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ABSTRACT. Due to the typically large sizes of many stormwater ponds, numerically modeling the bacteria fate and transport within
these ponds is more practical than in situ monitoring. However, bacteria fate and transport models lack proper vendicatjoora
numerous assumptions without proper validation of these assumptions. In this paper, a sophisticated hydrodynamic miogelds deve
for estimating bacteria levels in the Inverness stormwater pond, in Calgary, Alberta, Canada, and is verified in twostyaye. Fi
bacteria concentrations predicted by the developed model for several locations within the pond were compared to datiucoiiecte
two separate field campaigns at the pond. Good agreement was observed and while it was found that contaméasiaiover time
between the two field campaigns, the most contaminated location was consistently in the west wing. Second, fluid fiovec&tosit

in numerous locations were measured and compared with the modeled results. The impacts of mod&rssanthinputs on the
bacteria distribution in the pond were also assessed. The model was run for variousattaticteent rate and sizes, various rain
hyetographs and various wind conditions. It was found that synthetic hyetographs can be usgdrfquudeoses to find the optimal
location for withdrawal. The effect of wind direction was found to be event specific and location specific. In genermfsAfimehd to

play a crucial role in the bacteria distribution in the pond.

Keywords: stormwaterponds, water quality, hydrodynamic modeling, environmental hydraulics, computational fluid dynamics,
hydrological model HEERAS, E.coli

1. Introduction measurement or through modelling.

Assessing the bacteria and pathogen levels through mea

Reusing stormwater for overcoming water scarcity- pro . . ; . .
o . . . surement is often not practical for a variety of reasons including
blemsdue to urbanization and climate change is becoming more

prevalent in water resources management plans (He et@s;, 20 accessibility, spatial scale (physical size of the pond), and the

Rodxjuez-Sinobas et al., 20)8Stormwater may be consider variability in each of the multitude of environmental factors that

. Lo o may affect bacteria and pathogen levels over space and time.
ed an alternative resource for applications requiring less tha

. o . I1’herefore, computational models offer more practical solutions
pristine water quality; and therefore, stormwater retention ponds ; . .

: and studies have been developed to simulate bacteria fate and
are the most viable sources of stormwater for large scale reuse . <ortin large ponds with the intention of identifving the o
(He et al., 2008). Several studies have been conducted regardir) P gep ying P

stormwater reuse (Zhang et al., 2015; National Academies 0Fﬁlnal location for water withdrawal (Allafchi et al., 2019, 2021).
Sciences and Medicine, 2016; Goonetilleke et al., 2017;-Ham Bacteria and pathogenic related water quality is often indi
mes et al., 2018; Allafchi et al., 2019); however, pathogens incated through Fecal Indicator Bacteria (FIB) because FIB exist
stormwater are still a source of public health concetankad ~ in abundance in warthlooded animal intestines and are easily
et al., 2019). Therefore, in most jurisdictions, the stormwaterdetected/measured (Borrego and Figueras, 189@li is the
mustmeet local guidelines for water quality depending on the most common FIB and is currently used as a standard indicator
enduse. If reusing stormwater suggests that a potential exposureacteria (Tallon et al., 2005) for many jurisdictions. The source
to bacteria and pathogens is possible, knowledge that guidelinef FIB in stormwater ponds would arise from animal sources in
or regulation levels are never exceeded is necessary for reliablée drainage area that are washed off, or added giretct the
starmwater reuse. This knowledge is either asieed through ~ pond (from waterflowfor example).

The literature includes numerous models developed-for si
mulating water quality of runoff frowatersheds3hrestha and
Wang, 2019; Vanaesdt al., 2021) including the fate and tran
ISSN: 26636859 print/26636867 online sport of FIBs in watersheds. These models generally involve
© 2021 ISEISAll rights reserved. dal:0.3808/jeil. 20210005 integrating a hydrological model with a bacteria fate model (de
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Brauwereet al., 2014a) and are primarilydlmensional for a  simulating bacteria fate and transport. First, as it is highlighted
variety of reasons including data availability issues (Aguilerain previous studies (de Brauwere et al., 2014a; Allafchi et al.,
et al., 2016). They can provide a lkmest approach to simula  2019), due to a lack of data, model verification is very challeng
ting bacteria fate and transport over large areas where only onieg and thus, often neglected. Second, modelirgdad trans
dimensionor only one direction is a reasonable assumption inport is a highly parameterized endeavour, and due to the-gener
the modelling. Water quality modelling of water bodies like al lack of information on all these parameters, numerous assump
stormwater ponds requires the additional integration of hydro tions are made in order to develop a functioning model. These
dynamic concepts. Hydrodynamics is used in many studies ofissumptions, if left invalidated, lead to inherentertainty in
water quality in watebodies, but many are @r 2-dimensional  the output. In this paper, both of the aforementioned problems
treatments (Zheng et al., 2011; Babaek@aopaei et al., 2003;  are considered in the further development of the IHCFD model.
Wang et al., 2016) that may involve large uncertainties dependThe IHCFD was modified in this work by adding a re®ttling
ing on the circumstances. particulateattached bacteria concetiroduceng altenate at

