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ABSTRACT

Public health risks of urban pluvial flooding has@ far received little attention in technical
discussions. In this paper, the results of pathogeasurements in the sewer system of
Utrecht and an urban flooding experiment are preserand used in an application of
Quantitative Microbial Risk Assessment, an existingk analysis method for the
quantification of infection probabilities. This rhed uses ingested doses of pathogenic
organisms for the calculation of infection probdias. Ingested dose estimations are based on
pathogen measurements. These samples have beeypsednalor concentrations of
Campylobacter, Cryptosporidium and Giardia. Dose-response relations from literature are
used to calculate infection probabilities for flo@ents. The results show that mean
probabilities of obtaining &ampylobacter or Giardia infection as a result of contact with
urban flood water are 2.8% and 0.6% per event otispedy for adults and at least 5.7% and
1.0% per event for children, respectively. Infectiprobabilities forCryptosporidium are
about 1000 times lower than f@iardia. The infection probabilities found indicate thae th
health risk of urban flooding is higher than th&tswimming in recreational freshwater
environments, based on a comparison to the value&déceptable risk’ as defined by the
WHO for bathing water.
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INTRODUCTION

In discussions on urban flood risk, the focus isntyaon the financial consequences of flood
events (Ashley et al., 2005). Consequences retatpdblic health are easily overlooked. Two
important types of health consequences are: irayestf contaminated water and physical
injuries as a result of stumbling over objects unitie water surface or even falling into
manholes. This paper focuses on the health riskechhy the ingestion of contaminated water
from overflowing sewers during urban flood events.

When combined sewer systems flood as a result a¥yheainfall, humans can come into
contact with the mixture of waste- and stormwateat tflows onto the surface and may
contain various types of pathogens. Different caomtation routes are possible; the most
important route is ingestion of the flood wateraa®sult of playing in it, or being splashed.
This paper presents the application of a formalheetfor risk quantification to the case of
urban flooding, to assess and quantify the headthvia the oral-fecal contamination route.
The application of this method is demonstrated wdba from practice. A comparison to the
bathing water quality directives is used to preseftamework for the magnitude of the risk.
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METHOD

Several methods exist to assess health consequehoestact with diluted wastewater in
urban flooding situations for man: epidemiologigalpulation studies, comparison of the
flood water quality with the EU water quality ditees based on WHO-guidelines, or
Quantitative Microbial Risk Assessment (QMRA).

Epidemiological studies require large amounts opypation disease data. The correct
procedure that needs to be followed to be abldttiate disease cases to a cause are strict:
an infected person has to seek medical care antl bldod and stools test has to be carried
out to confirm the causative agent (Haes al., 1999). For exploratory research,
epidemiological research is therefore not consularéeasible approach.

A second possible approach to assess health carsmspiof urban flooding is to compare
flood water quality data to bathing water qualitarglards. The European bathing water
directive defines standards for the quality of wdte swimming. The directive is partially
based on the WHO-guideline for safe recreationadlewanvironments. The definition for
good quality in this guideline is based on conaditns of Enterococci: acceptable health
risk for swimming in bathing waters of good qualisybased on the probability of obtaining
gastrointestinal convulsion (Gl) and acute febmr@gpiratory syndrome (AFRI). The estimated
health risk of swimming in water with a maximuBnterococci concentration of 200
CFU/100ml, is a probability of 5% of obtaining Glness, and a probability of 1.9% of
obtaining AFRI, based on large epidemiological &sdThis is considered an acceptable risk
for swimming in freshwater recreational environnse iKay et al., 2003). The European
bathing water directive quantifies microbiologicplality by two bacterial parameteis.xcoli
andEnterococci (Table 1). The standard test for these pathogesimigle and gives relatively
quick results. Comparison of the flood water gyalitith bathing water quality directives
gives a rough indication of the health risks causgdrban flooding.

Table 1 Water quality standard according to the EU bathing water directive.

Excellent quality Good quality
(CFU/100 ml) (CFU/100 ml)

IntestinalEnterococci 100 200
E.coli 250 500

The third method, QMRA, is a method often usedpiablic health risk assessment related to
water. This method gives quantitative results offedation probabilities for different
pathogens. The method only applies for pathogensvfuch a dose-response relation is
known, a function that describes the relation betwthe number of ingested pathogens and
the probability of obtaining an infection from tleepathogens. Most dose-response relations
have been determined in volunteer studies (Teatrak, 1996).

