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Abstract 

Motivation.  Our surface water is impacted by a wide variety of contaminants released through human 
activities. One contaminant group of concern is micropollutants, which can have eco-toxicological 
effects in trace concentrations. Micropollutants, for example, include plant protection products and 
biocides, which are specifically designed to harm organisms. An important input pathway of 
micropollutants to surface water can be untreated sewer overflows (combined sewer overflows and 
stormwater outlets). However, the understanding of factors influencing the occurrence and levels of 
micropollutants is limited and challenged by: i) high spatial differences among sites, ii) a large number 
of discharge sites and iii) high temporal fluctuating discharge events. 

Research objective. This thesis intends to enhance our understanding of micropollutants in sewer 
overflows. It aims to investigate efficient methods to prioritize sewer overflow sites, which can be 
potentially harmful for receiving waters. The presented work focuses on the development of model 
prediction and efficient monitoring approaches and includes the following: i) a Swiss-wide model to 
assess how many discharge sites may be critical (Chapter 2), ii) fundamentals to develop passive 
sampling as an alternative monitoring method for short duration sewer overflows (Chapter 3 and 4) and 
iii) an extended monitoring study covering 20 combined sewer overflows (CSOs) to explore spatial 
differences among sites (Chapter 5). The main findings of this thesis are presented in the following. 

Model-based screening. A dynamic substance flow modeling approach was applied to 2,500 Swiss 
municipalities, considering micropollutant accumulation and wash-off on urban surfaces. The approach 
is based on the simplification, that there is one CSO and one stormwater outlet per municipality. The 
model allows for an estimation of the micropollutant concentration fluctuations in sewer overflows in 
10-min resolution. The results show the importance of untreated discharges from sewer overflows as 
emission into receiving waters. The load contribution to sewer overflows of micropollutants in 
stormwater (e.g. plant protection products and biocides) is estimated to be considerably higher than of 
micropollutants in municipal wastewater (e.g. pharmaceuticals and other household chemicals). In 
addition, the results indicate that up to 83% of all urban catchments have sewer overflows that need to 
rely on upstream dilution in order to not exceed substance-specific environmental quality standards 
(EQS). Thus, this nationwide screening approach clearly highlights the need for a more detailed 
assessment of micropollutants in sewer overflows, and especially, the need for more measured data to 
allow the development of validated micropollutant prediction models. 

Measuring. Difficulties of monitoring sewer overflows with traditional methods are i) high 
concentration fluctuations with unknown event durations which require a high temporal sampling 
resolution, ii) many discharge sites and iii ) placement, operation, and maintenance of equipment. Hence, 
passive samplers for polar organic micropollutants are analyzed systematically as a viable alternative to 
monitor short duration sewer overflows. The main advantage of passive samplers is the continuous 
accumulation of contaminants from the water phase, with no need for external energy sources nor for 
immense water sample storage volume. In a first step, the impact of fluctuating concentrations on 
deviations from true time-weighted average (TWA) concentrations was studied. The results highlight 
that the deviations induced by fluctuating concentrations are similar or smaller than uncertainties arising 
from chemical analysis and environmental factors. Understanding the uptake mechanism of 
micropollutants is one of the most important issues that needs to be resolved to reduce uncertainties in 
passive sampling data. The uptake experiments in sewer conditions for short duration events (<36h) 
indicate that the mass transfer is either dominated by the sorbent, or, by a multi-step mechanism. 
Therefore, a new semi-empirical mixed rate control model is proposed, which can be directly used for 
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future studies under similar conditions. A field validation (3 locations, 10 events) shows that TWA 
concentration estimates measured by passive samplers are within a factor of 0.4 to 3.1 compared to 
composite water samples. Hence, the use of upper limit TWA concentration estimates is recommended 
for compliance checking with EQS. The findings clearly show that passive samplers are suitable to 
estimate TWA concentration ranges in sewer overflows and, thus facilitate identification of potentially 
critical discharge sites. 

Occurrence of micropollutants. Unique monitoring data from 20 CSO sites was collected with passive 
samplers. In total 13 polar organic micropollutants were analysed in 95 events (2-7 events per site). The 
results highlight indicator micropollutants, which were often found in the monitored CSOs and could be 
used in future monitoring studies: diclofenac, benzotriazole, carbamazepine, diazinon, diuron, 
carbendazim, mecoprop, metolachlor and terbutryn. Further, our results reveal that the spatial 
differences among CSO sites are bigger than the inter-event differences within a site for all studied 
micropollutants. Nevertheless, no significant correlation with land use data could be identified. The 
results, therefore, suggest that additional factors, most likely the contaminant usage pattern, have a 
considerable influence on the observed spatial differences. Both municipal wastewater and stormwater 
contributed to concentrations above the EQS in CSOs (not in the receiving water). In addition, the 
monitoring with passive samplers indicates that at least 13 out of 20 CSOs show concentrations above 
EQS in CSOs, and would rely on dilution by receiving waters to not exceed EQS.  

Outlook. Overall, the thesis shows the relevance of sewer overflows as a source of micropollutants 
entering receiving water bodies. The findings can serve as a basis for the development of a systematic 
and stepwise approach to efficiently identify critical sites. The development of such an approach would 
require joint efforts by eco-toxicologists, analytical chemists, regulators and wastewater engineers. This 
approach could be based on a simplified modeling approach as a first indicator, followed by passive 
sampling to assess micropollutant levels. To enable the widespread application of passive samplers in 
monitoring programs, regulators�¶ and operators�¶�� �F�R�Q�I�L�G�H�Q�F�H in passive sampling needs to be 
strengthened with more field validation studies and common guidelines.  
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Zusammenfassung 

Motivation.  Unsere Oberflächengewässer sind durch eine Vielzahl von Schadstoffen beeinträchtigt, die 
durch menschliche Aktivitäten freigesetzt werden. Eine wichtige Schadstoffgruppe sind Mikro-
verunreinigungen, die öko-toxikologische Effekte in tiefst Konzentrationen verursachen können. 
Beispiele für Mikroverunreinigungen sind Pflanzenschutzmittel und Biozide, welche spezifisch 
hergestellt werden um unerwünschten Organismen zu schaden. Ein wichtiger Eintragspfad von Mikro-
verunreinigungen in Oberflächengewässer sind unbehandelte Kanalentlastungen (Mischwasser-
entlastungen und Regenwassereinleitungen). Allerdings ist das Wissen über Faktoren, die das Auftreten 
von Mikroverunreinigungen beeinflussen aufgrund folgender Herausforderungen limitiert: i) grosser 
räumlicher Unterschiede zwischen Standorten, ii) einer grossen Anzahl von Entlastungsstandorten und 
ii) hoher zeitlicher Fluktuationen von Entlastungsereignissen.  

Forschungsziel. Diese Dissertation soll zum Verständnis von Mikroverunreinigungen in Entlastungen 
beitragen. Das Ziel der Arbeit ist die Analyse von effizienten Methoden, um Entlastungsstandorte zu 
identifizieren, die potenziell schädliche Effekte im Einleitgewässer verursachen können. Die Arbeit 
fokussiert auf die Entwicklung von Modelansätzen und effizienten Messmethoden und beinhaltete 
folgendes: i) ein dynamisches Substanzflussmodel um zu analysieren, ob es kritische Entlastungen gibt 
(Kapitel 2), ii) Methodenentwicklung für den Einsatz von Passivsammlern als alternative Messmethode 
für kurze Entlastungsereignisse (Kapitel 3 und 4) und iii) eine Probennahme in 20 Mischwasse-
rentlastungen um räumliche Unterschiede zwischen Standorten zu inspizieren (Kapitel 5). 

Model-basierte Vorauswahl. Das dynamische Substanzflussmodel wurde auf 2�¶500 Schweizer 
Gemeinden angewandt. Dabei wurden Akkumulation und Auswaschung von Mikroverunreinigungen 
von urbanen Oberflächen berücksichtigt. Der Modelansatz basiert auf der vereinfachenden Annahme, 
dass es je nur eine Mischwasserentlastung und eine Regenwassereinleitung pro Gemeinde gibt. Das 
Model berechnet Mikroverunreinigungskonzentrationen in Entlastungen in 10 Minuten Auflösung. Die 
Resultate zeigen die Relevanz der Einträge von unbehandelten Entlastungen im Einleitgewässer. Der 
Frachtanteil in Entlastungen ist bedeutend höher für Mikroverunreinigungen im Regenwasser (z.B. 
Pflanzenschutzmittel oder Biozide) als für Mikroverunreinigungen, die im Trockenwetterfall im 
Abwasser (z.B. Pharmazeutika oder Haushaltschemikalien) vorkommen. Die Ergebnisse zeigen weiter, 
dass bis zu 83% aller urbanen Gemeinden potenziell kritische Entlastungen aufweisen, welche auf eine 
Verdünnung durch Oberlieger Wasseranteile angewiesen sind. Der entwickelte Modelansatz zeigt die 
Notwendigkeit einer detaillierten Analyse von Mikroverunreinigungen in Entlastungen und auch die 
Notwendigkeit der Erhebung weiter Messdaten zur Validierung der Modelansätze. 

Messung. Die Schwierigkeiten bei der Beprobung von Entlastungen mit traditionellen Methoden sind: 
i) hohe Konzentrationsfluktuationen mit unbekannter Ereignisdauer, ii) eine grosse Anzahl von 
Entlastungsstandorten und iii) die Installation und der Unterhalt der Probennahme Geräte. Als 
Alternative wurde eine systematische Untersuchung zur Eignung von Passivsammlern zur Beprobung 
von polaren, organischen Mikroverunreinigungen durchgeführt. Der Hauptvorteil von Passivsammlern 
ist die kontinuierliche Akkumulation von Substanzen aus der Wasserphase ohne externer Energiebedarf 
oder der Notwendigkeit grosse Wasservolumina zu transportieren und zu lagern. Im ersten Schritt dieser 
Untersuchung wurde analysiert welchen Einfluss fluktuierende Konzentrationen auf die zeitgemittelte 
Konzentration haben. Die Resultate zeigen, dass fluktuierende Konzentrationen einen gleichen oder 
sogar kleineren Einfluss haben als die chemische Analyse der Proben und Umweltfaktoren (z.B. 
Fliessgeschwindigkeit, Temperatur). Das Verstehen der Aufnahmemechanismen von Mikro-
verunreinigungen ist ein wichtiger Faktor um Unsicherheiten im Zusammenhang mit Passivsammler 
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Daten zu reduzieren. Die Aufnahmeexperimente unter Kanal Bedingungen und für kurze Ereignisdauern 
(<36 Stunden) zeigen, dass der Massentransfer dominiert wird vom Sorptionsmaterial oder von der 
Wasser-Grenzschicht und Sorptionsmaterial gemeinsam. Daher wird ein semi-empirisches Model 
vorschlagen, welches direkt für zukünftige Studien unter ähnlichen Bedingungen angewandt werden 
kann. Eine Validierung der Passivsammler in einer Feld Studie (3 Standorte, 10 Ereignisse) zeigt, dass 
die zeitgemittelten Konzentrationen mit Passivsammler zwischen einem Faktor 0.4 und 3.1 im Vergleich 
zu Wassersammelproben liegen. Daher sollte die obere Grenze der ermittelten Wasserkonzentration 
verwendet werden für einen Vergleich mit Umweltgrenzwerten. Diese Arbeit zeigt klar, dass 
Passivsammler geeignet sind um zeitgemittelte Konzentrationsbereiche in Entlastungen zu ermitteln 
und, dass damit die Identifikation von potenziell kritischen Standorten erleichtert wird. 

Auftreten von Mikroverunreinigungen . Die entwickelte Passivsammlermethode ermöglichte die 
Erhebung von Messdaten an 20 Entlastungsstandorten. Total 13 polare organische Mikro-
verunreinigungen wurden in 95 Ereignissen analysiert (2-7 Ereignisse pro Standort). Die Resultate 
zeigen Indikator Mikroverunreinigungen auf, welche in zukünftigen Studien berücksichtigt werden 
können: Diclofenac, Benzotriazole, Carbamazepin, Diazinon, Diuron, Carbendazim, Mecoprop, 
Metolachlor und Terbutryn. Für alle untersuchten Mikroverunreinigungen waren die räumlichen 
Unterschiede der Emissionen zwischen den Standorten grösser als die Unterschiede zwischen den 
einzelnen Ereignissen innerhalb eines Standorts. Trotzdem wurde keine signifikante Korrelation mit 
Landnutzungsdaten gefunden. Die Resultate weisen darauf hin, dass andere Faktoren, wie das 
Substanznutzungsverhalten, einen grossen Einfluss auf die gefundenen räumlichen Unterschiede haben. 
Sowohl Abwasser als auch Regenwasser trugen zu Mikroverunreinigungskonzentrationen über dem 
Umweltgrenzwert in der Entlastung (nicht im Gewässer) bei. Zusätzlich, zeigt die Probennahme auf, 
dass 13 von 20 Mischwasserentlastungen Konzentrationen über den Umweltgrenzwerten aufweisen und 
daher auf eine Verdünnung im Gewässer angewiesen wären um die Grenzwerte nicht zu überschreiten. 

Ausblick. Zusammenfassend zeigt diese Dissertation die Relevanz von unbehandelten 
Kanalentlastungen von Mikroverunreinigungen für die Einleitgewässer. Die Erkenntnisse dieser Arbeit 
können als Grundlage für die Entwicklung eines systematischen Ansatzes zur effizienten Identifikation 
von kritischen Standorten dienen. Die Entwicklung eines solchen Ansatzes benötigt den gemeinsamen 
Einsatz von Ökotoxikologen, analytischen Chemikerinnen, Gesetzgebern und Abwasseringenieurinnen. 
Dieser Ansatz könnte auf einem vereinfachten Modelansatz zur Vorauswahl von Standorten, gefolgt 
von Messungen mit Passivsammlern um die Konzentrationsbereiche der Mikroverunreinigungen zu 
erheben basieren. Um eine grossflächige Anwendung von Passivsammlern bei Probenahmen zu 
ermöglichen, sollte das Vertrauen von Behörden und Betreibern in Passivsammlern erhöht werden durch 
weitere Validierungen im Feld und Richtlinien zur Anwendung von Passivsammlern.  
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1.1 Why study micropollutants in sewer overflows? 

The urban water system is the backbone of the infrastructure in many cities with the core goals to 
supply drinking water, to remove wastewater to ensure public health and environmental protection and 
to provide flood control by fast elimination of stormwater runoff. In 2050, 66% of the global 
population is expected to live in urban areas (UN-DESA 2014). This urbanization causes stress on 
urban water supplies and is driving a paradigm shift towards more effective and resilient urban water 
systems (Hering et al. 2013; Larsen et al. 2016). With growing urbanization, human activities increase, 
and subsequently the quantities of anthropogenic contaminants released into the urban water cycle 
increases.  

Toxic micropollutants found in natural water resources. Traditional water quality regulations and 
research efforts have focused on macropollutants, found in mg/L concentrations, such as nitrogen, 
phosphorus or organic compounds (Schwarzenbach et al. 2010). The research over the last two 
decades revealed the occurrence of numerous chemical contaminants in natural water resources such 
as surface water and groundwater (Schwarzenbach et al. 2006; Hollender et al. 2008; Petrie et al. 
2015). These chemical contaminants can be released to natural water resources via various pathways 
and are often found in low concentrations (pg/L to µg/L), thus they are referred to as micropollutants. 
Research on micropollutants and their toxicity led to a growing concern and legal requirements (e.g. 
European Water Framework Directive and Swiss WPO (1998)). 

The pathways of micropollutants to natural water resources. The main pathways of these 
micropollutants into natural waters are urban sewer systems, runoff from agriculture fields and road 
surfaces, industrial discharges and direct discharges in absence of sewer systems (Hollender et al. 
2008; Pal et al. 2014). Wastewater treatment plants (WWTP) are considered one of the main 
contributors and a continuous source of micropollutants (Petrie et al. 2015). Current efforts and legal 
requirements, therefore, go towards the removal of micropollutants in WWTPs to substantially reduce 
the micropollutants loads discharged to surface waters (e.g. Abegglen and Siegrist 2012; Eggen et al. 
2014). The Swiss Water Protection Ordinance (WPO 1998) was revised in 2016 requiring the major 
WWTPs (100 of 700) to reduce effluent loads of indicator micropollutants by 80% (respective to the 
influent load). The removal of micropollutants has also been integrated as full scale treatment step in 
16 pioneer WWTPs in neighboring countries such as Germany, France and the Netherlands (Antakyali 
et al. 2015). 

Sewer overflows can represent an important pathway of micropollutants. Research shows that 
surface runoff from urban areas contains a variety of micropollutants (Gobel et al. 2007; Zgheib et al. 
2012; Franco et al. 2018). The stormwater runoff is mainly captured in the sewer system and directed 
to the WWTP. The flows �H�[�F�H�H�G�L�Q�J���W�K�H���:�:�7�3�¶�V���K�\�G�U�D�X�O�L�F���F�D�S�D�F�L�W�\��are released via sewer overflows 
(combined sewer overflows and stormwater outlets) including raw wastewater as well as stormwater, 
to receiving waters. These untreated sewer overflows can represent an important pathway of 
micropollutants to the environment (e.g. Brix et al. 2010; Weyrauch et al. 2010; Phillips et al. 2012; 
Launay et al. 2016). Moreover, as a result of urbanization, impervious surfaces are growing and 
leading to increased stormwater flows (e.g. NRC 2009). Increasingly, studies raise concerns that 
micropollutants in sewer overflows can negatively impact aquatic environments (Gooré Bi et al. 2015; 
Risch et al. 2018). 

The challenge to prioritize sewer overflow sites. There has been extensive research on 
micropollutant emissions from wastewater treatment plants (e.g. Ort et al. 2009; Loos et al. 2013; 
Munz et al. 2017). Data reporting micropollutants in sewer overflows, especially combined sewer 
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overflows, is still scarce (e.g. Grebel et al. 2013). This is due to the following challenges: i) the large 
number of scattered discharge sites, ii) the discharge events show high temporal fluctuations and iii) 
high spatial differences among different sites (Chapter 1.4). These challenges introduce difficulties to 
prioritize discharge hotspots for further analysis. In addition, the development of a water quality model 
to identify hotspots and quantify management options, needs data for model calibration and 
verification. Reducing sewer overflows is costly, as for example enormous storage volumes would be 
required to prevent any discharge at all. Hence, a method to prioritize sewer overflow sites, where 
further investigations and measures are warranted, would be very valuable for urban drainage systems.  

This dissertation aims to enhance the understanding of the occurrence of micropollutants in 
sewer overflows. It explores methods to prioritize critical discharge sites efficiently: i) passive 
samplers to monitor a large number of combined sewer overflows, ii) land use as an indicator for the 
occurrence of specific micropollutants and iii) a dynamic substance flow model. 

The following introduction gives an overview on urban sources and pathways of micropollutants and 
discusses the advantages and disadvantages of passive sampling. In addition, the research gap, 
objectives and thesis outline are presented. 

1.2 Urban sources and pathways of micropollutants 

Micropollutants , also referred to as emerging contaminants or trace chemicals, consist of a vast 
amount and diverse range of synthetic and natural chemical contaminants. Many of these 
micropollutants are in daily use in urban areas (Hollender et al. 2008). Micropollutants occur in trace 
concentrations in the aquatic environment, can be persistent (e.g. heavy metals) and cause eco-
toxicological effects. Two main types of micropollutants can be distinguished: heavy metals and 
organic chemicals. Data on organic micropollutants is still scarce compared to heavy metals. In this 
thesis the main focus is on polar organic micropollutants, however in the developed substance flow 
model copper is considered, representing a heavy metal, as a calculation example (Chapter 2).  

Table 1.1. Overview on micropollutant groups, their urban sources and relevant organic chemicals often found 
in previous studies on sewer overflows including municipal wastewater (indoor source) and stormwater (outdoor 
surfaces). 

Group Urban source Relevant micropollutants 

Flame retardants Ubiquitous TCPPa,b,f, TCEPa,f,TBEPh,f 

Phthalates Ubiquitous  DEHPc,h,f 

Corrosion inhibitors Vehicles, dishwashers, 
construction material 

Benzotriazolea,d,f*, Tolytriazolea,d 

Plant protection 
products, biocides 

Roofing and construction 
material, gardening 

Atrazinea,b,g, Diurona,b,c,d,e,f,g,h*, Diazinong,*, 2.4-
Da,b,d,*, Fipronila,c,d, Mecopropa,g,h,*, MCPAa,c,f*, 
DEETa, Metolachlora,*, Carbendazima,g,f,h*, 
Glyphosateb,c,d,*, Bifenthrinb,d, Terbutryne,g,f,h* 

Polycyclic aromatic 
hydrocarbons (PAHs) 

Vehicles, paving material, 
combustion  

Fluoranthenea,b,c,f,h, Phenanthrenea,c,b, Pyrenea,c,b,f, 
Benzo(a)pyrenec,h, Benzo(ghi)perylenec,h,f 

Consumer products Municipal wastewater Caffeinea,g,f, Sucralosea, Sulfamethoxazoleg, 
Diclofenacg,*, Nicotineh 

aBurant et al. (2018), bGrebel et al. (2013), cBirch et al. (2011), dLeFevre et al. (2015), eHensen et al. (2018),fLaunay et al. 
(2016) gWittmer et al. (2010), hWicke et al. (2015), *micropollutant covered in this thesis (list does not cover all selected 
micropollutants) 
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Urban sources of micropollutants. There are two main urban sources: Indoor sources and outdoor 
surfaces. Indoor sources release micropollutants, such as pharmaceuticals, personal care products and 
other household chemicals, via municipal wastewater to the drainage system. Micropollutants released 
from outdoor surfaces are washed-off from urban areas with stormwater. These outdoor surfaces 
include streets, gardens, facades and roofs of buildings. In addition, some micropollutants, mainly 
plant protection products and biocides, can originate from agriculture and drain into sewer systems. 
Relevant organic micropollutants from urban sources previously reported in relevant concentrations in 
sewer overflows are summarized in Table 1.1. 

Sewer overflows �± an urban pathway of micropollutants. Micropollutants from urban sources are 
emitted to surface waters via three main pathways: the wastewater treatment plant, storm sewer outlets 
(SWO) and combined sewer overflows (CSO). Additional pathways include direct discharges from 
urban surfaces and streets drainage. This thesis focuses on sewer overflows of micropollutants, thus 
other pathways are not considered. In Switzerland and other European Countries approximately 70% 
of the urban area is drained by combined sewers, where wastewater and stormwater are collected in 
the combined sewer system (Butler and Davies 2004). Micropollutants from indoor sources are 
constantly released to the drainage system and are mainly discharged to wastewater treatment plants. 
Rainfall-mobilized micropollutants are only washed off of urban surfaces during rain events. In case of 
medium to heavy rain events, the combined wastewater-stormwater mixture (combined sewage) can 
exceed the capacity of the wastewater treatment plant. The excess combined sewage is discharged via 
CSOs. In Switzerland, it is estimated that around 3-4% of the municipal wastewater volume and 25-
45% of the stormwater volume is discharged via CSO (Staufer and Ort 2011). Thus, indoor and 
outdoor sources of micropollutants can contribute to the pollution in untreated CSO. In urban areas 
drained by a separate sewer system, rainwater is collected separately in storm sewers and 
micropollutants from indoor sources are constantly transported to the wastewater treatment plant. 
Untreated stormwater runoff from outdoor surfaces is infiltrated into the ground or discharged directly 
to receiving waters via SWO.  

Numerous sewer overflows per urban catchment. In Switzerland, the exact number of sewer 
overflows is unknown, it is estimated that there are many more than 2,500 CSO sites based on the 
assumption that each municipality has at least one (Chapter 2). Moreover, it can be assumed that the 
number of SWO is substantially higher. In comparison, there are 700 wastewater treatment plants 
(Maurer et al. 2012). Further, approximately 50% of these sewer overflows are expected to be located 
at small to medium rivers (Braun et al. 2015), where the effect of dilution is smaller and, thus the 
potential impact of sewer overflows more significant. In many other European Countries the situation 
is expected to be similar, with a higher number of CSOs and SWOs releasing untreated wastewater 
and stormwater to receiving waters. Most cities in the United States have separate sewer systems and 
less than 1,000 municipalities have combined sewer systems (EPA 2018).  

1.3 Monitoring  sewer overflows 

The challenge to monitor sewer overflows. The estimation of micropollutant concentrations in sewer 
overflows is important for at least the following reasons: i) to assess impacts on receiving waters, ii) to 
identify critical discharge sites, iii) to develop validated models and iv) for the assessment of 
management options. However, the systematic monitoring of sewer overflows faces three main 
challenges: i) a large number of scattered discharge sites, ii) high spatial differences of micropollutants 
concentrations among sites and iii) the high temporal fluctuations of flows and concentrations in the 
discharge events. Sewer overflows are a result of rain events, which are highly variable in rain 
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intensities and duration. Thus, the discharged flows and micropollutant concentrations can highly 
fluctuate over a time scale of minutes (Madoux-Humery et al. 2013). Monitoring of sewer overflows 
poses additional challenges such as the lack of power supply, the remote location of many sites with 
risk of loss of monitoring equipment (e.g. vandalism) or with spatial limitations that make installations 
difficult. 

Monitoring sewer overflows with traditional sampling methods. Online measurement with sensors 
is a reliable method to assess highly fluctuating concentrations. However, such an online sensor is to 
date not available for micropollutants. Therefore, traditional methods for micropollutant quantification 
include grab samples and automated sampling via different modes (discrete, continuous; time-, 
volume- and flow-proportional, Ort (2014)). Grab samples are manually taken at few discrete points in 
time. Thus, grab samples can lead to high uncertainties in event concentration estimates due to high 
concentrations fluctuations in sewer overflows. Moreover, manual grab samples require attendance of 
personal during a discharge event. On the other hand, continuous water collection with automated 
samplers is considered to give a reliable coverage of fluctuating concentrations within an event (Lee et 
al. 2007). However, automated samplers are logistically (e.g. due to lack of electricity or equipment, 
complex installations) and financially costly and, therefore, covering a high number of discharge sites 
is often not possible (Alvarez et al. 2005; Vrana et al. 2005). 

Passive samplers could overcome limitations of traditiona l sampling methods. In the last three 
decades, alternatives have been evaluated to overcome these monitoring challenges and passive 
sampling methods have emerged as a promising tool. Passive samplers collect the target contaminants 
in situ and can be used for organic and inorganic contaminants. Passive sampling is defined as any 
sampling techniques based on the transport of contaminants from the sampled medium to the sampling 
device (Vrana et al. 2005)�����7�K�X�V�����V�D�P�S�O�L�Q�J���L�V���G�R�Q�H���Ã�S�D�V�V�L�Y�H�O�\�¶���Z�L�W�K�R�X�W���W�K�H���Q�H�H�G���I�Rr an external energy 
source. The basic mechanistic principles of passive samplers are explained for example in Huckins et 
al. (2006) and are based on continuous accumulation of micropollutants from the water by adsorption 
and absorption. This accumulation is characterized by three distinct phases. Initially, the uptake is 
linear (kinetic), which means that the rate of mass transfer is linearly proportional to the concentration 
gradient. Then, an intermediate phase follows, where desorption from the sampler starts to become 
more relevant. Finally an equilibrium phase is reached between uptake and release from the sampler. 
During integrative uptake of a contaminant from the water phase, desorption from the receiving phase 
to water is assumed negligible. Therefore, the time-weighted aqueous concentration can be estimated 
based on the sampled amount, an estimated uptake rate from literature or lab experiments and the 
exposed time. The receiving phase is for example a silicon sheet (Vrana et al. 2005) to target the 
micropollutants of interest (e.g. organic polar contaminants, heavy metals).  

The pros and cons of passive samplers. Several comprehensive reviews exist on sampler types, pros 
and cons as well as uncertainties associated with passive samplers (Vrana et al. 2005; Harman et al. 
2012; Booij et al. 2015; Miège et al. 2015; Vrana et al. 2016; Booij and Chen 2018). The main 
advantage of passive samplers is the continuous sampling of the water phase over the whole exposure 
time., leading to an estimate of the time-weighted average concentration In addition, passive samplers 
pre-concentrate selected contaminants, reduce installation and maintenance costs and do not require 
the transport of large water volumes. On the other hand, uptake rates on passive samplers (referred to 
as sampling rates in passive sampling literature) depend on the contaminant, sampler design and 
environmental conditions. Thus, passive samplers have to be calibrated for the target contaminants and 
site-specific environmental conditions. In addition, passive samplers only accumulate dissolved 
species, while water quality regulations are designed for total contaminant concentrations.  
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Passive sampling sewer overflows. Studies in the field of environmental monitoring of 
micropollutant concentrations show the promising potential of passive samplers for surface waters 
(Schäfer et al. 2008; Vermeirssen et al. 2009; Moschet et al. 2015; Novic et al. 2017). Moreover, 
recent studies have applied passive samplers in WWTP influents and effluents (Vermeirssen et al. 
2009; Harman et al. 2011; Petrie et al. 2016; Baz-Lomba et al. 2017). Another study monitored heavy 
metals in a storm sewer with a flow-through passive sampler system (Birch et al. 2013a). The results 
show a good agreement of passive sampling results with volume-proportionally pooled samples and 
model estimates. This indicates the potential of passive samplers for the monitoring of sewer 
overflows. However, so far, no systematic evaluation has been done on the usage in numerous, short 
duration and highly fluctuating sewer overflows.  

In summary, passive sampling devices could be used as a promising approach to more efficiently 
monitor a large number of discharge sites and overcome the challenges related to high temporal 
fluctuations. Consequently, they could facilitate prioritizing critical sewer overflows for further 
assessments. 

1.4 Research gap: how to identify critical sites? 

Limited d ata of micropollutants in sewer overflows challenges model predictions. Determining 
the occurrence of micropollutants in sewer overflows is important to identify critical discharge sites 
where further investigations are warranted. Monitoring sewer overflows implies high costs and time 
requirements (Chapter 1.3). One alternative solution is to predict the pollution potential with a model 
approach. Such model approaches have been developed to predict water quality related to 
micropollutants (e.g. Benedetti et al. 2009; Keyser et al. 2010; Vezzaro et al. 2012; Birch et al. 2013b; 
Chèvre et al. 2013; Vezzaro et al. 2014). These models, however, often lack calibration and validation 
(Bertrand-Krajewski 2007) and, therefore, the transferability of these models to other catchments is 
limited.  

High spatial variability leading to high prediction uncertainty.  Research studies in sewer 
overflows indicate a high spatial variability among sewer overflow sites (Table 1.2 below). In most of 
these studies only a few sites were considered (max. 8, Table 1.2). The small number of monitored 
sites challenges the identification of driving factors for the observed spatial differences. Therefore, the 
high spatial variability among sites is an important factor leading to difficulties to predict 
micropollutants with model approaches. 

The challenge to identify  critical discharge sites with existing approaches. The crucial question 
�U�H�J�D�U�G�L�Q�J���U�L�V�N���D�V�V�H�V�V�P�H�Q�W���R�I���P�L�F�U�R�S�R�O�O�X�W�D�Q�W�V�����³�:here and when will the concentration of the chemical 
�E�H�� �V�X�F�K�� �W�K�D�W�� �L�W�� �P�L�J�K�W�� �K�D�U�P�� �D�T�X�D�W�L�F�� �R�U�J�D�Q�L�V�P�V�"�´ was formulated by Johnson et al. (2008). The large 
number of sites in combination with high spatiotemporal variability of micropollutants makes the 
identification of critical discharge sites difficult. Thus, approaches are needed to efficiently identify 
non-critical and prioritize critical sewer overflows sites where further measures may be warranted.  

Therefore, this dissertation systematically explores prediction and monitoring approaches to 
identify critical discharge sites. Specifically, the study focuses on the development of passive 
samplers as an alternative monitoring approach to screen a large number of sewer overflow sites. In 
addition, the relevance of sewer overflows and potential discharge hotspots are investigated by a 
dynamic substance flow model and a field study. 
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Table 1.2. Research studies comparing the spatial differences related to micropollutants among catchments for 
sewer overflows. Number (#) of monitored combined sewer overflows (CSO), stormwater outlets (SWO) and 
events per site. There are a few additional studies covering more than one sewer overflow site, however, these 
studies did not explicitly include an analysis of the spatial differences (Wittmer 2010; Birch et al. 2011). 
Country  # of 

CSO 
# of 
SWO 

# of 
events 
per site 

Spatial differences? (land use type) References 

France - 3 4-8 No (residential, urban dense, high urban 
density) 

Zgheib et al. (2011; 
2012) 

France - 3 2-14 No, yes for metals, PAHs, PBDE; (two 
residential, one industrial) 

Gasperi et al. 
(2014) 

Germany - 5 14-21 Yes (old buildings, new buildings, one-
family houses with gardens, commercial, 
highly frequented streets) 

Wicke et al. (2015) 

France 1 1 5 Yes (residential, industrial) Becouze-Lareure et 
al. (2015) 

Australia - 8 2-16 Yes for pesticides (unknown) Rippy et al. (2017). 

United 
States 

- 2 11-13 No for pesticides, yes for traffic-related 
micropollutants (residential, commercial) 

Burant et al. (2018) 

United 
States 

- 6 4 Yes (mostly residential, one industrial) Fairbairn et al. 
(2018) 

 

1.5 Objective and research questions 

The focus of this thesis is to advance the knowledge of primarily the spatial but also the temporal 
differences of micropollutants in sewer overflows and, thus to contribute to an enhanced 
understanding of the occurrence of micropollutants. 

The main aim of this thesis is to evaluate methods to identify discharge sites that can be 
potentially harmful (critical) for receiving water s.  

This thesis contains four research chapters followed by an overarching conclusion and outlook 
(Chapter 6). The thesis is structured based on the following four research questions: 

1. How can the impact of micropollutant emissions and potential discharge hotspots be 
modeled with easy-to-acquire data? 

