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Effects of a 20 year rain event: a quantitative microbial
risk assessment of a case of contaminated bathing water
in Copenhagen, Denmark
S. T. Andersen, A. C. Erichsen, O. Mark and H.-J. Albrechtsen

ABSTRACT
Quantitative microbial risk assessments (QMRAs) often lack data on water quality leading to great
uncertainty in the QMRA because of the many assumptions. The quantity of waste water
contamination was estimated and included in a QMRA on an extreme rain event leading to combined
sewer overﬂow (CSO) to bathing water where an ironman competition later took place. Two dynamic
models, (1) a drainage model and (2) a 3D hydrodynamic model, estimated the dilution of waste
water from source to recipient. The drainage model estimated that 2.6% of waste water was left in
the system before CSO and the hydrodynamic model estimated that 4.8% of the recipient bathing
water came from the CSO, so on average there was 0.13% of waste water in the bathing water during
the ironman competition. The total estimated incidence rate from a conservative estimate of the
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pathogenic load of ﬁve reference pathogens was 42%, comparable to 55% in an epidemiological
study of the case. The combination of applying dynamic models and exposure data led to an
improved QMRA that included an estimate of the dilution factor. This approach has not been
described previously.
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INTRODUCTION
Contamination of bathing water by combined sewer over-

pathogens, exposure of the swimmers to the pathogens,

ﬂows (CSOs) from extreme rain events is problematic,

and dose-response relations for each pathogen. However,

causing several outbreaks among people taking part in

the quality of the source water will vary with time and

recreation (Curriero et al. ; Ahern et al. ). The risk

environmental conditions and following dilution in the

of such events can be assessed by quantitative microbial

receiving waters. Hence, estimation of the exposure concen-

risk assessment (QMRA) (Donovan et al. ; Veldhuis

tration is a difﬁcult part of QMRA, especially when

et al. ; Viau et al. ). QMRA is a well-recognised

sampling and analysing are impossible, and estimating the

tool to estimate the risk of disease but often relies on

health risk from a CSO is a challenge.

many assumptions, especially regarding water quality and

The concentrations of pathogens in sewage, exempliﬁed

hydrological conditions due to insufﬁcient quantitative

by the bacteria Campylobacter jejuni and the parasites

data. Further epidemiological data are typically lacking,

Giardia

thus preventing validation of the QMRA.

(Payment et al. ; Pusch et al. ; Ottoson et al. ;

and

Cryptosporidium,

vary

between

studies

To apply QMRA to CSO-contaminated bathing waters

Rechenburg & Kistemann ), and are inﬂuenced by

much information is required: on concentration of

catchment type, seasonality and sanitary conditions.
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Furthermore, the time of contamination, type of recipient
and decay of the pathogens from the time of contamination
until exposure are central variables often estimated or
excluded from the risk assessments due to inaccessibility
of data. Finally, dilution by rain and recipient water has to
be estimated when quantitative data are missing. It has
become possible to generate estimates by a combination of
hydraulic and hydrodynamic models, exempliﬁed by the
dynamic bathing water models established in the harbour
of Copenhagen in 2002 (Mark & Erichsen ) and
in Barcelona in 2008 (Gutiérrez et al. ). However,
very few such models exist and this kind of application is
very rare.
An extreme rain event, a 20 year event in August 2010 in
Copenhagen, Denmark, led to CSO into bathing water
where an international ironman competition was held
shortly afterwards and where the resulting outbreak was
studied epidemiologically (Harder et al. ).
The aim of the current study was to advance the
quality of the QMRA by better estimates of the water quality
by

applying

dynamic

hydraulic

models

to

provide

information on the dilution of waste water from the drainage
system to the recipient bathing water, and subsequently
to evaluate the results of the QMRA by comparing

Figure 1

|

The catchment investigated with sampling locations for water quality analysis.
A rain gauge (S1) and a CSO structure (S2) are located to the north. Sampling
point for the sewer system (S3) and bathing water station 375 (S4) are shown.

the results to an epidemiological study of the ironman

The swimming route, with start and end points of the ironman competition, is

competition.

shown by arrows.

Danish Meteorological Institute (DMI) is sited 1 km north-

METHODS AND MATERIALS

west of the bathing area.