Quantitative Microbial Risk Assessment
QMRA is applied here for the quantification of unbtood health risk, because it directly
calculates infection probabilities based on pathegeoncentrations found. A comparison
between flood water and bathing water is used @mgarison method for the results of the
QMRA, since no ‘acceptable health risk’ guidelimasst for urban flooding.
A QMRA procedure consists of four successive s(elasset al., 1999):

1) Hazard identification;

2) Exposure assessment;

3) Dose-response relations;

4) Risk characterisation.
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Infection risk has been calculated for a numbepathogens, based on the measurement of
pathogen concentrations in wastewater and dosesmssprelations from literature. The
uncertainty in the calculation results due to utaeties in pathogen measurements and
literature values is quantified using Monte-Cailawdations.

In the hazard identification step of the QMRA faban flooding, three different pathogens
have been selected: Campylobacter, and the protGzgptosporidium and Giardia. The
reason for this choice is the availability of a ewssponse relation, and the high occurrence
of these pathogens in wastewater. All three path®gee common causes of waterborne
disease (Westrell, 2004).

The bacteria E.coli and Enterococci, common indicatof faecal pollution, have been
analysed in order to make a comparison with watality standards as a part of the risk
characterisation step. Testing water for the Caoim@dter, Cryptosporidium and Giardia is a
more expensive and complicated process than faliEand Enterococci. The symptoms of
disease caused by the five different pathogenmastly gastrointestinal (table 2).

Table 2 Pathogens studied in health risk assessment and their possible symptoms (EPA, 2003;
Schaechter et al., 1999)

Pathogen Symptoms

Escherichia coli Gastroenteritis, hemolytic uremic syndrome
Enterococci Urinary tract infections, endocarditis
Campylobacter Gastro-enteritis, Guillain-Barré syndrome
Cryptosporidium  Gastroenteritis, intestinal convulsions
Giardia Chronic gastroenteritis

The exposure assessment is carried out for twerdiit types of exposure: the case of a
pedestrian that is splashed by passing traffic thedcase of a child that is playing in the
water. The extent to which they are exposed to qumhs is described by the ingested
pathogen dose: when contact with the flood wateus; a small volume is ingested, the
amount of pathogens in this volume determines tse

clv
= 1
H d 1000 @)
Where: u : dose [nr of pathogens]
C : concentration of a pathogen in water [npathogens/I]
v > intake volume [ml]
d . dilution factor [-]

The concentrations of pathogens are based on vidued in sampling experiments that are
described in the next paragraph. The dilution faofovastewater in urban flooding is based
on expert judgment: a dilution of the wastewatdhvai factor 50 to 100 is estimated for urban
flooding situations. A uniform distribution withrainimum of 50 and a maximum of 100 has
been used as input for the Monte-Carlo simulatibrintection probabilities. The ingested

volumes are based on figures taken from litera{@teynet al., 2004). These values are

expected to have a lognormal distribution, whiclised in the Monte-Carlo simulation. The
values foru ando, see table 3, are based on data from literatues(®t al., 2004).

Table 3 Estimated intake volume distributions for different exposure cases

Exposure case Mean intake
volume (ml)

Splashed pedestrians 10 10

Playing children 30 30
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Dose-response relations are mathematical functiwatsquantify the infection probability for
a given dose, based on the concept that when agmthmanages to survive in the right
location in a host, it has the possibility to mpilgiand cause infection. Two different survival
mechanisms are possible: either the pathogensdraualependent probability of survival or
the different individuals influence each othersvaral rate.

In the first case the exponential dose-responseeheaplies that holds for most protozoa,
among whichCryptosporidium andGiardia (Teuniset al., 1996; see table 4):

Pir:f =1-e¢ (2)

Where: Pn: : probability of infection by a certain pathogehem ingesting a dose
r . probability of survival for each individuahthogen
u : dose of the pathogen

Table 4 Probabilities of survival for Cryptosporidium and Giardia in a human host (Teunis et

al., 1996)

Protozoan R

Cryptosporidium 0.004005

Giardia 0.0199

In the case of conditional survival probabilityetBeta-Poisson model applies, that holds for
many different types of bacteria, among which Calwipgcter (table 5):