In Chapter 2 a GIS based dynamic substance flow model is developed for Switzerland to 
quantify the variability of micropollutant loads in sewer overflows. A method is proposed to 
identify discharge hotspots based on impervious areas. 

Mutzner, L., Staufer, P. and Ort, C. (2016) Model-based screening for critical sewer overflows 
related to micropollutants from urban areas. Water Research 104, 547-557. 
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2. What is the temporal variability of micropollutants during wet -weather and how can it be 
monitored with passive samplers? 

Chapter 3 looks at high temporal resolution modeling and monitoring data and quantifies 
(passive and automated) sampling uncertainties due to fluctuating concentrations.  

Mutzner, L., Vermeirssen, E.L.M. and Ort, C. (2019) Passive samplers in sewers and rivers with 
highly fluctuating micropollutant concentrations - Better than we thought. Journal of 
Hazardous Materials 361, 312-320. 

3. What is the applicability of passive samplers to measure micropollutants in sewer 
overflows and to identify critical concentrations? 

In Chapter 4 a method to passive sample sewer overflows is developed. In experiments 
mimicking sewer conditions, the accumulation behavior during short discharge events is 
identified. In a second step, passive samplers are compared with automated sampling. 

Mutzner, L., Vermeirssen, E.L.M., Mangold, S., Maurer, M., Scheidegger, A., Singer, H., Booij, 
K. and Ort, C. (submitted) Passive samplers to quantify micropollutants in sewer overflows: 
accumulation behavior and field validation for short pollution events. 

4. What concentration ranges and spatial variability has to be expected for micropollutants 
in sewer overflows and which are potential driving factors for this variability ? 

Chapter 5 presents unique monitoring data of 20 combined sewer overflows for which two to 
seven events were monitored with passive samplers. Micropollutant concentration data is 
compared with environmental quality standards and preliminary spatial variability trends are 
assessed.  

Mutzner, L., Bohren, C., Mangold, S., Dicht, S., Ort C. (in preparation) Spatial differences of 
micropollutants in sewer overflows: a multi-catchment analysis using passive samplers. 
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Abstract 

Wet-weather discharges contribute to anthropogenic micropollutant loads entering the aquatic 
environment. Thousands of wet-weather discharges exist in Swiss sewer systems, and we do not have 
the capacity to monitor them all. We consequently propose a model-based approach designed to 
identify critical discharge points in order to support effective monitoring. We applied a dynamic 
substance flow model to four substances representing different entry routes: indoor (Triclosan, 
Mecoprop, Copper) as well as rainfall-mobilized (Glyphosate, Mecoprop, Copper) inputs. The 
accumulation on different urban land-use surfaces in dry weather and subsequent substance-specific 
wash-off is taken into account. For evaluation, we use a conservative screening approach to detect 
critical discharge points. This approach considers only local dilution generated onsite from natural 
unpolluted areas, i.e. excluding upstream dilution. Despite our conservative assumptions, we find that 
the environmental quality standards for Glyphosate and Mecoprop are not exceeded during any 10-
minute time interval over a representative one-year simulation period for all 2,500 Swiss 
municipalities. In contrast, the environmental quality standard is exceeded during at least 20% of the 
discharge time at 83% of all modelled discharge points for Copper and at 71% for Triclosan. For 
Copper, this corresponds to a total median duration of approximately two weeks per year. In general, 
stormwater outlets contribute more to the calculated effect than combined sewer overflows for rainfall-
mobilized substances. We further evaluate the Urban Index (Aurban,impervious/Anatural) as a proxy for 
critical discharge points: catchments where Triclosan and Copper exceed the corresponding 
environmental quality standard often have an Urban Index >0.03. A dynamic substance flow analysis 
allows us to identify the most critical discharge points to be prioritized for more detailed analyses and 
monitoring. This forms a basis for the efficient mitigation of pollution.  

Keywords 

Combined system; effect assessment; runoff quality modelling; separate system; Toxic Units; urban 
catchment 

Abbreviations 

CSO Combined Sewer Overflow 

dSFA dynamic Substance Flow Analysis 

EQS Environmental Quality Standard 

ha hectare of impervious surface 

STP Sewage Treatment Plant 

SWO Stormwater Outlet 

TU Toxic Unit  
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2.1 Introduction  

A variety of substances such as pharmaceuticals, personal care products and pesticides are used daily 
in urban areas. They are discharged into the environment via sewage treatment plants (STP), 
stormwater outlets (SWO) in separate stormwater systems and combined sewer overflows (CSO) in 
combined sewer systems. The occurrence of these anthropogenic substances was reported in 
concentration ranges of ��g/l or ng/l �± hence subsequently referred to as micropollutants �± in rivers 
during or after rainfall events (e.g. Gasperi et al. 2014, Madoux-Humery et al. 2013, Musolff et al. 
2010, Weyrauch et al. 2010). Urban sources of these micropollutants can be divided into two main 
groups: substances contained in dry-weather flow, subsequently referred to as indoor substances, and 
rainfall-mobilized substances from outdoor surfaces. Indoor substances are found in dry weather flows 
and are mainly discharged via STP (Phillips et al. 2012), whereas rainfall-mobilized substances are 
washed-off during rain events and can therefore make a greater contribution to wet-weather discharges 
(WWD, i.e. CSO and SWO). For example, concentrations of three pesticides (Diuron, Isoproturon and 
Glyphosate) were 5 �± 20 times higher in CSO discharges compared to dry weather flows in the city of 
Paris (Gasperi et al. 2012a). Overall, wet-weather discharges can be important contributors to the 
micropollutant loads found in the aquatic environment (e.g. Brix et al. 2010, Gasperi et al. 2008, 2011, 
Meyer et al. 2011).  

Pesticides (for plant protection purposes) and biocides (for non-plant protection use) (SR-813.12 
2005) may be particularly harmful to the aquatic environment. Some of these substances originate 
solely from urban areas, e.g. Terbutryn used as a biocide in building materials to prevent growth of 
unwanted organisms (Burkhardt et al. 2007, Coutu et al. 2012). Other substances such as Glyphosate 
occur in the runoff from agricultural fields as well as in urban gardening (Burkhardt et al. 2007, Hanke 
et al. 2010, Wittmer et al. 2010). Glyphosate was implicated as being �µprobably carcinogenic�¶ to 
humans (WHO 2015), and a study by Hanke et al. (2010) showed that as much as 60% of the 
Glyphosate of a catchment can originate from urban systems. In addition, pesticide emission loads 
from urban areas were found to be in the same range as emissions from agriculture (Blanchoud et al. 
2007, Wittmer 2010). 

Concentration measurements are the most important information for assessing the effects of wet-
weather discharges on receiving waters. However, in the absence of flow (load) and specific land-use 
data, the transferability of concentrations to other sites is low. In view of the high land-use diversity on 
small scales, it is challenging, if not impossible, to identify and describe a single typical, 
representative discharge. Furthermore, as for example in Switzerland, there is often a vast number of 
uncounted wet-weather discharge points, with very limited or no systematically collected information 
available on location and operation characteristics. In addition, it is resource and time-consuming to 
measure wet-weather discharges accurately, since emission concentrations vary temporally with 
rainfall intensity and spatially with land use (e.g. Gasperi et al. 2014, Madoux-Humery et al. 2013). A 
model-based screening tool designed to facilitate the comparison of different sewer systems, 
catchments and pollutants of wet-weather discharge points is consequently crucial for decision-makers. 

A substance flow analysis (SFA) based on the concept of mass balances within defined system 
boundaries is an effective method to calculate loads entering the water cycle (Bader and Scheidegger 
2012). An SFA was applied in Lausanne to determine Copper and pharmaceutical loads discharged 
into a lake (Chèvre et al. 2013, Chèvre et al. 2011). We apply the SFA concept to all Swiss 
municipalities and additionally consider the dynamic accumulation and wash-off behaviour of the 
rainfall-mobilized substances, as was done for micropollutants from facades, for example (Coutu et al. 
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2012, Wittmer et al. 2011). This dynamic substance flow analysis (dSFA) allows us to calculate 
discharge concentrations at high temporal resolution.  

In this study, we aim to answer the following three questions: 

i. How can we screen for potentially critical wet-weather discharge points? 
ii. How do SWO and CSO compare with regard to discharged micropollutants? 
iii.  Can we find a proxy �± available area-wide on a national/regional scale �± to highlight 

critical wet-weather discharges? 

2.2 Methods 

2.2.1 System description and boundaries 

The dSFA was carried out for entire Switzerland (41,285km2) at municipal level, i.e. 2,500 
administrative regions (median area 748ha, 95%-interquantile range 138 to 5,889ha; median number 
of inhabitants 1,170, 95%-interquantile range 106 to 10,5950 inhabitants). Wet-weather discharge 
points were aggregated to one location (for CSO and SWO individually) per municipality. 
Municipalities were selected as catchment boundaries in order to have a realistic data set representing 
the variability of urban areas and their sewer systems. Aggregation at municipal level was found to be 
suitable because most urban sewer systems, corresponding STPs and wet-weather discharges are 
autonomous within a municipality. Ten-minute intervals were chosen as a temporal resolution for 
modelling, corresponding to the potentially short duration of wet-weather discharges. In order to 
quantify the effect of wet-weather discharges in a conservative way, the following two conditions were 
set: 

i.  The maximum tolerable discharge load is limited to the environmental quality standard (EQS) at 
the corresponding flow in the receiving water during wet-weather discharges. This requirement 
is in line with the Clean Water Act (EPA 1972) of the United States as well as the relevant 
Swiss regulations (WPO 1998).  

ii . �8�Q�X�V�H�G�� �³�F�D�S�D�F�L�W�\�´�� �I�U�R�P�� �X�S�V�W�U�H�D�P must not be filled up. Thus, unpolluted runoff from lightly 
populated areas upstream should not compensate local emission hotspots further downstream.  

 
Figure 2.1. Schematic representation of the mass fluxes in one municipality. The wet-weather discharge from the 
municipality FWWD(t) (= FCSO(t) + FSWO(t)) is locally diluted by the natural flow Qnat (= qnat · Anat). The flow in the 
receiving upstream water is not taken into account in order not to use upstream capacity (local dilution potential). 
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In order to meet these two conditions, each municipality is considered to be �³self-sustaining� .́ This 
means that the clean runoff from natural areas (Anat), generated locally within each municipality, must 
be sufficient so that urban wet-weather discharges do not lead to the EQS being exceeded (Figure 2.1). 
As long as this condition is fulfilled locally, wet-weather discharges are not anticipated to cause any 
detrimental effects in all water bodies. Subsequently, the ratio of locally generated clean runoff (qnat) 
and wet-weather discharge flow (qWWD) is referred to as the local dilution potential, and the effect 
assessment (exceeding the EQS) as the local effect potential. The implications of considering only the 
local dilution potential for the effect assessment are further discussed in Section 2.3.7. 

Consequently, the maximum tolerable load (FEQS) needs to be greater than the total load from all wet-
weather discharges draining a municipality (FWWD) as shown in Eq. 1. FEQS is calculated as the sum of 
the flow from the local natural catchment and the flow from wet-weather discharges multiplied with a 
concentration equal to the EQS. In this study, the local contribution to river flows qnat is set to 0.32 
L/s/ha, which is the average specific natural runoff in Switzerland (Hades 1990). This average was 
used because urban runoff potentially reacts much faster to rainfall than rivers sourced from natural 
surfaces and groundwater.  

 (1) 

 (2) 

with  

FEQS M/T Maximum tolerable load meeting conditions i and ii  
FWWD M/T Load from wet-weather discharges 
Anat (ha) Natural, non-urbanized area 
Aurb,imp (ha) Impervious urban area 
qWWD (L/s/ha) Wet-weather discharge from urban catchment 
qnat  (L/s/ha) Average specific flow from natural (non-urbanized) areas 

( = 0.32 average for Switzerland (Hades 1990)) 
EQS (µg/L) Environmental Quality Standard 
cWWD (µg/L) Concentration in the stormwater / combined sewage matrix 
i  Index over all wet-weather discharge points in the area (here i = 1) 

2.2.2 Dynamic substance flow analysis 

Model structure 

The dSFA model consists of two modules: (i) the flow compartment which calculates runoff formation, 
overland and pipe flow. This part is based on REBEKA (Rossi et al. 2005) implemented in the R 
software (R Core Team 2010) by Daebel and Gujer (2005). (ii) the pollutant transport module which 
considers wastewater loads (households, minor industry) and the release of pollutant loads from 
surfaces. Additional effects, e.g. sedimentation of particulate matter in the modelled storage tanks, 
were not included. Details of the equations are enclosed in the supporting information (SI). In 
summary, the pollutant transport module exhibits the following properties: 

i. compound-specific release rates (seasonal or constant application) 
ii. pollutant accumulation and wash-off for each source, land-use and substance 

As measured data about loads and concentrations of micropollutants is scarce, parameterization and 
input loads were taken from the literature. Parameter sets are included in the SI (Table C4-C6). Input 
data, i.e. description of the catchment and sewer systems, rainfall and the pollutant sources used to run 

, ( ) ( )WWD i EQSF t F t���¦

�� ��, , , WWD, ,( ) ( ) ( )urb imp i WWD i i urb imp WWD nat natA q t c t A q t A q EQS�˜ �˜ �� �˜ �� �˜ �˜�¦
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the model is also listed in the SI. The dSFA was set up in the software R (R Core Team 2010). The 
discharge point into the receiving water body was calculated on the basis of a digital elevation model 
and located either at a STP or at a surface water body at the lowest point of the municipality. 

Substances 

Four micropollutants were selected to exemplify different pathways from urban settlements towards 
wet-weather discharges and the environment. Each substance combines a distinct set of sources (Table 
2.1): (i) Triclosan, an antibacterial agent used in personal care products, (ii) Glyphosate, a pesticide 
used for plant protection, (iii) Mecoprop, used for both plant and material protection purposes, and (iv) 
total Copper, a heavy metal originating from all the urban sources considered. The potential 
sedimentation and remobilization of particulate fractions of these substances was not taken into 
account in the screening procedure. 

Table 2.1. Urban sources of selected micropollutants. The reported LogKow and LogKoc for organic compounds 
are given as a reference only. Total concentrations (dissolved and particulate) were used in the dSFA for 
comparison with the EQS irrespective of speciation. 

Substance Log Kow1 Log Koc1 Household Building  Street Garden 
Triclosan 4.76 4.26  �z    
Glyphosate -4.00 1.27     �z 
Mecoprop 3.20 1.69 �z �z  �z 
Copper - -  �z �z �z �z 

1www.chemspider.com 

Table C.3 in the SI summarizes the approaches used to determine the emission potential (EP), 
accumulation and wash-off behaviour for each of the four substances. The selected set of parameters is 
detailed in the SI (Table C.4 to Table C.6). 

Loss via wet-weather discharges 

We express the loss via wet-weather discharges into the environment as the ratio of the substance load 
via wet-weather discharges to the total substance load entering the sewer system. For separate 
stormwater systems in Switzerland, this ratio corresponds to the fraction of a sub-area which is drained 
by stormwater sewers because treatment systems or storage tanks are rarely found in separate 
stormwater systems. 

2.2.3 Effect assessment 

With the dSFA described above, the concentration cWWD(t) in the stormwater in the combined sewage 

matrix and the wet-weather discharge qWWD(t) are determined for each time step (�' t=10min) for all 
2,500 municipalities. Rearranging Eq. 2 leads to Eq. 3. 

  
(3)

 

Based on Eq. 3, we define  as a single indicator variable (Eq. 4). Thus a value of  is of 

particular interest, indicating that the local dilution potential is sufficient to prevent the EQS being 

exceeded without the need to rely on (unpolluted) flows from upstream (condition Eq. 1). An �Z > 1 
implies that the local dilution is insufficient. Whether the EQS is violated in reality depends on 

upstream pollutants loads (�Z �”���������D�Q�G���X�Q�X�V�H�G���X�S�V�W�U�H�D�P���F�D�S�D�F�L�W�\�����Z > 1). 

,

( )
1

( )
WWD nat nat

urb imp WWD

c t A q

EQS A q t
�� �˜ ��

( )t�Z 1�Z�d
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(4)

 

This is particularly applicable to small creeks, where additional water sources are rarely available. 
Based on a one-year time series of discharge and concentration, we calculate  according to Eq. 4 

for each municipality i (Figure 2.2A) and the corresponding cumulative frequency distribution of  
(Figure 2.2B). From the latter, we derive the cumulative frequency distribution  over all 

2,500 municipalities (=100% on the y-axis), which describes the fraction of discharge time without the 
EQS being exceeded (Figure 2.2C). 

 

Figure 2.2. Schematic representation of evaluation procedure. A) Time series �&(t) for each municipality i (simulation period 
one year). B) Cumulative frequency distribution of �& per municipality. C) Cumulative frequency distribution which shows on 
the y-axis fraction of municipalities (all municipalities = 100%) and on the x-axis the fraction of discharge time with no EQS 
�H�[�F�H�H�G�D�Q�F�H���S���&�������� 

To appropriately incorporate the extended periods of sub-lethal concentrations and the concentration 
dynamics obtained with the dSFA model, the concept of Toxic Units (Liess and von der Ohe 2005) 
was modified towards: 

  (5) 

Where 

TUmun - Toxic Unit per municipality 
cj (µg/L) Substance concentration in recipient after wet-weather discharge and local 

dilution with qnat 
t  Time 

 

The concentration cj in the recipient is then determined, taking into account the wet-weather discharge 
load and subsequent local dilution. Since the time step is constant, Eq. 5 can be simplified without 
changing the effect ranking within the screening procedure. To facilitate the comparison between 
different sewer systems (CSO and SWO) as well as among different pollutants and thus pollutant 
sources, a national sum of TUmun is used: 
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  (6) 

 

2.2.4 Urban Index 

The idea of the Urban Index is to define and evaluate a simple proxy to assess the local dilution 
potential and critical locations for wet-weather discharges with minimal data requirements. For each 
time-step, the maximum tolerable load is reached when FEQS and FWWD are equal. Equation 2 then leads 
to the definition of the Urban Index �� as presented in Eq. 7. 

  (7) 

The Urban Index  describes the fraction of urban, impervious area in the natural area of a municipal 
catchment. A high Urban Index indicates a high percentage of urban area and, consequently, a small 
local dilution potential. Hence,  is a proxy for the local dilution potential, which is easily calculated 
for a catchment because data on impervious and natural areas is available on a national scale.  

2.2.5 Environmental quality standards 

Environmental quality standards are used to preclude negative effects of substances in the environment. 
Table 2.2 summarizes the prescriptive limits for the four substances used in this study and compares 
them to the EQS recently suggested in the literature. In this study, we use the annual average to assess 
the degree of exceeding the EQS in order to assure a sufficient safety margin in our conservative 
screening approach. Effects on speciation of the substances were not taken into account in the dSFA, 
since the total substance load was considered. Copper for example is transported up to 55% in 
particulate form in the sewer system (Houhou et al. 2009). 

Table 2.2. Environmental Quality Standards (EQS) and prescriptive limits for receiving waters [in µg L-1]. 
Substance  This study AA-EQSd) MAC -EQS d) WPOb) Literature   
Triclosan  0.02 0.02a) 0.02a) -   
Glyphosate  108 108 a) 300 a) 0.1 11-196 c)  
Mecoprop  3.6 3.6 a) 187 a) 0.1 0.1-11 c)  
Copper (total)  5 b)   5   
a) Oekotoxzentrum (2014) b) Waters Protection Ordinance WPO (1998), c) Junghans and Kase (2012) d) AA: 
annual average, MAC: maximum allowable concentration 
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2.3 Results and discussion 

2.3.1 Emission Loads: Substance comparison 

In the following section, the discharged emission loads of the dSFA model are compared for the four 
substances.  

 

Figure 2.3. Cumulative probability distributions of all Swiss municipalities for Triclosan (TCS), Mecoprop (MCP), 
Glyphosate (GPS) and Copper (Cu) for combined sewer overflows (CSO) and stormwater outlets (SWO) with respect to a) 
loss via CSO [%], b) specific loads via CSO [kg/ha/a], c) logTUmun, d) the fraction p(�&<1) of the time during which a 
discharge point meets the EQS criteria. Reading example (dashed arrows) for Triclosan: 71% of the municipal CSO exceed 
the EQS in at least 20% of the discharge time. 

Our model calculations show that CSO are active 2.7% (median) of the year and SWO in 8.9% 
(median) of the year. Triclosan (only CSO), Mecoprop and Copper show a similar pattern to the 
discharged flow: this means that if there is a discharge, the substance is present. This is due to the 
underlying processes, with substance loads occurring in dry-weather flow or being washed-off 
depending on the rain intensity. Glyphosate, on the other hand, is modelled as source-limited. Source-
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limited substances show distinctive first flush behaviour (e.g. Cristina and Sansalone 2003). If a 
substantial part of the load is transported at the beginning of the runoff event, storage units in 
combined systems become more effective. Thus, Glyphosate is discharged via CSO in 0.9% (median) 
of the year and via SWO in 2.1% (median). 

When evaluating all 2,500 municipalities, the distribution of loss rates via CSO reveals the following: 
Triclosan, contained in dry-weather flow, shows a median loss rate of 1.5% (Figure 2.3a). In contrast, 
a median loss of 47% via CSO was calculated for Glyphosate, a rainfall-mobilized substance. For 
Copper and Mecoprop, originating from indoor and rainfall-mobilized sources, the median loss via 
CSO was found to be 16.9% and 19.8% respectively.  

Triclosan. We compared the calculated loss rates for Triclosan with a median of 1.5% (95%-
interquantile range of 0.4% to 3.9%) with the loss rates for Caffeine found in the literature, as both 
substances originate solely from indoor sources. A mass balance for Caffeine in a specific 
municipality revealed that 4.4% of the annual load in sewer systems is emitted by CSO (Buerge et al. 
(2006)). Similar calculations were carried out for Caffeine loads measured in the Rhine at Basel, 
draining about two thirds of entire Switzerland, showing a median loss rate of 3.2% (95%-
interquantile range of 1.1 to 5.4%; Staufer and Ort (2011)).  

Mecoprop. Just 42% of the total Mecoprop load enters the sewer system due to rainfall mobilization 
(Table D.7 in SI). Hence, SWO and CSO are relevant Mecoprop sources during wet weather. The total 
sum of 104kg a-1 emitted via wet-weather discharges consists of 55kg a-1 from CSO (Table 2.3). Our 
modelled Mecoprop emission loads can be compared for a specific municipality (Grueningen), where 
monitoring data for the period April  �± November 2007 was available (Wittmer 2010). This study 
estimated that a total Mecoprop load of 49g a-1 is emitted via CSO in the monitoring period; this is of a 
similar order to our result of 30g a-1. 

Glyphosate. The comparison with the results of Wittmer et al. (2010) for Glyphosate shows an 
overestimation of the discharged load by a factor of five. Wittmer et al. (2010) estimated a discharge 
load of 84.5g a-1, whereas the dSFA indicated a value of 427g a-1. Glyphosate is modelled as a 
substance originating almost exclusively from gardens. Of the total flux of 110,000kg a-1 used by 
households and public entities as a herbicide (Wittwer and Gubser 2010), 2,081kg a-1 (2%) is 
estimated to enter a sewer system (Table 2.3). This is the same magnitude as for agricultural 
herbicides, for which loss rates in the range of 0.4 to 3.5% were reported from pervious areas (Singer 
et al. 2005). 

Table 2.3. National load balance for input into sewer system, load to sewage treatment plant (STP), discharge 
via CSO and SWO 
  Triclosan Glyphosate Mecoprop Copper 
Loads [kg a-1] Sewer input 5,113 2,081 347 117,309 
 CSO 77.5 786 55 15,422 
 SWO - 718 49 19,136 
 STP a) 5,035 577 243 83,748 
Load CSO/Load SWO [-] - 1.1 1.1 0.8 
a) Load towards STP not treated effluent 
 
Copper. Chèvre et al. (2011) applied a linear input-output SFA model to determine the annual Copper 
load entering the water cycle at Lausanne in Switzerland, and found it a suitable tool for the purpose of 
highlighting problems such as detecting the main pollution sources or analyzing different scenarios in 
order to plan specific measures. The overall Copper inputs from the sewers in our dSFA are in good 
agreement with the SFA for Lausanne. However, the distribution of the Copper load is quite different, 
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indicating the high uncertainty of this input data set. That study found a Copper load entering the 
urban water cycle of 2,000kg a-1 considering the following main categories: drinking water 19.3kg a-1, 
roofs 837kg a-1, house sides 56kg a-1, cars 144kg a-1, trolleybuses 670kg a-1, trains 240kg a-1, dry 
deposition 30.7kg a-1 and rain 18.5kg a-1. We estimated a total Copper load entering the sewer system 
of 1,928kg a-1 for Lausanne, taking into account the following inputs: household usage 1,033kg a-1, 
roofs 840kg a-1, garden application 1.02kg a-1, cars and trolleybuses 47.3kg a-1. In Chèvre et al. (2011), 
12.6% of the Copper load entering the sewer system is released via CSO and 44% via SWO. Our 
dSFA results for Lausanne show a loss of 0.6% via CSO and of 40.2% via SWO. The difference in 
loss rates via CSO can be explained by the differences in input loads. We estimated that 53.6% of the 
total Copper load in the sewer system is contained in the dry weather flow (Table D.7 in SI). The 
proportion treated at the STP is therefore higher, as CSO are only active during heavy or long rain 
events.  

2.3.2 Emission Loads: system comparison 

In the following section, the discharged emission loads of the dSFA model are compared for the two 
types of sewer systems (CSO and SWO).  

These two types of drainage systems are compared only for rainfall-mobilized pollutants (Glyphosate, 
Mecoprop, and Copper), but not for Triclosan. The latter load is discharged entirely to STP in separate 
stormwater systems during dry and wet weather. On a national scale, total wet-weather discharge loads 
from CSO are expected to be higher than discharges from SWO because combined systems 
predominate in Switzerland. However, SWO contribute disproportionally more to the fluxes emitted to 
urban streams for rainfall-mobilized substances (Table 2.3). The ratio between the annual fluxes from 
CSO to those of SWO are 1.1 (Glyphosate), 1.1 (Mecoprop) and 0.8 (Copper). These ratios are 
considerably lower than the ratio of surface drained by CSO to surface drained by SWO (Ared,CS/Ared,SS 
= 2.3), which shows that SWO are important emitters of rainfall-mobilized substances. 

Glyphosate and part of Mecoprop are modelled as substances with a seasonal input during summer, 
when heavy convective rain events are frequent. These events activate CSO and carry higher 
Glyphosate and Mecoprop loads than small events. This leads to a higher proportion of Glyphosate 
and Mecoprop discharged via CSO in comparison to Copper. Additionally, the wash-off of Mecoprop 
in building materials is modelled so that higher rainfall intensities, and therefore larger runoffs, lead to 
higher mobilization.  

In contrast to Glyphosate and Mecoprop, the loads of Copper from SWO exceed those from the CSO. 
Most events during the year are small (by number and by total volume). In combined systems, these 
small, frequent events are mainly treated by STPs. Small events particularly add to the emissions from 
SWO because every single runoff event contributes to direct discharges via SWO. The wastewater 
originating from households and small industries contributes to almost half the total Copper load 
entering the sewer system (Table 2.3). None of this indoor Copper load enters the separate stormwater 
system. Nevertheless, the annual Copper load discharged via SWO exceeds the load from CSO. 

The same result for Copper was found by Brombach et al. (2011), who compared combined and 
separate stormwater systems with a mass balance and found different performances depending on the 
pollutant characteristics. For heavy metals, the analysis showed that combined systems perform better 
in terms of the total load emitted to the environment. This is because most heavy metals are found on 
outdoor surfaces, thus leading to a direct discharge in separate stormwater systems. 
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2.3.3 Local effect assessment: substance comparison 

In this section, the substances are compared in terms of their local effect potential �± as defined in 2.3 �± 
of the wet-weather discharges. 

Just 6.5% of the municipalities are estimated to never exceed the EQS for Triclosan during the whole 
discharge time (Figure 2.3d). The emissions of Mecoprop and Glyphosate from all municipalities do 
not exceed the EQS. Many municipalities miss the regulated EQS standard for Triclosan and Copper 
in more than 20% of the discharge time, which is 71% and 83% respectively.  Over the whole 
simulation time of one year, this means that the EQS for Triclosan is exceeded in 2.4% (median) of the 
period and for Copper in 4.3% of the time. The EQS for Mecoprop and Glyphosate are not exceeded.  

The local effect assessment with �& is based on the conservative approach which only takes the local 
dilution potential into account. This implies �W�K�H���I�R�O�O�R�Z�L�Q�J�������L�����L�I���&���R�I���D�O�O���P�X�Q�L�F�L�S�D�O�L�W�L�H�V��is below 1, i.e. 
the local dilution potential is sufficient, there would be no problem due to substance accumulation in 
the recipient; (ii) �L�I���& < 1 for a subarea, there could still be a problem in the recipient resulting from 
other sources (e.g. agriculture) or from upstream urban areas; (iii) if  �& > 1, the upstream capacity may 
still be sufficient to further dilute concentrations calculated only with the local dilution. Therefore, �& 
must be <1, especially for small recipients, to ensure sufficient local dilution. 

2.3.4 Sensitivity of environmental quality standards (EQS) 

The required local dilution depends on the substance-specific EQS, so their value has a great influence 
on the model results. Figure 2.4 shows the sensitivity as a percentage of municipalities which exceed 
the EQS in 20% of the discharge time. Singer et al. (2002), for example, suggested an EQS for 
�7�U�L�F�O�R�V�D�Q���R�I�������������J L-1, which is 2.5 times greater than the EQS of �����������J L-1 used in this study. As a 
result, the fraction of municipalities exceeding the EQS in 20% of the discharge time would decrease 
from 71% to only 60% (non-linear).  

 

Figure 2.4. Sensitivity to a change in EQS as fraction of municipalities that exceed the EQS in at least 20% of 
the discharge time. 

The four substances represent all possible urban input pathways: certain conclusions can therefore be 
drawn from the comparison between rainfall-mobilized and indoor substances. However, the violation 
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of the EQS depends greatly on substance characteristics such as wash-off behaviour and toxicity 
(evaluated with EQS). As substances have different ways of impacting an organism, however, it is 
impossible to draw general conclusions for the effect of a substance group on the receiving water.  

2.3.5 Toxic units to account for sub-lethal effects 

In order to also account for the sub-lethal effects of the discharged substances, the substance 
concentration in the recipient after local dilution was used to determine the sum of �&(t) at municipal 
level (TUmun, Figure 3c) as well as at national level TUCH (Table 2.4). 

Table 2.4. National sum of Toxic Units TUCH, 95 % interval of the municipal Toxic Units TUmun. 
  Triclosan Glyphosate Mecoprop Copper 
National sum as 
logTUCH 

CSO 17.5 10.8 11.5 16.7 
SWO - 11.5 12.2 17.8 

95% interval of 
logTUmun 

CSO 7.3�± 10.8 0.9 �± 3.8 1.8 �± 4.5 5.7 �± 9.8 
SWO - 0 a) �±  4.6 0 a) �± 5.4 0 a) �± 11.2 

a) Not logarithmized 
 

While Mecoprop and Glyphosate show logTUCH values between 10.8 and 12.2, the values of the other 
two substances are higher by a factor of 104 �± 107. On a national scale, the highest logTUCH was 
calculated for Copper from SWO as well as Triclosan from CSO. Mecoprop and Glyphosate from both 
systems do not reach the TUCH level found for Triclosan.  

Over the course of one year, TUmun represents not only the lethal but also the sub-lethal effects of the 
locally diluted substance concentration. This can be shown by comparing the percentage of 
municipalities exceeding the EQS of Copper in 50% of the discharge time: the figures are 83% for 
CSO and 71% for SWO. However, the TUCH, of Copper for SWO is higher by a factor of 12. Ashauer 
et al. (2011) conducted a risk assessment of a time-varying exposure for Diuron in a Swiss catchment 
and showed that negative effects cannot be captured by a fixed concentration quality criteria because 
the sub-lethal toxicity effects over time are neglected. This is taken into account by TUmun, thus 
facilitating a comparison of different sewer systems or substances. In addition, the sum of the Toxic 
Units assesses the effect of a combination of multiple substances by the addition of TUmun as long as 
these substances have the same mode of action.  

2.3.6 Local effect assessment: system comparison 

The comparison of the spatial variability of municipalities represented by the spread (95%-interval) of 
logTUmun yields differences between the two sewer systems (Figure 2.3c). The spread of logTUmun 
(95%-interval) ranges from 11.2 for Copper from SWO to 2.7 for Mecoprop from CSO. Taking the 
variability of Triclosan from CSO as a benchmark with a spread of 3.5, the other compounds show 
similar spreads in the CSO of 2.9 (Glyphosate), 2.7 (Mecoprop), and 4.1 (Copper). In case of the 
separate stormwater system, the spreads increase from 4.6 for Glyphosate, 5.4 Mecoprop and 11.2 for 
Copper.  

In addition to the loads discharged annually, the national TUCH provides an indicator for evaluating the 
environmental effect of both types of wet-weather discharges. When comparing the TUCH for CSO and 
SWO, it should be taken into account that SWO represent only 30% of all sewer systems. For the 
rainfall-mobilized substances Mecoprop, Glyphosate and Copper the TUCH of SWO exceed those of 
CSO: the TUCH are higher by a factor of 6 to 12 for SWO. CSO are only active during heavy rainfall, 
so that rainfall-mobilized compounds are more diluted during CSO events. This causes smaller TUCH 
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values for CSO in comparison with SWO. Interestingly, CSO emit greater annual loads than SWO in 
the case of Glyphosate and Mecoprop, but the corresponding TUCH values are smaller by a factor of 
six. The SWO consequently seem to be more critical than the CSO on a national scale.  