Study site

The ironman competition

A recreational area including a lagoon with bathing water in

The ironman competition is one of the most challenging

the catchment of Kloevermarken is located in Copenhagen,

triathlons. The contest consists of open water swimming

Denmark (Miljoeforvaltningen ). The lagoon hosted the

(3.8 km), cycling (180 km) and running (42.2 km). On 15

swimming part of an ironman competition in 2010; the

August 2010, an ironman triathlon took place in Copen-

swimming route is shown in Figure 1. A combined sewer

hagen, Denmark, starting at 07:00 hours (Figure 2), and

outlet is located 1 km north of the bathing area. However,

1312 competitors (1,164 male, 148 female) completed

overﬂow did not occur during the period 2007–2010, as

the whole distance (KMD, Challenge Copenhagen, results

shown by the online registration system. The combined

2010), with average swim times of 76 min (range 46 to

3

sewer outlet has a maximum discharge capacity of 6.9 m /s

166 min). The ironman competition was repeated one

and receives waste water from the catchment of Kloever-

year later on 14 August 2011 (Figure 2), when 1365 com-

marken where residential and industrial structures and a

petitors (1,196 male, 169 female) completed the whole

hospital are located. A local rain gauge, operated by the

distance (KMD, Challenge Copenhagen, results 2011).
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Timeline showing date and time of the rain and CSO event, the ironman competitions of 2010 and 2011, routine monitoring by the municipality in bathing water (location S4) and
sampling in waste water (location S3).

Dynamic modelling

(MIKE 3 FM) combined with a dynamically coupled open
differential equation solver model (MIKE ECO Lab).

Two models, (1) a drainage model (Garsdal et al. ) and

The hydrodynamic model solves the time-dependent

(2) a 3D hydrodynamic and bacterial model, were applied to

conservation equations of mass and momentum in three

determine the degree of contamination in the bathing area at

dimensions, the so-called Reynolds-averaged Navier-Stokes

the time of the ironman competition. The drainage model

equations. The ﬂow ﬁeld and pressure variation are com-

was applied to estimate the quality of the CSO water by

puted in response to a variety of forcing functions, when

determining the dilution factor in the sewer system during

provided with the bathymetry, bed resistance, wind ﬁeld,

and after the heavy rain event. The hydrodynamic and bac-

hydrodynamic boundary conditions and other parameters.

terial model was applied to estimate the quality of the

The hydrodynamic model is superimposed with an equation

recipient water by determining the dilution factor of the

solver (ECO Lab) modelling the decay of the two indicator

CSO water in the recipient water.

bacteria Escherichia coli and intestinal enterococci based
2

The drainage model covered 76 km with three main

on key forcing factors such as irradiance, temperature and sal-

catchments, and the waste water was pumped to the Lynet-

inity. The model is provided with online CSO data from

ten treatment plant. The urban drainage model applied for

surrounding municipalities (Soerensen & Andersen ).

this study was MIKE URBAN (Andersen et al. ) a 1D

All times in this study are given as coordinated Universal

fully hydrodynamic sewer model based on an implicit

Time (UTC).

ﬁnite difference scheme. The model set-up included a drainage system with approximately 5,000 nodes and drainage

Water sample collection and analysis

pipes. The diameter of the pipes was 400 mm or larger.
Internal overﬂow pipes and weirs were all included. For

To evaluate the waste water quality of the catchment, for use

the simulations of water quality, an advection-dispersion

in the QMRA, waste water was collected on 20 August and 3

and a water quality process module was applied, including

September 2011 during dry weather conditions at sampling

four water quality parameters (suspended solids, chemical

point S3 (Figure 1), since waste water data from 2010 were

oxygen demand, ammonium and phosphorus) together

unavailable. To investigate the bathing water quality at the

with the ﬂow, ﬂow velocity and water levels, which can be

time of the ironman 2011 competition, when no CSO con-

used to validate the modelling results with measurements.

tamination took place, bathing water was collected at

The hydrodynamic and bacterial model used in this
study is now part of the early warning system for the bathing

sampling point S4, the sampling point of the ofﬁcial bathing
monitoring programme.