. u)
P ~1_(1+E] 3)
Provided 5> a (Furomoto and Mickey, 1967)

Where: Pn: : probability of infection by a certain pathogehem ingesting a dose
u : dose of the pathogen
a, B : pathogen-specific constants describing the ¢ondil survival
probability of that pathogen

Table 5 Constants for the survival function of Campylobacter in a human host (Teunis et al.,

1996)
Bacterium A B
Campyl obacter 0.145 7.589

Point estimates of the infection probability arécatated using representative concentration
values ofCampylobacter, Cryptosporidium and Giardia found in the wastewater samples
from sampling experiments. Based on histograms@ieasured concentrations, probability
distributions of pathogen concentrations have laefimed. The input values for thHecoli
andEnterococci concentrations are based on the values found stewater samples.
Monte-Carlo simulations in which values for the centrations of pathogens, dilution factor
and intake volumes are randomly drawn from thengefidistributions give insight into the
uncertainty in the calculated infection probalsiiti

For the last step in the QMRA, the risk charactron, the infection probabilities are
compared to infection probabilities in swimming @rtAlso, a comparison between pathogen
concentrations in urban flood water and bathingewas made using thé&.coli and
Enterococci concentration measurements in wastewater.

4 Microbial risk assessment for urban pluvial flooding



11" International Conference on Urban Drainage, EdighuScotland, UK, 2008

MEASUREMENT EXPERIMENTS FOR PATHOGEN

CONCENTRATIONS

Three types of field experiments have been condutte obtain insight into pathogen
concentrations in wastewater: samples have been tdlom sewer systems in a spatial
variation and in a temporal variation experimerd an urban flooding simulation experiment
has been done as a third experiment. Details ofelperiments are given in table 6. All
wastewater samples are taken from the sewer systém municipality of Utrecht.

Table 6 Overview of experiments

Experiment Nr. of Purpose of experiments Sample analyses
Experi
ments
Urban flooding 4 Study pathogen concentration E.coli, Enterococci
simulation experiment variations in flood water for a

representative duration of an urban
flooding event (60 minutes)

Spatial variation 2 Study spatial pathogen E.coli, Enterococci,
experiment, 6 locations concentration variations in Campylobacter,
with different spatial use wastewater samples from a sewerCryptosporidium,
system (DWF) Giardia
Temporal variation 2 Study pathogen concentration  E.coli, Enterococci
experiments, 1 location variations in time during a
weekday (DWF)
Real urban flooding 1 Study pathogen concentrations inE.coli, Enterococci,
situation, Den Haag, 16 samples from a real flooding Campyl obacter
July 2007, 3 locations situation

The urban flooding simulation experiments have been carried out in a small-saeban
flooding setup, using a metal ring (& 0.5 m) sttwkhe pavement with quick-drying cement.
In each of the four simulation experiments donéwhis setup, the ring has been filled with
diluted wastewater and samples have been drawrs &, 5, 10, 15, 30, 45 and 60 minutes.
One hour is considered a representative durationrtman pluvial flooding. The experiments
have been done on two sampling days: Octob8amé 17 2007.

During thespatial variation experiments two samples have been taken from a main sewer
within an interval of a few seconds, at six locaiawith different spatial use, within an area
of 4x5 knf. The sampling has been done twice, on OctoBem@l 15' 2007.

One of the locations of the spatial variation ekpent, a typical residential area, has been
chosen for theemporal variation experiment. In this experiment, every 30 minutes two
samples have been drawn from the sewer from 7:00té&\Bt00 PM. The sampling has been
done twice, on October®@and 23 2007. The analysis methods that have been used to
measure pathogen concentrations are summarizeabia 7. The dilution series on count
plates have been done in duplicate or triplicate.

Table 7 Analysis methods for different pathogens

Pathogen Analysis method

E.coli Dilution series on count plates
Enterococci Dilution series on count plates
Campylobacter Presence/absence test, microscopy
Cryptosporidium  Epifluorescence microscopy
Giardia Epifluorescence microscopy
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RESULTSAND DISCUSSION

Figure 1 shows an example of the measurement sefsulE.coli in one of the urban flooding
simulation experiments. The pathogen concentrati@ines show significant variations in
time up to about a factor 4.