2.3.7 Urban index 

In this section, we discuss the use of the Urban Index as a proxy for screening for critical wet-weather 
discharges and compare it with the dSFA model results. 

A high Urban Index indicates a high percentage of urban areas and consequently a small local dilution 
potential of the wet-weather discharges. Hence,  is a proxy for the dilution potential, which is 
readily determined thanks to the availability of information on impervious and natural areas. In 
Switzerland, this dilution potential varies greatly. Figure 2.5 shows  for Switzerland based on the 

borders of the 2,500 municipalities. The municipal catchments show a 95%-interquantile for  of 
0.008 to 0.82 with a median of 0.08. Despite local differences, the densely populated areas mostly 
show  

 �t 0.1. 

 

Figure 2.5. Urban index �T based on municipal boundaries (swisstopo (Art. 30 GeoIV): 5704 000 000 / 
vector25@2012, reproduced with permission of swisstopo / JA100119) 

The minimal required dilution potential �T  of a catchment depends on the substance-specific EQS as 

well as the land uses. This is illustrated by plotting the municipal �T  against the total discharge time 
(SWO and CSO) in which the EQS is not exceeded (p���&������) in the dSFA model for Triclosan and 

Copper (Figure 2.6). The results show that a higher Urban Index �T also indicates a higher probability 
of exceeding the EQS. Glyphosate and Mecoprop are not shown, as no exceedance of the current EQS 
were found. When decreasing the EQS of Glyphosate and Mecoprop, a tendency for a higher 

probability of exceeding corresponding EQS can be seen with higher �T (SI Figure F.1 and F.2). To use 

�T  as a conservative proxy for insufficient local dilution, false negatives need to be avoided 

�T

�T
�T

�T
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(municipalities exceeding EQS despite a low �T). We, therefore, take a 10%-quantile, implying that 

ninety percent of municipalities with a �T greater than 0.035 for Copper and greater than 0.026 for 
Triclosan exceed the EQS at least 20% of the discharge time. Based on the evaluation of these two 

substances a �T��of around 0.03 indicates insufficient local dilution. Clearly, to further substantiate �T����as 

a proxy, more substances need to be analysed, which would reveal how much lower �T������needs to be in 
order to not exceed EQS for other, more critical substances. 

 

Figure 2.6. Urban Index vs. fraction of wet-weather discharge time in which the EQS is not exceeded for each 
municipality (transparent black dots). The dashed lines show the 10% and 50% quantile of all municipalities. 
Reading example for Copper (red arrow): 90% of all municipalities that exceed the EQS for Copper in at least 
20% (80% non-exceedance of EQS on y-axis) of the discharge time have an Urban Index greater than 0.035.  

The Urban Index gives an overview of the national distribution of settlements and the local dilution 
required in case of the anticipated wet-weather discharge loads. This provides a first estimate of the 
local dilution potential in cases where concentration measurements of wet-weather discharges are 
available but flow data is lacking. The Urban Index does not take into account the catchment-specific 
variability of land uses and pollutant sources. This variability can also be seen in the differences 
between the two pollutants Triclosan and Copper in Figure 2.6. Triclosan is only used in households 
and discharged pollutant loads do not directly depend on urban land use areas. This variability 
becomes apparent from the spread of the Toxic Unit of the municipalities in Figure 2.3c. Thus, a 
catchment has to be analyzed in more detail when �T��> 0.03 indicates a small local dilution potential. 
Both dSFA and �T��are potential screening tools, at different levels of detail, for highlighting critical 
discharge points. The numbers of critical discharge points based on a threshold of a maximum 
tolerable exceedance of the EQS in 20% of the discharge time are therefore compared for dSFA and 
�T��in Table 2.5.  

  



 Model-based screening for critical wet-weather discharges 

25 

Table 2.5. Number of potentially critical discharge points for dSFA and the Urban Index based on a defined 
threshold of a maximum tolerable exceedance of EQS in 20% of the discharge time. Total number of discharge 
points: 2,500. 

Screening Tool Threshold Number of critical discharge points 

dSFA p(�&<1) �t 0.8: EQS exceedance in 
maximum 20% of discharge time 

Triclosan Copper 

1,778 2,077 

Urban Index UI > 0.03 2,119 

 

Both screening tools (dSFA and the Urban Index) indicate up to 83% critical discharge points. On the 
other hand, at least 17% (Copper) or more of all discharge points are expected to be uncritical with the 
dSFA based on a threshold of not exceeding the EQS during 80% of the discharge time or more. 
Nevertheless, our results indicate that there could be many critical discharge points in reality when not 
relying on unpolluted dilution potential from upstream. This highlights the importance of further 
research on the effect of wet-weather discharges on receiving waters. 

2.3.8 Model validation and transferability to other areas 

The dSFA model framework provides a nationwide screening tool for wet-weather discharges of four 
selected substances and their effects on the environment. The dSFA CSO discharge concentration 
results for Copper show an interquartile of the median of all municipalities from 29 to 79���J L -1 
(median 55���J L-1). For Glyphosate an interquartile of the concentration median of all municipalities of 
3.8 to 9.2���J L-1 results in the dSFA (median 6��g/L). In comparison Gasperi et al. (2012b) reported 
event mean concentration in the range 86-134���J L-1 for Copper and 0.13-0.46���J L-1 for Glyphosate in 
CSO. This indicates a good agreement between dSFA for Copper, whereas the Glyphosate 
concentration is overestimated in the dSFA. An overestimation for Glyphosate is also found when 
comparing with measured loads by Wittmer et al. (2010) for a specific Swiss municipality (Section 
2.3.1 and Staufer et al. (2012)). In the dSFA fraction of substance washed-off garden areas was 
assumed 5% (combining wash-off from pervious and impervious surfaces; see SI C for details). This is 
higher than loss rates reported from agricultural application with pervious surfaces ranging from 0.1% 
to 1.4% (Leu et al. 2004). The comparison further shows an underestimation of the emitted Mecoprop 
loads (Section 2.3.1). Overall, the reported monitoring data is in appropriate agreement in view of the 
dSFA being a screen tool. In order to apply the dSFA model to other geographical areas, rain data in 
high resolution (e.g. 10 minutes), land use data and a characterization of the sewer system (percent of 
separate and combined system) is needed. Tank volumes and discharge amount treated by the STP can 
be estimated based on design standards. In addition to that, substance usage estimates (e.g. yearly 
substance load on national scale) are used as an input for the dSFA and can be country specific. 
Whereas, wash-off and accumulation behavior and parameters are found in literature and SI C. 

2.3.9 Model structure and simplifications 

The model produces a high-resolution time series which is important for predicting highly variable 
wet-weather discharges. Nevertheless, the model results have to be interpreted carefully and are 
suitable for the following purposes: (i) to detect emission hotspots on a national/regional scale; (ii) to 
compare pollutant emissions or sewage systems; (iii) to find catchments where the local dilution 
potential is insufficient based on conservative screening assumptions. The model cannot be used to 
return a high-resolution series of concentration times for one specific, real discharge point for a Swiss 
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municipality without further analysis of the local characteristics. Once the fluxes on the surfaces are 
determined, they enter the combined sewer system of the respective municipality. The model then 
simplifies the drainage systems: while the transformation of the wave is considered, the model 
neglects a number of in-sewer processes to make the computation efficient: (i) the spatial dimensions 
of the system; (ii) in-sewer storage; (iii) pumping stations; or (iv) pressurized systems. In addition, a 
single SWO and a single CSO represent the wet-weather discharge points for each municipality; these 
tank locations and volumes are based on general assumptions. A detailed evaluation of 208 Swiss 
municipalities showed that in reality only one CSO tank was present in 70% of these sewer systems. 
Although this is an appropriate way to assess aggregated information, the individual location and 
number of discharge points may vary significantly. The GIS-based spatial analysis cannot represent 
each individual system. However, it provides a reasonable representation of the variability (2,500 
municipalities studied) in the system with respect to (i) land-use, (ii) size of the system, and (iii) 
capacity of combined and separate sewage treatment consisting of the storage volume and the wet-
weather treatment at the STP. A specific catchment should therefore be modelled with more precise 
parameterization of catchment-specific properties and further parameter identification techniques. The 
input substance quantification in particular is associated with high uncertainty: despite the high 
uncertainty for a single discharge point (CSO, SWO), the nationwide analysis decreases the 
uncertainty thanks to spatial compensation (Benedetti et al. 2006, Petrucci et al. 2014). There is 
currently a lack of data on catchment-specific substance usage, land-use distribution and locations of 
wet-weather discharge points. So we have two options: either to look at an isolated catchment in detail, 
which requires a lot of effort and may not be representative of other catchments, or to screen for 
potential hot spots in order to prioritize where to look in more detail in a next step.  

2.4 Conclusions 

We screened SWO and CSO in 2,500 municipalities with our dSFA model and estimate that 17% of 
all discharge points are uncritical on the basis of conservative screening assumptions and a maximum 
tolerable EQS exceedance in 20% of the discharge time.  

i. How can we screen for potentially critical wet-weather discharge points? 

Our results imply that the dSFA is a conservative screening tool, as the actual dilution potential in the 
receiving water is not considered, i.e. it excludes unpolluted water from upstream. It consequently 
provides an indication as to whether a local urban settlement causes the EQS to be exceeded and 
would thus warrant further analysis. The dSFA model results show that up to 83% of the discharge 
points can exceed the EQS for Copper in at least 20% of the discharge time. This clearly indicates the 
need for further research on the contribution of wet-weather discharges to receiving waters. The effect 
assessment depends strongly on the substance characteristics (application amount in urban catchments, 
wash-off behaviour and EQS). Potentially more or less critical substances should therefore be studied.  

ii. How do SWO and CSO compare with regard to discharged micropollutants? 

The dSFA model hints that emission loads from SWO are higher than CSO for source-limited 
substances such as Glyphosate. In addition, the local effect assessment suggests a higher effect 
potential (lower emission load, higher Toxic Units) for SWO than CSO for rainfall-mobilized 
substances (Mecoprop, Glyphosate, Copper). However, due to the low EQS, the effect of the 
wastewater-borne substance Triclosan from CSO is in the same range as the rainfall-mobilized 
substances. 
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iii.  Can we find a proxy �± available area-wide on a national/regional scale �± to highlight catchments 
where the local dilution is insufficient to avoid the EQS being exceeded by wet-weather 
discharges?  

The dSFA model indicates that urban areas where Triclosan and Copper exceed the EQS often have an 
Urban Index >0.03. We could therefore reduce the discharge points for further analysis - 15% of all 
discharge points are indicated as being uncritical by the Urban Index. However, the Urban index does 
not consider land uses, pollutant accumulation and wash-off processes. Nevertheless, it can be used as 
a first indicator for insufficient local dilution where more detailed data is not available.  

Acknowledgements 

The authors thank the Swiss Federal Office for the Environment for funding this study (contract nr. 
09.0033.PJ/J405-1714). We gratefully acknowledge Max Maurer, Sven Eggimann, Christoph Egger 
(Eawag, SWW) and two anonymous reviewers (European Junior Scientist Workshop 2015) for their 
valuable comments on the manuscript.  

  



Chapter 2 

28 

 



 

 

 

 

Chapter 3  

PASSIVE SAMPLERS IN SEWERS AND RIVERS WITH HIGHLY 
FLUCTUATING MICROPOL LUTANT CONCENTRATION S �± 

BETTER THAN WE THOUG HT 

Postprint version: 

Mutzner Lenaa,b,c,d, Vermeirssen Etiënne L. M.a,b,d, Ort Christopha,b,c,d (2019). Journal of Hazardous 
Materials 361: 312-320. 

a Study concept and design; b Acquisition, analysis and interpretation of data; c Drafting of manuscript; 
d  Critical revision 

.  



Chapter 3 

30 

Graphical Abstract 

 

 

  



  Passive sampling fluctuating concentrations 

31 

Abstract 

Considerable pollutant loads can enter surface waters during rain events. Three factors challenge 
quantification of these pollutant fluxes using traditional sampling methods: (i) concentration 
fluctuations; (ii) unknown event duration; and (iii) placement, operation, and maintenance of 
equipment. Passive samplers offer the advantage of sampling in a continuous mode without power 
supply. However, variable uptake rates due to environmental factors and desorption in the case of 
fluctuating concentrations can affect the accuracy of time-weighted average (TWA) concentration 
estimates. While uncertainties related to environmental factors could be accounted for with additional 
effort, we can neither control nor quantify the concentration variability. We present measured and 
modelled concentration profiles at high temporal resolution and provide a systematic approach to 
assessing deviations from true TWA concentration due to fluctuating concentration profiles. We 
evaluate sampling of sewer overflows (0.3�±14h) with Chemcatcher and 1-week sampling in rivers. The 
uncertainty due to fluctuating concentrations is small, and other factors such as chemical analyses and 
sampler calibration have a similar or higher impact. The uncertainty due to fluctuations clearly 
increases with the sampling duration, particularly when exceeding the half-life of equilibrium. We 
conclude that passive sampling can also be used in wastewater systems with potentially high 
concentration variations.  

Keywords 

polar organic pollutant; Chemcatcher; sampling uncertainty; pesticide; pharmaceutical 

Abbreviations 

C Concentration of contaminant in the water (sewer or river) 

Ci(t) Concentration at time point i 

TWA Time-weighted average 

Ctrue True CTWA (based on Ci, no error associated to sampling and measurements) 

PS Passive sampler 

M.PS. Mass of contaminant measured or modelled on passive sampler 

CPS.meas CTWA measured via passive sampler  

CPS.mod CTWA modelled for passive sampler  

CComp.Sample CTWA in a composite sample (grab samples combined over a specific sampling period) 

 

  



Chapter 3 

32 

3.1 Introduction  

The discharge of wastewater, stormwater, and surface runoff from agricultural fields can adversely 
affect the quality of surface water. Increasingly, the focus is on micropollutants such as 
pharmaceuticals and pesticides (subsequently referred to as contaminants) that originate from a vast, 
uncounted number of discharge points (Musolff et al. 2010; Phillips et al. 2012; Moschet et al. 2014; 
Rippy et al. 2017). Therefore, effective sampling of these individual sources and surface waters is of 
major interest when evaluating and prioritizing further measures to reduce impacts of contaminants. 
Water concentrations of contaminants discharged from such points into surface waters can fluctuate 
substantially within short periods of minutes to hours. Concentrations of compounds such as pesticides 
occurring in runoff have been observed to range over two orders of magnitude or more in flood events 
(Wittmer et al. 2010; Doppler et al. 2014; Novic et al. 2017). These fluctuating concentrations together 
with event durations that are unknown a priori require high sampling resolutions to cover episodic 
peaks and thus challenge traditional sampling methods such as grab sampling and automated 
sampling.  

One alternative, passive sampling, offers several advantages. One is that a passive sampler is exposed 
to water continuously during the entire observation period. The mass collected on the passive sampler 
allows a time-weighted average (TWA) water concentration to be estimated. Various factors are 
known to influence the reliability of passive sampling results: (i) sampler set-up, installation, and 
storage; (ii) chemical analysis; (iii) calculation of the water concentration (sampler calibration); (iv) 
varying environmental conditions such as flow velocity, temperature, and matrix; and (v) fluctuating 
concentrations. A comprehensive interlaboratory study (Vrana et al. 2016) has shown that both 
chemical analysis and the calculation of water concentrations are major factors contributing to the 
overall variation observed among laboratories. Chemical analysis is becoming more accurate. Further, 
monitoring and reporting of environmental conditions is becoming more common, and performance 
reference compounds (Huckins et al. 2002) are increasingly studied to minimize uncertainty due to 
unknown environmental conditions. All these sources of uncertainty need further optimization. 
However, potentially high fluctuations of contaminant concentrations in water usually remain 
unknown. Therefore, it is important to quantify the contribution of uncertainty arising from fluctuating 
concentrations to time-weighted average (TWA) concentration estimates. Previous studies have 
examined the effect of selected peak events experimentally (Allan et al. 2007; Shaw and Mueller 
2009) as well as in the field (Birch et al. 2013; Fernandez et al. 2014; Skodova et al. 2016; Novic et al. 
2017). These studies cover all potential uncertainty factors, including uncertainty due to fluctuating 
concentrations (Figure 3.1).  

 
Figure 3.1. Illustration of the approach to determine the uncertainty due to fluctuating concentrations (#1). Measured and 
modelled concentrations Ci(t) at high temporal resolution are used to predict the mass uptake on the sampler disk MPS.mod. 
The resulting modelled passive sampler TWA concentration CPS.mod is compared with the true TWA concentration Ctrue. 
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However, these studies do not allow the effect of fluctuating concentrations to be separated from 
overall differences observed between passive samplers and composite water samples. Some works 
study the effect of modelled peaks (Gale 1998; Shaw and Mueller 2009; Morrison et al. 2016) or 
specific patterns (Hawker 2010), thus indicating the uncertainty due to fluctuations of aqueous 
concentrations. These measured and modelled peaks cover just a few selected examples of 
concentration fluctuations occurring in water systems. We expect that high temporal variations in short 
periods might contribute substantially to uncertainty, especially in wastewater systems. Therefore, the 
objective of our study was to systematically quantify the uncertainty in TWA concentration estimates 
from passive samplers due to concentration fluctuations (#1 in Figure 3.1). This was done with novel 
measured and modelled concentration profiles and compared our uncertainty estimates to other 
uncertainty factors (#3 in Figure 3.1). 

We focus on sampling in sewers, and we address three specific aspects: 

1. How much uncertainty must be expected from unknown, fluctuating concentration profiles 
when using a passive sampler to estimate TWA concentrations? We compared concentrations 
for passive samplers with true TWA (CPS.mod �< Ctrue, sections 3.2.1/3.2.2 and 3.3.1/3.3.2). 

2. How do characteristics of concentration patterns that are typically unknown influence 
uncertainty? We investigated the effect of event duration, the position of peaks, and the 
concentration variability (section 3.2.3 and 3.3.3).  

3. How accurate is a traditional composite sample when measuring fluctuating 
concentrations? Usually, composite samples are used as a reference (CCompSample �< Ctrue, section 
3.2.4 and 3.3.4).  

3.2 Experimental 

3.2.1 Field study: concentration fluctuations in sewers 

The study was conducted at three locations in different sewer systems. An auto-sampler and passive 
samplers were used simultaneously to monitor one rain event at each location (Figures SI 1-6 for 
installation setups, Table 3.2 for event characteristics).  

Table 3.1. Studied contaminants with logKow, model parameters: instantaneous sampling rate Rs and sampler 
water distribution coefficient KSW estimated for sewers (Eq.1). 

Contaminant name pKa logKowa (logDow 

pH 8) 
Rs b 
median 
 

KSW
b 

median 
t1/2

c
 

- - (L/d) (L/L)  (h) 
1.3-benzothiazole-2-sulfonate  -0.99 0.21 280 7.6 
Diclofenac 4.15 4.51 (0.66) 0.64 1,750 15.8 
Diuron  2.68 1.24 3,610 16.7 
Metolachlor  3.13 1.28 5,920 26.4 

apKa and experimental logKow were taken from www.pubchem.ncbi.nlm.nih.gov (accessed 01.03.2018). Distribution 
coefficients in brackets are normalized to the fraction of the neutral species at the pH of river water (pH=8), Dow(pH 
8)=1/(1+10�����í�S�.�D����)Kow,b(Mutzner et al. 2017), cEq. 3 in section 3.2.2 
 
At location 1, we sampled in a sewer pipe during wet weather. At location 2, we sampled in a sewer 
overflow at the overflow weir. Location 3 was a sewer by-pass in our experimental hall with a 
constant flow of real wastewater. Location 3 was also where the sampler uptake calibration experiment 
was performed (Mutzner et al. 2017). Location 1 was equipped with a discharge measurement device 
(FloDar 4000SR). Additionally, the water level was measured (MB7369 HRXL-MaxSonar-WRM) at 
locations 1 and 2. Three conditioned, replicate passive samplers (four replicate passive samplers at 
location 1) were exposed for the duration of the events, and four contaminants were studied. Water 
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samples were taken with automated sampling devices (Sigma 900MAX) every 5min, pooling four 
samples to a 20min composite sample in a glass bottle (total 24 bottles). To enhance transparency of 
evaluation, we assumed that the concentration in composite samples CComp.Sample are equal to Ctrue. This 
simplification is discussed in section 3.3.4. 

Preparation and extraction of passive sampler disks 

Before being exposed, styrene divinylbenzene passive samplers (Empore, SDB-RPS disks, 47 mm 
diameter) were preconditioned in methanol and in nanopure water (Vermeirssen et al. 2009). The disks 
were exposed in a metal housing with an one-sided exposed surface area of 12.6cm2 (Figure SI 1). 
After exposure, the whole disks were extracted with acetone and then methanol as described in 
(Vermeirssen et al. 2013). Structure-identical isotope-labelled standards were added directly after 
shaking the disks with acetone on the rotary shaker to also account for possible analyte loss during 
sample preparation steps. Extracts were evaporated to ca. 0.05mL and filled with nanopure water to 
0.5mL. 

Chemical Analysis 

All samples were stored at -20° C until analysis. Water samples from locations 1 and 2 were measured 
with an online-SPE-ESI-LC-HRMS/MS system (QExactive by Thermo Fisher Scientific Corporation) 
�X�V�L�Q�J�� �+�X�Q�W�V�F�K�D�� �H�W�� �D�O���¶�V�� �������������� �P�H�W�K�R�G (Huntscha et al. 2012). Chromatographic separation was 
performed with �D���:�D�W�H�U���$�W�O�D�Q�W�L�V���7�������������[���������P�P�������� ���P���S�D�U�W�L�F�O�H���V�L�]�H�������'�D�W�D��were generated in data-
dependent mode. Water samples from location 3 were measured on an Agilent 6495 triple quad mass 
spectrometer using ESI. Chromatographic separation was performed with a Waters Acquity UPLC 
�+�6�6���7���������[�������P�P���������������P���S�D�U�W�L�F�O�H���V�L�]�H�������'�D�W�D���D�F�T�X�L�V�L�W�L�R�Q���Z�D�V���D�Fhieved in dynamic MRM mode. All 
�S�D�V�V�L�Y�H�� �V�D�P�S�O�H�� �H�[�W�U�D�F�W�V�� �Z�H�U�H�� �G�L�U�H�F�W�O�\�� �L�Q�M�H�F�W�H�G�� ���������� ���/���� �D�Q�G�� �P�H�D�V�X�U�H�G�� �R�Q�� �W�K�H�� �4�(�[�D�F�W�L�Y�H�� �X�V�L�Q�J�� �W�K�H��
same LC-MS conditions as for the water samples. Quantification was done using the internal standard 
method. Structure-identical isotopic-labelled standards were available for all compounds except 1,3-
benzothiazole-2-sulfate. Here, Bezotriazole-D4 was used for quantification, and measured values were 
corrected by the relative recovery of this compound. Quality controls such as external reference 
standards, spiked samples for recoveries, blind, field blind controls, and filter blind controls were 
measured regularly during all measurement sequences. Further details on chemical analysis are given 
in SI Section C. 

3.2.2 Uncertainty due to fluctuating concentration patterns 

An exponential function is often used to describe the uptake of contaminant mass (MPS) on passive 
samplers (Eq. 1); here, Ci is the concentration in the water phase at time point i, VPS the passive 
sampler volume (344µL with 90% of the total mass as sorbent mass (Stephens et al. 2005)), and t the 
exposure duration.  

( ( ) )PS PS
S i

PS SW

dM M
R C t

dt V K
�  � �

�˜
 (1) 

When Ci is constant, two main uptake phases can be distinguished: (i) an almost linear integrative 
phase, where uptake is mainly controlled by the sampling rate RS, and (ii) an equilibrium phase, 
described by the sampler-water distribution coefficient KSW (e.g. Booij et al. 2007). Fluctuating 
concentrations complicate this picture, for example when aqueous concentrations suddenly drop after 
equilibrium has almost been reached. In such a case, desorption can occur due to a lower equilibrium. 
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Figure 3.2 illustrates an extreme case for a compound with a low t1/2 of 5.7h. In sewers and rivers, 
several peaks with varying durations can occur during a monitoring period.  

 
Figure 3.2. Example for an extreme case of equilibration and desorption on a passive sampler based on Eq. 1 (KSW = 1500, RS 
= 1.5L/d, t1/2 = 5.7h). Mass on passive sampler MPS(t) showing desorption due to equilibration. Equilibrium 1 of 258ng 
during the first part with high concentrations and a lower equilibrium 2 of 52ng due to lower concentrations in the second 
half of the time series. This results in an underprediction of the TWA concentration CPS.mod in comparison to the true TWA 
concentration Ctrue. 

Using measured or modelled concentration time series with known Ci(t) as input for Eq. 1, we 
determine the theoretical mass modelled MPS that should accumulate on the passive sampler, as shown 
in Figure 3.1. This MPS.mod allows the TWA concentration CPS to be back-calculated (Eq.2). The 
comparison of this modelled passive sampler TWA concentration CPS with the true TWA water 
concentration Ctrue quantifies the error solely due to fluctuating concentrations (#1 in Figure 3.1). In 
the following, we express this comparison as the ratio CPS/Ctrue and give the 80% interquantile range 
unless otherwise stated. In addition, the error CPS.mod.lin/Ctrue caused by neglecting desorption can be 
calculated by applying the linear model (Eq. 4). 
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This evaluation of the uncertainty due to fluctuating concentrations can be applied to high-resolution 
concentration patterns, both measured (section 3.2.1/3.3.1) and modelled (see subsequently and 3.3.2). 
Model calculation was performed in R (R Core Team 2017). 

Modelled concentration patterns for sewer overflows and rivers 

The concentration patterns measured in sewer overflows might only represent a few of the possible 
patterns. In contrast, modelled concentrations allow a higher number of observable patterns to be 
covered. In addition, we are able to extend our study to fluctuations in rivers. For sewer overflows, 
modelled mecoprop concentration patterns (Mutzner et al. 2016) were used to calculate MPS.mod for 
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each of 216,052 modelled events (10-minute resolution). Similarly, 2,199 modelled river 
concentrations interpolated to hourly resolution were used to estimate the ratio of CPS.mod/Ctrue for six 
contaminants for which modelled data was available: diuron and atrazine at 10min resolution for 7 
months, atrazine at 20min resolution for 5 years (Stamm et al. 2011; Wittmer et al. 2016), and 
isoproturon, metolachlor, and terbutylazine at 1h resolution in 12 locations for 1 year (Moser et al. 
2017). These modelled concentration patterns are potentially more representative for contaminants 
such as diuron and metolachlor that originate from surface runoff. This difference in contaminant 
behaviour is especially relevant for rivers, for which diclofenac is expected to display a more constant 
occurrence pattern. Further, the modelled concentration patterns rely on various model simplifications 
and thus cover only part of the complexity of contaminant release from many contributing sources. 
The modelled sewer overflow concentration patterns were applied to the four studied contaminants 
(Table 3.1). The periods of PS exposure considered were event-based, implying that CPS is evaluated 
over different durations (Table 3.2).  

�)�R�U�� �U�L�Y�H�U�V���� �D�Q���µ�H�Y�H�Q�W�¶�� �Z�D�V���G�H�I�L�Q�H�G���D�V���D��1-week deployment period, resulting in a constant evaluation 
interval (t=7 days). We looked at diuron and used instantaneous RS of 0.82L/d and KSW of 27,000L/L 
reported in literature for naked SDB-RPS disks in river conditions (Stephens et al. 2005; Stephens et 
al. 2009). We used literature values instead of our own values to account for typically lower flow rates 
in rivers of 0.2 to 0.5m/s. Flow rates are known to affect Rs (Vermeirssen et al. 2009).  

3.2.3 Pattern characteristics influencing deviations from true TWA concentration 

To investigate the effect of fluctuating patterns on the passive sampler concentration estimate CPS.mod, 
we characterize patterns with (i) the event length, in the case of event-based sewer overflow sampling; 
(ii)  the fluctuation of the concentration described by the coefficient of variation (CV, defined as the 
standard deviation divided by the mean); and (iii) the position of the peak described by the half-time 
ratio (htr). The htr was calculated as shown in Eq. 5 with n as the total length of the time series (see 
Figure SI 7 for calculation example).  

1 /2

/2 1

( ( ) )
log

( ( ) )
n

n n

sum C t
htr

sum C t
��

� � � �

� § � ·
�  � � � ¨ � ¸

� © � ¹
 (5) 

These three characteristics were used to describe the three events measured at locations 1,2, and 3 and 
the modelled sewer overflow and river concentration patterns (Table 3.2). 

Table 3.2. Characteristics of the measured and modelled high resolution concentration patterns for sewer and 
rivers. Values given in median (80% interquantile). Position of the peak (htr): A negative value signifies a peak 
in the beginning and a positive value a peak in the end. CS: composite sample, PS: passive sample 
 Length CV Position of peak 
 (h) (%)  (-) 
Measured locations   60 (44 �± 120) -0.5 (-1.1 �± 0.3) 
Location 1 (18.05.2016), v=1.4m/s 7.7 

  Location 2 (25.04.2017), v=0.75m/s CS: 7.7*, PS: 13.7 
Location 3 (28.06.2017), v=0.8m/s 8 
Modelled sewer overflow pattern 1.7 (0.3 �± 6.8) 11 (3 �± 39) -0.007 (-0.3 �± 0.3) 

Modelled river pattern 168 7 (1 �± 43) -0.003 (-0.2 �± 0.2) 
*The automated water sampling only partly covered the whole event of 13.7h (see Figure SI 4). 
 
We hypothesize that (i) a shorter event duration results in a smaller error, due to not having reached 
equilibrium; (ii) a more fluctuating concentration (high CV) leads to a larger error due to a higher 
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chance of desorption; and that (iii) a peak in the second half (positive htr value) leads to less 
desorption and thus a smaller error.  

3.2.4 Accuracy of composite samples 

As mentioned previously, the composite sample may not represent Ctrue. Therefore, we assess the 
effect of the time interval between samples collected for the composite sample, termed the sampling 
resolution, on the CTWA estimate from composite water samples for fluctuating concentrations. The 
uncertainty due to fluctuating concentrations in sewers during dry weather conditions has previously 
been studied by modelling grab sampling and predicting the error over a range of sampling time 
intervals (Ort et al. 2010). The error from all potential sources of uncertainty (#1-3 in Figure 3.1) was 
assessed using the field data for composite water sampling CCS.meas and passive sampler TWA 
concentration CPS.meas. 

3.3 Results and discussion 

Section 3.3.1 describes the measured high-resolution concentration patterns and assesses the 
uncertainty expected from fluctuating concentrations alone (as in section 3.2.2). The uncertainty due to 
other factors (#3 in Figure 1) is also assessed, since measurements for MPS are available. In section 
3.3.2, the method described in section 3.2.2 is applied to the modelled concentration patterns.  

3.3.1 Measured concentration patterns and expected uncertainty of time-weighted average 
concentration estimates due to fluctuating concentrations 

Twenty-minute composite samples collected at five-minute intervals reveal appreciable concentration 
fluctuations (Figure 3.3). The CVs of the 12 patterns range from 44% to 120%, indicating high 
variability of concentrations across all events and contaminants (Table 3.2). The interlocation (Figure 
3.3) comparison shows high variability in concentration ranges for 1.3-benzothiazole-2-sulfonate, 
diclofenac, and diuron. In general, no contaminant or location specific pattern is observable. Location 
1 was a sewer with potentially less complex sources of contaminants (5.7ha of solely residential area 
and short transport times), the patterns seem to exhibit source-specific behaviour. Diclofenac shows a 
distinct peak at the beginning (negative htr), while elevated diuron values appear towards the end 
(positive htr value). These observed variations at location 1 can be explained by contaminant-specific 
occurrence in urban sources. Diclofenac occurs mainly in the wastewater base flow, and as the 
sampling started 80min before elevated water levels were observed (see Figure SI 2), diclofenac is 
diluted during the actual surface runoff event. In contrast, 1.3-benzothiazole-2-suflonate, diuron and 
metolachlor are expected to be rain-driven and accordingly show a peak in location 1 as soon as the 
water level rises, indicating wash-off from surfaces. Interestingly, the diuron peak occurs very late and 
remains high over the last four hours of the event �± this is hypothesized to be due to the runoff-driven, 
lagged wash-off behaviour of facades, the main source of diuron (Wittmer et al. 2010). Although our 
5-minute sampling regime is thought to capture all short-term peaks, the 20-minute compositing 
period might lead to attenuated peaks (section 3.3.4). 
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Figure 3.3. Locations 1-3 measured with 20min resolution (four samples, �' t=5min) composite samples (Ci(t)): 
brown rectangles with solid line. Modelled mass on the disk (MPS.mod): solid green line. The mean measured 
mass on the passive samplers (MPS.meas) is shown with dark, green diamonds (whiskers show standard deviation; 
only partly shown if outside plotting range). The comparison of Ctrue with the modelled passive sampler CPS.mod 
covers the uncertainty due to fluctuating concentrations. 

The observed concentration fluctuations can lead to uncertainty which we evaluate as CPS.mod/Ctrue 
(Table 3.3). If the differences observed between passive sampling and composite water sampling in 
Figure 3.3 could be explained by the fluctuating concentration patterns, one would expect to observe 
values for CPS.meas that do not deviate more than -13% to +40% from the theoretical CPS.mod (Table 3.3). 
CPS.mod is determined from the measured high-resolution concentration Ci(t) and incorporates all 
desorption effects. However, we find that the uncertainty attributed to other factors, expressed by the 
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ratio CPS.meas /CPS.mod, ranges from 47% (metolachlor) to 180% (diclofenac); this clearly exceeds the 
uncertainty caused solely by fluctuating concentrations.  