water quality in Copenhagen (Kaas et al. ). This

All water samples were immediately put on ice, stored in

model comprised free surface, stretched sigma coordinate,

the dark and processed within 6 hours after collection. The

ﬂexible mesh, ﬁnite volume hydrodynamic solver models

sampling followed the standard procedure (DS/EN ISO
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5667: 2007). The indicator organisms E. coli and entero-

aetiological agents for gastrointestinal illness in the assess-

cocci spp. were quantiﬁed by Colilert-18 and Enterolert

ment reported.

detection kits in connection with the Quantitray 2000

The most conservative estimate was applied to assess

system (IDEXX, Westbrook, Maine, USA), according to

the dose. The average dilutions of waste water, swim time

the manufacturer’s instructions.

and ingestion load was therefore applied. A conservative
estimate of the concentrations of the ﬁve reference pathogens was applied, since the literature survey showed that

Microbial risk assessment

the pathogen concentrations may vary by several orders of
A conceptual model of human health risk assessment was

magnitude (Table 2) and no measurements of the patho-

established to estimate the risk of swimming in CSO-

genic load from the actual case was available.

contaminated bathing water. The incidence rate was investi-

Dose-response models, obtained from the literature,

gated for a single exposure event of healthy males and

were used to estimate the probability of infection (Table 1).

females competing in the ironman competition. The primary
route of exposure was assumed to be ingestion since the participants swim in whole body suits, bathing caps and

RESULTS AND DISCUSSION

ﬂippers. Other routes were not considered. The terminal
point for pathogenic exposure was therefore swimmingrelated

gastrointestinal

illness.

Ingestion

values

The heavy rain event

of

0.60 mL/min for men and 0.44 mL/min for women was

In the afternoon of 14 August 2010 unusually intense rain-

applied from Schets et al. () and weighted in the dose

fall hit the eastern parts of Denmark (Figure 2). Within

estimation of the 1,164 men and 148 women who partici-

eight hours the rain gauge measured 58 mm of rain corre-

pated in the ironman competition in 2010. The average

sponding to a return period of 20 years and 9.5% of the

exposure time was applied to estimate the dose.

yearly rain in Copenhagen, Denmark. The rain intensity

The reference pathogens selected for the risk assess-

peaked between 16:00 and 18:00 and 19:00 to 19:30 to

ment are shown in Table 1. C. jejuni, Giardia lamblia

reach a maximum of 1.8 and 2.4 mm per 5 min (Figure 3).

and E. coli (ETEC) were identiﬁed by Statens Serum Insti-

The high rain intensities overloaded the sewer system of

tut (SSI, Denmark) as gastroenteritis-causing organisms at

the catchment and lead to a CSO event between 17:30

the ironman 2010 competition (Harder et al. ). Noro-

and 20:00 (Figure 3). The maximum overﬂow intensity

virus and Cryptosporidium parvum were not reported,

reached 2.84 m3/s, corresponding to 41% of the maximal

although these two pathogens are common disease-causing

capacity of the overﬂow structure. In total 26,300 m3 CSO

organisms with low infectious doses (Teunis et al. a;

water was discharged within a ﬁve hour period. Essentially

Pintar et al. ); they have been assumed to be important

no overﬂow events were recorded in the previous period

Table 1

|

Dose-response models

Reference pathogen

Dose-response relationship

Model

Reference

C. jejuni

Pinf ¼ 1–(1 þ D/7.59)0.145

B-p

Medema et al. ()

E. coli and O157:H7

Pinf ¼ 1–(1 þ D/45.9)0.4

B-p

Teunis et al. (b)

d/0.0199

G. lamblia

Pinf ¼ 1–e

Exp.

Teunis et al. ()

C. parvum

Pinf ¼ 1–(1 þ D/0.176)0.115

B-p

Teunis et al. ()

B-p

Teunis et al. (a)

Norovirus

0.04

Pinf ¼ 1–(1 þ D/0.055)

Pinf, probability of infection; D, dose ingested.
a
B-p, Beta-poisson;
b

Exp., exponential.
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QMRA for the ironman 2010 competition with estimated pathogen concentration in the CSO water and recipient water applied for estimating pathogen concentration in recipient,
dose, risk, disease incidence and percentage infected. For calculations, maximum literature value of pathogen concentrations was used

Conc. in
Literature value conc.

CSOf (%

Recipientg

recipient

Doseh (org.