There are a handful ofd@mensional models that use Com t@chment rates and varying sediment sizes. This modified IHCFD
putational Fluid Dynamics (CFD) for simulating bacteria in Model was verified using bacteria concentien data and fluid
water bodies. CFD models have been shown to be capable 5!|ow data _(Allafchl et_al., 2020) collected in a variety of loca
determining spatial and temporal bacteria concentration in largdions spatially and with depth, that were comparéth those
water bodies such as stormwater ponds (Allafchi et al., 2019)gata predicted by t_he model at these _Iocatlons. Ir_1 addition, the
While computabnally expensive, they are sophisticated mod IMmpact of several important assumptions made in IHCFD on
elling systems that can provide a wider array of outcomes andpacteria dlstrlbut|on_\{vere stpdled. Moreover, in an a_lttempt to
possibilities for engineering design, while avoiding the inaccu decrease dependability on-efte collected data for desigomp
racies of 2and 2dimensional treatments to regbrid applica PO0ses, the model 6s capacity to g
tions. A CFD modewas developed to simulate the fatefof  tribution without actual data was also studied.
coli in a stormwater pond arising from a variety of processes
including attachment and settling (Vergeynst et al., 2012). The 2. Methodology
authors assumed that there was no convection and the-impor
tance of attachment in tHeacterial decay process was high 2.1. Study Site
lighted. Shilton and Mara (2005) modelled the transpoE.of The Inverness stormwater pond is-alfaped, large urban
coliin large waste stabilization ponds with different configura stormwatepond located in a residential area in the Southeast
tions using a dlimensional CFD model that incorporated a first quadrant of the City of Calgary. On average, it is approximately
order decay model (a commoniged fate model). The model three meters deep and has seven inlets and two outlets (see Fig
focused on the bacteria concentration in the inlet and outlet andre 1). The inlets discharge stormwater runoff from a catchment
implemented a bacteria decay model according to the residenagat is @proximately 415 ha in surface area.
time calculated by the CFD. Similarly, fecal coliform levels in
various waste stabilization pondsneelso simulated using 3
dimensional CFD models (Shilton, 2000; Shilton and Harrison, ) ) )
2003; Shilton et al. 2008), thus, highlighting the capability of A Wwide variety of data have been collected at the study site
CFD models for simulating fate and transport of bacteria. Wu©Ver @ near 15 year period (He et al., 2008, 2010a, 2010b,,2011a
and Chen (2011) also incorporated a finsten kinetic decay ~ 2011 He et al., 2015; Allafchi et al., 202D21;Allafchi et
model in a imensional CFD model to simulate biological exy & 2020) primarily during the irrigation seasons. Data were col

gen demand (BOD) in an anaerobic |agoon with gOOd succesé?Cted in the pond in 2004 to 2007, 2017, 2018 and 2020 through

While th ‘ . di zed bodi surface grab samples, stormwater runoff samplesjtermete
lle the movement of water In medium sized water bodies, | gicaldata and flow field velocity measurements. e

is observed to be inherently wind driven (Abbasi et @118, 555 grab samples were collected from the pond in a depth equal
all of the above mentioned studies neglected wind effects.—MoretO 10 ~ 20 cm below the surface. They were collected from 6

over, all of the transport models assumed steady state-condi,mpjing locations during between 2004 and 2007 and this sam
tions, which may only be appropriate in a few circumstances. yjing was repeatefr 4 locations in 2017. The locations in the

