National Hydrology Conference 2016 Corkery et al

04 - Modelling Quantified Microbial Source Specific Pollution from
Domestic Wastewater Treatment Systems during High Flows

Aisling Corkery,! John O’Sullivan,' Louise Deering,' Katalin Demeter,' Elisenda Ballesté,” Bat
Materson,' Wim Meijer,! Gregory O’Hare'

YWniversity College Dublin, Dublin, Ireland
2University of Barcelona, Barcelona, Spain

Abstract

The ability to model the transport of source specific faecal bacteria contamination in river networks
can equip water resource managers with information of the different pathogens that are present. Such
information can be particularly useful in catchment management plans for rivers from which potable
water is extracted or where these rivers discharge to coastal zones where bathing or aquaculture is
prominent and where the evaluation of human health risks is of primary importance.

This paper presents an application and performance assessment of the commercially available
MIKEI11 Hydrodynamic model for evaluating the fate of faecal bacteria of human origin, Human
Gene Marker HF183f, from Domestic Wastewater Treatment Systems within the Dargle catchment.
The Dargle is a spate river and the upper catchment is characterised by steep slopes that incorporates
peat bogs and land used for forestry and agricultural purposes. Residential dwellings within the area
are predominantly single detached units that rely on septic tanks for wastewater treatment. In the
context of faecal bacteria of human origin, malfunctioning systems are of concern, particularly in
terms of surface ponding, leakage to groundwater and direct discharge to surface waters. The
MIKE11 model was calibrated in a two stages process. Firstly, the model was calibrated for
prediction of discharge and microbial water quality parameters, namely E. coli and Intestinal
Enterococci (IE), using data from a real-time sensor network within the catchment that comprised rain
gauges, weather stations and water level recorders, data from which was used to determine flow
records from stage-discharge ratings. E. coli and IE concentrations were determined from high
resolution sampling during storm events. Following this, water quality samples taken during storm
event sampling were used to identify and quantify the human gene marker HF183f using quantitative
polymer chain reaction (QPCR) techniques. Results from the qPCR analysis were used to further
calibrate the model at sub-catchment level for the transport of microbial bacteria derived from human
origins. Using non-compliance statistics from the EPA National Inspection Plan, domestic sources
have been calculated based on the percentage number of malfunctioning septic tank units and average
daily faecal gene marker concentrations per household. The study highlights issues with how the fate
of the human gene marker is modelled using MIKE11, particularly in terms of advection-dispersion
inputs and the requirement to associate microbial concentrations with total runoff when modelling
surface and groundwater pathways.

1. INTRODUCTION

Septic tanks or domestic waste water treatment systems (DWWTS) are commonly used to treat
wastewater from residential dwellings in rural areas or small towns and villages that are not connected
to a public wastewater scheme for treatment and disposal. Where the location, construction, operation
and maintenance of these systems are inadequate, risks to water quality and human health may exist
(EPA, 2013). This risk can be increased during high rainfall events, particularly in small rural
catchments such as the Dargle River, Co. Wicklow. The Dargle is a spate river and the upper
catchment is characterised by steep slopes that incorporates peat bogs together with lands used for
forestry and agricultural purposes (Bruen et al., 2001). Residential dwellings within the area are
predominantly single, detached units that rely on DWTSs (CSO, 2012). In the context of faecal
bacteria of human origin, malfunctioning systems are of concern, particularly in terms of surface
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ponding, leakage to groundwater and direct discharge to surface waters (EPA, 2015). Recent
inspections carried out by Wicklow County Council on behalf of the Environmental Protection
Agency (EPA), suggest that approximately 58% of DWWTSs in the area are failing and
approximately 42% are failing in such a way that they are causing a risk to both human health and the
environment. System failures creating such risks are caused by a number of factors namely leaking to
groundwater, discharging directly to surface waters and surface ponding, and occur in approximately
10%, 19% and 13% of DWWTSs in the area respectively (EPA, 2015). This paper presents an initial
exploration and assessment of the MIKE11 hydrodynamic model for evaluating the fate of faecal
indicator bacteria, namely E. coli and Intestinal Enterococci within the Dargle catchment in Co.
Wicklow. Following this, it will also evaluate the performance of MIKE11 in modelling the human
gene marker, HF183f, from Domestic Wastewater Treatment Systems at sub-catchment level
(DWTSs).