Risk

No. of cases

Incidence

in waste water

waste water)

(% CSO)

water (mL1)

swim1 mL1)

(person1)

(n ¼ 1312)

rate (%)

2.6

4.8

1.24 × 101

5.48 × 100

5

Pathogen
102–105 CFU/100 mLa

7.58 × 102

3

99

7.6

E. coli
O157

0–5,000 MPN/L

2.6

4.8

6.20 × 10

2.74 × 10

2.39 × 105

<1

0.002

G. lamblia

20–13,600 cysts/Lc

2.6

4.8

1.69 × 104

7.46 × 103

3.13 × 101

410

5

4

4

<1

0.04

36

2.7

C. jejuni

b

d

C. parvum

<8–1,100 oocysts/L

2.6

4.8

1.36 × 10

6.03 × 10

3.93 × 10

Norovirus

<1–106 PDU/Le

2.6

4.8

1.24 × 102

5.48 × 101

2.73 × 102

Total

546

31.3

42

PDU: PCR detectable units.
a
Sources: Höller (1988); Rechenburg & Kistemann (2009); Veldhuis et al. (2010).
b
c

Sources: Garcia-Aljaro et al. (2005); Heijnen & Medema (2006).

Sources: Robertson et al. (2000); Medema & Schijven (2001); Payment et al. (2001); Briancesco & Bonadonna (2005); Ottoson et al. (2006); Robertson et al. (2006); Veldhuis et al. (2010).

d
e
f

Sources: Robertson et al. (2000); Payment et al. (2001); Ottoson et al. (2006); Robertson et al. (2006).
Sources: Lodder & Husman (2005); Pusch et al. (2005); Ottoson et al. (2006); Katayama et al. (2008).

Result from drainage model.

g

Result from hydrodynamic and bacteria models.

h

Dose by average swim time of 76 min. Highest load of pathogen concentration.

the combined drainage system was determined by applying
rain data as input to the drainage model (Mark et al.
). In the drainage system, the average dilution factor
was estimated to be in the range 26.8–45.5 with an average
of 38.5 within the time of the rain event. This corresponded
to 2.2–3.7% waste water with an average of 2.6% (Table 2).
The dilution in the recipient water was determined by
applying online ﬂow data from the CSO as input to the 3D
hydrodynamic model, resulting in a dilution factor of 21.
This corresponded to 4.8% CSO water on average in the recipient at the time of the ironman competition (Table 2), with a
Figure 3

|

Measured volumes from the rain gauge (mm/5 min) and the combined sewer
overﬂow (CSO), (m3/s), 14 August 2010.

0.5% variation within the time of the competition (Figure 4).
By combining the outputs of the two models, a total of 0.13%
of waste water was present in the recipient at the time of the

of 2007–2010, which demonstrates the extremity of this

ironman competition, showing that the waste water was

heavy rain event.

highly diluted by the rainwater and in the bathing water.
One of the major uncertainties of QMRA is the dilution

Dilution factor

from source to recipient and therefore the water quality at
the time of exposure, which typically has to be assumed.

To assess the dilution of waste water from the drainage

However, the use of dynamic models made it feasible to

system in the bathing water, dynamic modelling was applied

assess the dilution in different waters in the absence of

since actual measurements of the bathing water quality were

water quality measurements. This approach of combining

unavailable. The dilution of the waste water by rainwater in

a drainage model and a hydrodynamic and bacterial
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quality a few days before and after the CSO event
(Table 3). At the time of the ironman competition, the
hydrodynamic and bacterial model forecasted that the
water from the CSO had been directed to the swimming
area for the competition (Figure 5). Bacterial counts for
the centre of the lagoon (sampling point S4) were estimated in terms of most probable number (MPN) to be
1.7–2.6 × 104 MPN/100 mL E. coli (mean 2.2 × 104 MPN/
100 mL, standard deviation (SD) 2.6 × 103 MPN/100 mL)
and 5.1–6.4 × 103 MPN/100 mL enterococci (mean 5.8 ×
103 MPN/100 mL, SD 400 MPN/100 mL) was estimated
(Table 3). The EU limits for good water quality (Directive
Figure 4

|

Model output of percentage CSO water in measurement point 375 (location

2006/7/EC)

S4). Start (05:00) and end (08:00) of the ironman competition are marked

500 MPN/100 mL E. coli for coastal and transitional

by arrows.