In mosf[ realworld situations, con_ditions are rarely st_eady state. first sampling campaign were selected to be greater in number
Allafchi et al. (2021) developed amtegrated hydrologicdlFD 414 distribution throughout the pond because the goal was to
model (IHCFD) to simulate bacteria fate and transport in theynqerstand bacteria distribution in the pond, and to identify the
Invernes stormwater pond, in Calgary, Alberta, Canada, that,ntimal location forwater withdrawal. However, the second
incorporated wind and unsteady conditions. The model had WQampling campaign was aimed to further verify the model re
components: a hydrological component and a CFD componeniyarding the developments in the catchment between 2007 and
The hydrological component calculated the stormwater runoffag17. Therefore, the samples were collected from a fewer num
discharging into the pahfrom the catchment, which provided per of locations in the second carigpa Figure 2 shows the grab
inputs to the CFD model to simulate the bacteria in the pond irbampling locations. Samples were tested for several water qua
three dimensions. The model was also used to find the optimalty indicators includingE.coli. The data was collected in 26
location for water withdrawal for reuse. and 24 days during the first and second campaign, respectively,
There are two main challenges associated with trdetao ~ with no attempt to favor rainy or yirdays. The stormwater

2.1.1. Data Collection Campaigns
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Figure 1. The study site: (a) aerial view of the City of Calgary; and (b) the locations of inlets (11 ~ 17), outlets (O1 and O2)
(50A54640.070 N 113A570645.180 W at the centre

Figure 2. Grab sampling locations for the data collection campaigns perforn{ayl 2004 to 2007and p) 2017.

runoff sampling included flowrate aritcoli concentration. To  Army Corps of Engineer2016) model, which calculates storm
be specific, flowrates of inlet I5 and outlet O2 were sueed water runoff using the Soil Conservation Sernv@gve Num

at a 5minute interval. In addition, an autosampler,déged by ~ ber method based on lande data. HEEHMS was previously

a rain gauge, was placed in a manhole before the inlet I5 in orcalibrated and verified for the drainage catchmerhéopond

der to measuri.coli concentrations. The stormwater runoff sam (Allafchi et al. 2019) using data in the field campaigns that took
pling scheme was scheduled to collect more samples (namelglace from 2004 to 2007. This component provides storeiwat
at shorter time intervals) in the beginning of the eventsinorder unof f gener ated by the catchmen
to catch the first flush effect. The meteorological data includesthe inlets of the pond as input to the CFD component.
5-minute rain data in a time period between 2004 and 2007 as

well as 5minute wind data collected on August 29, 2020. Flow

field velocity data were also collected from npiki locations 2.2.2. CFD Model

in the pond in 2020. Further details on the coktlecand use of ~ The CFD model with inputs from the hydrological model
these data for verifying the IHCFD model qoonents are given ~ Simulates pond hydrodynamics leading to a simulated bakteri
below. distribution in the pond. For this purpose, conservation equa

tions are numerically solved where the equations are discret
ized over a grid that is generated according to the Fractional
2.2. Hydrological and Hydrodynamic Bacteria Fate and Area/Volume method (FAVOR), which enables the equations
Transport Modelling to recognize the boundaries without the need to necessarily
The developed model has three components: a hydrologimake a bodyitted grid. Equation 1 shows the conservation of
cal component, a CFD component, and a bacteria fate compdnass, in FAVOR (Savage and Johnson, 2001):
nent. The first two are applied through software, while the third
is embedded in the CFD component through a variety of as W(u;A) _ R

sumptions. M(x,, r @)
]
2.2.1. Hydrological Model wherej = 1,2, 3 indicates the three direstis of 3D domains;
The hydrological component involves HEOMS (U.S. u; andA; are the velocity and the fractional area open to flow in
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the three directions, respectiveBgis a mass source term; and However, their fate is different from the fréleating. Both the
} is the density of the fluid. Equation 2 shows Reyndlds freefloating and norsettling particulatattached bacteria trans
eraged NavieBtokes equation (RANS), which represents the portare modeled using equation 5:

conservation of momentum:

18 0 u 8 : s TRl e Lot LA
%-F\T%A) ¥ 8: Q" e+ M(L& w) (2 Ve B 2Me B XM g
FC X

whereF, is bacteria concentratioD), is diffusivity andFy**" is
wheret is the timek = 1, 2, 3 indicate different directiond/r the bacteria source term. Similar to previous studiés &nd
is the fractional volume open to flow,is pressure@y is the Chen, 2011; Allafchi et al., 2019), it was assumed that the dif
body forceusis the injection velocity of fluid; anfi represents  fusion of bacteria is negligible compared to convection.
viscous stresses for which a turbulence model is required for A sediment transport model was integrated into the main
closure. The renormalized grokgHturbulence model is used model in oder to simulate the transport of settling particulate