2. METHODS

2.1 Study Area

The River Dargle catchment, including its tributary catchments totals just in excess of 133km?. The
river has its source in the Wicklow Mountains from where it flows into the sea at Bray Harbour. The
river is characterised by a steep gradient, particularly in its upland catchment. The upper catchment is
characterised by bog, forestry and agricultural lands, mainly arable, sheep, dry stock and dairy
farming. The lower catchment has some agricultural land together with an urbanised coastal town
making up the land use (Bruen et al., 2001). Residential dwellings within the upper catchment are
predominantly single detached units that rely on septic tanks for wastewater treatment. In the lower
catchment residential areas are generally connected to the public wastewater treatment system, but
some older houses still use septic tanks (CSO, 2012). Two sub-catchments of differing characteristics
located in the upper and lower Dargle catchments, were chosen for the study. The first of these,
located in the upper catchment was the Glencullen catchment and the second, in the lower Dargle
catchment was the Kilmacanogue catchment respectively — both rivers as shown in Figure 1 form part
of the tributary network of the Dargle river. Over the course of the study, from the beginning of
January 2012 to the end September 2012, the Glencullen River had an average base flow of 0.154m?/s
and a high water flow of 26.4m’/s, while the Kilmacanogue River had an average base flow of
0.087m?/s and a high water flow of 2.16m%s.
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O HF183f & DRG5 Event Sampling

Figure 1: Dargle catchment, showing the modelled sub-catchments, DRGS5 and the
coastal town of Bray.

2.2 Microbial Source Tracking and qPCR

Microbial Source Tracking (MST) is a molecular technique used to investigate the presence of faecal
pollution and to discern its type of origin (human, animal etc.). DNA based methods employed are
end point Polymerase Chain Reaction (PCR) (used for detection) and quantitative PCR (qPCR) (used
for quantification). The presence of human faecal matter in the Dargle River, was analysed using
these molecular methods. The Mikel1 water quality model was then used to model and simulate the
results from these data sets.

2.3 Data Collection

For the set-up and calibration of the catchment model, a sensor network within the Dargle catchment
provided a continuous stream of rainfall and river water level data from each sub-catchment. Water
levels were related to river discharge through rating relationships established at each of the river
gauge locations during the study. Water quality data consisted of water samples taken periodically
throughout 10 no. storm events at various locations within the catchment, including the Glencullen
and Kilmacanogue sub-catchments and the Dargle River just upstream of the estuary (Drg5 in Figure
1). The storm events occurred during the period June — September 2012, coinciding with the summer
bathing season. The catchment model formed part of a larger integrated catchment-coastal real-time
forecasting bathing water quality models for the Bray coastal area, hence the summer bias with
regard to sampling events, (see Bedri et al., 2014). These water samples were tested for Escherichia
coli (E. coli) and Intestinal Enterococci (IE) at a catchment scale at Drg5 and sub-catchment water
samples were tested for E. coli, IE and the human gene marker HF183f. Test results from the 10 no.
sampling events were divided, with five event results being used in the calibration and validation of
the catchment water quality model respectively.

2.4 Model Setup

-37-



National Hydrology Conference 2016 Corkery et al

The catchment modelling was performed in two-steps. Firstly, the NAM model simulated the rainfall-
runoff processes at the sub-catchment level and MIKEI11 routed this flow through the river network.
Following this, MIKEI11 simulated the in-stream processes (advection, dispersion and decay) of the
transported water quality parameters (E. coli, IE and HF183f) in the river network. A 5 m Digital
Elevation Model (DEM) of the Dargle catchment was used to delimit the sub-catchments and create
the stream network. This, in addition to weighted areal rainfall, evapotranspiration data, and river
flow data for a 9-month period from 1st January to the 30" September 2012 were required for the
NAM and MIKE 11 model set-up and calibration. Weighted areal rainfall was computed by the NAM
model from recorded rainfall within the sub-catchments using the Thiessen method, and daily
potential evapotranspiration data was acquired from the nearest Met Eireann (Irish Meteorological
Service) synoptic weather station. Model simulations identified two sensitive parameters; the
maximum storage capacity in the surface storage zone (Umax), and the time constant for routing
overland flow (CKj2). Values of other model parameters were derived from the literature (Doulgeris
et al., 2012; Jennings et al., 2008, 2007).