Table 3.3. Uncertainty (expressed as ratio) of the measured and modelled passive sampling TWA concentration 
estimate: overall contaminants together. The mean of the samplers was used for measured passive sampling 
concentration CPS.meas. 
 Min  10%-quantile 90%-quantile Max 
 (%)  (%)  (%)  (%)  
Measured locations 1-3     
Uncertainty due to fluctuationsa  (#1 in Figure 3.1) 
CPS.mod/Ctrue

 87 89 105 140 
Uncertainty due to other factors (#3 in Figure 3.1) 
CPS.meas/CPS.mod 47 59 120 180 
Modelled sewer overflow pattern:  
Uncertainty due to fluctuations (#1 in Figure 3.1) 
CPS.mod/Ctrue 27 99.5 100.4 170 
CPS.mod.lin/Ctrue 9 83 99 100 
Modelled river pattern :  
Uncertainty due to fluctuations (#1 in Figure 3.1) 
CPS.mod/Ctrue

b 74 97 102 127 
aassuming the measured CComp.Sample is an approximation of Ctrue, 

bDiuron with RS=0.82L/d and KSW=27,000L/L 
 

The measured CPS.meas is lower than the theoretical CPS.mod for diuron (66%, 70%, 79%) and 
metolachlor (59%, 88%, 47%) in all three locations (Figure 3.3). Hence, this observed underestimation 
for diuron and metolachlor cannot be attributed to fluctuating concentrations either (ratio CPS.mod/Ctrue 
of diuron: 97%, 106%, 98% and metolachlor: 89%, 86%, 100%).  

3.3.2 Uncertainty of time-weighted average concentration estimates due to fluctuating 
concentrations for modelled concentration patterns 

In this section, the pattern-specific, modelled CPS.mod is compared to Ctrue to exclude other influencing 
uncertainty factors such as sampler set-up, chemical analysis, and calculation of water concentration. 
Passive sampling of sewer overflows shows a ratio CPS.mod/Ctrue of minimum 27% to maximum 170% 
(80%-interquantile 99.5-100.4%, Table 3.3). Nevertheless, in the majority of modelled sewer overflow 
event patterns, the deviation is smaller < 0.5% for all four contaminants (Figure 3.4).  

 
Figure 3.4. Predicted contaminant-specific ratios of CPS.mod/Ctrue for the modelled sewer overflow concentration 
pattern. Outliers are not shown; the whiskers show 1.5× interquartile range. Contaminants are sorted top to 
bottom from high to low t1/2. 

The modelled sewer overflow event patterns span 80% interquantile CVs of 3% to 39%. This is lower 
than for the twelve measured patterns, which had CVs of 44% to 120% (Table 3.2). This indicates the 
complexity of considering all contaminant sources and potential spills in model predictions of 
fluctuating concentrations.  
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Overall, the modelled uncertainty due to fluctations is small. The three measured events span a ratio of 
CPS.mod/Ctrue of 89% to 105% due to fluctuations, which is higher than for the modelled patterns of 
99.5% to 100.4% (80% interquantile). The modelled concentration patterns cover a high number of 
sewer overflow locations and rain events but do not specifically reflect the three sampling locations. 
This indicates that the extreme cases are more common than the modelled pattern indicates. 

The effects of RS and KSW and the integrative model approach 

The contaminant-specific model parameters for sampling rate, Rs, and sampler-water distribution 
coefficient, KSW, can cause the predicted ratio of CPS.mod/Ctrue to increase; this is the case for 1.3-
benzothiazole-2-sulfonate. A higher sampling rate, Rs and a lower KSW both result in equilibrium being 
reached more quickly, and thus the deviation of CPS.mod from Ctrue increases. 

Applying the solely integrative model with instantaneous Rs to the sampling of sewer overflows leads 
to a ratio CPS.mod.lin/Ctrue ranging from 83% to 99% (median 96.4%). This range is substantially broader 
than that predicted for the full model: 99.5% to 100.4%. The integrative model thus leads to higher 
deviations when calculating CPS.mod using Eq. 4, as many events are affected by equilibrium issues: 
peak concentrations followed by low concentrations, which can cause desorption. This shows that 
using the full model is the preferred option, because it produces results that are either comparable with 
the integrative model in the linear phase or more accurate when intermediate sampling phases occur. 
Technically, the full model is not more difficult to implement.  

3.3.3 Pattern characteristics influencing deviations from true TWA concentration 

As hypothesized, we find that the characteristics of the fluctuating concentrations influence the 
magnitude of the deviation of CPS.mod from Ctrue. Figure 3.5 shows this ratio for all modelled sewer 
patterns in relation to event length, CV, and position of the peaks for diclofenac and metolachlor (1.3-
benzothiazole-2-sufonate and diuron are shown in Figure SI 8). Each grey dot reflects the uncertainty 
CPS.mod/Ctrue due to concentration fluctuations for a single modelled concentrations pattern. The longer 
the event length is, the higher is the ratio of CPS.mod/Ctrue, as shown by the 10% and 90% quantile 
regression lines (Figure 3.5, left). The same applies for the concentration variability: the larger the 
CVs are, the more CPS.mod deviates from Ctrue (Figure 3.5, middle).  
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Figure 3.5. Predicted uncertainty due to fluctuating concentration CPS.mod/Ctrue for the modelled sewer 
concentration pattern (half-transparent grey point) in relation to event length [h], coefficient of variation (CV 
in %), and position of the peak (htr). The 10% and 90% quantile regressions are shown by the green solid lines; 
red dashed lines show htr = 0 and CPS.mod/Ctrue = 1. For comparison, the overall uncertainty (green triangles) of 
the measured passive sampling CPS.meas/CComp.Sample of locations 1-3 is shown. 

The effect of the position of the peak can be seen in Figure 3.5, right. A positive htr, indicating a peak 
at the end, leads to an overestimation of Ctrue, whereas a negative htr, indicating a peak at the 
beginning, leads to an underestimation of Ctrue. In summary, the absolute deviation from Ctrue depends 
strongly on the specific pattern characteristics. A further extreme case with very low KSW for the 
position of the peak is shown in Figure SI 9. 

Looking at the overall measured uncertainty of the ratio CPS.meas/CComp.Sample in relation to event length 
and CV, the ratios for metolachlor lie outside the quantile regression lines (Figure 3.5, left and 
middle). The observed underestimation of metolachlor cannot be explained by either the event length 
or the CV. In the case of diclofenac, the observed deviation lies within the extreme cases, and thus part 
of the deviation can be explained by the observed event-specific pattern. Interestingly, the position of 
the peak does not seem to be a good predictor of underestimation or overestimation for some of the 
contaminants, as seen for diclofenac (Figure 3.5, right).  

In summary, the overall uncertainty, expressed as the ratio of CPS.meas/CComp.Sample, ranges from 
minimum 47% to maximum 165% for sewers (Table 3.4), and the mean reported ratios for rivers 
range from 50% (Shaw and Mueller, 2009) to 260% (Fernandez et al. 2014). These can only partly be 
explained by the fluctuating concentrations that typically occur in sewers and river streams. The 
observed experimental and analytical parameter uncertainty and the uncertainty due to variable 
environmental conditions indicate similar or even higher uncertainty ranges. In addition, part of the 
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difference observed between passive sampling and composite water sampling can be attributed to 
uncertainties associated with the water sampling regime (CComp.Sample). The water sampling regime 
often does not cover the full concentration variability, and thus can lead to unrepresentative TWA 
concentration estimates. Therefore, when comparing passive sampling CPS.meas with active sampling 
CComp.Sample, it should also be considered that the measured CComp.Sample may not represent Ctrue (section 
3.3.4). 

3.3.4 Accuracy of composite samples 

Fluctuating concentrations and other factors imply that both CPS.meas and CComp.Sample are only 
approximations of Ctrue. The question arising is how accurate passive sampling is in comparison to 
high-resolution grab sampling, leaving aside other influencing factors such as sample preparation, 
accuracy and precision of chemical analyses, and passive sampler calibration. CComp.Sample can deviate 
from Ctrue due to (i) the sampling resolution, how often a sample is taken to form a composite sample 
over the entire period, and (ii) the time span that the composite sample covers. For composite 
sampling of sewer overflows, the ratio CComp.Sample/Ctrue is between 98% to 102% for 15-min sampling 
intervals and 86% to 110% for 120-min sampling intervals. To be in the same uncertainty range as 
modelled for passive sampling (CPS.mod/Ctrue of 99.5% to 100.3%), then, sampling intervals should not 
exceed 15min. However, the measured concentration patterns indicate a higher concentration 
variability than the modelled patterns (section 3.3.2), so sampling intervals <10min are recommended.  

Table 3.4. Uncertainty, expressed as ratio, of the composite water TWA concentration estimate for the modelled 
pattern (uncertainty due to fluctuations, #1 in Figure 3.1) and measured overall uncertainty (#1-3 in Figure 3.1). 
 Min  10%-quantile 90%-quantile Max 
 (%)  (%)  (%)  (%)  
Measured locations 1-3: Overall uncertainty (#1-3 in Figure 3.1) 
CPS.meas/CComp.Sample.meas 47 54 110 165 

Modelled sewer overflow pattern: Uncertainty due to fluctuations (#1 in Figure 3.1) 
CComp.Sample/Ctrue �ût=15min 28 98 102 160 
CComp.Sample/Ctrue �ût=120min 1.3 86 110 590 

Modelled river pattern : Uncertainty due to fluctuations (#1 in Figure 3.1) 
Ccomp.sample/Ctrue �û�W� �����K 0.001 94 106 510 
Ccomp.sample/Ctrue �û�W� �����K���I�R�U���&�9�!������ 27 88 105 270 
 

3.3.5 Surface waters: Uncertainty due to fluctuating concentrations for modelled 
concentration patterns 

For diuron, the uncertainty due to fluctuating concentrations CPS.mod/Ctrue ranges from 97% to 102% 
(Table 3.3). The slightly higher ratio of CPS.mod/Ctrue for river sampling than for sewer sampling can be 
explained by the sampling duration of a week, which is in a similar range as the reported t1/2 of 7.9 
days. The predicted uncertainty due to fluctuations will also increase for other contaminants with 
lower t1/2 values. In rivers, longer periods with low concentrations can occur during dry weather, so 
desorption may affect CPS.mod more than with sampling in sewers.  

One-week composite sampling of rivers taking a sample every second day (based on concentration 
resolution of one hour) leads to an estimated ratio CCcomp.Sample/Ctrue of 94% to 106% (Table 3.4). The 
predicted ratio for passive samplers of CPS.mod/ Ctrue for diuron in rivers of 97% to 102% is in a similar 
range. A grab sample every second day might be an appropriate sampling scheme for baseline 
concentrations. For concentration peaks that might pose a higher eco-toxicological risk for aquatic 
organisms, the extreme cases with higher peaks are of interest. Therefore, we looked at a subset of the 
data in which CVs were higher than the mean of 20%, resulting in 455 concentration patterns (1-week 
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sampling). Here we find that a sample every 12h or more frequent would be required to bring the 
deviation into the same range as predicted for passive samplers. 

3.4 Conclusions 

The theoretical effects of integrative sampler uptake and desorption for simple cases is well 
understood. However, the extent to which unknown, complex fluctuations in concentration affect the 
estimation of TWA concentrations is less obvious. We find evidence that concentration fluctuations in 
sewers cannot explain the overall observed difference between measured passive sampler and 
composite water sample TWA concentrations. Using a high number of modelled patterns, we find that 
the effect of fluctuating concentrations on the TWA concentration estimate from passive samplers is 
small (<1% for sewer sampling and <3% for one-weekly river sampling). For our scenarios, we find 
low uncertainties associated with fluctuating concentrations, provided that the sampler operates in 
integrative mode (i.e., event durations do not substantially exceed t1/2) and calibration is appropriate 
for environmental conditions. Our results clearly show that uncertainty increases with higher event 
duration or an early or late peak. In general, the calibrated full-uptake model leads to more reliable 
results across variable sampling durations and for fluctuating concentrations. By extending the 
integrative phase, for instance by mounting a membrane, sampling uncertainty in rivers could be 
further reduced, depending on the sampling duration. However, the effect of uptake lag would have to 
be studied. The transferability of our finding to other contaminants depends strongly on contaminant 
properties and behaviour in aquatic systems.  

In summary, we find indication that the uncertainty due to fluctuating concentrations is small, with a 
maximum range of 87% to 140% for the measured sewer locations. Other factors such as matrix, 
environmental conditions, and chemical analysis have a similar or even higher impact on 
concentration estimates. The effect of the matrix on contaminant uptake needs to be studied in more 
detail. We conclude that passive samplers seem to provide useful concentration estimates for wet-
weather events in wastewater systems with substantial short-term concentration fluctuations.  
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Abstract 

Contaminants in sewer overflows can contribute to exceeding environmental quality standards, thus 
the quantification of contaminants during rainfall events is of relevance. However, monitoring is 
challenged by i) high spatiotemporal variability of contaminants in events of hard-to-predict durations, 
and ii) a large number of remote sites, which would imply enormous efforts with traditional sampling 
equipment. Therefore, we evaluate the applicability of passive samplers (Empore 
styrenedivinylbenzene reverse phase sulfonated (SDB-RPS)) to monitor a set of 13 polar organic 
contaminants. We present calibration experiments at high temporal resolution to assess the rate 
limiting accumulation mechanisms for short events (<36h), report parameters for typical sewer 
conditions and compare passive samplers with composite water samples in a field study (three 
locations, total 10 events). With sampling rates of 0.35 to 3.5L/d for one hour reference time, our 
calibration results indicate a high sensitivity of passive samplers to sample short, highly variable sewer 
overflows. The contaminant uptake kinetic shows a fast initial accumulation, which is not well 
represented with the typical first-order model. Our results indicate that mass transfer to passive 
samplers is either controlled by the water boundary layer and the sorbent, or by the sorbent alone. 
Overall, passive sampler concentration estimates are within a factor 0.4 to 3.1 in comparison to 
composite water samples in the field study. We conclude that passive samplers are a promising 
approach to monitor a large number of discharge sites although it cannot replace traditional 
stormwater quality sampling in some cases (e.g. exact load estimates, high temporal resolution). 
Passive samplers facilitate identifying and prioritizing locations that may require more detailed 
investigations. 

Keywords 

polar organic pollutant; Chemcatcher; monitoring; pesticide, pharmaceutical 

Abbreviations 

PS Passive sampler 

WS Water sample 

EQS Environmental quality standard 

LOQ Limit of quantification 

C Concentration of contaminant in the water 

C(t) Concentration of contaminant at time point t 

TWA Time-weighted average 

MPS Mass of contaminant measured on passive sampler 

CPS CTWA calculated from MPS  

CComp.Sample CTWA in a composite sample (grab samples combined over a specific sampling period) 

SDB-RPS Styrenedivinylbenzene reverse phase sulfonated 

POCIS Polar organic chemical integrative sampler 
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4.1 Introduction  

In case of rain events, untreated wastewater and stormwater may be discharged via sewer overflows to 
creeks and lakes, when the hydraulic capacity of either wastewater treatment plant or of sewer system 
locally is exceeded. These sewer overflows can negatively impact natural aquatic environments since 
organic pollutant concentrations may exceed environmental quality standards (Launay et al. 2016; 
Mutzner et al. 2016; Risch et al. 2018; Brudler et al. 2019). In stormwater, the occurrence of polar 
organic pollutants (pharmaceuticals, pesticides subsequent referred to as contaminants) depends 
strongly on local factors, including land use, substance application, rain fall intensity and duration, as 
well as dry periods between storms. This high spatiotemporal variability was shown in a number of 
recent studies (Zgheib et al. 2011; Wicke et al. 2014; Becouze-Lareure et al. 2015; Rippy et al. 2017; 
Burant et al. 2018; Fairbairn et al. 2018). This variability challenges an efficient monitoring in 
combination with a large number of sewer overflow sites. 

One promising option to overcome these challenges is passive sampling, where accumulation of 
contaminants is based on the concentration difference between the receiving passive sampler sorbent 
and the water phase. The rate limiting step for contaminant accumulation can be diffusion through i) 
the water boundary layer, ii) biofilms, iii) membranes and iv) the sampler sorbent (Huckins et al. 
2006; Booij et al. 2007). Thus, accumulation on passive samplers depend on contaminant properties, 
matrix of sampled water and environmental conditions for which passive samplers need to be 
calibrated before exposure. This calibration in combination with knowledge of the accumulation 
mechanisms of passive samplers allows the estimation of time-weighted average (TWA) water 
concentrations. However, the mechanisms of accumulation and desorption of polar contaminants into 
passive samplers are still not fully understood (Miège et al. 2015), particularly for short durations 
(<1d). To date, contaminant concentrations in sewer overflows have mainly been monitored with 
traditional sampling methods such as grab samples and auto-samplers which have their short-comings. 
Grab samples collected at a few time points are likely to not properly cover the high fluctuations of 
rain-driven wet-weather discharges (Ort et al. 2010). Water collection with auto-samplers is 
logistically and financially very costly (Alvarez et al. 2005; Vrana et al. 2005) and, therefore, covering 
a high number of sewer overflow sites is often not possible. TWA concentrations are not sufficient to 
estimate contaminant loads in case of highly fluctuating concentrations and flows, nevertheless it is 
often beneficial to have TWA concentration information instead no information. 

The Chemcatcher® sampler (Kingston et al. 2000) is one of two common designs used to sample polar 
organic contaminants (Miège et al. 2015). For the monitoring of short duration pollution events, Shaw 
and Mueller (2009) suggested the use of styrenedivinylbenzene reverse phase sulfonated disks (SDB-
RPS) without polyethersulfone (PES) membrane to obtain a high mass uptake of the passive samplers. 
As no biofilm build-up is expected for short exposures (minutes to hours), the contaminant mass 
transfer in sewer overflow is assumed to be limited by the water boundary layer or the sampler sorbent. 
Previous calibration studies with SDB-RPS disks and polar organic pollutants were conducted at flow 
velocities <0.2m/s (Stephens et al. 2005; Stephens et al. 2009; Vermeirssen et al. 2013). However, 
flow velocities in sewer systems can be higher and, contaminant accumulation may not be water 
boundary layer controlled at higher flow velocities (Green and Abraham 2000; Booij and Chen 2018).  

Recent studies have shown, that passive samplers accumulate polar organic contaminants in 
wastewater treatment plant influent and effluents over periods of days (Vermeirssen et al. 2009; 
Harman et al. 2011; Petrie et al. 2016; Skodova et al. 2016; Baz-Lomba et al. 2017). Another study 
monitored heavy metals in a storm sewer with a flow-through passive sampler (Birch et al. 2013). 
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Results show a good agreement of passive sampling results with volume-proportionally pooled 
samples. In addition, our previous findings showed that passive samplers are suitable for sampling 
fluctuating concentrations (Mutzner et al. 2019). These results indicate that passive samplers could be 
used to monitor highly variable, short duration storm events in sewer overflows. However, very 
limited experimental and field performance data is available so far.  

Therefore, the motivation of our study is to systematically determine the applicability of passive 
samplers to monitor polar organic contaminants in short (minutes to hours), highly variable (event 
duration and concentration fluctuations) sewer overflows. We aim to understand accumulation 
mechanisms and to report calibration parameters for sewer conditions to enable future monitoring 
studies. The three main questions of this study are: 

i. Are contaminant concentrations in the range of environmental quality standards 
quantifiable in relatively short, highly variable events?  

ii. What model is suitable to describe the accumulation mechanism on passive samplers for 
short exposures? 

iii.  How do time-weighted average concentration estimates in discharge events from passive 
samplers compare to concentrations measured in traditionally collected composite water 
samples (field validation)? 

4.2 Theory 

4.2.1 First -order accumulation kinetics 

A first-order differential equation is often used to describe the uptake of contaminant mass MPS [ng] on 
passive samplers. The change of the contaminant mass is described as  
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where the concentration in the water phase at time point t [d] is denoted C(t), m represents passive 
sampler mass (Empore, SDB-RPS; 332x10-6kg), RS [L/d]  the sampling rate, and KSW the sampler-water 
distribution coefficient [L/kg] . Eq. 1 describes the contaminant mass flux as linearly proportional to 
the concentration difference between water and sorbent. Under the assumption that the concentration 
in the water phase is constant over time, i.e. �%�:�P�; 
L �%, the solution of Eq. 1 is expressed as 
exponential function.  
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For small t the above Eq. 2 approaches: 
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4.2.2 Sorbent controlled kinetics 

The first-order model of Eq. 1 is valid if the flux of contaminant is controlled by the water boundary 
layer (Stephens et al. 2005; Belles et al. 2014). However, if the flux is sorbent controlled instead, the 
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mass transfer for short time limits can be described by diffusion into a semi-infinite medium (Eq. 3.15 
in Crank 1975), as 

�/ �É�Ì 
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With the diffusion coefficient D and the density of the sorbent �é. For intermediate cases between 
water boundary layer and sorbent controlled uptake, Belles et al. (2014) suggested a semi-empirical 
model for the passive sampler Nylon-POCIS (Polar organic chemical integrative sampler). A slightly 
adapted version of this semi-empirical model can be used to describe mixed rate controlled uptake as 
follows 

�/ �É�Ì 
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where k [L/kg/hn] is the rate constant and n allows identifying rate controlling transport steps (Belles 
et al. 2014; Tran et al. 2017). If n is estimated to be close to 0.5 the transport is governed by the 
sorbent (Eq. 4). For n close to 1, the transport process follows the water boundary layer controlled 
model of Eq. 1. For n between 0.5 and 1 the mass uptake on the passive sampler is a mixed rate 
controlled uptake. An exact model for the case of mixed rate control by the sorbent and the water 
boundary layer is given by Crank (1975, Eq. 4.53). Because this model is computationally quite 
demanding, we prefer to use the semi-empirical Eq. 5, with 0.5<n<1. It must be noted, however, that 
Eq. 5 can only be applied in the short time limit, because n  decreases with time as equilibrium is 
gradually attained (i.e., n=0 at equilibrium). 

4.3 Material and methods 

4.3.1 Passive sampler calibration for short exposures in wastewater 

Two calibration experiments were conducted to assess the sorption accumulation behaviour of passive 
samplers during short exposures in a groundwater-wastewater mixture to mimic a stormwater matrix 
(Figure 4.1). Passive samplers (Empore, SDB-RPS disks, 47mm diameter, 0.5mm thickness, total disk 
surface area of 17.3cm2) were exposed in raw wastewater in a flow channel (Experiment I, II) with 
flow direction parallel to the exposed disk (Figure SI 1). Duplicates of pre-conditioned passive 
samplers were exposed for time intervals of minutes to 36h. The passive samplers were mounted 
between stainless steel plates with a one-sided exposed surface area of 12.6cm2 circular opening as 
detailed in Vermeirssen et al. (2013).  

Figure 4.1. Overview on passive sampler accumulation Experiment I and II with the mean (± standard 
deviation) of flow velocity v, temperature T and pH. All Samplers were exposed at time point 0. x: removal of 
duplicate passive samplers (PS) and 100mL water samples (WS), *duplicate experimental controls (not exposed) 

Flow velocity, temperature (US TMC 20-HD, 1 min resolution) and pH (WTW Multi 3320, every 
30min) were measured throughout all experiments and remained constant over the course of the 
individual experiments (Figure 4.1). The flow velocity was measured manually at the sampler surface 

Matrix Sample
0 5 15 30 60 120 180 240 300 420 480 840 144018002160

PS * x x x x
WS x x x x

PS * x x x x x x x x x x x
WS x x x x x x x x x

Retrival Time [min]

Experiment I: v = 0.75-0.80m/s, T = 17.9 (±0.8)°C , pH = 8.3 (± 0.1)

100% wastewater

Experiment II: v = 0.78-0.85m/s, T = 15.6°C  (± 0.4), pH = 8.0 (± 0.2)
20% wastewater 
80% groundwater
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with a handheld magnetic-inductive meter (OTT MF pro). In addition, duplicate experimental control 
passive samplers were treated the same way as the others samplers (preparation, mounting, transport, 
handling at the experimental site) but without exposure in the flow channel before extraction. 

Experiments on accumulation behaviour during short exposures 

The flow channel (length: 340cm, width: 6cm, water level: 11cm) was supplied with raw wastewater 
from a close by sewer and operated in batch mode by recirculating raw wastewater from a well-mixed 
750L tank. Before the start of the experiments, 100mL wastewater sample was taken to assess the 
background contaminant concentration. At the beginning of the experiments, 13 contaminants were 
spiked to the tank with a target concentration of 2,000 ng/L (Table 4.1 for list of contaminants). Then 
passive samplers were installed in duplicates in the middle of the flow channel (Figure SI 12). 

Experiment I was conducted with 100% wastewater pumped from a close by sewer and passive 
samplers were exposed for different time intervals up to seven hours. In Experiment I, we also 
assessed the effect of keeping passive samplers dry before and/or after exposure. This aspect was 
looked at because the objective was to install passive samplers in advance of the occurrence of a 
discharge event. Therefore, duplicate pre-conditioned passive samplers were kept in dry conditions in 
the sewer system for one and two weeks before being exposed in the flow channel. Also, duplicate 
passive samplers were stored in background wastewater for five hours or kept dry for five hours after 
exposure (SI section A).  

In Experiment II passive samplers were exposed in the flow channel in shorter time intervals to assess 
the uptake behaviour in the first two hours. Experiment II also served to cover a longer exposure 
duration of 36h. 20% wastewater was pumped from a close by sewer and diluted with groundwater to 
mimic stormwater conditions. The real ratio of wastewater to groundwater in stormwater is highly 
variable due to variations in rainfall intensities and wastewater flow amounts.  

Parameter estimation for calibration experiments 

For the first-order model the parameters RS and KSW were estimated for Experiment II and both 
experiments (I and II) simultaneously with Bayesian inference. To account for fluctuating water 
concentrations during the calibration experiments (section 4.3.1) the differential equation Eq. 1 was 
solved numerically using the R package deSolve (Soetaert et al. 2010). For parameter estimation of the 
mixed rate control model, the TWA concentration CComp.Sample over the experiments was used in Eq. 5. 
The parameters k and n were estimated for Experiment II as well as both flow channel experiments (I 
and II) simultaneously with Bayesian inference (Table SI 1 for parameter priors). An additive normal 
distributed error was assumed and uniform priors for the parameters. As the data systematically 
deviates for the first-order model also the selection relative error would not lead to a better model fit 
over the whole time (section 4.4.1). The inference was performed with the R package adaptMCMC 
(Scheidegger 2018) in R version 3.4.3 (R Core Team 2017). Four Markov chain Monte Carlo chains 
of length 20,000 were calculated for parameters inference as well as the confidence and prediction 
intervals. 

4.3.2 Field study: comparability of passive and composite water samples 

The field study was conducted at three locations in different sewer systems as described in Mutzner et 
al. (2019). An auto-sampler and passive samplers were used simultaneously at each location to 
compare results. At location 1, we sampled in a sewer pipe (measured flow velocity 1.0-1.4m/s, 
FloDar 4000SR). At location 2, we sampled in a sewer overflow at the overflow weir (calculated flow 
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velocity based on water level and weir crest formula by Poleni is approximately 0.75m/s). Location 3 
was a sewer by-pass (flow channel, section 4.3.1) in our experimental hall with a constant flow of 
wastewater (measured flow velocity 0.8m/s, manually with OTT MF pro). Location 3 was also where 
the sampler uptake calibration Experiments I and II were performed (section 4.3.1). Water samples 
were taken every 5min, pooling four samples to a 20min composite sample in a glass bottle (total 24 
bottles). These single composite samples were combined to give the TWA concentration CComp.Sample 

over the sampled storm event. In total ten events with duration of 0.9h to 18h were monitored with 2-4 
replicate passive samplers in comparison to composite water samples (Table SI 3). The TWA 
concentration CPS in the event is calculated based on the measured mass MPS using the mixed rate 
control model (Eq. 5). The parameter values k and n are based on 50%-quantile parameter estimate of 
the calibration Experiments I and II. 

Passive sampler installation in sewer systems 

Pre-conditioned, replicate passive samplers were exposed for the duration of the storm events, and 13 
contaminants were studied (Table 4.1). In addition, field control passive samplers were treated the 
same way as the others samplers (preparation, mounting, transport, handling at the field) but without 
exposure before extraction. Preliminary assessments in calibration Experiment I showed that the 
passive samplers have to be kept in wet condition prior to exposure (Figure SI 3). Thus, we designed 
the mounting plates to be installed horizontally to keep passive samplers wetted with nanopure water 
before the storm event (Figure 4.2, technical dimensions in Figure SI 12). The passive samplers were 
fixed with the same stainless steel plates (one-sided opening of 12.6cm2) as used for the calibration 
experiments (Figure 4.2B and section 4.3.1). In location 1, the mounting plate was installed 10cm 
above the dry weather wastewater flow in the sewer to sample stormwater runoff (Figure SI 9). At 
location 2, the mounting plate was installed directly on the weir crest (Figure 4.2A). At location 3, the 
sampler holder was stored in nanopure water until the start of the storm event and was then installed 
manually on the wall of the flow channel (Figure SI 12: vertically, locations 1 and 2 horizontally).  

A  

 

B 

 
Figure 4.2. A. Installation of passive sampler holder with triplicate SDB-RPS disks on sewer overflow weir crest 
(location 2). B. Mounting plate and passive sampler disks after exposure in sewer overflow, left: with cover plate, 
middle: cover plate removed, right: cover plate and passive sampler removed. 

4.3.3 Sample preparation, extraction and analysis 

Passive sampler preparation and extraction 

Before being exposed, Empore SDB-RPS disks were preconditioned in methanol (LC/MS grade, 
�2�S�W�L�P�D�Œ����Fisher Scientific, Switzerland) and in nanopure water (Vermeirssen et al. 2009). After 
exposure, the whole disks were extracted with acetone and then methanol (both LC/MS grade, 
�2�S�W�L�P�D�Œ�����)�L�V�K�H�U���6�F�L�H�Q�W�L�I�L�F�����6�Z�L�W�]�H�U�O�D�Q�G) as described in Vermeirssen et al. (2013). Structure-identical 
isotope-labelled standards (>98% purity) were added directly after shaking the disks with acetone on 
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the rotary shaker to also account for possible analyte loss during sample preparation steps such as 
filtration and transfer by pipettes. Extracts from the calibration Experiment I and II were evaporated to 
ca. 0.1mL and filled with nanopoure water to 1mL, extracts from the field study were evaporated to ca. 
0.05mL and filled with nanopure water to 0.5mL.  

Investigated contaminants 

The contaminants were selected based on the following criteria (Table 4.1 for list of contaminants): i) 
representative for a specific urban source, ii) previously reported in stormwater and wastewater in 
sufficient quantities, iii) polar organic contaminants with main transport in water phase (logKow < 4), 
iii ) ecotoxicologically relevant for the aquatic environment. 

Chemical analysis 

All passive and water samples were stored at -20° C until analysis. The samples were measured with 
high performance liquid chromatography coupled to tandem mass spectrometry systems (high 
resolution and triple quadrupole) using electrospray as ionization source (HPLC-ESI-HRMS/MS) with 
the method described in Huntscha et al. (2012). Quantification was done via target screening using 
reference standards for each contaminant and isotope-labeled internal standards (ISTD). Twelve of the 
13 investigated contaminants had their own, structure identical isotope labeled standard, only 1,3-
Benzothiazole-2-sulfonic acid was quantified with a structure non identical ISTD (benzotriazole) and, 
therefore, corrected by relative recovery. Quality controls were measured during all measurement 
sequences. An external reference standard mix showed relative recoveries of 80-120 %, spiked 
samples from 70-130 % for most compounds (except clarithromycin, diazinon and 1,3-Benzothiazole-
2-sulfonic-acid, which showed slightly elevated relative recoveries). Blind controls (field blind, filter 
blind) did not show detects for most compounds. If compounds were detected in blind controls (e. g. 
benzotriazole), the LOQ (limit of quantification) was increased to at least three times the highest 
detected blind concentration. Further details on chemical analysis are given in SI Section C. 

4.4 Results and discussion 

4.4.1 Passive sampler calibration for  short exposures in wastewater 

The water concentrations remained relatively constant throughout the calibration experiments for most 
contaminants with coefficients of variations (CV) below 10% (Figure SI 6). Clarithromycin showed a 
decreasing water concentration during both experiments and diazinon showed a decreasing water 
concentration in Experiment II. This decrease is assumed to be due to degradation during the 
recirculation in the flow channel, for wastewater treatment plants the removal was reported 50% for 
diazinon (Singer et al. 2010) and 70% for clarithromycin (Senta et al. 2013). Carbamazepine had a 
concentration increase over time in both experiments. Possible explanations for this increase could be 
remobilization from particles or back-transformation from metabolites (Bahlmann et al. 2014; Launay 
et al. 2016).  

Accumulation does not follow first-order kinetics 

The first-order model (Eq. 1) poorly described the fast initial accumulation (burst), as shown for 
metolachlor and carbendazim in Figure 4.3A. This fast initial accumulation lead to detection of all 
contaminants after five minutes with accumulated mass between 3.3ng/disk (clarithromycin) and 
35ng/disk (benzotriazole). The first-order model systematically underestimated the accumulated mass 
in the initial exposure hours and the duration of this underestimation depends on the overall time 
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chosen for the model fit (Figure 4.3C, Figure SI 5 shows first-order model fit for 8h). As a result, 
application of the model to samplers exposed for 1h lead to an overestimation of the water 
concentration by a factor 2 (mean over all contaminants). In addition, KSW are most likely higher than 
predicted, as the first-order model interprets a decrease in uptake as a sign of equilibration, however, 
this could be also interpreted as increasing resistance of the sorbent. 