for modeling the turbulence. attached bacteria. All types of the aforementioned bacteria are
The free surface is tracked by solving the VolwhEluid transported with the fluid flow, with an exception of the settling
(VOF) equation, Equation 3 (Hirt and Nichols, 1981): particle attached bacteria that settle once following the fluid

flow. In other words, that type of bacteria has an extra coempo

14 8 nent of velocity downward. Equation 6 shows the downward
W +_£_“(FA u) g9 (3) component of velocity related to the settling particuédtached
M VeEEH = bacteria:

whereF represents the fraction of cell filled with fluid. Using u
the Finite Volume Method, the equations are discretized over setting =
an orthogonal structured grid weh has over 4 million meshes.
A 3-dimensional sketch of the pond was generated usingAutowith d* equal to the dimensionless grain diameter. According
CAD Civil 3D based on bathymetric data that was collectedig the City of Calgary (The City of Calgary Water Resources,
during a survey performed on August 30, 2016. The equation$011), stormwater runoff of the region carries a wide range of
are solved for unsteady state in the timequefrom half an  sediment size. However, it was assumed Ehabli attach to
hour before the start of the rain events to 24 hours after the englaticles smalle than 2 pm (Muirhead et al., 2006). Similar to
of the events. The time step is determined to keep the Courargrevious studies (Bai and Lung, 2005; Wu et al., 2009; Allafchi
number less than unity (Flow Science, 2018), but not to exceegt al., 2019), it was assumed that half of the bacteria are-attach
0.25s. ed to sediment particles.

The inlets are modelled with disghapedmass and mo
mentum sources, for which the input values are obtained from, 5 4 gacteria Fate Model
the hydrological component as noted earlier. The hourly wind
data was obtained from the meteorological station at the Cal

- g(lo.se2 +1.049°)"°  -10.36 (6)

Once the transport of both frleating and particulate
attached bacteria is determined, a field function implements the
Sfirst order decay of bacteria on them separately and calculates
the total number of bacteria in each computational cell. Similar
to previous studies (Wu et al., 2009), it was assumed that the

acting on the top layer of the grid using Equation 4:

t= G IWIW (4) decay rate of the attached bacteria is a quarter of that ef free
~ floating bacteria.

whereUis the shear stresgii is the density of the aiy is the Equation 7shows the first order kinetic decay:

wind vector; andCp is the drag coefficient, which is 0.0026

(Foreman and Emeis, 2010) in the model. C =Gé&™m @)

2.2.3. Bacteria Transport whereC; andCy are the concentration of bacteria at the time of

The transport of bacteria heavily depends on attachmentt andt = 0, respectively; and is the bacteria decay rate. The
Regarding the transport of bacteria, three types of bacieria, {emperature is the dominant parameter affecting survival ef bac
cluding freefloating bacteria, settling particulaggtached and  teria (Wang et al., 2018). The decay rate of-fleating E.coli
non-settling particulate attached bacteria, were used in this.study’S modeled by Equation 8, which has been used in many stu
It was assumed that the biological movement of bacteria is negdies (Beaudeau et al., 2001; Ouattara et al., 2013; de Brauwere
ligible and that the bacteria have a negligible eftecthe flow  etal., 2014b):
field. Thus, the fredloating bacteria move with the water and )
are modeled as a passive scalar. Thesettling particulate 2”;&?’2 }g/ &5 ¢
attached bacteria transport is similar to that of-fleating. e con = Koo € e (8)
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wherekyo is decay rate of.coli at 20°C. In this paper, similar V1 on August 27, 2020; however, the meteorological station
to Ouattaraet al. (2013), a value of 1.2610% is used forkz. was not working properly on that day. Therefore, the data on
that location was not used for the verification.

2.3.2. Bacteria Concentration Data

The bacteria @ncentration in the inlet 15 was measured
during several storm events in 2007. The bacteria concentration
in the other inlets was obtained based on the-lesadin other
subbasins and by knowing the relationship between the land
use and concentration of diaria in the stormwater (Schoeno
ver and Lockaby, 2006). TSS were also measured during the
data collection campaign. TSS of other inflows was assumed to
be the same as that of I5. In addition to the data collected from
the 15 inlet,E.coli data from wekly grab samples data collect
ed from 10 ~ 20 cm below the surface in six locations inside
the pond (PX P6 in Figure 2) in 2007 were also dgg.coli
data collected in 2017 from the four locations sampled that year
were also used.