of

200 MPN/100 mL

enterococci

and

waters were therefore greatly exceeded. No measurements
model for estimating the dilution factor in a QMRA has not

were available for comparison.
When the ironman competition was repeated in 2011

been described previously.

and no CSO took place, the monitoring and the model
showed excellent bathing water quality, except at 10:00

Contamination

hours where 347 MPN/100 mL enterococci spp. were
Routine monitoring and the hydrodynamic and bacterial

detected (Table 3). The concentration of E. coli, coliforms

model showed that the recipient water was of excellent

and ammonia was unchanged supporting the absence

Table 3

|

Bathing water quality, monitored and modelled, before, for the duration and after the ironman competitions and estimation of disease rate and incidence rate for the duration of
the ironman competitions in 2010 and 2011
Monitoringa

Date

Time

Modellingb

E. coli

Enterococci

E. coli

Enterococci

No. of cases of disease

Incidence rate (%;

MPN/100 mL

MPN/100 mL

MPN/100 mL

MPN/100 mL

(monitored/modelled)c

monitored/modelled)

d

n2010 ¼ 1312

2010
11 August

12:15

30

2

3

34

–

–

15 August

07:00

n.m.

n.m.

25,800

6,400

–/1,312

–/100

10:00

n.m.

n.m.

16,800

5,100

–/1,222

–/90

12:20

<10

5

<1

2

–

–

18 August

n2011 ¼ 1,365d

2011
10 August

15:43

44

35

<1

<1

–

–

14 August

07:00

94

98

<1

<1

24/–

1.8/–

14 August

10:00

113

347

<1

<1

87/ 

6.3/ 

17 August

12:57

<10

<1

<1

<1

–

–

– Values cannot be calculated as there was no monitoring.
a

Sampling point S3.
From 3D hydrodynamic model at sampling point S3.

b
c

Calculated from Prüss (1998), WHO (2003) and Kay et al. (2004); 104 MPN/100 mL enterococci equals 19/1000 persons with disease.

d

Competitors (male and female), completing the whole ironman distance.

n.m., not measured.
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Model output of percentage CSO water in the bathing water August 14–15 2010, start of overﬂow (17:40), and start (05:00), middle (06:30) and end (08:00) of the ironman
competition.

of faecal contamination (results not shown) and that
the presence of the swimmers did not affect the water
quality.
Waste water quality
Concentrations of the indicators E. coli and enterococci spp.
were investigated to estimate the waste water quality in the
drainage system of Kloevermarkens catchment. To avoid
the impact of the weekday and to mimic the seasonal conditions of the system, waste water was collected on two
independent Saturdays, with hourly sampling from 17:00
to 19:00, the time of the CSO event in 2010 (Figure 2).

Figure 6

|

Indicator concentrations in waste water at sampling point (S3) for the duration
of dry weather conditions, 20 August and 3 September 2011.

The E. coli and enterococci spp. concentrations were in
the range of 105–106 MPN/100 mL (Figure 6). The variation

data from the ironman competition. The QMRA was con-

within the hourly sampling was minor, 0–7% for E. coli and

ducted by a conservative estimate of average values of

0.5–8.7% for enterococci. Within the sampling days, the

dilution factor and swimming times. The total incidence

difference in concentrations was ten-fold for E. coli and

rate, when analysing for ﬁve reference pathogens and the

ﬁve-fold for enterococci, exemplifying the difﬁculty in classi-

average swim time of 76 min, was 42%, corresponding to

fying waste water quality. In conclusion, the indicator levels

546 competitors out of 1313 acquiring disease (Table 2).

are similar to other studies of waste water (Kim et al. ;

In the epidemiological study of the related outbreak, the

Soller et al. ).

incidence rate was 55% among the competitors (Harder
et al. ). Similar studies related to water contamination

Risk assessment

by CSO or treated waste water have shown that compromised water quality of the recipient waters correlate with