As can be seen from Figure 4.3A + C, the accumulation behaviour does not follow first-order kinetics 
in the first exposure hours. Therefore, the contaminant mass transfer seems to not be limited by the 
water boundary layer. The water boundary layer thickness depends on the hydrodynamics (Green and 
Abraham 2000; Vermeirssen et al. 2008; Booij and Chen 2018). In the flow channel experiments the 
flow velocities were higher than in previous studies and, thus the resistance of water boundary layer 
played less of a role for uptake. A similar fast initial accumulation over longer time scales (e.g. one 
day) was observed in previous studies for polar contaminants for POCIS (Mazzella et al. 2007; Belles 
et al. 2014; Fauvelle et al. 2014) and for SDB-RPS disks (Shaw et al. 2009; Vermeirssen et al. 2013).  

Mixed water boundary-sorbent controlled kinetics 

In one study the observed fast initial accumulation is attributed to sorbent-control as the limiting 
transport process (Belles et al. 2014). If the uptake kinetic is sorbent controlled, the accumulated mass 
is expected to be proportional to the square root of time, thus n = 0.5 in Eq. 5. The application of the 
mixed rate control model is shown for metolachlor and carbendazim in Figure 4.3B (all contaminants 
in Figure SI 6). The mixed rate control model gives a better description of the data than the first order 
model, because the residual errors are smaller and more homogeneously distributed (Figure 4.3C + D). 
As a result, both contaminants show an improved model fit of the fast initial accumulation, which 
indicates that sorbent control might play a role, especially for carbendazim with n = 0.55 (Figure 4.3D). 
Contaminants with higher n values show a better fit for the traditional first-order model, as for 
example for metolachlor with n = 0.7 (Figure 4.3A+B).  

The contaminant specific n ranges from 0.43 to 0.71 with a mean of 0.59 (Table 4.1). Therefore, for 
contaminants with 0. 5< n <1 the transport process seems controlled by a multi-step mechanism with 
water boundary layer diffusion and sorbent diffusion. The TWA water concentration estimate for short 
exposures were substantially improved by using the mixed rate control model with tn (Eq. 5). For 
further usage for sewer overflows this model was fitted for both Experiment I and II simultaneously, 
resulting in n = 0.52 to 0.88 with a mean of 0.67 (Table 4.1, Figure SI 6). However, this model does 
not take into account that accumulation rates decrease over time when equilibrium is gradually 
approached. Thus, the mixed rate control model would need to be adopted for longer exposure 
durations by taking into account mixed diffusion accumulation (Crank 1975). 
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Figure 4.3. Accumulation for metolachlor and carbendazim for calibration Experiment II. Measured mass MPS 
on duplicate passive sampler (points) and modelled uptake behaviour (solid line). Dashed, blue line: water 
concentration C(t), dark shaded bands: 80%-confidence intervals, light shaded bands: 80%-prediction intervals. 
Model parameter estimates are fitted or Experiment II only to show accumulation mechanisms. A. First-order 
model (Eq. 1) based on parameter estimates for 36h: metolachlor: instantaneous RS=1.4L/d, KSW =5,110L/kg and 
carbendazime: instantaneous RS=0.9L/d, KSW =1,090L/kg B. Mixed rate control model: water boundary layer-
sorbent controlled (Eq. 5). C. Residuals for the first-order model and D. for the mixed rate control model. 

Comparison of sampling rates RS  

We found very high sampling rates RS at the beginning of exposure after 1h of 0.35 to 3.5L/d (Table 
4.1). RS were calculated for an exposure duration of 24h with Eq. 3 to allow a comparison of 
equivalent RS with a previous study with SDB-RPS disks by Vermeirssen et al. (2013). For RS for nine 
comparable contaminants in Vermeirssen et al. (2013) �± assessed at velocities of v=0.08 to 0.14m/s in 
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river water �± our RS are on average higher by a factor of 1.9. The observed high sampling rates Rs 
facilitate accumulation and measurement of the contaminants on passive samplers during short 
stormwater events. The higher RS are attributed to the higher flow velocity (Vermeirssen et al. 2008; 
Booij and Chen 2018) in the flow channel experiments (0.75 �± 0.85m/s), which we deliberately chose 
to represent realistic velocities in sewers. In two cases (2.4-D and mecoprop) a higher initial uptake 
was observed in Experiment II than in Experiment I, although the average water concentrations were 
similar (Figure SI 6). This indicates the variability of RS, which we hypothesize to be due to 
competition for adsorption due to different wastewater matrices in the two experiments. Moreover, 
both of the contaminants have low logDOW values. The wastewater-groundwater mixture in the present 
study may well have a higher competition for adsorption sites with other contaminants and dissolved 
organic carbon than in river or tap water matrix (Górecki et al. 1999; Bauerlein et al. 2012). The effect 
of ionic strength and different water matrices on accumulation of contaminants will need further 
investigation. 

We found higher RS for higher logKow (logDow in case of speciation, Table 4.1) values 
(slope=0.18L/d, intercept=0.22L/d, R2=0.85, Figure SI 7). Some previous studies also indicated a 
linear relationship of RS with the contaminant properties described by logKOW or logDOW for SDB-RPS 
(Stephens et al. 2005; Vermeirssen et al. 2013). Others report only a poor correlation for SDB-RPS 
disks (Gunold et al. 2008; Shaw et al. 2009) or a curve linear relationship for POCIS (Mazzella et al. 
2007; McLeod et al. 2007). These differences in previous studies highlight that several factors apart 
from hydrophobicity influence RS.  
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Table 4.1. Investigated contaminants with median (50%-quantile) parameter estimates for the mixed rate control model (Eq. 5) and sampling rates RS based on the empirical 
�P�R�G�H�O�����3�,���V�K�R�Z�V���W�K�H�����������S�U�H�G�L�F�W�L�R�Q���L�Q�W�H�U�Y�D�O�����3�,�������7�K�H���F�R�Q�W�D�P�L�Q�D�Q�W�¶�V��Chemical Abstracts Service (CAS) number as well as the 80%-interquantiles of the parameter values are 
given in Table SI 2. 
Contaminant name Type logKowa/ 

logDowb 
Mixed rate control model  

solely fitted for Ex. II  
(Eq. 5) 

 Mixed rate control model 
fitted for Ex. I and II  

(Eq. 5) 

 Sampling rates RS
c Acute EQSd Exposure to 

detect EQSe 

 k n PI  k n PI  RS_1h RS_24h   
 pH = 8 L/kg/h n - ng/disk  L/kg/h n - ng/disk  L/d  L/d  ng/L min 

2.4-D pesticide -1.0 60 0.52 17  40 0.63 22  0.35 0.10 4,000 <1.0 

1.3-BTH-2-sulfonate*  other***  -0.4 40 0.56 6  50 0.52 9  0.39 0.08 - - 

benzotriazole* other***  1.2 240 0.43 69  140 0.59 96  1.10 0.30 158,000 <1.0 

carbamazepine**  pharmaceutical 2.8 200 0.71 95  110 0.88 153  0.89 0.61 2,000,000 <1.0 

carbendazim biocide 1.8 250 0.55 39  220 0.6 52  1.70 0.48 700 <1.0 

clarithromycin**  pharmaceutical 2.7 150 0.68 43  140 0.72 40  1.10 0.44 190 7.6 

diazinon pesticide 4.2 580 0.56 59  450 0.63 90  3.6 1.1 20 6.0 

diclofenac pharmaceutical 0.9 180 0.59 40  120 0.72 74  0.95 0.38 50 23 

diuron**  biocide 2.5 290 0.65 44  240 0.7 67  1.9 0.73 250 2.3 

MCPA*  pesticide -1.1 50 0.59 9  50 0.61 8  0.42 0.12 6,400 <1.0 

mecoprop pesticide -0.5 100 0.53 11  70 0.63 25  0.59 0.18 190,000 <1.0 

metolachlor pesticide 3.5 310 0.7 33  240 0.78 84  1. 9 0.92 3,3000 <1.0 

terbutryn pesticide 2.9 400 0.66 65  320 0.72 102  2.6 1.10 340 <1.0 
alogKow were taken from JChem for Excel, Version 18.8.0.253 (ChemAxon 2018). bDistribution coefficients are normalized to the fraction of the neutral species at pH = 8 according to JChem, 
cSampling rates (Eq. 3) for 1h and 24h exposure duration, based on mixed rate control model (Eq.  6) and model parameter estimates for both Experiment I and II. dAcute environmental quality 
standard proposed for 24 to 48h by the Swiss Ecotox Center (Oekotoxzentrum 2018), eMinimum passive sampler exposure time needed to detect acute environmental quality standards (EQS) based 
on Eq. 5 and highest reported limit of quantification (LOQ, Table 4.2), *For these contaminants outliers were removed for parameter estimation by visual inspection (grey points in Figure SI 6), 
** The Mixed rate control model assumes constant water concentration, which was not the case for diazinon, clarithromycin and carbamazepine, leading to higher uncertainty in parameter estimates 
(Figure SI 6), ***1.3-benzothiazole-2-sufonate: industrial chemical (e.g. street runoff), benzotriazole: corrosion inhibitor
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4.4.2 Field study: comparability  of passive and composite water samples 

We evaluated two aspects in the field study: i) the quantified TWA concentration estimate based on 
parameter estimates for calibration Experiment I and II (Eq. 5) and ii) the semi-quantitative information, 
i.e. categorical assessment of lower or higher than LOQ and lower or higher than EQS (environmental 
quality standard). 

TWA concentration estimate 

The analysis of the comparability of the TWA concentration estimates was conducted for a subset of the 
data, where values for both passive and composite water samples are higher than LOQ (45% of the data 
set). The ratio of passive sampling CPS (based on the mixed rate model, Eq. 5) to composite water 
sampling CComp.Sample for all contaminants showed that the TWA concentration estimate with passive 
samplers is higher by a factor 1.5 (mean), with a range of 0.4 to 3.1 (80%-interquantile, Figure 4.4A). 
The ratios CPS/CComp.Sample are equally distributed over the whole concentration range with a median of 
0.99. In addition, no systematic deviations are visible in Figure 4.4A for the three sampled locations 1-3, 
although different environmental conditions may have been prevailing at the different locations (section 
4.3.2).  

Studying the sampled contaminants in more detail, contaminants occurring in wastewater dry-weather 
flow (benzotriazole, carbamazepine, clarithromycin, diclofenac) are overestimated (Figure 4.4B). For 
location 1, these overestimation of the wastewater based contaminants is most prominent and attributed 
to the sampler installation setup directly in the sewer channel, where passive samplers might 
occasionally have been exposed to wastewater during dry-weather conditions when the auto-sampler did 
not collect water. However, for carbendazim, mecoprop and terbutryn we found considerably smaller 
concentration estimates with passive samplers. Hence, this shows that the laboratory based calibration 
parameters, which were used for concentration estimation, could be improved by in-situ calibration or 
by correcting the concentration estimates with the field validation. 

We found a slightly higher variability for our field derived TWA concentrations estimates for some 
contaminants (terbutryn, carbendazim) than previous studies. Petrie et al. (2016) found for the in-situ 
calibration in wastewater effluent an agreement within a factor 2 for most contaminants, although 
passive samplers resulted in lower TWA concentrations than composite water samples. Also Skodova et 
al. (2016) reported an agreement within a factor 2 but with a tendency to higher concentration values for 
passive samplers. Similarly, Birch et al. (2013) reported higher concentration values for heavy metals 
monitored with flow-through passive samplers than in water samples. Our field monitoring study is 
based on laboratory calibration data used for real field conditions with varying environmental 
concentrations, low concentrations, thus potentially leading to higher uncertainties in the estimate CPS. 
In addition, the composite water sampling itself is subjected to errors and might not fully represent the 
true TWA concentration (Mutzner et al. 2019). Because the sampling resolution was high with a sample 
every 5minutes, we attribute this uncertainty mainly to variability in sampling (clogging, uneven 
pumping of auto-sampler), sample transport and storage. 
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A 

 
 

B 

 
Figure 4.4. A. Ratio of TWA water concentration CPS based on mean of replicates of passive sampler (Eq. 5) to 
TWA composite water samples CComp.Sample for 13 contaminants and ten rain events. Dashed line indicates a ratio of 
one, dotted lines: 10% and 90% quantiles. B. Water concentration estimate for passive samplers relative to TWA 
concentration for individual contaminants. The dashed line shows a ratio of 1 for passive sampler to composite 
water sample TWA concentration estimate, dotted lines: 10% and 90% quantiles over all contaminants (as shown 
in Figure 4.4A). Boxplot: The whiskers show 1.5 times the interquantile range, points indicate outliers, and the 
solid bold line is the median. Number of detections are given by n. 
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Semi-quantitative information content 

Our results showed that higher concentrations, evaluated in comparison to EQS, were detected by 
passive samplers and composite water samples alike in 6 of 9 cases (2 only composite water samples > 
EQS, 1 only passive sampler > EQS; Figure 4.5). Based on the calibration experiments, event durations 
between <1min (carbamazepine) and 23min (diclofenac) are needed to ensure detection of contaminant 
concentrations above EQS with passive samplers (Table 4.1). Hence, all events were long enough to 
detect concentrations above EQS. Nevertheless, passive samplers detected less contaminants (<LOQ, 
Table 4.2) than measured in composite water samples for all contaminants except benzotriazole, which 
was only quantifiable in one event with passive sampler (location 2, 04.08.2016). From all measured 
samples and contaminants 22% were below the limit of quantification for the composite water samples 
and 48% for the passive samplers (mean of replicates).  

Table 4.2. Measured concentration ranges and limit of quantifications (LOQ) for composite water samples and 
passive samplers in the field study (10 events, 3 locations). 

Contaminant 
name 

LOQ 
water 

samplesa 

LOQ 
passive 

samplera 

Concentration 
range water 

sample  
CComp.Sample 

(min and max) 

Mass on passive 
sampler disk 
range M PS 

(min and max) 

Concentration 
range passive 

sampler b  
CPS 

(min and max) 

Median 
variability 

passive 
sampler 

replicatesc 

 
 ng/L ng/disk ng/L ng/disk ng/L % 
2.4-D 4.7 �± 5 1.9 27 �± 150 2  29 - 
1.3-benzothiazole-
2-sulfonate 

8 �± 13 1 �± 2 400 �± 2000 3.6 �± 220 190 �± 3,700 46 

benzotriazole 1 �± 55 1 �± 2 140 �± 2700 3.2 �± 680 74 �± 3,000 24 
carbamazepine 1 �± 1.4 0.3 �± 2 2.7 �± 410 1.7 �± 39 49 �± 170 14 
carbendazim 0.6 �± 1 0.3 �± 0.5 10 �± 47 0.5 �± 8 1.8 �± 23  15 
clarithromycin 0.5 �± 1 1.8 �± 2 1.2 �± 220 14 54 �± 55  2.8 
diazinon 0.6 �± 1 0.3 �± 0.7 1.6 �± 25 0.6 �± 21 1.1 �± 30  13 
diclofenac 1 �± 2 0.7 �± 1 2.4 �± 540 0.9 �± 200 13 �± 860 22 
diuron 1.5 �± 2 0.6 �± 2 1.5 �± 110 1.5 �± 49 3 �± 110 16 
MCPA 5.5 �±40 0.8 �± 1.5 5.6 �± 130 1.5 �± 1.7 15 - 17 11 
mecoprop 2.4 �± 2.6 0.7 �± 2 12 �± 1400 2.1 �± 26 18 - 540 38 
metolachlor 0.6 �± 1.8 0.6 �± 1 0.7 �± 58 0.8 �± 35 1.5 - 72 37 
terbutryn 0.6 �± 1.8 1.4 0.6 �± 26 1.6 �± 5 2 �± 7.1 1.7 
aLOQ water samples and passive samples (only field data) measured on two analytical devices (section 4.2.4), with the range 
showing the different LOQs (SI C), bCalculated based on the mass on the passive sampler MPS (Eq. 5) c(max-min)/median of 
passive sampler replicates per event 

The event on the 10.07.17, with the shortest exposure duration of 1h shows the highest numbers <LOQ 
in passive samplers compared to composite water samples (Figure 4.5). Also for location 3 (event 
28.06.2017) six contaminants are <LOQ while the composite water sample concentrations are not close 
to LOQ (e.g. 1,400ng/L in the extreme case of mecorpop, 28.06.2017, location 3). Based on the 
observed concentrations and the exposure duration of 8h, there should be detectable mass on the passive 
samplers. The samplers could have been covered by paper during part of the event, thus showing the 
importance of selection of an installation point without risk of clogging of the samplers (Figure SI 9). 

Overall, the most critical factors for passive sampling of sewers and sewer overflows are i) a short event 
duration combined with ii) very low contaminant concentrations (Figure SI 13) and iii) clogging of the 
passive sampler (Figure SI 9). Thus, the semi-quantitative information gain with respect to presence of a 
contaminant is smaller for passive samplers in case of low concentrations in combination with a short 
event duration. However, this case can also be argued to be of lower eco-toxicological relevance.  
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Figure 4.5. Semi-quantitative information content of passive samplers PS (average of replicates) compared with 
composite water samples (CComp.Sample, WS) by grouping into <LOQ (pink), >LOQ and <EQS (green), >EQS 
(blue) for a total of 10 events at three locations 1, 2 and 3. Upper row per contaminant = PS, lower row per 
contaminant = WS. White diagonals indicate assignment of different categories by PS and WS, red diagonals 
indicate different conclusion related to exceedance of EQS. The event duration in hours is shown below the event 
dates. 

4.4.3 Recommendations for the application of passive samplers in sewers 

Number of replicate passive samplers. None of the monitored events results in systematic deviations 
of the replicates for all contaminants, showing that the replicate passive sampler were subject to the 
same environmental conditions at the sampling locations (number of replicates per event in Table SI 3). 
The median variability of the field replicates ranges from 1.7% for terbutryn to 46% for 1.3-
benzothiazole-2-sulfonate (Table 4.2), indicating that the replicates are concentration and contaminant 
dependent as well as the potential variability of field monitoring with passive samplers. The number of 
replicates depends on specific measurement goals, and we conclude here that at least two replicate 
passive samplers should be used for sewer monitoring if TWA concentration estimates or comparison 
with EQS is required. 

Event durations. Very short event durations in combinations with low concentrations lead to non-
quantifiable mass on passive samplers. Minimum required exposure times can be estimated with Eq. 3 
based on expected TWA concentrations, the foreseen limits of quantification (Table 4.2) and the 
sampling rates RS given in Table 4.1. A first estimation of relevant exposure durations is given in Table 
4.1, which provides the exposure time to detect a contaminant present at its acute toxicity EQS (based 
on 24 to 48h). The longest necessary exposure duration is 23min for diclofenac, due to its low EQS 
value of 50ng/L. Additionally, the investigated sampler setup with uncovered SDB-RPS disks is suitable 
for the monitoring of short duration exposure not significantly higher than 36h. 
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Installation considerations. We looked at three different installation setups in location 1 to 3section 3.2 
and Figure SI 9-12). In order to sample pollution events (e.g. sewer overflows), the aim is to install the 
samplers in advance (location 1 and 2). Hence, the installation setup needs to ensure are wetted all the 
time before the occurrence of the storm event. We installed the new samplers directly when we collected 
the samplers from the last event, thus the new samplers were installed days to a maximum of three 
weeks in advance. Evaporation was location and season dependent and regular checks at new locations 
had to be done to confirm that the samplers were still covered in nanopure. However, we observed fast 
drying of the samplers in location 3 during late summer month due to evaporation, hence the samplers 
were covered with a floatable protection. Biofilm growth was not observed before or after exposure. We 
achieved wetting via horizontal installation of a sampler holder design incorporating a small water 
reservoir of a 5mm depth (Figure 4.2, Figure SI 8-10). This system only works for lcoations with 
sufficient humility and no direct sun exposure. Horizontal installation of the holder on overflow weirs is 
relatively straightforward (Figure SI 10). However, horizontal installation in sewer pipes is challenging 
as the sampler might be overflown during high water levels without occurrence of a rain event and, we 
also observed clogging in some cases (Figure SI 9). Clogging could be avoided by a sampler holder that 
is prolonged direction upstream or by installation on the overflow weir, where less solid material 
accumulates. 

Application cases. We find that passive sampling can be used to i) determine the occurrence of 
contaminants during storm events in sewers and ii) estimate the TWA concentration in the water phase. 
However, it needs to be considered that we found a higher rate of values below the limit of 
quantification with passive samplers attributed to sampler clogging or short event durations. Thus, it is 
recommended to sample more than one event to cover potential inter-event variability and reduce 
sampling uncertainty. Nevertheless, passive samplers give similar categorical information for 
concentrations above EQS. Moreover, we find reasonable TWA concentration estimates in case of 
�H�O�H�Y�D�W�H�G�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V�� �D�Q�G���R�U�� �µ�V�X�I�I�L�F�L�H�Q�W�¶�� �H�Y�H�Q�W�� �G�X�U�D�W�L�R�Q�V (Table 4.2), which are also the events 
expected to be most environmentally relevant. Based on calibration experiments, we suggest a semi-
empirical mixed rate control model and report model parameters for typical sewer conditions. These 
parameters can directly be used for similar cases (Table 4.1). If your field conditions deviate 
substantially from ours, in-situ calibrations are needed to adjust model parameters. In addition, we report 
confidence intervals for the calibration parameters, which allows the calculation of uncertainty ranges of 
the calculated TWA concentration (Table SI 2 for quantiles or model parameters). 
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4.5 Conclusions 

We conclude the following for the application of passive samplers in short, highly dynamic sewer 
overflows: 

�x Typical remote sewer locations can be sampled in a cost- and time-effective way with passive 
samplers, as field deployment and sample handling is easier compared to composite water sampling.  

�x High sampling rates lead to fast accumulation, which makes the sampler suitable for monitoring of 
TWA concentrations in short events (<36h). 

�x We observe a fast initial uptake, which indicates that uptake on the passive sampler is not limited 
by the water boundary layer. We, therefore, suggest a semi-empirical mixed rate control model to 
represent kinetics for short exposures and provide model parameters, which can be directly used for 
studies with similar conditions.  

�x Passive samplers are suitable to identify locations with potentially critical concentrations >EQS, 
where further investigations are warranted, or vice versa uncritical locations where concentrations 
normally do not exceed EQS.  

�x We find that TWA water concentration estimates with passive samplers are within a factor of 0.4 to 
3.1 (80% confidence interval) in comparison to composite water samples. Hence, the use of upper 
limit TWA concentration estimates is recommended for compliance checking with EQS. 

�x We observed variable sampling rates which could be due to competition for adsorption sites. The 
effect of wastewater matrix on the accumulation kinetics requires further research to better 
understand accumulation of polar organic contaminants on passive samplers.  
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Abstract 

Untreated sewer overflows can contribute eco-toxicological micropollutants to receiving waters. 
Nevertheless, there is a lack of data on occurrence and spatial differences among sewer overflow 
catchments. We present unprecedented monitoring data with passive samplers of 20 combined sewer 
overflow sites (2-7 events per site). The data sheds light on concentration ranges for 13 representative 
polar organic micropollutants and shows that both municipal wastewater and stormwater 
micropollutants can be relevant contributors. We identify indicator micropollutants for further studies: 
diclofenac, benzotriazole, carbamazepine, diazinon, diuron, carbendazim, mecoprop, metolachlor and 
terbutryn. We find that the time-weighted average concentrations determined with passive samplers 
are potentially overestimated, rendering our evaluation approach to be on the safe side. The spatial 
differences among sewer overflow catchments are bigger than the differences among events for all 
studied micropollutants. Nevertheless, no correlation with land use data could be found, thus 
indicating that other factors �± most likely the substance application patterns �± lead to the observed 
high spatial variability. Moreover, a majority of CSO sites (13 of 20) show discharge concentrations 
above environmental quality standard (EQS) for at least one micropollutant (not considering 
diclofenac, for which only a chronic EQS exists) and, thus would have to rely on dilution by receiving 
waters to not exceed EQS. In conclusion, our results clearly show the potential relevance of 
micropollutants in CSOs and the need to assess site-specific measures. 

Keywords 

wet-weather discharge, polar organic compound, monitoring, environmental quality standard, risk 
quotient 
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EQS Environmental quality standard 

LOQ Limit of quantification 

CSO Combined sewer overflow 

TWA Time-weighted average 

RQ Risk quotient 

1.3-BTH-2-S 1.3-Benzothiazole-2-sulfonate 
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5.1 Introduction  

Untreated sewer overflows can be an important pathway of urban micropollutants to receiving waters. 
(Gasperi et al. 2012; Phillips et al. 2012; Gasperi et al. 2014; Launay et al. 2016; Mutzner et al. 2016). 
Moreover, understanding the pollution of urban stormwater is needed to plan measures on stormwater 
treatment and reuse to contribute to sustainable urban water systems. Thus, any kind of prediction, e.g. 
a model to estimate levels of micropollutant concentrations in stormwater and sewer overflows would 
highly facilitate evaluating the current situation and potentially site-specific mitigation strategies. 
However, micropollutant water quality modeling is challenged by the lack of data to calibrate and 
verify the models and, thus the transferability of such models to other catchments is limited (Bertrand-
Krajewski 2007; De Keyser et al. 2010; Vezzaro et al. 2014). An important factor leading to this 
modelling challenge is the high spatial variability of micropollutants at different sewer overflow sites 
(Gasperi et al. 2014; Becouze-Lareure et al. 2015; Wicke et al. 2015; Rippy et al. 2017, discussed in 
Chapter 1). Hence, more data is needed to improve model predictions �± if possible �± and to identify 
governing factors influencing the previously observed spatial variability.  

However, the monitoring of sewer overflows with traditional sampling methods has its limitations due 
to high temporal concentration fluctuations and a large number of sewer overflow sites. Thus, in the 
previous two Chapters 3 and 4, the potential of passive samplers as an efficient alternative for the 
monitoring of sewer overflows was demonstrated by i) indicating that fluctuating concentrations can 
be sampled without leading to major deviations from true time-weighted average (TWA) 
concentrations (Mutzner et al. 2019a), ii) developing a model for the rate limiting uptake during short 
exposures (Mutzner et al. 2019b), and iii) showing the applicability in a field study in comparison to 
automated sampling (Mutzner et al. 2019b).  

Previous studies that monitored sewer overflows covered a maximum of eight stormwater outlets 
(Rippy et al. 2017), and most of the others compared two to three sewer overflow catchments (see 
Chapter 1 for details). Therefore, we hypothesize that a large number of monitored sites will allow 
finding explanatory variables to better predict micropollutant levels. 

The following questions are addressed in this study: 

i. Are there event and catchment specific differences among CSOs? 
ii. Can concentrations in receiving water exceed acute environmental quality standards (EQS)? 

 

5.2 Materials and methods 

5.2.1 Micropollutants  selection 

Micropollutants were selected based on the following six aspects: i) representative for a specific urban 
source (municipal wastewater, urban surface runoff) as well as indicator for potential agricultural 
connections to the urban catchments. ii) polar organic contaminants with main transport in water phase 
(logKow < 4) and low sorption tendencies (logKoc < 4) to simplify the transport processes to be 
considered, iii) previously reported in stormwater and wastewater, iv) analytical detection feasible 
with high selectivity and sensitivity, v) persistent in conventional treatment plant degradation 
processes, thus no in-sewer transformation processes have to be accounted for, vi) eco-toxicological 
relevance for the aquatic environment (compared to EQS) or suggested as treatment performance 
indicator for wastewater treatment plants in Switzerland upgraded for enhanced micropollutant 
removal (Götz et al. 2015). This resulted in a selection of 13 polar organic micropollutants (Table 5.1). 
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Table 5.1. List of selected micropollutants with chemical properties, environmental quality standard EQS and 
source (Mun WW: Municipal Wastewater, Agr: Agriculture). The estimated main source is marked with a bold 
cross. 
Contaminant CAS 

Number 
logKowa/ 
logDowb 

logKocc EQSd Indic. 
MP 

removal 
WWTP e 

Source 

 pH = 8  ng/L Mun 
WW 

Urban 
surface 

Agr  

2.4-D 94-75-7 -1.0 1.5 4,000   x  

1.3-BTH-2-S 941-57-1 -0.4 1.9 -  x x  

benzotriazole 95-14-7 1.2 3.0 158,000 x x x  

carbamazepine 298-46-4 2.8 3.6 2x106 x x   

carbendazim 10605-21-7 1.8 2.2 700  x x  

clarithromycin 81103-11-9 2.7 - 190 x x   

diazinon 333-41-5 4.2 3.1 20   x  

diclofenac 15307-86-5 0.9 2.9 50* x x   

diuron 330-54-1 2.5 2.1 250   x x 

MCPA 94-74-6 -1.1 1.5 6,400   x x 

mecoprop 7085-19-0 -0.5 1.7 190,000 x  x x 
metolachlor 51218-45-2 3.5 2.5 3,3000   x x 
terbutryn 886-50-0 2.9 2.8 340   x  

alogKow were taken from JChem for Excel, Version 18.8.0.253. bDistribution coefficients are normalized to the fraction of 
the neutral species at pH = 8 according to JChem. cEPISuite with PCKOCWIN v1.66 on www.chemspider.com (accessed: 
January 2019). dAcute environmental quality standard proposed by the Swiss Ecotox Center (Oekotoxzentrum 2018). 
eSuggested as indicator for wastewater treatment plant (WWTP) performance for micropollutant removal (Götz et al. 2015). 
*Chronic environmental quality standard as no acute values is available (Oekotoxzentrum 2018) 

5.2.2 Urban catchment selection 

 
Figure 5.1. Distribution of the monitoring regions in Switzerland (the number indicates the number of monitored 
CSOs per region). Data: swisstopo 5704 000 000 ; reproduced with permission of swisstopo / JA100119 

The main criteria for the selection of combined sewer overflows was that the corresponding urban 
drainage system had no upstream sewer overflows. This was a prerequisite so that all the surface 
runoff collected in the catchment is discharged at the monitored CSO site. Otherwise, it would have 
been difficult to differentiate which amount runoff of a particular surface had been discharged 
upstream and which would have been forwarded to the CSO further downstream. In total 20 CSO sites 
were selected in different regions of Switzerland (Figure 5.1). The surface areas of the catchments 
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connected to the CSO range from 14 to 467 ha and include pure industrial to pure residential zones 
(Figure 5.2). For 19 catchments, the area of four land use categories (buildings, streets, other paved 
areas, urban green areas) was determined based on cadastral survey data (AV 2017) using ArcGIS 
(Figure SI 3). No data on land use was available for CSO ID 17 (not shown in Figure 5.2). 

 
Figure 5.2. Zones of the monitored CSO sites (with unique CSO ID) by percentage of industrial area in 
ascending order. Total surface area of each CSO catchment in ha. No land use data was available for CSO ID 17. 

5.2.3 Passive sampler installation at CSO sites 

Passive samplers (Empore, SDB-RPS disks, 47mm diameter, 0.5mm thickness) were pre-conditioned 
(Chapter 4 for details) and stored in closed glass containers until exposure. At the installation location, 
the triplicate passive samplers were fixed with stainless steel plates (one side of 12.6cm2 exposed) on 
mounting plates we specifically designed for this purpose (Chapter 4). The mounting plates were 
installed horizontally on the weir crest at each of the 20 CSOs where the combined sewage discharges 
to the receiving water (Figure 5.3). The passive samplers were removed after each discharge event 
between March and August 2017. Water levels and discharge durations were assessed with available 
water level measurements, except in five cases where we installed a ultrasonic water level 
measurement (CSO ID 5, 6, 10, 11, 17).  
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Figure 5.3. Installation of passive sampler holders with triplicate SDB-RPS disks at the CSO discharges. The 
number gives the unique CSO ID.  

5.2.4 Number and duration of sampled CSO events 

The number of monitored events of the 20 CSOs ranges from two to seven, resulting in 95 events 
(Figure 5.4). The overflow durations range from as short as 2 min to 96 h (median: 43min). The 
longest overflow event of 96 h occurred at CSO ID 4 due to snowmelt. The shortest events were 
observed at CSO ID 11 with durations between 2 to 4 min.  

 
Figure 5.4. Overflow duration of the 20 CSOs and number of monitored events (on top of figure) for each CSO ID. The 
dashed, blue line shows the mean of 3.9 h and the red line the median of 43 min. 

5.2.5 Sampler Extraction and chemical analysis 

After exposure the passive samplers were stored in acetone at -20°C until analysis. In total 284 
samples were analyzed: 95 events each with three replicate PS except in one case where only two 
replicates were available. Directly before analysis the disk where extracted as described by 
Vermeirssen et al. (2013); and Mutzner et al. 2019b. These extracts were evaporated to ca. 0.05mL 
and filled with nanopure water to 0.5mL. The samples were analyzed with high performance liquid 
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chromatography coupled to tandem mass spectrometry systems (high resolution and triple quadrupole) 
using electrospray as ionization source (HPLC-ESI-HRMS/MS) as described by Huntscha et al. 
(2012). Quantification was done via target screening using reference standards for each contaminant 
and isotope-labeled internal standards (ISTD). 3-Benzothiazole-2-sulfonic acid was quantified with a 
structure non-identical ISTD (benzotriazole) and corrected by relative recovery. Quality controls such 
as external reference standards, spiked samples for recoveries, blind, field blind controls, and filter 
blind controls were analysed for all measurement sequences. Further details on chemical analysis are 
given in SI Chapter 5. 

5.2.6 TWA concentration estimates 

The TWA concentration CTWA is calculated based on the mass MPS (ng) on the passive sampler disk 
according to a mixed rate control model (Eq. 1). This mixed rate model was found to be applicable for 
short duration sewer overflows with intermediate cases between water boundary layer and sorbent-
controlled uptake as detailed in Mutzner et al. 2019b (Chapter 4). 

�%�Í�Ð�º 
L
�Æ�Á�Ä

�Þ�®�à �®�ç�Ù
 (1) 

where k (L/kg/hn) is the rate constant and n describes the rate controlling transport (Belles et al. 2014; 
Tran et al. 2017). Parameter values (median) for k and n for each contaminant are based on flow 
channel calibration experiments described in Mutzner et al.2019b, Chapter 4 (Table 5.2).  