2.4. Verification and Assessment Methods

A sensitivity analysis was conducted to assess the assump
tions used in the model. The Basis of Comparison (BOC) from
which the sensitivity analysis was made is from three storm
events: one on September 20, 208Tother on May 28, 2007;

Figure 3. Data collection on August 29, 202@) canoe and the third on August 26, 2007. The IHCFD model was setup

setup; andb) data collection locations (the aerial map was to simulate the pondds response

acquired from Google earth). tion during and after each of these storms, which served as the
BOC. The impact of some of the model@asptions on the bac

2.3. CFD Model Verification Data teria distribution was assessed through the sensitivity of-bacte

Specific details on what data were used, and how, to verif;f'a concentrations at 7 locations (t_he six locations P1 to P6 and

the |HCFD model ds velocity ft¥iQdrapg lgcatgn) by peditying spe 'fi'cé“ErdS'&‘ss%“B cter
: : tions and comparing the results to'thatfed BOC. To be spe
concentrations are given below. o AR :
cific, bacteria distribution in the 7 locations after the events were
computed for different assumptions of: (i) attachment rate of

2.3.1. Flow Field Velocity Data bacteria; (ii) sediment particle size that the bacteria attach to;
On August 29, 2020, flow field velocity magnitudes and (iii) rain hyetograph; (iv) wind dection; and (v) wind magni
directions were measured in multiple locations within the pondtude. As well, a sixth set of simulations involved determining
from two canoes deployed near the centre of the pond. Figuréh€ average wind during the irrigation season and the simula
3 shows the canoe setup and locations where the data were cdions were run with that wind in order to assess the predictabil
lected. At eals location, the canoeseresecured using 4 an ity of the bacteria distribution dumj average wind and zero
chors and a weighwassend to the bottom with a winch held wind conditions. The time period of the simulations was half
between the boats. Also, specific attention was paid to positiorin hour before the start of the events until 24 hours after the end
the canoes in the wind direction in order to minimize the impactof €vents. Irrigation is generally unnecessary during and right
of the canoes omé flow near the data collection locations. The after (€.g., within 24 hours) rain ews. Therefore, the bacteria
data were collected at different depths and with two instrumentsdistribution in the pond 24 hours after the end of the events,
an Acoustic Doppler Velocity meter (ADV) and a Dye Injection when possibly starting irrigation, was of interest. Herein, the
Velocity meter (DIV) (Allafchi et al., 2020). However, dueto t €r m fiafter evento refers to 24
the limitations inthe devices, in some locations the data were Numerous simulations were run fitris paper, however, patti
acquired with only one instrument. The ADV cable did not allow cular attention was paid to change only one assumption/input
measurements deeper than 1.8 m. In addition, DIV had {imita & & time.
tions in measuring flow field velocity when in very low speeds The attachment study was performed only for the event on
(Allafchi et al., 2020)The wind driven flow field in the pond  September 20, 2007. However, the other assumptions were as
was simulated using the wind data collected from a meteorolosessed for all of the three events.a&timent to four particle
gical station installed on the Northwest side of the pond. Thesizes was simulated and the distribution of bacteria in the pond
collected data and the simulation results were compared for thevas obtained. In addition, bacteria distribution was found for 3
purpose of model verificatn. The flow field was measured at different attachment rates, namely 25, 50 and 75%. The impact

91



F. Allafchietal. / Journal of Environmental Informatidsetters5(2) 87-101(2021)
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Figure 4. ModeledE.coli concentration on the surface of Inverness ponthpMay 28, 2007 at 1:05 am (end of storm eveb);
August 26, 2007 at 3:20 pm (end of storm evea)) September 20, 2007 at 9:40 pm (end of storm ev@)tBeptember 21,

2007 at 3:4@m;(e) September 21, 2007 at 3:40 pm; @dGeptember 21, 2007 at 9:40 pm. Note the difference in the color bars
and the withdrawal location is shown by a white cross sign in Fidaye 4