E.coli - Urban flooding experiment | 10/10/2007
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Figure 1 Results of one of the urban flooding simulation experiments with diluted wastewater,
for E.coli. The data points indicate the counts from different sample dilution series. The

val ues show a significant variation and show no clear increase or decrease with time.

The results of the sample analysestoroli and Enterococci in sewer water fron2 temporal
variation experiments show a much larger variabditup to a factor 30, see figure 2.

Enterococci - Temporal variation experiment 22/10/2007
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Figure 2 E.coli and Enterococci counts temporal variation experiment on October 22™ 2007.

The data point indicate the different counts from samples and dilution series, the line indicates
the water level in the sewer system

A possible cause of the pathogen concentratiorabgity in the samples is that the pathogens
in wastewater have a so-called “contagious distiobl (Jarvis, 1989): pathogens are not
uniformly distributed in the wastewater but fornotsl and stick to suspended particles in
wastewater. This is confirmed by the significarfestences in concentration values that have
been found in two samples taken from a sewer ghafter one another. The non-uniform
distribution of pathogens also leads to differenoesveen dilution series from one sample,
and to differences within dilution series. The oradadg magnitude to which contagious
distribution disturbs the concentration countssisneated at a factor 5.
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Another reason for large concentration variationsawers is that the wastewater composition
varies in time and in space as a result of abovegi@ctivities (domestic activity, weather).
The sampling frequency is too low to measure thi@tian patterns in the sewer; the samples
give a snapshot indication of the wastewater coitipas

Figure 3 shows the results of the spatial variagaperiment forE.coli and Enterococci.
E.coli and Enterococci are found in all wastewater samples. The conceéntimtof both
pathogens show no correlation.

Enterococci averages, spatial variation experiments 10/2007 600000 E.coli averages, spatial variation experiments 10/2007
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Figure 3: Mean concentrations of E.coli and Enterococci found on the two sampling
days of the spatial variation experiments

The results of the spatial variation experiments atmmarised in table &ampylobacter is
found in 25% of the sample€ryptosporidium in 17% andGiardia in 75% of the analysed
samples (table 8).

Table 8 Pathogen concentrations in wastewater as measured in the spatial variation samples
taken from the sewer of Utrecht

Mean Range n Positive

(of

positives)
E.coli 77,465 7,700-570,000 24 24
Enterococci 19,985 2,600-127,00 24 24
Campylobacter (CFU/L) 16,635 2,300-24,000 12 3
Cryptosporidium (oocysts/L) 12 10-15 12 2
Giardia (cysts/L) 584 20-1,700 12 9

Based on the results of the spatial variation erpants average concentrationsto€oli and
Enterococci have been calculated and these are used for reshtifjoation. The variation in
concentration values has been used as input foMibrete Carlo simulations to calculate
probability distributions of health risk.

The water and sludge samples that have been aall@ctthe urban flooding situation in Den
Haag have been analysed téwcoli, Enterococci and Campylobacter. The results of these
analyses are shown in table 9. The pathogen ctratiens in sludge are 60-100 times higher
than in the water samples taken at the same locatio
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Table 9 E.coli and Enterococci counts and presence/absence test results for Campylobacter
as found in the urban flooding situation in Den Haag on July 16" 2007
E.Cali Enterococci  Campylobacter
CFU/mL  CFU/mL

Sample Location

1 Valkenbosplein 1,000 2,100 Positive
2 Boulevard | 87 500 Positive

3 Boulevard Il 700 3,700 Positive

4 Johan de Wittlaan 500 2,400 Positive
5 Valkenbosplein sediment 108,000 132,000 Positive

Risk quantification

The average measured pathogen concentrations irspgagal variation experiments and
estimated dilution and intake volumes are useduantify pathogen doses. Applying the
dose-response relations from literature mean iigheciprobabilities are calculated for
Campylobacter, Cryptosporidium and Giardia. Table 10 shows the mean infection
probabilities for pedestrians and for children. Tgresented values for the latter are higher
due to higher estimated intake volumes; factuakatibn probabilities are expected to be
larger than the calculated values, since the dosgpense relations have been developed for
adults who are normally less sensitive to pathodgjeas children.