Table 5.2. Parameters used to calculate the TWA concentration CTWA, as well as LOQ, occurrence expressed as 
�I�U�D�F�W�L�R�Q���R�I���H�Y�H�Q�W�V���E�H�O�R�Z���/�2�4���D�Q�G���Y�D�U�L�D�E�L�O�L�W�\���R�I���W�K�H���H�Y�H�Q�W�¶�V���U�H�S�O�L�F�D�W�H�V�� 

Contaminant Mixed rate control 
model 

correction 
factor 

LOQa Events 
< LOQ 

Median 
variability 

passive 
sampler 

replicatesb 

 
k n 

CTWA,corr / 
CTWA  

 
  

 L/kg/h n - - ng/disk % % 
2.4-D 40 0.63 0.99 1.9 �± 3.0 99 56 
1.3-BTH-2-S 50 0.52 1.73 0.7 �± 1.0 1 39 
benzotriazole 140 0.59 1.04 0.7 �± 1.0 0 22 
carbamazepine 110 0.88 1.71 0.2 �± 0.3 40 26 
carbendazim 220 0.60 9.20 0.1 �± 0.3 64 63 
clarithromycin 140 0.72 0.34 0.3 �± 1.8 88 27 
diazinon 450 0.63 1.60 0.2 �± 0.3 58 19 
diclofenac 120 0.72 1.52 0.3 �± 0.7 35 31 
diuron 240 0.70 1.37 0.4 �± 0.6 13 22 
MCPA 50 0.61 0.35 0.8 94 49 
mecoprop 70 0.63 3.05 0.3 �± 0.7 40 48 
metolachlor 240 0.78 1.83 0.2 �± 0.6 51 27 
terbutryn 320 0.72 10.3 0.3 �± 1.4 64 45 

aLOQ passive samples measured on two analytical devices, bthe range shows the different LOQs b(max-
min)/median of passive sampler replicates per event. 

Based on these parameter values the CTWA concentration for each discharge event and location was 
calculated with Eq. 1 based on the average of the triplicate MPS. The resulting CTWA was then corrected 
for systematic and contaminant specific deviations. This deviation was determined in a previous field 
study comparing passive sampling results with simultaneously collected water samples (3 locations, 
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10 events) in Chapter 4. As recommended by Miège et al. (2015), the 10%-quantile of correction 
factors was applied to obtain a conservative CTWA.corr estimate, i.e. 90% upper confidence limit (Table 
5.2). Values below LOQ were not used for further analysis.  

5.2.7 Inter -event and inter-catchment variability  

The differences between the events i of each CSO site (catchment, j) was calculated via the coefficient 
of variation (CV) of the inter-event variability (Eq. 2). 
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Where sj is the standard deviation and �%�Í�Ð�º �á�+
$
$
$
$
$
$
$
$��the mean of CTWA,i,j of each catchment�¶�V j events i, with 

nj as the total number of events per catchment. The difference among the catchments j is then 
expressed as the CV of the inter-catchment variability (Eq. 3). 
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where �O�ë�á�+
$
$
$
$ is the standard deviation and �T�§�¼�Å�È�² �á
#
$
$
$
$
$
$
$
$
$
$ the mean �R�I�� �H�D�F�K�� �F�D�W�F�K�P�H�Q�W�¶�V�� �P�H�D�Q��CTWA,j and the 

number of catchments n = 20. The comparison of the catchment specific inter-event variability CVinter-

event,j with the inter-catchment variability CVinter-catchment is used to determine if the differences among 
catchments are bigger than the differences among different events within a catchment. 

In addition, the correlation with relative land use area was studied (Figure SI 3). Assuming that 
catchments with the same impervious area have the same runoff amount implies that TWA 
concentrations (not loads) are sufficient to assess correlation with land use. The correlation calculation 
was based on site mean TWA concentrations.  

5.2.8 Risk quotient to predict required dilution by receiving water 

To identify contaminants and CSO sites, which could potentially be critical for the receiving water, a 
risk quotient RQ was estimated by dividing the TWA concentration CTWA by the environmental quality 
standard (EQS, Table 5.1). Hence, RQ �± quantified in the CSO, not the receiving water �± is used as a 
simple measure to screen for high CSO concentrations. RQ �J�L�Y�H�V�� �D�Q�� �L�Q�G�L�F�D�W�L�R�Q���R�I�� �W�K�H�� �µ�G�L�O�X�W�L�R�Q�¶�� �W�K�D�W��
would be required to not exceed EQS in the receiving water. Moreover, the resulting required dilution 
factor expressed via RQ does not take background contaminants in the receiving water into account.  

All calculations were performed in R, version 3.4.3 (R Core Team 2017). 
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5.3 Results and discussion 

5.3.1 Micropollutant occurrences and TWA concentrations ranges 

The ratio of events with no detections (<LOQ) ranges from 0% for benzotriazole to 99% for 2.4-D 
(Table 5.2, Figure 5.5). Three micropollutants were almost never detected: 2.4-D, clarithromycin and 
MCPA. These micropollutants seem to not often being used or occur in very low concentrations in 
sewer overflows, at least in Switzerland. Therefore, they do not seem good indicators for urban 
sources of micropollutants. However, Launay et al. (2016) found MCPA in one CSO in Germany and 
indicates high stormwater contributions to overall CSO loads for MCPA. 2.4-D and clarithromycin 
were not considered in this study. Wicke et al. (2015) reports 2.4-D with a mean concentrations of 
10ng/L in 5 of total 95 stormwater outlets samples in Berlin, Germany. Hence, indicating low 
occurrence of 2.4-D in stormwater.  

The monitoring results further show that both municipal wastewater and surface runoff are important 
contributors to the micropollutants found in the CSOs �± as discussed below. 

 
 Figure 5.5. Summary of the TWA concentration ranges found in the sampled 20 CSO sites. The number above 
gives the number of events >LOQ of 95 events. The red cross shows the EQS. Boxplot: The whiskers show 1.5 
times the interquantile range, points indicate outliers, and the solid bold line is the median. 

Municipal wastewater. Micropollutants with high detections rates in the 20 monitored CSO and, thus 
good indicators for municipal wastewater in CSOs are benzotriazole (mean: 2,100ng/L; 80%-
interquantile: 250 �± 4,800ng/L), carbamazepine (280ng/L: 33 �± 910ng/L) and diclofenac (660ng/L; 78 
�± 1,000ng/L). A simple calculation of the concentrations to be expected in CSOs can be done based on 
annual contaminant loads discharged into wastewater per person reported for Switzerland in 2007 
(Staufer and Ort 2011). Assuming that 0.4 �± 3.9% of the CSO volume is municipal wastewater 
(Mutzner et al. 2016) and a dry weather amount of wastewater of 160L/day/person, the theoretical 
concentrations in CSOs are: 410 - 4,000ng/L for benzotriazole, 5 - 50ng/l for carbamazepine, 16 - 
150ng/L for diclofenac. This simplified calculation does not consider the diurnal fluctuations of 
contaminant usage (e.g. Ort et al. 2005), which could lead to a higher variability of estimated 
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concentration ranges. All our measured municipal wastewater TWA concentrations are in a similar 
order of magnitude as the concentration estimates. However, higher upper values for carbamazepine 
and diclofenac were found than estimated. We used the 90% upper concentration estimate with passive 
samplers to be on the conservative side. Thus, we see an indication that the concentrations found with 
passive samplers and our evaluation approach might be overestimated and, thus are on the safe side for 
further assessments. 

Stormwater. Relevant micropollutants expected to mainly originate from urban surfaces are 1.3-BTH-
2-S (mean: 3,400ng/L, 80%-interquantile: 410 �± 8,200ng/L), carbendazim (280ng/L; 21 �± 900ng/L), 
diazinon (33ng/L; 2.1 �± 53ng/L), diuron (680ng/L; 22 �± 1,100ng/L), mecoprop (1,600ng/L; 98 �± 
5,300ng/L), metolachlor (140ng/L; 6 �± 230ng/L) and terbutryn (350ng/L; 29 �± 810ng/L), with 
detection rates in 36 to 99% of the events. The comparison with the samples of one CSO in 
Switzerland by Wittmer (2010) shows similar TWA concentrations for diazinon (mean: 49ng/L) and 
mecoprop (730ng/L). On the other hand, our values are higher by a factor ten or more for carbendazim 
(mean: 28ng/L), diuron (97ng/L) and terbutryn (3ng/L). One reason for this higher TWA 
concentrations could be that we applied correction factors (see section 5.2.6). This leads to a factor ten 
higher concentrations in case of carbendazim and terbutryn (Table 5.2) compared to uncorrected 
concentrations. 1.3-BTH-2-S was only monitored in very few studies so far; one shows that the 
concentration in a heavy traffic street runoff (15,000 �± 55,000ng/L) is a magnitude higher than in 
household wastewater (760 �± 960ng/L) (Kloepfer et al. 2005), thus our reported concentrations are in a 
similar range for 1.3-BTH-2-S. Overall, we consider our estimated TWA concentrations from surface 
runoff to be on the conservative side. 

5.3.2 Inter -event and inter-catchment variability  

The inter-catchment variability is higher than the median inter-event variability for all monitored 
micropollutants (Figure 5.6). In case of diazinon, diclofenac, diuron and MCPA the inter-catchment 
variability is higher than the inter-event variability over all catchments. Hence, the differences among 
catchments for these micropollutants is significantly bigger than the difference in TWA concentration 
among events within any catchment. Thus, it can be concluded that there are factors that lead to 
substantial differences in CSO micropollutant concentrations among different catchments. Factors 
leading to these differences in stormwater could be land use and application patterns (application time, 
applied concentration, product preferences (Rippy et al. 2017)). Influencing factors for municipal 
wastewater are usage rates and occurrence time of event, as municipal wastewater exhibit significant 
diurnal concentration variations (e.g. Ort et al. 2005). 

Munic ipal wastewater. Apart from stormwater micropollutants, also diclofenac shows a higher 
catchment variability than inter-event variability over all catchments. One apparent factor leading to 
spatial differences is the fraction of industry in the catchments (Figure 5.2). The catchments with the 
highest fraction of industry and 0% pure residential area are CSO ID 6 (65% industry) and 20 (100% 
industry). These catchments show no occurrence of diclofenac (CSO ID 6) or lower TWA 
concentration than all other CSOs (CSO ID 20, Figure SI 1). On the other hand, carbamazepine �± also 
a pharmaceutical - is found in similar concentrations in these industry catchments as observed in some 
others (CSO ID 4, 5, 13, 15, 17, Figure SI 2). Thus, for carbamazepine the fraction of industry seems 
to have no dominant influence. However, although both diclofenac and carbamazepine are 
pharmaceuticals, the user group and consumption behaviour can differ. Hence, diurnal concentration 
variation and variable consumption rates seem to have a bigger influence on the spatial-variability 
observed in municipal wastewater micropollutants. 
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Figure 5.6. The boxplots show the inter-event variability CVinter-event: the differences in TWA concentration 
among the events within a single catchment. The blue cross shows the inter-catchment variability CVinter-catchment: 
the difference in mean TWA concentration among the 20 monitored CSOs. 

Stormwater. Micropollutants in stormwater with detection rates of at least 30% and a substantially 
higher inter-catchment variability than inter-event variability are diazinon, diuron, carbendazim, 
mecoprop, metolachlor and terbutryn. As these six micropollutants in stormwater show distinct 
differences among CSOs, a potential explanatory variable could be differences in urban land use 
among the catchments. For example, diuron and carbendazim have been reported in façade runoff 
(Wittmer et al. 2011; Coutu et al. 2012) and, thus a correlation of the two micropollutants could 
indicate a correlation with façade area. The measured diuron and carbendazim concentrations in our 
study show a slight correlation (spearman correlation R = 0.46, correlation coefficient p = 0.013, 
Figure SI 2). On the other hand, 1.3-BTH-2-S expected to occur mainly in street runoff (Kloepfer et al. 
2005) does not show significant differences among catchments or a relevant correlation with relative 
street area in the catchment (Figure SI 4).  

Land use for predicting micropollutant concentrations in CSOs. The model prediction of 
micropollutant concentrations and loads in stormwater via land use would be very useful as the 
monitoring is cost and time intensive and a high number of CSO sites exist. However, assessments 
using the spearman rank correlation coefficient with relative land use areas of buildings, streets, urban 
green and other impervious areas did not reveal significant correlations with land use for most of the 
studied micropollutants (Figure SI 4). For Mecoprop, there was a slight positive correlation with 
relative building area (spearman correlation R = 0.53, correlation coefficient p = 0.028, Figure SI 4). 
Mecoprop is mainly used in bituminous roof sealing membranes to prevent root growth (Bucheli et al. 
1998). Overall, we conclude that either the available used land use categories were not detailed enough 
(e.g. building type, roof type and façade area not considered) or other factors such as application 
patterns are more influential.  
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Previous studies also indicate significant differences among CSOs (Becouze-Lareure et al. 2015; 
Wicke et al. 2015; Rippy et al. 2017), others found no substantial differences among different CSOs 
(Zgheib et al. 2011; 2012; Gasperi et al. 2014; Fairbairn et al. 2018). For example, Burant et al. (2018) 
state that land use may be important in determining the composition and concentration of 
micropollutants in urban stormwater, however, they did not find significant differences between two 
stormwater outlets (residential, commercial) for pesticides. In contrast, Rippy et al. (2017) found that 
storm water pesticide composition varied significantly by catchment. Wicke et al. (2015) report 
positive correlations between relative façade area and concentrations of carbendazim and diuron in 
stormwater outlets in Berlin, Germany. Moreover, this study showed a correlation between relative 
tiled roof area and terbutryn concentrations, as terbutryn is used for material protection. This study 
indicates that the land use groups in our study might not be detailed enough as for example façade and 
tiled roof areas were not assessed as no data was available for this land use groups. The same is hinted 
by the observed slight correlation between diuron and carbendazim in our study (Figure SI 2). 

5.3.3 Risk quotient to predict required dilution by receiving water 

The comparison of the TWA concentrations with EQS (RQ) gives an indication of the required 
dilution factor for the CSO discharged into the receiving water. Despite our conservative evaluation 
approach, the TWA concentrations of seven micropollutants was never quantified >EQS (Figure 5.7): 
carbamazepine, clarithromycin, benzotriazole, 2.4-D, MCPA, mecoprop and metolachlor. Therefore, 
the CSOs of these micropollutants evaluated locally, seem to be unproblematic. In addition, also for 
carbendazim the number and level of TWA concentrations > EQS is very low. 

 
Figure 5.7. Risk quotient based on TWA concentrations of all 20 CSOs in comparison to EQS. The number on top give the 
number of events > EQS (RQ > 1). The blue line shows RQ = 1. Only values > LOQ are shown. 1.3-BTH-2-S has no EQS 
value so far. 
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In contrast, RQ is >1 for diazinon (80%-interquantile: 0.11 - 2.7), diclofenac (1.6 - 21), diuron (0.087 - 
4.3) and terbutryn (0.086 - 2.4) (Figure 5.7). These micropollutants require a dilution so that 
concentrations in the receiving water do not exceed EQS. Thus, the individual risk that these 
micropollutants discharges pose, depends on the level of exceedance, the flow in the receiving water 
and background levels of micropollutants (from upstream).  

Diclofenac shows the highest number of events >EQS with the highest RQ values. In addition, 19 of 
the 20 CSO discharges show at least for one event RQ>1 (Table 5.3). This is thought to be mainly 
attributed to the fact that for diclofenac the chronic EQS of 50ng/L had to be used for the calculation 
of RQ. In contrast for all other micropollutants an acute EQS is available. In addition, our estimation is 
based on upper limit 90% TWA concentration estimates. Thus, the number and magnitude 
exceedances is likely to be lower than reported here. 

The estimated RQ is >10 for diclofenac at six CSO sites, for diuron at three locations and for diazinon 
at one location. Terbutryn shows RQ>1 in seven CSO sites. However, the terbutryn concentration 
estimates via passive samplers might have led to very high values as discussed in section 5.3.1. 
Moreover, most event durations with RQ>1 are shorter than 9.7 h (90% quantile), with a mean 
duration of 7.5 h for all events with RQ>1 (Figure SI 5). 

Table 5.3. Number of TWA concentrations > EQS and assessment of the maximum TWA concentration. The 
number in the boxes gives the number of TWA concentrations > EQS (RQ>1), the color indicates the maximum 
RQ (RQmax) based on the maximum TWA concentration of all events of one catchment relative to the EQS. 1.3-
BTH-2-S has no EQS value so far. Concentrations < LOQ were not considered. *Mecoprop is used in root 
protection agents. 

 
 

5.3.4 L imitations of passive sampling CSOs 

In case of very short event duration (<1 h) and values below LOQ, it would be possible that the TWA 
concentrations were higher than EQS but not detected with passive samplers (Mutzner et al. 2019b). 
Additionally, such values below LOQ could also contribute to the fact the we did not detect 
correlations with land use as low concentrations or short event durations might go undetected. The 
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advantage of passive samplers is that the whole CSO event is sampled. However we, thus, report only 
TWA concentrations and the discharged short-term peak concentrations might have been substantially 
higher than the reported TWA concentration ranges. An important factor contributing to the 
uncertainty of passive sampling is that uptake depends on environmental conditions such as velocity, 
water matrix and temperature (Vermeirssen et al. 2008; Vrana et al. 2016). Here, we applied model 
parameter estimates from a previous CSO field study (Table 5.2) to all CSO sites without correcting 
for unknown local environmental conditions. Thus, the uncertainty of the TWA concentration 
estimates is increased, for example we found a factor 1.9 higher uptake rates in wastewater-stormwater 
matrix at velocities of 0.8m/s (Mutzner et al. 2019b) than a previous study in river water at 0.14m/s 
(Vermeirssen et al. 2013). However, the differences of this river water conditions to typical sewer 
conditions is assumed bigger than the differences in environmental conditions among CSO sites.  

5.4 Conclusiones 

The monitoring of 20 CSOs for 13 micropollutants with passive samplers leads to the following 
conclusions: 

�x The measured TWA concentrations are higher than in previous studies, indicating that the 
assessment with passive samplers is on the conservative side. Therefore, if a CSO site is 
identified as non-critical with respect to EQS, it is likely that no further assessment and 
measures are required. 

�x Indicator micropollutants for municipal wastewater with high occurrence rates and spatial-
variability are diclofenac, benzotriazole and carbamazepine.  

�x In stormwater runoff the most measured micropollutants with high spatial variability are 
diazinon, diuron, carbendazim, mecoprop, metolachlor and terbutryn. Of these carbendazim, 
diazionon, diuron and terbutryn show RQ>1 for some CSO sites and, thus potentially rely on 
dilution by receiving water. 

�x The TWA concentration ranges we reported in this study cover a wide array of potential 
concentration levels in CSOs. Thus, these concentration ranges could be used as a first 
estimate of discharge loads via CSOs. Furthermore, based on the upper TWA concentration 
estimates a local evaluation to identify critical CSO sites can be done. If the upper TWA 
concentration estimate leads to no values above EQS, then the local contribution of this CSO 
is unlikely to require further measures.  

�x The spatial difference among catchments is higher than the event variability for all monitored 
micropollutants. Nevertheless, there were no correlations with land use and, hence further 
factors such as application patterns seem to be a major factor contributing to differences 
among catchments.  

�x 19 out of 20 CSO sites showed TWA concentrations above EQS for at least one contaminant 
and event. In case of a different EQS value for diclofenac, the number of CSO sites with 
RQ>1 could potentially reduce from 19 to 13.  

�x The results clearly show the need to monitor micropollutants in CSOs and to develop reliable 
modeling approaches to prioritize critical CSO sites for further measures.  
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This thesis focussed on the development of novel methods to systematically identify critical discharge 
sites. The study included i) a model to investigate if sewer overflows are potentially critical in 
Switzerland, ii) the systematic development of passive samplers for the monitoring of sewer overflows 
and iii) a field study measuring a set of 13 micropollutants in 20 combined sewer overflows (CSOs). 
 
This work advanced our understanding of the occurrence of micropollutants in sewer overflows and at 
the same time proposed new methods to efficiently screen for critical sewer overflows. The following 
three main findings of the thesis are discussed subsequently:  

i. the occurrence of micropollutants in sewer overflows (section 6.1) 
ii. passive sampling sewer overflows (section 6.2) 
iii.  how to screen for critical sewer overflows (section 6.3) 

 

6.1 The occurrence of micropollutants in sewer overflows 

Relevance of micropollutants in sewer overflows. The nationwide modeling results show that 
untreated discharges from numerous sewer overflow sites are an important input pathway to receiving 
waters, especially for micropollutants occurring in stormwater. The load contribution to CSOs of 
micropollutants in stormwater (e.g. plant protection products and biocides) is estimated to be 
considerably higher than of micropollutants in municipal wastewater (e.g. pharmaceutical residues and 
household chemicals). Nevertheless, the monitoring of 20 CSOs showed that urban sources, municipal 
wastewater and stormwater, can contribute to concentrations above the environmental quality 
standards (EQS) in CSOs (the measurements were done in the CSO directly, not in the receiving 
water). Both model prediction and monitoring with passive samplers indicate that the majority of CSO 
sites could lead to critical concentrations for selected micropollutants when not considering the 
dilution in the receiving waters. 

Spatial differences in micropollutant concentrations among CSO sites. The monitoring results 
showed high spatial differences among micropollutant concentrations in CSOs. These spatial 
differences were higher than those among single events within a catchment. Moreover, high spatial 
differences were observed for micropollutants predominantly occurring in municipal wastewater as 
well as those mainly present in stormwater. These distinct spatial differences in stormwater 
micropollutants did not correlate clearly with differences in land use. Hence, the results suggest that 
additional factors - most likely the local usage pattern - have a considerable influence on the observed 
spatial differences.  

Temporal fluctuations within an event. Three events were measured in 20 min-resolution at three 
different locations (sewer pipe, CSO, sewer by-pass; Chapter 3). This data gives an indication of 
micropollutant concentration fluctuations during sewer overflow events. The temporal micropollutant 
fluctuations measured in a sewer pipe indicated three different concentration patterns (Figure 6.1): i) 
the household chemical benzotriazole was higher prior to the start of the event and diluted thereafter, 
ii) the biocides diuron, which leaches from construction material, exhibited low concentrations at the 
beginning of the event, followed by higher concentration throughout the event, iii) the plant protection 
product metolachlor showed a short lag phase at the beginning, followed by a peak. These patterns 
were observed in a small catchments and could be a coincidence as only one event was measured. The 
two other high resolution measurements for bigger catchments did not reveal such clear patterns. This 
could be due to bigger differences in flow paths lengths, uneven rain fall distribution and the higher 
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variability of usage patterns or activities associated with the more diverse land uses in bigger 
catchments. 

 
 

 

Figure 6.1. Temporal fluctuations within an event for high resolution water samples in a sewer pipe (Chapter 3). 
A sample was taken every 5 min and pooled over 20 min. The flow in the sewer started to increase after 1.8 
hours due to a rain event. 

6.2 Passive sampling sewer overflows 

In this thesis a systematic approach for using passive samplers in sewer overflow events of short �± i.e. 
minutes to hours �± duration was developed.  

Understanding uptake kinetics during short exposures. The experimental findings showed that 
micropollutant uptake kinetics were not well represented with the typical first-order model. Instead the 
results suggest that micropollutant uptake kinetics were governed by sorbent control or a mixed water-
boundary layer sorbent control. Thus, a new mixed rate control model is proposed to account for the 
accumulation behaviour observed during short exposures.  

Passive samplers to identify critical sites A field validation at three locations shows that time-
weighted average (TWA) concentration estimates from passive samplers are within a factor of 0.4 to 
3.1 in comparison to composite water samples. This variability should be taken into account when 
reporting TWA concentrations. The upper confidence limit of the estimated TWA concentration can 
be used as a safe scenario when checking compliance with EQS (Poulier et al. 2014; Vrana et al. 2016) 
to minimize false negative values. In addition, the results indicate that passive sampling of high 
fluctuating concentrations leads to similar or smaller uncertainties compared to the uncertainties due to 
chemical analysis and environmental factors. Overall, the information gained with passive samplers is 
very valuable to estimate TWA concentration ranges and, thus, to identify potentially critical discharge 
sites.  

When to use passive samplers? If a large number of discharge sites needs to be monitored for an 
overview on pollution levels, passive samplers are an efficient approach. Field deployment and sample 
handling is easier than with traditional methods. They can facilitate prioritization of critical sites where 
more detailed investigations are needed. However, if event durations are smaller than 1h, 
concentrations >EQS could still be missed if not sufficient mass is accumulated on the passive sampler 
- this could be the case for diclofenac (chronic EQS of 50ng/L, acute may be higher). Also for longer 
sampling durations (ca. >10 to 30 hours) deviations due to fluctuating concentration will increase. In 
comparison, an automated sampler is the primary choice if the interest lies in the following: i) highly 
accurate micropollutant concentrations data, ii) temporal high-resolution data or iii) a full screening of 
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different micropollutant types (different chemical properties not suitable for one passive sampler, 
pollution associated to particulate matter). 

Temporal sampling resolution. The data showed that micropollutants exhibit high temporal 
fluctuations within a single event. Thus, a single sample cannot provide a representative picture of the 
concentration fluctuations in sewer overflows. Sampling at high temporal resolution (or passive 
sampling) is required due to very short-term temporal concentration fluctuations (<10min) to get a 
representative picture of micropollutants in sewer overflows.  

Which micropollutants should be monitored? The monitoring results based on 13 selected polar 
organic micropollutants highlight that municipal wastewater and stormwater-based micropollutants 
have to be considered. Results suggest including the following micropollutants in a monitoring 
assessment, due to the occurrence in sufficiently high concentrations, potentially high spatial 
variability and in some cases eco-toxicological relevance: diclofenac, benzotriazole, carbamazepine: 
(municipal wastewater-based) and diazinon, diuron, carbendazim, mecoropo, metolachlor and 
terbutryn (stormwater-based) 

6.3 How to screen for critical sewer overflows? 

Nationwide modeling to screen for critical urban catchments. The developed dynamic substance 
flow model showed that 83% of all urban catchments in Switzerland have potentially sewer overflows 
that need to rely on upstream dilution. However, the developed modeling approach could not be 
validated as very few data was available. The nationwide screening clearly highlighted the need for 
more detailed assessment in form of monitoring data and model validation. This led to the 
development of a monitoring method with passive samplers to report micropollutant ranges in CSOs. 

Monitoring vs. modeling sewer overflows. The developed passive sampling approach led to 
unprecedented micropollutant data for 20 CSO sites, allowing to identify sites where further 
investigations are needed. However, the modeling and monitoring approaches address the research 
questions at different levels: nationwide modeling of municipality catchments with one hypothetical 
CSO vs. monitoring of selected CSO sites. Moreover, the monitoring data of 20 CSOs showed no 
clear correlation with land use. Hence, a direct comparison and validation of the modeling results with 
the monitoring data is challenging and will require further research on how to model micropollutants 
in sewer overflows. Whether one choses a modeling or monitoring approach depends on the specific 
questions, for example a modeling approach would be more cost-effective to assess nationwide 
impacts. Johnson et al. (2008) suggest that a combination of modeling and measuring approaches is 
most robust for risk assessment of organic micropollutants. 
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A screening approach combining modeling and monitoring. The next step could be to develop a 
systematic approach on how to prioritize sewer overflow sites, where further measures are warranted. 
The approach could then be included in guidelines for sewer overflows. The development of such an 
approach will require discussions with regulators and operators and is beyond the scope of this thesis. 
Nevertheless, a first suggestion for a stepwise approach is given here as a basis for further evaluation. 
Land use as a predictor for pollution levels is excluded in the suggested approach as the collected data 
showed no clear correlation with land use. The following two steps are proposed to identify potentially 
critical sewer overflows on an urban catchment level (for part 1 at least a, b, d if integrated assessment 
is not done). 

1. Urban drainage model as a first screening step 
a. Estimation of discharged flows of each sewer overflow in high temporal resolution if a 

hydrodynamic urban drainage model is readily available (e.g. SWMM, Huber (1985)). If 
such a detailed model is not available, a simplified linear cascade model could be used 
similar to the one in the nationwide screening approach (Chapter 2). Hence, only the most 
relevant discharge sites, by for example combining connected sewer overflows to one, 
would be considered (e.g. REBEKA, Rauch et al. (2002)). 

b. Calculation of discharged micropollutant loads based on flow and expected maximum 
micropollutant concentrations. For a first estimate of maximum micropollutant 
concentrations literature data could be used. For example Chapter 4 gives an indication of 
typical micropollutant concentration ranges discharged via CSOs. For this step, 
representative micropollutants for both urban sources, municipal wastewater and 
stormwater should be selected. The monitoring results suggest including the following 
micropollutants with potential eco-toxicological impacts: carbendazim, diazinon, 
diclofenac1, diuron, terbutryn.  

c. Integrated assessment of micropollutant concentrations in receiving water based on 
discharged micropollutant loads. If possible, an integrated assessment of all sewer 
overflows and wastewater treatment plants should be undertaken by considering all 
discharge sites in an urban catchment. To not rely on upstream water flows, the local 
�J�H�Q�H�U�D�W�H�G�� �I�O�R�Z�� �E�\�� �W�K�H�� �F�D�W�F�K�P�H�Q�W�¶�V�� �Q�D�W�X�U�D�O�� �D�U�H�D�� �F�D�Q�� �E�H�� �X�V�H�G�� �W�R�� �F�D�O�F�X�O�D�W�H�� �G�L�O�X�W�L�R�Q�� �L�Q�� �W�K�H��
receiving water (Chapter 2). 

d. Determination if further assessments are necessary: i) if upper boundary concentration in 
receiving water < EQS: it can be assumed that no further measures are necessary, ii) if 
upper boundary concentration >= EQS: potentially critical, further assessment might be 
necessary. 

2. Monitoring of potentially critical discharge sites. If a discharge site is identified as potentially 
critical with the above suggested modeling steps a monitoring campaign, eventually with 
passive samplers depending on monitoring objective and number of sites, will facilitate further 
assessments.  

  

                                                      
1 For diclofenac the chronic EQS was used as no acute EQS is available (Oekotoxzentrum 2018). 
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Conclusions 

The focus of this thesis was to advance the understanding of primarily the spatial but also temporal 
variability of micropollutants in sewer overflows. Little is known about micropollutants in sewer 
overflows, which are numerous, scattered across urban catchments and discharge unknown amounts of 
contaminants such as pharmaceutical residues, plant protection products and biocides among others.  

The main aim of this thesis was thus to evaluate methods to identify discharge sites that can be 
potentially harmfu l (critical) for  receiving waters. 

The thesis covered four research chapters that resulted in the following summarized conclusions per 
research question.  

1. How can the impact of micropollutant emissions and potential discharge hotspots be 
modeled with easy-to-acquire data (Chapter 2)? 

A nationwide model was developed at the level of administrative boundaries of municipalities, 
simplifying Switzerland to 2,500 combined sewer overflows (CSOs) and based on nationwide 
available data. This model can be used as a conservative screening tool which indicates whether 
a local urban settlement causes the environmental quality standards (EQS) to be exceeded and, 
thus would warrant further analysis. The main conclusions of this chapter are: 

�x The load contribution to CSOs of micropollutants in stormwater (e.g. plant protection 
products and biocides) is estimated to be considerably higher than of micropollutants in 
municipal wastewater (e.g. pharmaceutical residues and household chemicals). 

�x Untreated discharges from sewer overflow sites are an important input pathway of 
micropollutant loads to receiving waters.  

�x Indication that up to 83% of all urban catchments in Switzerland have potentially sewer 
overflow sites that need to rely on upstream dilution.  

�x There is a need for more detailed assessments in form of monitoring data and model 
validation on micropollutants in sewer overflows. 
 

2. What is the temporal variability of micropollutants during wet -weather and how can it be 
monitored with passive samplers (Chapter 3)? 

Three events were measured in 20 min-resolution at three different locations (sewer pipe, CSO, 
sewer by-pass) with automated samplers in comparison to passive samplers. Measured and 
modelled concentration profiles were looked at to assess the deviations from true Time-
weighted average concentrations.  

�x In general, a high temporal variability of micropollutants concentrations in sewer overflows 
was found.  

�x The observed concentration patterns (Chapter 6) in one event indicate that the temporal 
behavior could be predicted. However, the collected data is not sufficient to conclude on a 
broader basis concerning typical concentration patterns.  

�x Passive sampling of high fluctuating concentrations led to similar or smaller uncertainties 
compared to the uncertainties due to other factors (e.g. chemical analysis, environmental 
conditions)  
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�x The analysis showed that passive samplers can be used in case of high concentration 
fluctuations �± such as often the case in wastewater system. 
 

3. What is the applicability of passive samplers to measure micropollutants in sewer 
overflows and to identify critical concentrations (Chapter 4)? 

A systematic approach for using passive samplers in sewer overflow events of short (minutes to 
hours) duration was developed. In experiments mimicking sewer conditions, the accumulation 
behavior was studied and, passive samplers than further validated in a field study by comparison 
with traditional automated sampling. This lead to the following conclusions: 

�x Micropollutant uptake kinetics during short exposures are governed by sorbent control or a 
mixed water-boundary layer sorbent control.  

�x TWA concentration estimates from passive samplers are within a factor of 0.4 to 3.1 in 
comparison to composite water samples. This variability should be taken into account 
when reporting TWA concentrations.  

�x The upper confidence limit of the estimated TWA concentration can be used as a safe 
scenario when checking compliance with EQS. 

�x The information gained with passive samplers is very valuable to estimate TWA 
concentration ranges and, thus to identify potentially critical discharge sites. 
 

4. What concentration ranges and spatial variability has to be expected for micropollutants 
in sewer overflows and which are potential driving factors for this variability (Chapter 5)? 