Sub-catchments in the NAM model were linked to the MIKE11 model via river branch connections in
the River Network Editor and cross-sections for each river branch were extracted from the DEM at
longitudinal channel intervals of 200m. A Manning's n resistance of 0.04 was specified for channels
in the river network. The majority of river channels in the network are mountainous streams with
steep banks, with trees and brush along the banks submerged during high flows. From Chow (1959), a
Manning's n of 0.04 was considered to be the most appropriate resistance value to represent these
conditions. Upstream flow and downstream water levels were specified as boundary conditions and
the global wave approximation was used for the routing of flow in the river network.

Initial water quality simulations, were based on diffuse loadings of E. coli and IE in the sub-
catchments calculated from average daily E. coli and IE concentrations of cattle, sheep and horse
faeces, together with animal stocking densities derived from agricultural census data that were
consistent with the land-use within the catchment. E. coli and IE loads from wastewater treatment
plants within the catchment were included as point source discharges to the model. The water quality
model was calibrated by adjusting constant decay rates for E. coli and IE and comparing
concentrations of simulated E. coli and IE to the measurements collected during the storm events. The
decay rates (k) tested for E. coli and IE were 1.31, 1.15 and 0.57/day (Teo = 42, 48 and 96 hours) and
0.51, 0.32 and 0.25 (T9 = 4.5, 7 and 9-days) respectively. These values were consistent with ranges in
similar studies that are reported in scientific literature (e.g. Bartram and Rees, 2000; Anderson et al.
2005). For the dispersion of E. coli and IE, the recommended ranges for small tributaries and upland
reaches (1 to 5m%s) and lower reaches (5 to 20m?%s) were varied along all river sections within the
catchment to assess the sensitivity of the E. coli and IE response to changing dispersion. From these
tests, a dispersion coefficient of 1m?s was assigned to tributaries and upland reaches and for the
lowland reaches, a coefficient of Sm*/s was used.

For microbial source tracking simulations water quality samples taken during one of the storm events
was used to identify and quantify the human gene marker HF183f in two sub-catchments, namely the
Glencullen and Kilmacanogue, using qPCR techniques. Results from the qPCR analysis were used to
further calibrate the model at sub-catchment level for the transport of microbial bacteria of human
origin. Using non-compliance statistics from the EPA National Inspection Plan and CSO census data,
concentrations of domestic sources of the human marker were added to surface water runoff and
groundwater pathways for each sub-catchment. These concentrations were calculated based on the
average daily faecal gene marker concentrations (gen/100ml) per household and the percentage
number of DWTSs causing surface ponding and leaking to groundwater respectively as reported in
the EPA National Inspection Plan. Furthermore, direct discharges to surface waters were calculated in
a similar manner and added as a point source to each sub-catchment. Dispersion coefficients used in
the previous calibration of E. coli and IE were retained for the modelling of HF183f, while decay rates
(k) tested were 4.61, 2.3, 1.54, 1.32 and 1.15/day (Te = 12, 24, 36, 42 and 48-hours). These ranges
were in line with the findings from persistence studies on human markers reported in the literature
(e.g. Tambalo et al., 2012 and Liang et al., 2012). Furthermore, HF183f persistence studies carried
out over the course of this study gave Tqp values of approximately 42-hours.
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3. RESULTS AND DISCUSSION
3.1 River Flow

The two most sensitive parameters in the catchment model were Unax, the maximum storage capacity
in the surface storage zone, and CKj», the time constant for routing overland flow. The default auto-
calibration range for Unmax is 10 — 20mm, representing the storage capacity of most catchments. Steep
catchments like the Dargle catchment however, have less storage capacity and consequently, it was
considered appropriate to reduce this range in the auto-calibration process to input values of between
0.1 and 15mm and this gave Uy values that improved the fit to observed runoff and water balance in
most sub-catchments. The auto-calibration range for Umax values adopted is consistent with ranges in
published literature (see for example Jennings et al., 2008).

The Nash-Sutcliffe model efficiency coefficient (NSE) and the percentage error in computed Water
Balance (WBL) were used to assess the fit between observed and simulated hydrographs. To illustrate
the effects of reducing the Umax range in the auto-calibration process, Figure 2 compares the water
balance and hydrographs respectively at the outfall of the Glencullen sub-catchment (a significant
contributor in generating flows in the River Dargle) obtained using the reduced and the default Uppax
ranges. The NSE of 0.74 for the simulated hydrograph produced using the reduced Uma.x range is
shown to be improved from the value of 0.71 using the default settings. The fit between simulated and
observed runoff hydrographs was further improved in the auto-calibration of the CKi» parameter.
While default values for CKi> between 10 to 50-hours are used for most catchments, significantly
lower values are recommended for flashy or spate catchments. The Dargle and its tributary
catchments are fast-responding and inputs of CK;, values between 3 and 11 hours were used to
describe the time constant for routing the overland flow (DHI, 2013). Using the optimised CK;, value
obtained for the Glencullen sub-catchment in the auto-calibration process produced further
improvements of the NSE coefficient to 0.81 in the comparison of observed and simulated
hydrographs Glencullen sub-catchment (Figure 3). Applying this two-stage calibration procedure to
the other sub-catchments in the Dargle river system resulted in NSE coefficients that varied from 0.77
to 0.85 for the remaining sub-catchments of the river system.
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Figure 2: Water balance and hydrographs of the Glencullen sub-catchment obtained using the reduced and