“‘ ——

of rain was also assessed by generating four synthetic-hyetaandmagnitude every hour (according the data), was rotated

graphs for each event and then run the model in order to findrom-90to#99 0 degrees. To be specific
the bacteria distribution after the events. Comparing the resultmagnitude was left untouched, however, all of the winettion

ant bacteria distribution with that of the actual rain would pro data points were shifted by a constant value. During the study

vide insight into the role of rainfall patterns on the predietabi of wind, rain hyetographs, attachment rate and all other settings

lity of bacteria distribution in the pond. Also, a comprehensive remained the same as those of the BOC. It should be noted that
assessment was performed to find the impact of wind on thehe studies on the rain and wind were performed introducing a
bacteria distribution. The actual wind, which changed directionnon-settling sediment, for which the decay of particulttached
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becteria was taken into account, but the settling was neglectedvelocity magnitude and direction. The deviation of the simulat
This type of sediment was used in the aforementioned studiesd flow direction from measured flow direction is relatively
due to the high numerical costs associated with the sedimerttigh in three locations, including V2 and V3 at a depthatq
transport models. Using a naeettling sediment type made it to 2.6 m and V4 at a depth equal to 0.3 m. At these locations,
practicalto run the copious number of simulations. Similarly, the measurements are associated with high random error because
to assess the assumptions and impacts of wind magnitude, onthe flow velocity is comparatively low, in which even small
the windbdés magnitude was c h aeddeeauldchandge the fiowv direction fABafchi et als 2020p t i o n
and inputs remained unchanged. The wind magnitudevetith, The flow near the surface at V2 and V3 were in nearly opposite
are separatdatapoints, was changed by £25%, 150%7%% directions to the directions at these locations near the bottom.
and 100%. The process was performed for all of the three storrit suggests that the circulation of the widdven flow in the
events. In other words, the wind blowing over the pond duringpond was reasonably approximated by the model.

each event was changed and its impact on the bacteria distribu

tion was found if the wingvas stronger or weaker. Finally, with 40
regard to average wind conditions, the recorded wind data in 4 mADV @
the region was obtained and the wind during the irrigation sea _ , ¢ DIV
son was averaged. Wind magnitude data since 1971 and wind £ & Simulation
direction data since 2014 were dhed (Canada Weather Stats, < .
2020) and the average was calculated. The events were simulat 2 25 - Ig
ed withthe average wind as well ag standard deviation of 5 é é
the average wind. This set of simulations was performed-to as 3, . g 2
sess the predictability of bacteria disttion without having g g g % 2 J
the wind data of the event. The simulations were performed = 1 ? ’é ? é % Z 7
using FLOW3D 12ul CFD commercial code. The simulations 05 é % ? % Z é Z
were run on 3 nodes, equal to 128 computational cores, of,Cedar 0 . ’ . 0 é . .
which is a highperformance computer run by Compu@n@da. R e A
o o o o o o o o
3. Results and Discussion el L G A
Figure 4 shows the bacteria distribution on the surface of = . ®)

the pond at the end of storm events on 28 May 2007 and 26 Au I

gust 2007 as well as during 24 hours after the end of the event

that occurred on September 20, 2007. The highly contaminated I

stormwater was discharged into the pond through the inlets and e { I

distributed throughout the pond. In Figurgs)4o 4(f), it can

beseen that even after 24 hours from the onset of the event, bac

teria were not evenly distributed through the pond, and some

parts of the pond were more contaminated than other parts. The

middle of the pond near the surface, where the three wings join,

wasalready determined as the optimal location for withdrawal I

for reuse because it has the lowest concentration of bacteria,

comparatively (Allafchi et al., 2021). The withdrawal location & & & &

is shown by a cross sign in Figur@y & & &F I
N SRS

&' &'
4’1’0 7 4’1"0 R

Ty
o]
o

Velocity vector direction (deg)
X
o
SIS

2}
o

SRR RN

3.1. Verification of Flow Vdocity Vectors ) ] ) ] ) )
The important role of fluid flow field in the hydrenviron F|gxre 5 Cgmpzarlzson (f)lf S|mullat|pn result_s V;'th obserf\llanons
mental models was previously emphasized (Allafchi et al., ZOlg)giTecltJig%St 9, 202(a) flow velocity magnitude; angb) flow
Therefore, in an attempt to validate the model with respect to ’
fluid flow field, velocity data were collected frothe pond and o o
the model was run for the same day. Figure 5 demonstrates the2- Verification of Bacteria Distribution
collected data from the pond as well as the simulation results It should be noted that the bacteria data collected in the pond
for the corresponding day. The model slightly underestimatedn 2007 were collected over a period of 26 days with no attempt
velocity magnitude. It might be associated with the viinuhel to favour rainy or dry days; however, 7 out of the 26 days
effect due to the trees and buildings around the pond which cahappened to be within three days after a rain event. In addition,
increase wind velocity over the pond, particularly over the Southduring another campaign in 2017, similar data was collected in
wing. On the other hand, wind obstruction by the buildings might24 days but from four different locations in the pond. Similarly,
have caused underestimation of wind by thesibe méeorolo 6 and 4 days were within two and one days after a storm event,
gical station. In general, good agreement was observed for bothespectively.
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Figure 6. NormalizedE.coli at the Inverness pond; data collected during the campaig) 2007; andb) 2017.

