreaks
to a single day. A model for AFRs can be developed and will be examined in a future paper.

S21. Monochloramine Comparison

The calculations may be found in “Monochloramine comparison.xlsx” [125-127].
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