default U,nqx ranges.
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Figure 3: Water balance and hydrographs of the Glencullen sub-catchment obtained using optimised CK;»

value.
3.2 Catchment Water Quality

The best fit between simulated and observed E. coli and IE during peak flows was achieved using
decay constants (k) of 1.31 d-1 (T90 = 42 hours) and 0.32 d-1 (T90 = 7-days) respectively. These
decay rates are consistent with values used in similar studies that are cited in literature (see for
example Bartram and Rees, 2000; Anderson et al., 2005) and confirm that die-off rates for E. coli in
river systems are significantly lower than for IE. The performance of the catchment model in
predicting faecal indicator bacteria concentrations was assessed by determining the Root Mean Square
of Errors standard deviation ratio (RSR) (see Table 6 in Bennett et al., 2013 and developed by Moriasi
et al, 2007).

RSR = VY"i=1(0-P)>?
V> "i=1(0-0)> (1)

Where P and O are the predicted and observed values for a simulated variable (E. coli or 1E)
respectively, and O is the mean of the observed values. Performance was evaluated for simulated and
observed E. coli and IE for four storm events at location Drg5 (Figure 1). The RSR values over the
four events of 2.73 and 1.13 for E. coli and IE respectively, indicate that predictions of IE are more
accurate than those for E. coli. However, RSR is greater than 0.70 which some modellers deem
unsatisfactory. Comparisons of simulated and measured concentrations of E. coli and IE for the two
storm events in Figure 4 show that measured concentrations of E. coli and IE rise and fall with the
flow hydrograph. Simulated E. coli and IE concentrations are also shown to rise with the flow
hydrograph and reach concentrations similar to measured values. However, on the receding limb of
the flow hydrographs as shown for the two storms (Figure 4), simulated concentrations are shown to
return to baseline values more slowly than for measured values. Differences between the simulated
and observed concentrations in this regard suggest that issues exist in the manner the ‘first flush’ of E.
coli and IE to the river system and subsequent dilution effects are considered in the modelling
process. A study by Haydon and Deletic (2006) highlights similar overestimations in simulated
bacteria concentrations when modelling the surface transport of pathogens to river systems in
receding floods.

- 40 -



National Hydrology Conference 2016 Corkery et al

100000

o
°©

1000000

o
=}

45 45
100000 \ 40 10000 o, 40

35 \ 35

10000 Q] » .

= —Simulated E.coli cfu/100ml |- 30 €| __ 1000 o 30w
g o E ——Simulated IE cfu/100ml ‘E
S 1000 + Measured E.coli cfu100ml | 25 & 8 254
1 = 2l
3 ] ] 205 3 100 + Measured IE cfu/100ml 20 2
& —Simulated Discharge m3/s 2/ 0 <
§ 100 15° w —Simulated Discharge m3/s| 15 g
ui

/ NS

- 10 10
10 10
_/ \— 5 5
1 t T 0 1 T T 0
21/6 00:00 21/6 12:00 22/6 00:00 22/6 12:00 23/6 00:00 23/6 12:00 24/6 00:00 21/6 00:00 21/6 12:00 22/6 00:00 22/6 12:00 23/6 00:00 23/6 12:00 24/6 00:00
Date and Time Date and Time
1000000 50 | 100000 50
* 45 - 45
100000
¢ [ 40 10000 ¥ 40
*
. |®

10000 . ~ 35 z _/’;—\_/——\ 35
= 30 £ _ 1000 o - 302
£ —si i o E 3
S 1000 Simulated E.coli cfu/100ml|. 55 g S —Simulated IE cfu/100ml 25 =
= . £ = 2
% 100 + Measured E.coli cfu/100ml |- 20 g i 100 + Measured IE cfu/100ml | 20 %
3 —Simulated Disch 3s |15 W 2
S ‘mufatec Discharge m3fs /\ —Simulated Discharge m3/s 153

ui 10

-
=)

1 | 0 | |
15/800:00  16/800:00 17/800:00  18/8 00:00  19/8 00:00  20/8 00:00 15/8 04:48 16/8 04:48 1718 04:48 18/8 04:48 19/8 04:48

Date and Time Date and Time

Figure 4: Comparison of simulated and measured concentrations of E. coli and IE for two storm events.