To assess the risk of disease, a QMRA was conducted by

an increased risk of disease (Donovan et al. ; Åström

applying the results from the dynamic models and exposure

et al. ; Dura et al. ; Passerat et al. ).
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The average values from the two dynamic models were

constituted the highest risk with an estimated incidence

applied to estimate the dilution of waste water to the recipi-

rate of 31% and C. parvum less than 1% (Table 2). This

ent water. Uncertainty of the model outputs due to

was not surprising since C. parvum typically is of lower

hydraulics may lead to less dilution and thereby a lower

prevalence than G. lamblia (Rijal et al. ). It is not obli-

dose estimate than the actuality, shown by the lower inci-

gatory to report disease caused by G. lamblia, C. parvum

dence rate found in this study than the one found in the

and norovirus in Denmark, so it is difﬁcult to categorise

epidemiological study. Furthermore, the output of the 3D

their typical prevalence.

hydrodynamic model showed that the contamination was

Although gastrointestinal infections by E. coli are

highest at the beginning of the ironman competition and

common, dose response models of each subtype of E. coli

lowest at the end (Figure 4). Also the concentrations of the

do not exist as such except for E. coli O157 (Table 1). But

pathogens were uncertain, with no actual measurements

the natural habitat for this subtype is the intestines of

or knowledge of the decay of the pathogens. Finally, the

cattle (Heijnen & Medema ), and it may not be repre-

health issues of the ironmen themselves, due to their phys-

sentative of urban areas. In this study the E. coli O157

ical ﬁtness and the extreme physical challenge of the

contribution was minor, probably because the waste water

competition, may inﬂuence the incidence rate whereby

came from an urban area. Furthermore, in outbreaks related

more

complaints

of

gastrointestinal

disease

occur

(Jeukendrup et al. ).

to waste water in Denmark occurrence of E. coli O157 has
not been documented.

The estimated incidence rate was expected to be higher

The QMRA indicated a causal relation between CSO

than that observed due to the application of a conservative

and disease by underlining the fact that swimming in bath-

estimate of waste water dilution along with the conservative

ing water contaminated by as little as 0.0013% of waste

scenario for pathogen concentration and the dose-response.

water can pose a substantial risk of disease.

However, the estimated disease rate was lower than
observed, possibly because the models estimate too high a

Incidence rate estimated from indicators

dilution or because waste water contains a broad diversity
of parasites, bacteria and virus (Vestergaard et al. ) and

The health impact of swimming in contaminated and non-

therefore other pathogens than the ﬁve reference ones

contaminated marine bathing water was investigated by

evaluated here would contribute to the disease rate of the

using data from WHO (), Kay et al. () and Prüss

outbreak. One example is the outbreak in Koege, Denmark,

() on the dose-response relationship, where 104 entero-

in 2007 where tap water was contaminated with waste

cocci/100 mL caused 19 gastrointestinal illnesses per 1,000

water. C. jejuni, norovirus and E. coli (A/EEC; attaching

swimmers in marine water impacted by waste waters. From

and effacing E. coli) were the major disease-causing organ-

the results of the enterococci concentrations estimated by

isms and several other parasites and bacteria were detected

the hydrodynamic bathing water model and assuming a

(Vestergaard et al. ). Another potential disease-causing

linear relation between indicator concentration and disease

organism is adenovirus, which has been found to be preva-

rate, a total of 90–100% of the 1,312 competitors at the iron-

lent in waste water, inﬂuent and efﬂuent of a treatment

man competition 2010 would acquire disease (Table 3).

plant (Hata et al. ).

These results do not reﬂect the results of the epidemiological

The estimated incidence rate of 7.6% of C. jejuni corre-

study by Harder et al. (), but overestimate the disease

sponded to the 6% found in the epidemiological study where

rate, most likely because a linear relationship between

Campylobacter spp. was investigated in faecal samples

high indicator concentrations and disease rate does not

(Harder et al. ). This was not surprising since

exist, as also pointed out in a meta-analysis by Wade et al.

Campylobacter spp. is one of the most frequently detected

().

waterborne pathogenic organisms in Denmark. The inci-

Based on the enterococci monitoring, the incidence rate

dence rate of norovirus was 2.7%, thereby acting as a

of swimming in marine bathing water, without CSO con-

minor contributor to the incidence rate. G. lamblia

tamination was 1.8–6.3% at the ironman competition 2011
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(Table 3). Asperen et al. () found similar results in an

project partly ﬁnanced by the Danish Agency for Science,

epidemiological study of the incidence rate at a triathlon

Technology and Innovation.

competition performed in freshwater, meeting the current
Dutch and European bathing water standards. Here
0.4–5.2% of the swimmers, depending on the case deﬁnition,
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