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Abstract: Water quality in urban streams is highly influenced by emissions from WWTP and from
sewer systems particularly by overflows from combined systems. During storm events, this causes
random fluctuations in discharge and pollutant concentrations over a wide range. The aim of this
study is an appraisal of the environmental impact of micropollutant loads emitted from combined
sewer systems. For this purpose, high-resolution time series of river concentrations were generated
by combining a detailed calibrated model of a sewer system with measured discharge of a small
natural river to a virtual urban catchment. This river base flow represents the remains of the natural
hydrological system in the urban catchment. River concentrations downstream of the outlets are
simulated based on mixing ratios of base flow, WWTP effluent, and CSO discharge. The results show
that the standard method of time proportional sampling of rivers does not capture the risk of critical
stress on aquatic organisms. The ratio between average and peak concentrations and the duration of
elevated concentrations strongly depends on the source and the properties of the particular substance.
The design of sampling campaigns and evaluation of data should consider these characteristics and
account for their effects.

Keywords: modeling; CSO; urban drainage; sewer system; trace pollutants; urban runoff;
concentration duration frequency curve

1. Introduction

Flow regime and water quality of urban streams are strongly influenced by surface runoff from
paved areas that are connected to the receiving surface water by pipe systems. Discharge points are
stormwater outlets in separate sewer systems and combined sewer overflows (CSOs) in combined
systems. With an increasing percentage of paved surfaces, the hydrological response of urban
catchments is becoming more rapid, peak flows are increasing, and more pollutants are transported
with the runoff. These phenomena are addressed in numerous publications e.g., [1,2]. The associated
damage and depletion of aquatic ecosystems has been receiving worldwide attention during the last
years and is currently also known under the term “urban stream syndrome” [3].

A more recent concern is the emission of micropollutants (MP) to urban streams, also referred to
as trace pollutants or emerging contaminants, and their potential impact on aquatic ecosystems. This
is particularly relevant in the case of combined sewer systems where CSO spills do not only transport
pollutants from urban surfaces but also wastewater constituents.

Although the relevance of the problem is pointed out by various authors, only few papers deal
with this form of pollution of urban streams. Some studies are based on grab sampling in overflowing
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structures or receiving waters (e.g., [4–6]), others used automated samplers to create time series
over spilling events [7–10] or to obtain flow weighted event mean concentrations (EMC) [8,11–13].
The specific challenges and impediments of MP sampling during wet weather are discussed by [14].

MP concentrations in CSO discharge vary widely between events and in the course of individual
events [15–20]. Any sampling at the CSO structure or in the receiving urban stream only reflects a
small section of a randomly fluctuating signal. Calculation of emitted loads and assessment of effects
on aquatic ecosystems require continuous data over long periods [2]. This information can be gained
through long-term simulations.

Various models are available to simulate the quantity and quality of urban runoff in combined and
separate sewers. They are widely applied for dimensioning and management of drainage systems. Yet,
calibration of the quality component is a major problem because of the multitude of random influences
on pollutant transport [21]. CSO emissions generated by simulation are therefore associated with high
uncertainty. This applies particularly to MP as the high analytical costs limit the size of databases
for calibration.

The domain of urban drainage models is limited to the quantification of emissions. An assessment
of potential ecological effects requires time series of concentrations in the urban stream. For this
purpose, models have to account for the hydrology of the undeveloped part of the catchment and of
the unpaved surfaces in the urban areas. Following the terminology of [22] we refer to this sub-system
as the “natural system,” whereas the combination of paved surfaces and underground pipe network
is called “artificial system.” Both sub-systems show very different hydrological responses, which
makes integration into one model difficult (e.g., [23]). The problem becomes even more difficult when
receiving water quality should be simulated. In [24] an integrated model of the mixed artificial-natural
system that includes the wastewater treatment plant (WWTP) is presented. The model also accounts
for transformation processes in the receiving water to simulate concentrations of dissolved oxygen and
unionized ammonia. From the application to a case study they conclude that a detailed representation
of all model components is necessary to produce satisfactory results.