3.3 Sub-Catchment Microbial Source Tracking

The best fit to peak concentrations between simulated and observed values of the human marker
HF183f during high flows was achieved using a decay constant (k) of 1.32 (Te = 42 hours).
Furthermore, and following from Gill et al. (2012), it was assumed that the human marker attenuation
rate was similar to that of E. coli and that concentrations in the percolation area were 3.75% of those
inside the DWWTSs. The performance of the catchment model in predicting human marker
concentrations was also assessed using the Root Mean Square of Errors - standard deviation ratio
(RSR).

The RSR values for the Glencullen and Kilmacanogue sub-catchments were 1.01 and 1.36
respectively. Again, it should be noted that RSR is greater than 0.70 which may be deem
unsatisfactory. Figure 5 compares simulated and measured human marker concentrations for both sub-
catchments during the same storm event. It can be seen that simulated human marker concentrations
in the Glencullen River reach the initial rise in measured values but fail to reach peak concentrations.
On the receding limb of the flow hydrographs, simulated concentrations return to baseline values
more slowly than for measured values. For example, simulated concentrations in the Glencullen River
took 3 days to reach baseline values in the order of 6x10* for the modelled event (for visual clarity of
measured versus simulated results this was not shown in Figure 5) Differences between simulated and
observed concentrations suggest that issues exist with how dilution effects are considered in the
modelling process. Again it is noted that Haydon and Deletic (2006) observed similar overestimations
in simulated bacteria concentrations when modelling transport of pathogens to river systems in
receding floods. Furthermore, when specifying distributed sources in the advection-dispersion module
of MIKEI11, microbial concentrations for surface ponding and leakage to groundwater could only be
associated with total surface runoff and total groundwater runoff respectively, leading to elevated
simulated concentrations in the receding limb and elevated background levels. It is possible that a
load based model for microbial inputs would yield better results. Higher peaks in measured, relative to
simulated concentrations, particularly in the Kilmacanogue sub-catchment, may be an indication of
other sources of human marker, such as sewer misconnections or a greater percentage of
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malfunctioning DWWTSs than was assumed (EPA non-compliance percentages for Co. Wicklow are
only based on 31 DWWTS inspections).
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Figure 5: Simulated v Measured HF 183f in the Glencullen and Kilmacanogue River.

4. CONCLUSSION

This study aimed to assess the performance of the commercially available software MIKE11 in
modelling transport of the human gene marker, HF183f, from DWTSs to a river system during high
flows, focusing on surface ponding, leakage to groundwater and direct discharge to surface waters as
the main pathways. Such a model has the potential to be useful in catchment management plans for
rivers from which potable water is extracted or for rivers that discharge to coastal zones where
evaluation of human health risks is important.

Model calibration and validation showed that the hydrological and hydrodynamic components of the
model have produced a reasonable fit to measurements (e.g. Nash-Sutcliffe efficiency coefficients of
between 0.77 and 0.85 for the computed runoff in the sub-catchments of the Dargle river system.
Water quality simulations at a catchment scale showed that the model has captured well the measured
E. coli and IE at the peaks of the hydrograph. However, simulated E. coli and IE concentrations take
longer to return to baseline levels, suggesting that the model does not accurately capture the ‘first
flush’ and subsequent dilution effects as runoff continues to the river system on the receding limb of
flow hydrographs.

Results from qPCR analyses were used to calibrate the model for human sources of contamination.
The model gave reasonable results when evaluated using RSR, and simulated concentrations reach the
initial rise in measured concentrations in the Glencullen River. However peak concentrations were
never reached and simulated concentrations took much longer to return to baseline values on the
receding flood. This highlights issues with how the fate of human gene marker is modelled using
MIKEI11, particularly in terms of advection-dispersion inputs and the requirement to associate
microbial concentrations with total runoff with respect to surface water and groundwater. It is
suggested that a load based modelled may be more appropriate for modelling transport of the human
gene marker and other microbial contaminants.
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