TheE.coli concentrations were normalized by dividing the sumptions, namely the attachment ratio and particle size, on the
observed concentration by the maximum concentratisergb bacteria distribution in the pond was studied. Figure 7 shows
ed in all locations for the day. For example, the locationhtast  the impact of attached particle size on tlagtbria concentra
the maximunE.coli concentration would have a nornzadE. tion at the withdrawal and the six locations. In general, chang
coli equal to one. The normalizé&ticoli at each location was ing the particle size did not change the relative distribution of
averaged for each category separately. The simulatedrisaac bacteria. In other words, the most and the least contaminated
corcentration was also normalized with a similar approB&d locations and the ones in between did neingje. However, in
ures 6(a) and gb) show the normalized bactegallected inthe creasing the particle size decreases bacteria concentration near
first and second campaign, respectively. In spite of the changéhe surface. The change is quite substantial replacing sediment
that occurred in the landse between the year 2007 and201 size smaller than 2 pm with 2 to 10 pm. However, the change
the most contaminated part of the pond did not change. Thén bacteria concentration was negligible whea prarticle size
data collected from both campaigns shows that the tip of thevas increased from 10 ~ 20 pn to 20 ~ 50 ym. The reason is
West Wing had the highest concentration of bacteria comparethat settling of particles that are smaller than 2 pm was not con
to the other locations. Figurgl demonstrates that after rain siderable (Allafchi et al., 2019), but larger particle sizes are as
events the tip of the West wing was likely the most contami  sociated with more settling which decreasastéria concentra
nated part of the pond. However, in a few days after the eventdjon in the study locations that are situated near water surface.
some of the pollution at this location was transported to the resOn the other hand, reduction in bacteria concentratiamcogas
of the pond. Following the West wing, the South wing was theing the particle size occurred only to an extent. Once most of
second rost contaminated wing of the pond. Comparing Figiure the attached bacteria are already setttexteasing attached par
6(a) with 6(b), both of the South and East wings became slight ticle size does not further decrease bacteria concentration. This
ly more contaminated during the time between 2007 to 2017can be observed comparing the bacteria concentration for the
particularly after rain events. The reason might be the developattached particle of 10 ~ 20 pm and 20 ~ 50 pm.
ments(turning farms into residential areas) during that time on
the East and South side of the catchment from wthielstorm . .
water drains into the pond through 13 andréépectiely. 3.3.2. Impacts of Settling Sediment

In addition, theattachment rate was studied and in this
study, it was assumed tHatoli attach to particles smaller than
) ] 2 um. Since the settling of such particles is found to not be con
3.3.1. Impact of Bacteria Attachmensgumptions siderable (comparatively speaking), two sediment types were

In the model developed for the pond, it was assumed thatonsidered for this stly, namely sediment with settling and
half of the bacteria attach to sediment particles. To be specificsedment without settling. The results from the two seelit
half of theE.coli were assumed to be attached to part&heal- types are shown in Figure 8. The sediment with settling was
er than 2 um, as Muirhead et al (2006) found. Itddde noted  modeled integrating the sediment transport model into the main
that other particle sizes, whiéhcoli predominantly attach to, model; however, sediment withbsettling was modeled with
were also proposed in the literature. For example, Anna et alpassive scalars. In both cases bacteria concentration reduced
(2005) found that more than 90% Bfcoli attach to particles  with decreasing attachment rate at P3, the mogtoonated
smaller than 30 um (Anna et al., 2005). The impact of both as location. Figure ), which is associated with the nesttling