The developed passive sampling approach led to unprecedented micropollutant data 
(concentration ranges) for 20 CSO sites, allowing to identify sites where further investigations 
are needed. The following can be concluded from the collected data: 

�x The following micropollutants are suggested for future monitoring studies of sewer 
overflows (underlined micropollutants with eco-toxicological relevance): diclofenac, 
benzotriazole, carbamazepine: (municipal wastewater-based) and diazinon, diuron, 
carbendazim, mecoropo, metolachlor and terbutryn (stormwater-based) 

�x Both urban sources, municipal wastewater and stormwater, can contribute to concentrations 
above the EQS in CSOs (the measurements were done in the CSO directly not in the 
receiving water). 

�x The monitoring results showed high spatial differences among micropollutant 
concentrations in CSOs. These spatial differences were higher than those among single 
events within a catchment.  

�x The observed distinct spatial differences in stormwater micropollutants did not correlate 
clearly with differences in land use. 
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Outlook 

Generalization of findings 

Developed methods. The nationwide modelling approach is transferable to other catchments with 
minor adaptions for the sewer system (percent of separate and combined systems). In addition, the 
model requires rain data in temporal high resolution (e.g. 10 min) to capture the dynamic of flows and 
concentrations. In the developed model approach the micropollutants occurring in stormwater are 
distributed based on urban land use. The monitoring study gave no clear indication wheter such a 
correlation exists. Thus, the developed modelling approach could be adopted with a stochastic 
micropollutant usage generator based on the collected TWA concentration ranges from 20 CSOs 
instead of using land use distributions. The model can be used for the following purposes: i) give an 
indication on expected emissions to compare among contaminants or type of sewer systems, ii) the 
spatial variability of micropollutants in sewer overflows for a larger area to detect emission hotspots, 
iii) to identify catchments where the local dilution is potentially insufficient. In addition, the model 
can be applied for new contaminants of interest, as has been done for example for nanoparticles 
(Zhang et al. (in preparation)).  

The passive sampling method was developed under realistic sewer conditions, evaluated for 3 
locations in the sewer system and applied to 20 CSOs. The proposed passive sampling approach 
including model parameters for typical sewer conditions, can be directly used for similar field studies. 
Environmental conditions (e.g. temperature, velocity, water matrix) influence the contaminant uptake. 
Thus, higher uncertainties for concentration estimates have to be expected for cases with differing 
field conditions. For example, the experimental uptake experiments in diluted wastewater (v=0.8m/s) 
gave a factor 1.9 higher uptake than reported by a previous study in river water at 0.14m/s 
(Vermeirssen et al. 2013). In-situ calibrations of the passive samplers could be used to determine 
adjusted model parameters. In addition, some further limitations have to be considered when installing 
passive samplers in sewer overflows. During the setup of our multi-catchment monitoring, a few CSOs 
had to be excluded because of the difficulty of finding a location where passive samplers could be 
installed horizontally. The monitored overflow weirs mostly were equipped with overflow detection 
and data was available for determination of overflow durations �± this is most likely not the case in 
many other locations. In the locations without overflow detection we installed a simple and cheap 
water level sensor (MB7369 HRXL-MaxSonar-WRM, Blumensaat et al. (2017)). In addition, 
monitoring in dry or heavily ventilated regions with passive samplers posed additional challenge as the 
samplers should not fall dry before the occurrence of an event. 

Occurrence of micropollutants. The transferability of the monitoring results to other catchments 
highly depends on the local micropollutant usage patterns. The results are expected to give a good 
picture of typical micropollutants used in Switzerland as the study covered 20 CSOs in nine different 
urban catchments and in six different cantons. Thus, the concentration results are expected to be 
transferable to other Swiss catchments. Nevertheless, the used passive samplers cover only substances 
in the dissolved phase (logKOW < 4) - in this thesis 13 polar organic micropollutants. However, 
previous studies showed the importance of the particulate phase for other relevant micropollutants 
(Gasperi et al. 2010; Launay et al. 2016). 
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Open questions and future research 

In this thesis, the focus was specifically on micropollutants in local sewer overflows. However, an 
integrated assessment approach including all sewer overflow sites is needed to assess the risk 
associated with micropollutants along a river section. Such an approach will enable better planning 
and operation of sewer systems and would require joint efforts by eco-toxicologists, analytical 
chemists, regulators and wastewater engineers. Some model approaches for such an integrated 
assessment already exist (e.g. Benedetti et al. 2013; Bach et al. 2014; Vezzaro et al. 2014). 
Nevertheless, some aspects remain unanswered:  

�x Only a limited number of representative micropollutants could be included in this study. The use 
and selection of micropollutant in urban areas is constantly changing. Thus, a non-target 
screening for a large array of micropollutants would allow for a more holistic assessment of the 
risks for the receiving water. Studies show that mixture toxicity of micropollutants can lead to 
more pronounced impacts than predicted by each micropollutant alone (e.g. Moschet et al. 2014; 
Vallotton and Price 2016). 

�x This thesis focused only on polar organic micropollutants. However, other micropollutant groups 
such as heavy metals (e.g. Copper, Zinc) or non-polar organic micropollutants (e.g. polycyclic 
aromatic hydrocarbons) have been shown to occur in relevant concentrations in sewer overflows 
(Chapter 1, e.g. Gasperi et al. 2012; Zgheib et al. 2012; Launay et al. 2016).  

�x Passive sampling in sewer overflows could be expanded to include other micropollutant groups 
by using different sampling devices (Vrana et al. 2005) such as diffusive gradient in thin films 
(DGT) for heavy metals.  

�x The developed passive sampling approach relies on Empore SDB-RPS disks, which are not 
produced any longer and a replacement needs to be found (e.g. Affinisep). Depending on the 
differences in properties of the new sampler, new sampler calibration data for sewer conditions 
has to be obtained. In addition, the effect of variations in wastewater matrix on the accumulation 
mechanistic on the sampler is still not fully understood. 

�x To enable the widespread application of passive samplers for water and wastewater monitoring, 
common guidelines, field validation and additional inter-laboratory studies are needed (Miège et 
al. 2015; Vrana et al. 2016). A remaining obstacle is the training of regulators and operators to 
interpret and utilise the results obtained with passive samplers in their monitoring programs 

�x The modelling of stormwater based micropollutants needs further development and assessment, 
to find out to which extent occurrence and concentration levels can be predicted with urban land 
use. As the monitoring results suggest a high spatial variability, a stochastic approach (e.g. 
Keyser et al. 2010) could give an indication of levels of micropollutants in stormwater. 

�x A further interesting option would be to include the reaction of the ecosystems (e.g. Feio et al. 
2009; Schuwirth and Reichert 2013; Paillex et al. 2017) in the modelling of sewer overflows. 
Such modelling approaches would allow to directly assess the effects of pollution reduction 
strategies. 

�x Sewer overflows exhibit considerable concentration fluctuations in short event durations of 
minutes to hours. The currently applied acute EQS are based on exposure times of 24 to 96 hours 
(Oekotoxzentrum 2018). Research is needed on how to consider high temporal fluctuations within 
a discharge event and the overlap of a series of these discharge events when evaluating eco-
toxicological risks. One option to consider the temporal concentration fluctuations could be toxic 
units summed over time (Liess and von der Ohe 2005; Mutzner et al. 2016). The consideration of 
temporally variable emissions could allow the optimization of sewer operation based on a 
temporally-explicit impact assessment. 
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A. GIS Analysis and Input Data 

Urban Catchments 

Information on municipal catchment characteristics is taken from land-use and population statistics (BfS 
2009) and the national digital terrain model (swisstopo 2008). Within urban areas 18 different land-use 
types were differentiated (see SI); e.g. number and type of buildings, area covered by roads etc. 

The use of combined systems is dominant in Switzerland. Almost 70% of the impervious area is drained 
by combined sewer systems (SVGW 2012). The basic information about size, structure and connected 
catchment area of the sewer systems were taken from a database developed by Maurer et al. (2010). The 
fractions that are drained by separate system and the usage of decentralized infiltration systems were 
derived from (SVGW 2012). As these data are aggregated on a cantonal level, all municipalities within 
the same canton are attributed the same fraction drained by separate system. Based on data of the canton 
Berne and the underlying guideline for the dimensioning of storage tanks in combined systems, storage 
volumes were assigned. Although the new standard STORM (VSA 2007) has been made available to 
limit the effects from wet-weather discharges on the recipient, it has been implemented only on rare 
occasions so far. Therefore, the old guideline was used to determine the CSO storage capacity (AFU 
1977). In this guideline, the longest flow time within the system is of particular importance. The flow 
time was deduced from GIS data assuming an average flow velocity of 2 m s-1 during wet weather.  

Land-use specific fractions and runoff coefficients 

Since the model is based on the impervious area, the transformation of the rational method is used over 
all urban land-uses (index k) that are likely connected to a sewage system. The impervious area is then 
(Butler and Davies 2004): 

  (A.1) 

 

Other studies about the Swiss wastewater infrastructure (Maurer et al. 2010) established that there are 
two basic relationships: (i) the population density increases with increasing settlement area and (ii) the 

discharge coefficient (�\ ) increases with increasing population density. To determine the impervious 
surface relevant for the rain discharge, the coefficient of rain discharge from urban areas () is used 

(Gujer 2007). Summing up all the land uses a total impervious area for Switzerland of 73'018 haimp is 
obtained. Details about selected runoff coefficients and initial losses (DVWK 2004) are given in Table 
A.1. 

�¦ �˜� kmkiiimp AA ,,, �\

�\
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Table A.1. Estimated fraction f of land use pattern, cumulative runoff coefficient , initial loss hini and 
impervious area in Switzerland Aimp,CH of the 18 land-use categories. 
land-use Nr 1) 

 

 

 

  

 

hini  Aimp,CH 

Unit [-] [-] [-] [-] [-] [-] [-] [mm] [ha] 

industrial buildings 21 0 0 0 0.7 0.3 0.69 1.43 ���¶������ 

single family homes  25 0 0 0 0.1 0.9 0.87 0.89 ���¶������ 

row houses 26 0 0 0 0.2 0.8 0.84 0.98 638 

multi family homes  27 0 0 0 0.3 0.7 0.81 1.07 ���¶������ 

not specified buildings 29 0 0 0 0.3 0.7 0.81 1.07 �����¶������ 

urban streets 33 1 0 0 0 0 0.7 1.7 �����¶������ 

parking spaces  34 1 0 0 0 0 0.7 1.7 ���¶������ 

surroundings 

- industrial  41 0.5 0.2 0.3 0 0 0.38 3.05 ���¶������ 

- single and two family 
homes 

45 0.1 0.3 0.6 0 0 0.11 4.07 ���¶������ 

- row houses 46 0.05 0.2 0.75 0 0 0.08 4.08 160 

- multi family homes 47 0.05 0.3 0.65 0 0 0.08 4.19 ���¶������ 

- not specified 
buildings 

49 0.05 0.3 0.65 0 0 0.08 4.19 ���¶������ 

green areas 

open sport grounds 51 0.05 0.15 0.8 0 0 0.08 4.04 553 

allotment garden  52 0.05 0.85 0.1 0 0 0.08 4.74 149 

cemeteries  56 0.1 0.5 0.4 0 0 0.12 4.27 157 

public parks 59 0.1 0.3 0.6 0 0 0.11 4.07 360 

greens between streets 68 0.2 0.5 0.3 0 0 0.18 4.04 777 

garden/ horticulture  78 0.01 0.99 0 0 0 0.06 4.97 228 

f: fraction of area [-], A: area [ha], : runoff coefficient [-] 
1) reference number to Swiss areal statistic 
 

  

cum�\

streetf gardenf lawnf flatrooff rooff cum�\

�\
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B. Characterization of rain-regions 

Rainfall is one of the most influential input variables and its spatio-temporal resolution has previously 
been identified as an important contribution to model uncertainty (Rauch et al. 1998; Berne et al. 2004). 
Therefore, seven rain-regions with time series of 10-minute intervals were considered (swissmeteo 
2011) to ensure covering a wide range of rainfall intensities in both the low land and alpine regions. Due 
to computational restrictions calculations were limited to one year. The year 2000 was selected because 
the annual precipitation determined for the seven regions was closest to the annual mean between 2000 
and 2009.  

Table B.2. Allocation of the rainfall series to a canton 
Number Canton Rainfall series name/location 
1 Zuerich  Kloten   
2 Bern  Kloten   
3 Luzern  Kloten   
4 Uri  Engelberg   
5 Schwyz  Engelberg   
6 Obwalden  Engelberg   
7 Nidwalden  Engelberg   
8 Glarus  Engelberg   
9 Zug  Kloten   
10 Freiburg  Pully   
11 Solothurn  Basel   
12 Basel-Stadt  Basel   
13 Basel-Landschaft  Basel   
14 Schaffhausen  Basel   
15 Appenzell-Ausserrhoden  Engelberg   
16  Appenzell-Innerrhoden  Engelberg   
17 St.Gallen  Engelberg   
18 Graubünden   Davos   
19 Aargau  Kloten   
20  Thurgau  Basel   
21 Tessin  Locarno   
22 Waadt  Pully   
23  Wallis  Sion   
24  Neuenburg  Pully   
25  Genf  Pully   
26  Jura  Pully   
 

C. Pollutant loads 

Assessment of the emission potential 

The first step of the dSFA is to allocate which source contributes how much of a specific pollutant. The 
pollutant sources and their leaching or wash-off behaviour were set to literature values. A complete list 
can be found in Mutzner (2011). In this study four sources are considered and distinguished: (i) domestic 
wastewater (here subsequently referred to as: households), (ii) buildings and their materials (here: 
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buildings), (iii) streets, and (iv) public greens and gardens (here: gardens). To describe the annual load 
(F0) - used or released - three different approaches are used depending on the information available.  

Firstly, if annual sales data (FSales) of a substance (index j) is available, the mass is spatially distributed 
across Switzerland (index CH) by either the fraction of the total impervious area (Aimp) of each source 
to the impervious area of the individual catchments or the number of inhabitants (cap). In order to 
calculate the contingent that transfers into the runoff or wastewater a transfer coefficient (ftransfer) was 
estimated based on literature values. 

 (C.2) 

or in case of the distribution according to the share of the total population, e.g. for the pollution of the 
domestic wastewater from households: 

 (C.3) 

Secondly, if a specific emission factor (fj) was available in the literature, then this was applied to the 
corresponding surface type. Depending on the pollutant source, the market share (fmarket) of a product j 
needs to be considered, too. For example, copper is also used as a roof material. In Switzerland 
�D�S�S�U�R�[�L�P�D�W�H�O�\�� ���¶�������� �K�D��(von Arx 2006) of copper roofs and copper installations are installed. For 
�U�H�I�H�U�H�Q�F�H�����W�K�D�W���L�V���������������R�I���W�K�H���W�R�W�D�O���U�R�R�I���D�U�H�D���R�I�������¶���������K�D�����,�I���W�K�H���H�P�L�V�V�L�R�Q���Z�D�V���G�H�U�L�Y�H�G���G�L�U�H�F�W�O�\���I�U�R�P��
data measured in the runoff, the transfer coefficient would be 1. 

 (C.4) 

Thirdly, especially for substances in building materials annually released loads can be estimated by 
assessing dosage (Fdose), applied area (Asource), market share, and a transfer coefficient to rainwater, that 
is 

 (C.5) 

The transfer coefficient of pesticides from pervious areas (lawns, etc.) was set to 0.05. This parameter 
was assumed to be conservative: loss-rates from agriculture are known to range between 0.1% and 1.4% 
(Leu et al. 2004). However, pesticide use in urban areas is not limited to pervious areas. Although, the 
pesticide use on streets, roads and paved surfaces is banned in Switzerland, recent studies report that the 
ban is not well known and even violated by public agencies sometimes (Wittwer and Gubser 2010). 
Since transfer rates of pesticides from paved surface was reported to be much higher (Jiang et al. 2010), 
the use of a higher transfer coefficient seems to be justified. 

Accumulation of pollutants 

Many pollutants are not released constantly into the environment. This may be due to an application 
pattern (e.g. agents for pest control) or because they accumulate during dry weather (e.g. emissions from 
traffic). The approach by Alley and Smith (1981) represents the accumulation of pollutants loads.  

 (C.6) 
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Some pollutants are not accumulated by external processes but are applied purposefully during specific 
seasons, e.g. pesticides. In the model this is taken into account by the total time of application (tapp). 
During this period between April and July the application is distributed homogenously.  

 (C.7) 

 

Pollutants mobilization and wash-off 

The transport characteristics of the majority of pollutants are either source limited or transport limited. 
The wash-off equation by Alley (1981) is able to represent both cases. Source limitation is represented 
by the accumulated mass (Facc) and high values of the wash-off coefficient k3. Smaller parameter values 
of k3 indicate a flux proportional to the effective rainfall intensity (r) which is an indicator for transport 
limited pollutants. 

 (C.8) 

In case of diffusion limited pollutants, rainfall intensity is not a good independent variable. It was shown 
that viewed from an extra-event point of view the release of these substances is practically stable and 
only decreases slowly with decreasing deposits. Therefore, this process was modelled recursively. The 
total released load was scaled by the total runoff, i.e.: 

 (C.9) 

The wash-off parameters for the rainfall-mobilized substances are of particular importance: Mecoprop 
and Glyphosate k3 = 0.5 mm-1, Copper k2 = 0.0352 d-1 and k3 = 0.785 mm-1 (Grottker 1987). 

Assignment of the pollution mobilization model to the respective pollutant  

Table C.3. Assigning the respective model equation number to the selected substances and source  
(EP �± available annual loads, Ac �± accumulation, WO: wash-off, n.a. �± not applicable). 

substance  household buildings street garden 
Triclosan EP 

Ac 
WO 

C.3 n.a. n.a. n.a. 

Glyphosate EP 
Ac 
WO 

n.a. n.a. n.a. C.1 
C.7 
C.8 

Mecoprop EP 
Ac 
WO 

C.3 C.5 
C.7 
C.9 

n.a. C.4 
C.7 
C.8 

Copper EP 
Ac 
WO 

C.3 C.5 
C.6 
C.9 

C.4 
C.6 
C.8 

C.5 
C.7 
C.8 
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Flow transformation and separation at the CSO 

The pollutant transport is modelled by continuously mixing of the dry weather flow (QDW) and runoff 
forming combined sewage (QCS). If the wet-weather capacity of the sewage treatment plant (QSTP) is 
exceeded, a storage tank is filled. As soon as the storage is depleted, the incoming water is released via 
the CSO as long as QCS > QSTP. With QSTP = 2 QDW, which is estimated from the design rules, then  

 (C.10) 

In many cases it is probable that larger wet-weather flows can be treated in the STP. Industrial 
wastewater, safety factors and uncertainty in the design lead to larger capacities than two times the dry-
weather flow. 

Parameters for dynamic substance flow model 

Table C.4. Pollutant data from literature research for the estimation of the amount of Triclosan and Glyphosate 
applied or washed-off from urban areas, respectively. 
Parameter  Unit  Value Description, remarks  Reference 

 
Triclosan 

 

[g cap-1 a-1] 0.66 Removal in WWTP of 94 \%  Singer et al. (2002) 

Glyphosate  

 

[g hh-1 a-1] 48.7 Applied amount in 3 out of 61 
households (hh)   

Mahler and Moschet 
(2008) 

 

[-] 0.065 Ratios of households using Glyphosat   Mahler and Moschet 
(2008) 

 

[g m-2 a-1] 0.0216 Glyphosat amount Blanchoud et al. (2007) 

 

[-] 0.5 Fraction of cemeteries treated with 
pesticides by municipalities  

Wittwer and Gubser 
(2010) 

 

[-] 0.65 Fraction of area treated by 
municipalities with pesticides  

Wittwer and Gubser 
(2010) 

 

[kg ha-1 a-1] 0.107 Application dose municipalities  Blanchoud et al. (2007) 

 

[kg a-1] 71'552 Sales volume privates and 
municipalities.  

Wittwer and Gubser 
(2010) 

 

[kg a-1] 24'420 Sales volume commercial gardeners.  Krebs et al. (2008) 

 

[kg ha-1 a-1] 1.44 Application dose to lawns.  Krebs et al. (2008) 

 

[kg ha-1a-1] 0.72 Application dose to other green areas.  Krebs et al. (2008) 

k3 [mm-1] 0.5 Assumption as no data in literature was 
found  

 -     

hh: household 
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Table C.5. Pollutant data from literature research for the estimation of Mecoprop application in urban areas 
Parameter Unit  Value Description Reference 

Mecoprop      

  [g cap-1 a-1] 7.16 x 10-6 Amount per capita into dry 
weather flow.  

measurements of 14 
wwtps (data: strategy 
micropol) 

Fdose.roof  [kg ha-1a-1]  266.6 Content of Mecoprop in treated 
flat roofs.  

Bucheli et al. (1998) 

floss.roof [-] 9 x 10-5 Loss fraction of Mecoprop 
content.  

Bucheli et al. (1998) 

ftreated.roof  [-] 0.7 Fraction of flat roofs treated with 
Mecoprop  

Wittmer et al. (2011) 

fflat.roof  [-] 0.32 Fraction of flat roofs  Wittmer et al. (2011) 

fnew.buildings  [-] 0.24 Fraction of new and renovated 
buildings in the last 20 years  

BfS (2009) 

Fdose.private  [g hh-1 a-1] 75.88 Applied amount in 4 out of 61 
households (hh)  

Mahler and Moschet 
(2008) 

fmarket.private  [-] 0.065 Ratios of households using 
Mecoprop   

Mahler and Moschet 
(2008) 

fcem.muni [-] 0.5 Fraction of cemeteries treated 
with pesticides by municipalities  

Wittwer and Gubser 
(2010) 

frest.muni [-] 0.65 Fraction of area treated by 
municipalities with pesticides  

Wittwer and Gubser 
(2010) 

Fsales.priv.muni [kg a-1] 11'356 Sales volume privates and 
municipalities.  

Wittwer and Gubser 
(2010) 

fmarket.muni  [-] 0.043 Unknown, thus the value for 
private gardeners is taken  

Hoerler (1992) 

Fsales.com  [kg a-1] 4'730 Sales volume privates and 
municipalities.  

Krebs et al. (2008) 

fwashoff.garden  [-] 0.05 Assumption based on values 
given in literature  

Wittmer et al. (2011b) 

k3  [mm-1] 0.5 Assumption as no data in 
literature was found  

 

hh: household 

 

housholddoseF .
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Table C.6. Pollutant data from literature research for the estimation of the amount of copper in the wastewater and 
washed-off from urban areas 
Parameter Unit  Value Description Reference 

Copper 

Fdose.street [mg vhc-1 km-1]  0.24 Copper from brakes and tires 
deposited on street surfaces per 
driven kilometer  

von Arx (2006) 

Lstreet [vhc.km a-1] 55'362 106 Annually driven kilometers in 
Switzerland  

BfS (2009) 

Fspec.household  [mg cap-1 a-1] ���¶������ Annual Copper amount per capita 
discharged from households into 
the sewage. Sum of urine and feces, 
food residues, goods, wash- and 
cleaning water and corrosion 
products.  

von Arx (2006) 

Fspec.industries [mg cap -1 a-1] ���¶������ Annual Copper amount per capita 
discharged from industries into the 
sewage.  

von Arx (2006) 

Fspec.buildings [g m-2 a-1] 1.8 Annual Copper load wash-off 
buildings  

von Arx (2006) 

fmarket.buildings [m2 cap-1] 3.6 In average in Switzerland installed, 
wetted Copper surface on buildings 
per capita   

von Arx (2006) 

Fdose.private [g hh-1 a-1] 83.4 Applied amount in 3 out of 61 
households (hh)  

Mahler and Moschet 
(2008) 

fmarket.private  [-] 0.05 Ratios of households using Copper   Mahler and Moschet 
(2008) 

Fdose.private  [g m-2 a-1] 1.34 Applied amount in 75 garden (total 
443 gardens were examined)  

Hoerler (1992) 

fmarket.private [-] 0.16 Ratios of gardeners applying copper Hoerler (1992) 

Fdose.muni  [kg ha-1 a-1] 10 Application dose municipalities  von Arx (2006) 

fmarket.muni  [-] 0.16 Unknown, thus the value for private 
gardeners is taken  

Hoerler (1992) 

Fsales.com [kg a-1] 1'650 Sales volume privates and 
municipalities.  

Krebs et al. (2008)  

fwashoff.garden [-] 0.025 Assumption based on values given 
in literature  

Wittmer et al. (2011) 

     

k2 [d-1] 0.0352 Constant rate of Copper removal  Grottker (1987) 

k3 [mm-1] 0.0758 Wash-off removal constant  
K3 für Garden: 0.025 / Strasse: 
0.785 

Grottker (1987) 

vhc: vehicle, hh: household 
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D. Loss rates and annual emissions 

Table D.7. Calculated national wash-off and wet-weather emission load in kg/a and the corresponding loss rate 
in %. 

  Triclosan Mecoprop Glyphosate Copper 

Wash-off [kg/a]     
Households ���¶������ 202  �����¶������ 
Buildings  47  �����¶������ 
Streets  

 
 ���¶������ 

Garden  98 ���¶������ 104 
Total ���¶������ 347 ���¶������ �������¶������ 
          
Emissions [kg/a]     
CSO 77.5 55 786 �����¶������ 
SWO  49 718 �����¶������ 
Total Emission WWD 77.5 104 ���¶������ �����¶������ 
          
Loss rate [%]     
CSO 1.5 15.8 37.7 13.1 
SWO 0 14.1 34.5 16.3 
Total 1.5 30.0 72.3 19.4 

 

E. Environmental quality standards 

EQS are formulated as concentrations that are either not to be exceeded on annual average (AA-EQS) 
or not to be exceeded at all (maximum allowable concentrations, MAC-EQS). In many countries there 
are precautionary values for pollutant concentration in the substantive law, supplementary to EQS. In 
case of Switzerland they are formulated in the Federal Waters Protection Ordinance (WPO 1998). 

The application of MAC-EQS and AA-EQS to assess the effect of wet weather discharges is challenging. 
Wet weather discharges combine short and long term effects. Short term effects originate from limited 
discharge duration. Long term effects can be caused by a number of discharges that are allocated along 
the receiving water, in particular in densely urbanized regions. Superposition and diffusive behavior of 
the waves lead to longer lasting and attenuated pollutographs. These processes become important if AA-
EQS and MAC-EQS differ greatly. As the AA-EQS and MAC-EQS suggested by oekotoxcentrum 
(Oekotoxzentrum 2014)for Triclosan and Mecoprop do not differ, those values were chosen in this study 
to assess their environmental effect (Table 3). In case of Copper the ordinance value for Switzerland 
was used which corresponds to the EQS formulated in the WFD for priority substances (EUC 2008). In 
case of Glyphosate an enormous variability of suggested EQS and prescriptive limits had to be 
overcome. Junghans and Kase (2012) analysed AA-EQS from many memberstates of the EU. They 
found a range from 11 to 196 µg L-1. As the prescriptive limit in Switzerland is currently 0.1 µg L-1, this 
study uses 5.5 µg L-1 as EQS for Glyphosate (mean of 0.1 and lowest value in the literature).  
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A. Measured high resolution events in sewers and sewer overflows 

 
Figure SI 1. Event 1: 18.05.2016. Event-based sampling directly in the sewer. Passive sampler overflown and 
auto-sampling trigged at water levels above 6cm.  

 
Figure SI 2. Event 1: 18.05.2016. First samples were taken before occurrence of rain event peak, hence the 
baseline wastewater flow was measured at the beginning of the sampled event.  
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Figure SI 3. Event 2: 25.04.2017. Sampling of a sewer overflow event with sampler installed at weir crust 
(schematic picture from a different sampled event) 

 

Figure SI 4. Gap in water sampling data due to malfunction of automated sampler. 



SI Chapter 3 

120 

 
Figure SI 5. Event 3: 28.06.2017. Rain-event sampling in flow channel supplied with wastewater pumped from a 
main sewer.  

 
Figure SI 6. Event 3: 28.06.2017. Installation of the passive sampler setup at the flow channel wall. 
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B. Characterization of concentration fluctuations 

 
Figure SI 7. Schematic example for calculation of the half time ratio (htr) used to determine the postion of the 
peak. A negative htr means in the beginning. 

 

 
Figure SI 8. Predicted deviation of CM.PS.mod to Ctrue for the modelled event-based sampling of sewer overflows 
(half-transparent black point): Event Length [h], Coefficient of Variation (CV in %), Half-time ratio (htr). 10% 
and 90% quantile regression are shown by the green solid lines, red dashed line shows htr = 0 and no deviation = 
1. Triangles represent replicate CM.PS.meas vs. CCS.meas of the three events, only value within visible range. 
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The effect of the position of the peak can be detailed by looking at three exemplary events with an 
identical event length of five hours. These three events result in distinctively different deviations of 
CM.PS.mod from Ctrue of 33% (Figure SI 9 A), 183% (Figure SI 9 B) as well as no deviation (Figure SI 9C). 

 
Figure SI 9. Exemplary modelled peaks �± extreme case with very low KSW of 150 and typical average Rs of 
0.03L/h. Equal event length but different position of peaks (htr) and coefficient of variation (CV). The predicted 
deviation from the true TWA concentration (Dev) is stated on top of the figures (A-C). A peak in the beginning 
(A) leads to underestimation due to desorption, a peak in the end (B) to an overestimation, a constantly varying 
pattern (C) with almost zero slope, however leads to a very small deviation from the true TWA concentration. 
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C. Chemical analysis 

Event 1 and 2 

Table SI 1. HPLC gradient used for the chromatographic separation on an Atlantis T3 column. FA: formic acid. 
 

 

 

 

 

Table SI 2. Settings for the QExactive mass spectrometer 

Parameter positive negative 
ESI settings     
Spray voltage 4000 V 3000 V 
Capillary temperature 350 °C 350 °C 
S-Lens RF voltage 50 V 50 V 
Probe Heater Temp 40°C 40°C 
Sheath Gas Flow (Arb) 40 40 
Aux Gas Flow (Arb) 10 10 
Spare Gas Flow (Arb) 0 0 
   
Orbitrap settings     
MS1   
Scan range (m/z) 100 - 1000 100 - 1000 
Mass resolution (m/z 200) 70,000 70,000 
Automatic Gain Control 5e5 5e5 
Max Injection time 100 ms 100 ms 
MS2   
Mass resolution (m/z 200) 17,500 17,500 
Automatic Gain Control 1e5 1e5 
Max Injection time 80 ms 80 ms 
Acquisition type data-dependent data-dependent 
Data- dependent loop count 1 1 
Isolation window (m/z) 1 1 
Collision energy normalized compound-optimized compound-optimized 
Dynamic exclusion 2 s 2 s 
Arb: arbitrary units 
ms: milli seconds 
s: seconds   

 

Event 3 

Table SI 3. HPLC gradient used for the chromatographic separation on an Acquity UPLC HSS T3 column. FA: 
formic acid. 

 

 

Time 
[min] 

H2O + 0.1% FA  
[%] 

MeOH + 0.1 % FA  
[%] 

Flow 
[µL/min]  

0.0 95 5 300 
1.5 95 5 300 
17.5 5 95 300 
25.0 5 95 300 
25.5 95 5 300 
29.5 95 5 300 

Time 
[min] 

H2O + 0.1% FA  
[%] 

MeOH + 0.1 % FA  
[%] 

Flow 
[µL/min]  

0.0 100 0 500 
18.5 5 95 500 
22.0 5 95 500 
22.5 100 0 500 
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Table SI 4. Settings for the Agilent G6495A mass spectrometer 

Parameter positive negative 

ESI settings     
Gas Temp 250 °C 250 °C 
Gas Flow 15 l/min 15 l/min 
Nebulizer 25 psi 25 psi 
Sheath Gas Heater 380 °C 380 °C 
Sheath Gas Flow 12 l/min 12 l/min 
Capillary 3500 V 3000 V 
   
QQQ settings     
Cycle time 650 ms 650 ms 
Acquisition type DynamicMRM DynamicMRM 
MRM Repeats 3 3 
Collision energy normalized compound-optimized compound-optimized 

 

Table SI 5. Relative recoveries and LOQs for the different measurement series 
Used mass spectrometer & 
injection/enrichment mode 

Thermo Scientific QExactive 
Plus, direct injection* 

Thermo Scientific 
QExactive Plus, coupled 

with online-SPE 

Agilent 6495 TQ, direct 
injection 

 Rel. recovery  
[%] 

LOQ 
[µg/L]  

Rel. recovery 
[%] 

LOQ 
[ng/L] 

Rel. recovery 
[%] 

LOQ 
[ng/L] 

       

1,3-Benzothiazole-2-sulfonic acid 130-202 1-2 158 8 130 13 
Diclofenac 94-116 0.7-1 105 2 102 1 
Diuron 101-119 0.6-2 102 2 114 1.9 
Metolachlor 115-128 0.6-1 100 1.8 112 5.3 
*Three measurement series were conducted with this setup, therefore a range of relative recovery and LOQ values is given 
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Table SI 6. Acquisition Method on Agilent G6495A triple quad mass spectrometer 
Cpd Name ISTD Prec 

Ion 
MS1 
Res 

Prod 
Ion  

MS2 
Res 

Frag 
(V) 

CE 
(V) 

Ret Time 
(min) 

Polarity  

1,3-Benzothiazole-2-sulfonic acid No 216 Unit 134.1 Unit 380 16 8.98 Pos 
1,3-Benzothiazole-2-sulfonic acid No 216 Unit 90.1 Unit 380 20 8.98 Pos 
Benzotriazole-D4 Yes 124.08 Unit 96.1 Unit 380 18 9.37 Pos 
Benzotriazole-D4 Yes 124.08 Unit 69.1 Unit 380 26 9.37 Pos 
Diclofenac No 296.03 Unit 249.9 Unit 380 10 17.6 Pos 
Diclofenac No 296.03 Unit 214.1 Unit 380 30 17.6 Pos 
Diclofenac No 296 Unit 215 Unit 380 20 17.6 Pos 
Diclofenac-D4 Yes 300.05 Unit 254 Unit 380 10 17.64 Pos 
Diclofenac-D4 Yes 300.05 Unit 219.1 Unit 380 20 17.64 Pos 
Diclofenac-D4 Yes 300.05 Unit 218 Unit 380 34 17.64 Pos 
Diuron No 233.03 Unit 72.2 Unit 380 28 15.35 Pos 
Diuron No 233.03 Unit 46.3 Unit 380 20 15.35 Pos 
Diuron-D6 Yes 239.06 Unit 78.1 Unit 380 40 15.3 Pos 
Diuron-D6 Yes 239.06 Unit 52.4 Unit 380 20 15.3 Pos 
Metolachlor No 284.14 Unit 252.1 Unit 380 12 17.5 Pos 
Metolachlor No 284.14 Unit 176.2 Unit 380 28 17.5 Pos 
Metolachlor-D6 Yes 290.18 Unit 258.2 Unit 380 16 17.5 Pos 
Metolachlor-D6 Yes 290.18 Unit 182.2 Unit 380 28 17.5 Pos 
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A. Passive sampler calibration experiments 

The calibration experiments were conducted in the same flume as one rain event was sampled in the 
field study (location 3, Figure SI 11), however the wastewater-groundwater mixture was spiked directly 
in the tank and then re-circulated over the course of the experiment. The passive samplers in the 
calibration Experiment I and II were mounted as shown in Figure SI 1. 