Table 10 Mean infection probabilities per urban flooding event. For a playing child the
infection probabilities are higher than calculated, due to the fact that the dose-response
relations used are based on healthy adults
Pedestrian Playing child
Campylobacter  28.0x 100 >57.0 x 10°
Cryptosporidium 10.4 x 1  >13.6 x 10°
Giardia 58x10°  >9.6 x 10°

The measuredE.coli and Enterococci values have been used to define probability
distributions of these pathogens. The distributibage been used as input for Monte-Carlo
simulations in @Risk software (10,000 iterationg)png with estimated probability
distributions for a wastewater dilution factor irban flooding situations.

Monte-Carlo simulations in @Risk (10,000 iteratipngth estimated probability distributions
for E.coli and Enterococci concentrations in wastewater and for dilution vods of
wastewater in urban flooding situations are madecatculate pathogen concentration
probability distributions in urban flooding wates shown in figure 4.
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Figure 4 Concentrafion probability distributions of E.coli and Enterococci in urban
flooding events
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When comparing the results in table 9 with the eom@tion probability distributions in
Figure 4, they seem to be fairly consistent wita thsults of the Monte-Carlo simulations.
This indicates that the chosen dilution factorsiarthe right order of magnitude, though may
be slightly conservative.

The results of the Monte Carlo simulations for atfen risk posed byCampylobacter,
Cryptosporidium andGiardia are shown in figure 5.
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Figure 5 Infection probability distributions for Campylobacter, Cryptosporidium and
Giardia for exposure of children and pedestrians

Table 11 gives the medhacoli and Enterococci concentrations based on the results of the
measurement experiments along with the values ploescin the EU Bathing water directive.

Table 11 Concentrations and doses of Enterococci and E.coli in bathing water of good
quality and in urban flood water. For swimmers the mean ingestion volume is 50 ml, for
pedestrians the mean volumes as given in Table 5 are used.

Good bathing water Mean Mean water Mean estimated dose
quality— Bathing water estimated dose quality in urban for pedestrians/
directive for swimmers flooding children
(CFU/100mL) (CFU) (CFU/100ml)  (CFU)
Enterococci 200 100 30,000 3,000/ 9,000
E.coli 500 250 48,600 4,860 / 14,580

Based on the assumptions made here, the healtpassd by pathogens in urban flood water
appears to be significantly higher than the headthof swimming in water of good quality as

described by the EU Bathing water directive (20@&)cording to the epidemiological studies

that the WHO Guideline for safe recreational watavironments (2003) is based on, the
health risk of obtaining gastrointestinal illnessurban flood situations is higher than 10%,
and the risk of obtaining respiratory illness igher than 3.9%.
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CONCLUSIONS
Quantitative Microbial Risk Assessment has beerieghas a method to quantify health risks
posed by urban pluvial flooding, focusing on thealtte risk caused byCampylobacter,
Cryptosporidium andGiardia, common pathogens in wastewater.

Due to variations in the composition of wastewatetime and space, the health risk of being
exposed to urban flooding differs from situatiorsttuation. For the duration of the flooding
event the concentrations of pathogens in the flwater are expected to remain at the same
level. More research is needed to prove this setenespecially foCampylobacter.
The doses of pathogens for two different exposypes are calculated using measurements
on pathogen concentrations in wastewater from éwees system of Utrecht. Dose-response
relations are used to quantify infection probaieditcaused by urban flooding. Mean infection
probabilities in urban flooding situations are giva the following table.

Pedestrian Playing child

Campylobacter  28.0x 100 >57.0 x 10°

Cryptosporidium 10.4 x 16 >13.6 x 1¢°

Giardia 58x10°  >9.6x10°
Vulnerable groups like children and elderly peofalee higher infection probabilities when
ingesting a dose of pathogens; no dose-resporetere are available for these groups.
To give a framework for the magnitude of the rig#od water is compared to bathing water,
since for bathing water ‘acceptable risk’ is definey the WHO, based og&.coli and
Enterococci. The doses ofE.coli andEnterococci in urban flooding are 20-30 times higher for
pedestrians and 60-90 times higher for childrem tixdat is considered acceptable for
swimmers according WHO guidelines. This resultsigastrointestinal illness risk of 10%
and a respiratory illness risk of 3.9%. The magtetof the public health risk posed by urban
flooding is significant.
When comparing the results of the Monte-Carlo satiahs for E.coli and Enterococci
concentrations in flood water to samples from & weaan flood the results of the simulations
appear to be conservative. More data from realruflzeding situations is needed to be able
to verify the method.
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