3.3. Impact of Model Assumptions
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sediment type, shows that decreasing the attachment rate de 25

creases the bacteria concentration in all of the locations:- How (@) . N

. . . ) ) —8—75% attachment with settling
ever, in the settlingediment type, bacteria concentrations were 5
not necessarily decreased by reducing attachmer(sesi€ig- —&—50% attachment with settling

ure §a)). Attachment protects bacteria from some le¢ihairon

mental factors, and thus, decreases the decay rate. That explains
why in the norsettling sediment type, decreasintpahment

rate decreases bacteria concentration. Howeverhdrigerto
predict the change in bacteria distribution with setityppsedi

ment because the effect of settling and the effect of protection
on the changes in bacteria concentration effectively neutralize 5
each other. However, in the settling type sediment#oteria
concentration reduced by decreasing attachment rate only at P3
and remained nearly the same at other locations. The passive p1 p2 p3 pd p5 p6 w*
scdar model used for nesettling sediment, gires much less
numerical time compared to the sediment transport mbdete

—i-25% attachment with settling

E.coli (cfu/100mL)

25

fore, it became practical to further ahrct the sensitivity ana (b) AT atamentaibodseting
lyses on the factors influencing the teai@ distribution in the 20 —&—50% attachment without setting
pond, particularly factors that the attawmtdoes not play a role (benchmark)
in, such as wind and inlet flowrates. Hence, tlase with 50% 3 —8-25% attachment without settling
attachment to the nesettling sednent is used as part of the §15
BOC benchmark in the rest of this paper to run the model nu g
merous times that study the effect of multiple factors on the 310
bacteria distribution. u
18 5
16 —&—attach to <2 pym
" —a—attach to 2-10 pm 0 2 Z = - = = "
S 12 —+—attach to 10-20 pm *Withdrawal location
E ——attach to 20-50 ym . S
S 10 Figure 8. Impact of attachment rate dhcoli distribution for
E; 8 (a) sediment with settling; an@) sediment without settling.
% . The O6W6 on the horizontal axis r
w
! Once the flowrates were found running the hydrological
2 model, the CFD model was run to find the bacteria distribution
0 under different rain condition#\ll other settings and contins

P P2 P Pd P5 o W including bacteria pollutograplts the inlets and wind at each

Fi 7 t ofparticle si ttach t on bacteri day was the same as the actual event day. The distribution of
igure 7.Impact ofparticle size attachment on bacteria bacteria in_the six loca hs

di stribution after the event N _Sae%Kem%orésrusn‘?éhesy%t%eéc?yetoqraﬁ)ﬁ 0 Wo
on the horizontal axis refers to the withdrawal location was obtain€d and compdred to that of the for each of tfie
' three events (see Figure 10). In alnadsof the cases, the bac
teria concentration was underestimated. However, the most con
3.3.3. Impact of Rain Distribution and Flowrate taminated location of the pond, P3, did not change by altering
In order to find the impact of inflow flow rates dhe the hyetograph in any of the events. It is to be expected that the
distribution of bacteria, four synthetic rains were generated andotal number of bacter changes vifh changing hyefgraph be
fed to the hydrological model. Three Chicago hyetographscause the bacteria pollutograph, of the inlets did not change
(American Iron and Steel Institute, 2010) and a triangularduring this study. Therefore, depending on the timing of pollu
hyetograph (Ellouze et al., 2009) was modeled and the resultartograph and flowrate peaks, the total number of bacteria in the
bacteia distributions were compared with that of the actual pond can be overestimated or undereatéd. In addition, the
event. The Chicago hyetographs are distinguished by the peazattern of bacteria concentration from P1 to P6 was almest re
factor varying from 0.3 to 0.5. The synthetic hyetographs werepeated with all of the hyetographs. Only the triangular hyeto
designed to have the same total volume and duration of raigraph on September 20, 2007 showed a slightly different pat
compared to thactual events. They were also set to occur attern. Moreover, the withdrawal location appeshto be the least
the same time as the actual event. Figure 9 demonstrates tlowntaminated location of the pond even with different hyeto
synthetic hyetographs generated for the event occurring omraphs. The concentration of bacteria at only the withdrawal
September 20, 2007. location with different hyetographs is shown in Figure 11. This
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Figure 9. Synthetic hyetographs to model the storm event on September 20(&00Rjcago hyetograph ¥ 0.3;(b) Chicago
hyetograph Y= 0.4; (c) Chicago hyetograph ¥ 0.5; (d) triangular hyetograph.

Figure 10.Impact of hyetograph on bacteria distribution after the event occurré September 20, 200{t;) May 28, 2007;
and(c) August 26, 2007. The O6Wd on the horizont al
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Figure 11.Impact of hyetograph on the bacteria distribution at the withdrawal location after the eyapBSeptember 20, 2007;
(b) August 26, 2007; an@) May 28, 2007
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