   

 

Figure SI 1. Left: Passive sampler metal holder mounted on device to expose sampler in flow channel (after exposure). Middle: 
Passive sampler after exposure. Right: Flow channel where passive samplers as shown in left picture were exposed in the 
middle of the channel. 

Experiment I: Calibration in flow channel 

 

Figure SI 2. Overview on calibration Experiment I. Red crosses indicate the time of the passive sampler (PS) exposure (in 
duplicates). Black circles the time of PS removal. All samplers were exposed in duplicates. 

 

Time 2 Weeks 1 Week 2 h 3 h 5 h 7 h 9 h 14 h
PS 1 x o
PS 2 x o
PS 3 x o
PS 4 x o
PS 5 x o
PS 6 x o
PS 7 x o
PS 8 x o Dry at End
PS 9 x o Background Wastewater

Dry Wet
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Figure SI 3. Ratio of mass on PS1 (Dry 2w: stored dry 2 weeks before exposure in flow channel), PS 2 (Dry 1w: 
stored dry 1 week before exposure in flow channel), PS 8 (Dry@End: dry after the exposure for 5hours), PS 9 
(WW@End: stored in stagnant wastewater after the exposure for 5hours) in comparison to PS 3 (normal treated 
sampler, exposed in flow channel for the same amount of time). The data is based on duplicate samplers and 13 
contaminants. 

 

1.1.1 Experiment I I : Calibration in flow channel 

 

Figure SI 4. Overview of calibration Experiment II. Red x indicate the time of the passive sampler (PS) exposure (in duplicates). 
Black x the time of PS removal. The green samplers were removed the following day (>24 hours). All samplers were exposed 
in duplicates. 

  

Removal Time [Min] 0 5 15 30 60 120 240 480 840 1440 1800 2160
Removal Time [h] 0 0.08 0.25 0.5 1 2 4 8 14 24 30 36
Blank - PS0 x
PS 1 x x
PS 2 x x
PS 3 x x
PS 4 x x
PS 5 x x
PS 6 x x
PS 7 x x
PS 8 x x
PS 9 x x
PS 10 x x
PS 11 x x
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Accumulation models for calibration Experiments I and II  

 Metolachlor 
CComp.Sample = 1,900ng/L  Carbendazim 

CComp.Sample = 2,500ng/L 

 First -order uptake model (fit for 8hours) 

 

   

R
es

id
ua

ls 

  

 

Figure SI 5. Accumulation for metolachlor and carbendazim for calibration Experiment II . Measured mass on duplicate passive 
sampler disks (points) and predicted uptake behaviour (solid line). Dashed, blue line: water concentration C(t), dark shaded 
bands: 80%-confidence intervals, light shaded bands: 80%-prediction intervals. Shown Model parameter estimates, confidence 
and prediction intervals are based on fitting for Experiment II to show accumulation mechanisms. First-order model (Eq. 1) 
based on parameter estimates for 8h metolachlor: instantaneous RS =  2.1/d, KSW =2,110L/kg and carbendazime: instantaneous 
RS= 1.9L/d, KSW =950L/kg,  
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Figure SI 6. Fits for mixed rate control model and first-order uptake model for the accumulation behaviour in Experiment I and II. Mixed rate control model: Measured mass on duplicate PS disks (brown 
triangles: Experiment I, green round points: Experiment II) and predicted uptake behaviour (brown solid line: Experiment 1, green dashed line: Experiment II). Dark shaded bands: 80%-confidence intervals, 
light shaded bands: 80%-prediction intervals. Outliers were identified by visual inspection and removed for parameter estimation, hence for MCPA, Benzotriazole and 1.3-Benzotiazole-2-sulfonate outliers 
had to be removed (grey points). A. First-order model (Eq. 1) based on parameter estimates for Experiment II (model parameters not given as model is not applicable) B. Mixed rate control model fitted for 
both Experiment I and II simultaneously. C. Mixed rate control model fitted for Experiment II only. D. Below: Measured water concentration in the flow channel Experiment I and II, showing the variability 
of the 20-min composite water concentration  

 A. First -order uptake model  
Fitted for Experiment II  

B. Mixed rate control model 
Fitted for  Experiment I and II  

C. Mixed rate control model 
Fitted for Experiment II  
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Table SI 1. Prior parameter estimates for Bayesian inference (uniform distributed: Min / Max).  

Model   Standard deviation 
(error)  [ng/day] 

First-order model (Eq. 1) Rs [L/h]: 0.00001 / 2 KSW [kg/L] : 200 / 40000 0 / 4000 
Mixed rate control model (Eq. 5) k [L/g/h n]:  0 / 1 n [-]:  0.00001 / 1 0 / 4000 
 
 

 

Figure SI 7. Correlation of equivalent sampling rate RS_24h (24h) based on mixed rate control model (Experiment I and II) with 
logKOW respectively logDOW in case of speciation at pH =8.(JChem for Excel, Version 18.8.0.253).
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Table SI 2. Investigated contaminants with median (50%-quantile) and 80%-interquantile parameter estimates for the empirical mixed uptake model (Eq. 5).  

Contaminant 
 

CAS Number M ixed rate control model 
Fitted soley for Experiment II  

M ixed rate control model 
Fitted for Experiment I and II  

   k n k n 

 
 L/g/hn - L/g/hn - 

 

 

Median 

+/-  
80%-

interquantile Median 

+/-  
80%-

interquantile Median 

+/-  
80%-

interquantile Median 

+/-  
80%-

interquantile 
2.4-D 94-75-7 60 5 0.52 0.035 40 5 0.63 0.050 
1.3-benzothiazole-
2-sulfonate 

941-57-1 40 5 0.56 0.015 50 0 0.52 0.025 

benzotriazole 95-14-7 240 30 0.43 0.045 140 25 0.59 0.060 

carbamazepine 298-46-4 200 20 0.71 0.035 110 15 0.88 0.045 

carbendazim  10605-21-7 250 15 0.55 0.015 220 15 0.6 0.020 

clarithromycin 81103-11-9 150 15 0.68 0.035 140 15 0.72 0.030 

diazinon 33-41-5 580 45 0.56 0.025 450 50 0.63 0.035 

diclofenac 15307-86-5 180 15 0.59 0.020 120 10 0.72 0.030 

diuron 330-54-1 290 20 0.65 0.015 240 20 0.70 0.025 

MCPA 94-74-6 50 5 0.59 0.025 50 5 0.61 0.020 

mecoprop 16484-77-8 100 5 0.53 0.020 70 5 0.63 0.040 

metolachlor 51218-45-2 310 15 0.70 0.015 240 25 0.78 0.035 

terbutryn 886-50-0 400 30 0.66 0.025 320 35 0.72 0.035 
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Field study 

 

Figure SI 8. Passive sampler construction for installation in field; technical dimensions. 
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Figure SI 9. Location 1 - Passive sampler overflown and auto-sampling trigged at water levels above 6-10cm. The first passive 
sampler was not analyzed and served as a prolonged front to collect material in the following events. 

 
Figure SI 10. Location 2 -Sampling of a sewer overflow event with sampler installed at weir crust. 
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Figure SI 11. Location 3 - Rain-event sampling in flow channel supplied with wastewater pumped from a main sewer.  

 
Figure SI 12. Location 3 - Installation of the passive sampler setup at the flow channel wall. 

Table SI 3. Field locations 1-3 sampled with passive samplers and composite water samples. 

Location 
Nr. 

Description Date Event 
duration a 

Velocity Replicate passive 
samplers analysed 

   h m/s  

1 Sewer pipe (600 mm 
diameter) 

17.04.2016 12 1.0 3 
23.04.2016 18 1.2 3 
18.05.2016 2.9 1.4 4 
27.05.2016 12 1.2 2 
11.06.2016 11 1.3 2 

2 Sewer overflow 04.08.2016 10  3 
09.03.2017 2.1  3 
25.04.2017 14 0.75 3 
10.07.2017 0.9  3 

3 Bypass flow channel 28.06.2017 8 0.8 3 
aPassive sampler exposure duration 
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Figure SI 13. Comparison of CPS categories grouped into  <LOQ, >LOQ and <EQS, >EQS for the monitored events and all 
substances combined versus event duration [h] multiplied with the measured composite water sample concentration CComp.Sample 
as an indicator for short event durations and low concentrations combined (left side of x-axis).  
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Chemical analysis 

Two methods with comparable performance were applied: i) online SPE-LC-HR-MS/MS and ii) LVI-LC-QQQ. Which samples were measured with which sample 
preparation and method/instrument can be seen in Table SI 4. For the sample preparation with filtration 20 mL was filtered with GF/F (cutoff 0.6-0.8 µm) and 
spiked with internal standards.  

i) Online SPE-LC-HR-MS/MS: Full scan MS detection was performed with a QExactive mass spectrometer (resolution R =70,000 at m/z 200) with electrospray 

ionization (ESI). Data-dependent acquisition was used to acquire five MS/MS (resolution R =17,500 at m/z 200) scans using a inclusion list for the target 

analytes. Samples were analysed in two separate runs in positive and negative mode.  

ii)  LVI -LC-QQQ: Agilent 6495 triple quad mass spectrometer using electrospray as ionization source. Chromatographic separation was performed with a Waters 

Acquity UPLC HSS T3 (3x100mm, 1.8 ��m particle size). Data acquisition was achieved in dynamic MRM mode. 

Table SI 4. Overview on chemical analytics for passive samples (PS) and water samples (WS) for Location 1-3. 

Location Location 1 Location 2 Location 3 Experiment I + II  Experiment III + IV  

Sample Type PS WS PS WS PS WS PS WS PS WS 

Sample preparation Extraction Filtration GF/F 
online-SPE 

Extraction Filtration GF/F 
online-SPE 

Extraction Centrifuged Extraction Filtration 
GF/F 

Extraction Centrifuged 

Analytical method LC- ESI- 
HRMS/MS 

LC-ESI- 
HRMS/MS 

LC- ESI- 
HRMS/MS 

LC-ESI- 
HRMS/MS 

LC- ESI- 
HRMS/MS 

LC-ESI-
MS/MS 

ESI-LC-
HRMS/MS 

ESI-LC-
HRMS/MS 

LC-ESI-
MS/MS 

LC-ESI-
MS/MS 

Column Waters Atlantis T3 
�������[���������P�P�����������P���S�D�U�W�L�F�O�H���V�L�]�H 

Waters Acquity 
UPLC HSS T3 
3x100mm, 1.8 
���P particle size 

Waters Atlantis T3 
�������[�������� �P�P���� ���� ���P��
particle size 

Waters Acquity UPLC 
HSS T3 
���[�������P�P���������������P���S�D�U�W�L�F�O�H��
size 

MS Thermo Fisher Obitrap MS Q Exactive Agilent TQMS 
G6495A 

Thermo Fisher Obitrap 
MS Q Exactive 
  

Agilent TQMS G6495A 
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Event 1 and 2 

Table SI 5. HPLC gradient used for the chromatographic separation on an Atlantis T3 column. FA: formic acid. 

 

 

 

 

  

Time 
[min] 

H2O + 0.1% FA  
[%] 

MeOH + 0.1 % FA  
[%] 

Flow 
[µL/min]  

0.0 95 5 300 
1.5 95 5 300 
17.5 5 95 300 
25.0 5 95 300 
25.5 95 5 300 
29.5 95 5 300 
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Table SI 6. Settings for the QExactive mass spectrometer 

Parameter positive and negative 
ESI settings   
Spray voltage 4000 V (positive) / 3000 V (negative) 
Capillary temperature 350 °C 
S-Lens RF voltage 50 V 
Probe Heater Temp 40°C 
Sheath Gas Flow (Arb) 40 
Aux Gas Flow (Arb) 10 
Spare Gas Flow (Arb) 0 
  
Orbitrap settings   
MS1  
Scan range (m/z) 100 - 1000 
Mass resolution (m/z 200) 70,000 
Automatic Gain Control 5e5 
Max Injection time 100 ms 
MS2  
Mass resolution (m/z 200) 17,500 
Automatic Gain Control 1e5 
Max Injection time 80 ms 
Acquisition type data-dependent 
Data- dependent loop count 1 
Isolation window (m/z) 1 
Collision energy normalized compound-optimized 
Dynamic exclusion 2 s 
Arb: arbitrary units 
ms: milli seconds 
s: seconds  
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Event 3 

Table SI 7. HPLC gradient used for the chromatographic separation on an Acquity UPLC HSS T3 column. FA: formic acid.  

 

 

 

 

Table SI 8. Settings for the Agilent G6495A mass spectrometer 

Parameter Positive and negative 

ESI settings   
Gas Temp 250 °C 
Gas Flow 15 L/min 
Nebulizer 25 psi 
Sheath Gas Heater 380 °C 
Sheath Gas Flow 12 L/min 
Capillary 3500 V (positive) 

3000 V (negative) 
  
QQQ settings   
Cycle time 650 ms 
Acquisition type DynamicMRM 
MRM Repeats 3 
Collision energy normalized compound-optimized 

 

Table SI 9. Acquisition Method on Agilent G6495A triple quad mass spectrometer 
Cpd Name ISTD Precursor 

Ion [m/z] 
MS1 Res Product Ion 

[m/z] 
MS2 Res Fragmentor      

(V) 
Collision 
Engergy   
(V)    

Ret Time 
(min) 

Polarity  

1,3-Benzothiazole-2-
sulfonic acid 

No 216.0 Unit 134.1 Unit 380 16 9.0 Pos 

1,3-Benzothiazole-2-
sulfonic acid 

No 216.0 Unit 90.1 Unit 380 20 9.0 Pos 

2,4-D No 219.0 Unit 161.0 Unit 380 8 15.3 Neg 
2,4-D No 219.0 Unit 125.1 Unit 380 32 15.3 Neg 
2,4-D-D3 Yes 222.0 Unit 164.0 Unit 380 8 15.3 Neg 
2,4-D-D3 Yes 222.0 Unit 127.2 Unit 380 28 15.3 Neg 
Benzotriazole No 120.1 Unit 92.1 Unit 380 16 9.5 Pos 
Benzotriazole No 120.1 Unit 65.2 Unit 380 20 9.5 Pos 
Benzotriazole-D4 Yes 124.1 Unit 96.1 Unit 380 18 9.4 Pos 
Benzotriazole-D4 Yes 124.1 Unit 69.1 Unit 380 26 9.4 Pos 
Carbamazepine No 237.1 Unit 194.0 Unit 380 22 14.3 Pos 
Carbamazepine No 237.1 Unit 193.1 Unit 380 38 14.3 Pos 
Carbamazepine-D8 Yes 245.2 Unit 202.1 Unit 380 30 14.2 Pos 
Carbamazepine-D8 Yes 245.2 Unit 201.2 Unit 380 34 14.2 Pos 
Carbendazim No 192.§ Unit 160.1 Unit 380 20 8.1 Pos 
Carbendazim No 192.§ Unit 65.1 Unit 380 56 8.1 Pos 
Carbendazim-D4 Yes 196.1 Unit 164.1 Unit 380 24 8.0 Pos 
Carbendazim-D4 Yes 196.1 Unit 69.2 Unit 380 60 8.0 Pos 
Clarithromycin No 748.5 Unit 590.4 Unit 380 18 15.3 Pos 
Clarithromycin No 748.5 Unit 158.1 Unit 380 26 15.3 Pos 
Clarithromycin-D3 Yes 751.5 Unit 593.4 Unit 380 14 15.3 Pos 
Clarithromycin-D3 Yes 751.5 Unit 161.3 Unit 380 30 15.3 Pos 
Diazinon No 305.1 Unit 169.1 Unit 380 20 18.1 Pos 
Diazinon No 305.1 Unit 153.2 Unit 380 20 18.1 Pos 
Diazinon-D10 Yes 315.2 Unit 170.1 Unit 380 28 18.1 Pos 
Diazinon-D10 Yes 315.2 Unit 154.1 Unit 380 24 18.1 Pos 

Time 
[min] 

H2O + 0.1% FA  
[%] 

MeOH + 0.1 % FA  
[%] 

Flow 
[µL/min]  

0.0 100 0 500 
18.5 5 95 500 
22.0 5 95 500 
22.5 100 0 500 
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Cpd Name ISTD Precursor 
Ion [m/z] 

MS1 Res Product Ion 
[m/z] 

MS2 Res Fragmentor      
(V) 

Collision 
Engergy   
(V)    

Ret Time 
(min) 

Polarity  

Diclofenac No 296.0 Unit 249.9 Unit 380 10 17.6 Pos 
Diclofenac No 296.0 Unit 214.1 Unit 380 30 17.6 Pos 
Diclofenac No 296.0 Unit 215.0 Unit 380 20 17.6 Pos 
Diclofenac-D4 Yes 300.1 Unit 254.0 Unit 380 10 17.64 Pos 
Diclofenac-D4 Yes 300.1 Unit 219.1 Unit 380 20 17.64 Pos 
Diclofenac-D4 Yes 300.1 Unit 218.0 Unit 380 34 17.64 Pos 
Diuron No 233.0 Unit 72.2 Unit 380 28 15.35 Pos 
Diuron No 233.0 Unit 46.3 Unit 380 20 15.35 Pos 
Diuron-D6 Yes 239.1 Unit 78.1 Unit 380 40 15.3 Pos 
Diuron-D6 Yes 239.1 Unit 52.4 Unit 380 20 15.3 Pos 
MCPA No 199.0 Unit 141.1 Unit 380 20 15.6 Neg 
MCPA 37Cl No 201.0 Unit 143.0 Unit 380 12 15.6 Neg 
MCPA-D3 Yes 202.0 Unit 144.0 Unit 380 16 15.6 Neg 
MCPA 37Cl-D3 Yes 204.0 Unit 146.0 Unit 380 12 15.6 Neg 
Metolachlor No 284.1 Unit 252.1 Unit 380 12 17.5 Pos 
Metolachlor No 284.1 Unit 176.2 Unit 380 28 17.5 Pos 
Metolachlor-D6 Yes 290.2 Unit 258.2 Unit 380 16 17.5 Pos 
Metolachlor-D6 Yes 290.2 Unit 182.2 Unit 380 28 17.5 Pos 
Terbutryn No 242.2 Unit 186.1 Unit 380 20 15.3 Pos 
Terbutryn No 242.2 Unit 68.1 Unit 380 52 15.3 Pos 
Terbutryn-D5 Yes 247.2 Unit 191.1 Unit 380 20 15.2 Pos 
Terbutryn-D5 Yes 247.2 Unit 69.1 Unit 380 48 15.2 Pos 
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Table SI 10. Relative recoveries and LOQs for the different measurement series. Relative Recovery: recovery of 
analyte amount spiked into the sample considering the background concentration of the unspiked sample. LOQ 
determined with signal-to-noise ratio of 10. The LOQ of the less sensitive DRM transition is reported 
Used mass spectrometer & 
injection/enrichment mode 

Thermo Scientific QExactive Plus, 
direct injection* 

Thermo Scientific QExactive 
Plus, coupled with online-SPE 

Agilent 6495 TQ, direct 
injection**  

 Rel. recovery  
[%] 

LOQ 
[µg/L]  

Rel. recovery 
[%] 

LOQ 
[ng/L] 

Rel. recovery 
[%] 

LOQ 
[ng/L] 

       

1,3-Benzothiazole-2-sulfonic acid 130-202 1-2 158 8 108-134 13-30 
2,4-D 108-120 1.9-2 116 4.7 107-128 5-20 
Benzotriazole 79-126 1-2 97 1 99-113 30-50 
Carbamazepin 113-135 0.3-2 108 1 107-124 1.4-8 
Carbendazim 103-116 0.3-0.5 118 1 79-96 0.6-2 
Clarithromycin 115-131 1.8-2 100 1 100-150 0.5-13 
Diazinon 112-116 0.3-0.7 116 1 100-137 0.6-6 
Diclofenac 94-116 0.7-1 105 2 102-103 1-13 
Diuron 101-119 0.6-2 102 2 114-116 1.9-17 
MCPA 92-111 0.8-1.5 83 5.5 75-114 30-40 
Mecoprop 117-130 0.7-2 90 2.4 74-102 2.6-12 
Metolachlor 115-128 0.6-1 100 1.8 99-112 5.3 
Terbutryn 107-122 1.4 106 1.8 99-109 0.6-11 
*  Three measurement series were conducted with this setup, therefore a range of relative recovery and LOQ values is given 
**  Two measurement series were conducted with this setup, therefore a range of relative recovery and LOQ values is given 
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Supporting Information  Chapter 5 

A MULTI -CATCHMENT AN ALYSIS USING PASSIVE SAMPLIERS: 
SPATIAL DIFFERENCES OF MICROPOLLUTANTS I N SEWER 

OVERFLOWS 
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A. TWA concentration estimates 

Concentration distribution per contaminant 

Figure SI 1. Concentration distribution over CSO sites per studied micropollutant. The red line indicates the 
environmental quality standard (EQS). The numbers above the graph show how many of the monitored events 
are above the EQS. 
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Figure SI 2. Correlation between diuron and carbendazim TWA concentration. 

 

B. Spatial variability  

 
Figure SI 3. Overview on land use distribution in the 20 CSO catchments sorted in ascending order by fraction 
of industry (CSO ID 20: 100% industry). No data is available for CSO ID 17.  
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Figure SI 4. Correlations between relative area of land use (building, urban green, street, other impervious 
areas) and TWA concentrations for 19 CSO sites (for CSO ID 17 no land use data was available). Only 
micropollutants shown with expected occurrence in selected urban land use category and highest found (if any) 
correlation.  
Fraction of buildings 

  

  
Fraction of urban green 
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Fraction of streets 

  
Fraction of other impervious areas 
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C. Risk quotient 

 

Figure SI 5. Risk quotient for all 20 CSO sites (TWA concentration divided by EQS) in comparison to event 
duration in minutes. 
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D. Chemical analysis 

Two methods with comparable performance were applied: i) LC-HR-MS/MS and ii) LVI-LC-QQQ: 

i) LC-HR-MS/MS: Full scan MS detection was performed with a QExactive mass spectrometer (resolution R =70,000 at m/z 200) with electrospray 
ionization (ESI). Data-dependent acquisition was used to acquire five MS/MS (Thermo Fisher Obitrap MS Q Exactive, resolution R =17,500 at m/z 200) 
scans using a inclusion list for the target analytes. Samples were analysed in two separate runs in positive and negative mode. Column: Waters Atlantis T3, 
�������[���������P�P�����������P���S�D�U�W�L�F�O�H���V�L�]�H 

ii)  LVI -LC-QQQ: Agilent 6495 triple quad mass spectrometer using electrospray as ionization source. Chromatographic separation was performed with a 
Waters Acquity UPLC HSS T3 (3x100mm, 1.8 ��m particle size). Data acquisition was achieved in dynamic MRM mode. Column: Waters Acquity UPLC 
HSS T3, ���[�������P�P���������������P���S�D�U�W�L�F�O�H���V�L�]�H 
 

QExactive: LC-HR-MS/MS 

Table SI 1. HPLC gradient used for the chromatographic separation on an Atlantis T3 column. FA: formic acid. 
 

 

 

 

 

 

Time 
[min] 

H2O + 0.1% FA  
[%] 

MeOH + 0.1 % FA  
[%] 

Flow 
[µL/min]  

0.0 95 5 300 
1.5 95 5 300 
17.5 5 95 300 
25.0 5 95 300 
25.5 95 5 300 
29.5 95 5 300 
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Table SI 2. Settings for the QExactive mass spectrometer 

Parameter positive negative 
ESI settings     
Spray voltage 4000 V 3000 V 
Capillary temperature 350 °C 350 °C 
S-Lens RF voltage 50 V 50 V 
Probe Heater Temp 40°C 40°C 
Sheath Gas Flow (Arb) 40 40 
Aux Gas Flow (Arb) 10 10 
Spare Gas Flow (Arb) 0 0 
   
Orbitrap settings     
MS1   
Scan range (m/z) 100 - 1000 100 - 1000 
Mass resolution (m/z 200) 70,000 70,000 
Automatic Gain Control 5e5 5e5 
Max Injection time 100 ms 100 ms 
MS2   
Mass resolution (m/z 200) 17,500 17,500 
Automatic Gain Control 1e5 1e5 
Max Injection time 80 ms 80 ms 
Acquisition type data-dependent data-dependent 
Data- dependent loop count 1 1 
Isolation window (m/z) 1 1 
Collision energy normalized compound-optimized compound-optimized 
Dynamic exclusion 2 s 2 s 
Arb: arbitrary units 
ms: milli seconds 
s: seconds 
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Agilent G6495A: LVI -LC-QQQ 

Table SI 3. HPLC gradient used for the chromatographic separation on an Acquity UPLC HSS T3 column. FA: 
formic acid.  

 

 

 

 

Table SI 4. Settings for the Agilent G6495A mass spectrometer 

Parameter positive negative 

ESI settings     
Gas Temp 250 °C 250 °C 
Gas Flow 15 l/min 15 l/min 
Nebulizer 25 psi 25 psi 
Sheath Gas Heater 380 °C 380 °C 
Sheath Gas Flow 12 l/min 12 l/min 
Capillary 3500 V 3000 V 
   
QQQ settings     
Cycle time 650 ms 650 ms 
Acquisition type DynamicMRM DynamicMRM 
MRM Repeats 3 3 
Collision energy normalized compound-optimized compound-optimized 
 

Table SI 5. Acquisition Method on Agilent G6495A triple quad mass spectrometer 
Cpd Name ISTD Precursor 

Ion [m/z] 
MS1 Res Product 

Ion [m/z] 
MS2 Res Fragmentor      

(V) 
Collision 
Engergy   
(V)    

Ret Time 
(min) 

Polarity  

1,3-Benzothiazole-2-
sulfonic acid 

No 216.0 Unit 134.1 Unit 380 16 9.0 Pos 

1,3-Benzothiazole-2-
sulfonic acid 

No 216.0 Unit 90.1 Unit 380 20 9.0 Pos 

2,4-D No 219.0 Unit 161.0 Unit 380 8 15.3 Neg 
2,4-D No 219.0 Unit 125.1 Unit 380 32 15.3 Neg 
2,4-D-D3 Yes 222.0 Unit 164.0 Unit 380 8 15.3 Neg 
2,4-D-D3 Yes 222.0 Unit 127.2 Unit 380 28 15.3 Neg 
Benzotriazole No 120.1 Unit 92.1 Unit 380 16 9.5 Pos 
Benzotriazole No 120.1 Unit 65.2 Unit 380 20 9.5 Pos 
Benzotriazole-D4 Yes 124.1 Unit 96.1 Unit 380 18 9.4 Pos 
Benzotriazole-D4 Yes 124.1 Unit 69.1 Unit 380 26 9.4 Pos 
Carbamazepine No 237.1 Unit 194.0 Unit 380 22 14.3 Pos 
Carbamazepine No 237.1 Unit 193.1 Unit 380 38 14.3 Pos 
Carbamazepine-D8 Yes 245.2 Unit 202.1 Unit 380 30 14.2 Pos 
Carbamazepine-D8 Yes 245.2 Unit 201.2 Unit 380 34 14.2 Pos 
Carbendazim No 192.§ Unit 160.1 Unit 380 20 8.1 Pos 
Carbendazim No 192.§ Unit 65.1 Unit 380 56 8.1 Pos 
Carbendazim-D4 Yes 196.1 Unit 164.1 Unit 380 24 8.0 Pos 
Carbendazim-D4 Yes 196.1 Unit 69.2 Unit 380 60 8.0 Pos 
Clarithromycin No 748.5 Unit 590.4 Unit 380 18 15.3 Pos 
Clarithromycin No 748.5 Unit 158.1 Unit 380 26 15.3 Pos 
Clarithromycin-D3 Yes 751.5 Unit 593.4 Unit 380 14 15.3 Pos 
Clarithromycin-D3 Yes 751.5 Unit 161.3 Unit 380 30 15.3 Pos 
Diazinon No 305.1 Unit 169.1 Unit 380 20 18.1 Pos 
Diazinon No 305.1 Unit 153.2 Unit 380 20 18.1 Pos 
Diazinon-D10 Yes 315.2 Unit 170.1 Unit 380 28 18.1 Pos 
Diazinon-D10 Yes 315.2 Unit 154.1 Unit 380 24 18.1 Pos 

Time 
[min] 

H2O + 0.1% FA  
[%] 

MeOH + 0.1 % FA  
[%] 

Flow 
[µL/min]  

0.0 100 0 500 
18.5 5 95 500 
22.0 5 95 500 
22.5 100 0 500 
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Cpd Name ISTD Precursor 
Ion [m/z] 

MS1 Res Product 
Ion [m/z] 

MS2 Res Fragmentor      
(V) 

Collision 
Engergy   
(V)    

Ret Time 
(min) 

Polarity  

Diclofenac No 296.0 Unit 249.9 Unit 380 10 17.6 Pos 
Diclofenac No 296.0 Unit 214.1 Unit 380 30 17.6 Pos 
Diclofenac No 296.0 Unit 215.0 Unit 380 20 17.6 Pos 
Diclofenac-D4 Yes 300.1 Unit 254.0 Unit 380 10 17.64 Pos 
Diclofenac-D4 Yes 300.1 Unit 219.1 Unit 380 20 17.64 Pos 
Diclofenac-D4 Yes 300.1 Unit 218.0 Unit 380 34 17.64 Pos 
Diuron No 233.0 Unit 72.2 Unit 380 28 15.35 Pos 
Diuron No 233.0 Unit 46.3 Unit 380 20 15.35 Pos 
Diuron-D6 Yes 239.1 Unit 78.1 Unit 380 40 15.3 Pos 
Diuron-D6 Yes 239.1 Unit 52.4 Unit 380 20 15.3 Pos 
MCPA No 199.0 Unit 141.1 Unit 380 20 15.6 Neg 
MCPA 37Cl No 201.0 Unit 143.0 Unit 380 12 15.6 Neg 
MCPA-D3 Yes 202.0 Unit 144.0 Unit 380 16 15.6 Neg 
MCPA 37Cl-D3 Yes 204.0 Unit 146.0 Unit 380 12 15.6 Neg 
Metolachlor No 284.1 Unit 252.1 Unit 380 12 17.5 Pos 
Metolachlor No 284.1 Unit 176.2 Unit 380 28 17.5 Pos 
Metolachlor-D6 Yes 290.2 Unit 258.2 Unit 380 16 17.5 Pos 
Metolachlor-D6 Yes 290.2 Unit 182.2 Unit 380 28 17.5 Pos 
Terbutryn No 242.2 Unit 186.1 Unit 380 20 15.3 Pos 
Terbutryn No 242.2 Unit 68.1 Unit 380 52 15.3 Pos 
Terbutryn-D5 Yes 247.2 Unit 191.1 Unit 380 20 15.2 Pos 
Terbutryn-D5 Yes 247.2 Unit 69.1 Unit 380 48 15.2 Pos 
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Table SI 6. Relative recoveries and LOQs for the different measurement series. Relative Recovery: recovery of 
analyte amount spiked into the sample considering the background concentration of the unspiked sample. LOQ 
determined with signal-to-noise ratio of 10. The LOQ of the less sensitive DRM transition is reported 
Used mass spectrometer & 
injection/enrichment mode 

Thermo Scientific QExactive Plus, direct 
injection* 

Agilent 6495 TQ, direct 
injection**  

 Rel. recovery  
[%] 

LOQ 
[µg/L]  

Rel. recovery 
[%] 

LOQ [ng/L] 

     

1,3-Benzothiazole-2-sulfonic acid 130-202 1-2 108-134 13-30 
2,4-D 108-120 1.9-2 107-128 5-20 
Benzotriazole 79-126 1-2 99-113 30-50 
Carbamazepin 113-135 0.3-2 107-124 1.4-8 
Carbendazim 103-116 0.3-0.5 79-96 0.6-2 
Clarithromycin 115-131 1.8-2 100-150 0.5-13 
Diazinon 112-116 0.3-0.7 100-137 0.6-6 
Diclofenac 94-116 0.7-1 102-103 1-13 
Diuron 101-119 0.6-2 114-116 1.9-17 
MCPA 92-111 0.8-1.5 75-114 30-40 
Mecoprop 117-130 0.7-2 74-102 2.6-12 
Metolachlor 115-128 0.6-1 99-112 5.3 
Terbutryn 107-122 1.4 99-109 0.6-11 
*  Three measurement series were conducted with this setup, therefore a range of relative recovery and LOQ values is given 
**  Two measurement series were conducted with this setup, therefore a range of relative recovery and LOQ values is given 
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