The study presented in this paper circumvents the problem of model integration by overlaying
the simulation results of a sewer system model with discharge measurements from a purely natural
catchment. Thus, we constructed a virtual mixed artificial-natural system from two catchments that are
separate in reality. Previous studies have identified the proportions of river base flow, WWTP discharge
and CSO discharge as suitable proxies for the prediction of MP concentrations [10,25]. Based on this
knowledge we generate long-term time series of the percentage of base flow, WWTP effluent, and CSO
discharge in the receiving water. CSO discharge is further divided into varying proportions of raw
wastewater, infiltration water, and urban runoff. River concentrations are calculated by multiplying
each component of the discharge with the corresponding concentration derived from previous studies.

The focus of the study is not on specific results for a given case, but on general patterns and
phenomena that are typical for wet weather conditions in urban streams affected by combined sewer
systems. The main aims are an appraisal of the ecological impacts of micropollutant emissions from
CSOs and WWTPs and a comparative assessment of the contribution of each of these pathways to
potentially critical situations in the receiving urban stream. Duration and frequency of elevated MP
concentrations shall be analyzed to characterize the in situ exposure of organisms quantitatively.
Furthermore, conclusions on the design of sampling campaigns shall be drawn from the analysis of the
concentration time series.

2. Materials and Methods

2.1. Simulation of the Artificial System

For the case study the drainage system of the city of Möhringen, Germany was used. This combined
sewer system drains into the river Körsch. The total connected area is 859 ha of which 48% are paved
surfaces. The main CSO structures are equipped with storage tanks, where the water is retained for
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subsequent treatment in the WWTP. The total storage volume is 13,095 m3. In relation to the impervious
area, this corresponds to 3.2 mm of surface runoff that can be stored. [26]

Figure 1 shows a schematic overview of the Möhringen sewer system with selected CSO tanks.
The corresponding storage volumes and controlled outflows of the simulated CSO tanks are given in
Table 1. The overflows of CSO tanks 1–7 are directly connected to the river in the model. The outflows
of CSO tanks 8–11 are connected to the WWTP but their overflows are discharged into tributaries
that flow into the River Körsch further downstream of the WWTP. The overflows of these tanks are
therefore not connected to the model river. The contribution of simple CSO structures without storage
to total emissions is negligible.

Figure 1. Schematic overview of the overlay of the Möhringen sewer system model and the natural
baseflow from the river Lahn; CSO = combined sewer overflow; WWTP = wastewater treatment plant;
grey sewer system structures were not considered in the model. (Source: Google Maps)

Table 1. Total connected area, storage volume and controlled outflow of main storage structures in the
Möhringen sewer system. Combined sewer overflow tanks are numbered according to Figure 1.

Combined Sewer
Overflow Tank No.

Total Connected Area
(ha) Storage Volume (m3)

Controlled Outflow
(L/s)

1 16 550 304
2 61 700 40
3 30 390 78
4 42 1300 140
5 127 2300 89
6 2 550 121
7 12 1750 1000
8 73 1200 53
9 228 1665 440
10 244 2290 254
11 24 400 23



Water 2020, 12, 850 4 of 18

The Möhringen wastewater treatment plant (WWTP) is designed for 160,000 population
equivalents with a daily inflow of 22,985 m3/d. The inflow to WWTP is limited to 1000 L/s. The daily
water consumption is approx. 125 L/d. The system is located at 366 to 536 m above sea levels and the
topography is characterized by mild slopes. [26]

The sewer system is represented by a lumped model. The hydrological parameters of the
sub-catchments were calibrated in a previous study [26]. The representation of wastewater and
infiltration water flow is based on the evaluation of monitoring data of the WWTP influent and of
outflow at several CSO tanks. A detailed description of this evaluation and of the calibration process
can be found in [26]. The wastewater flow from the population follows different daily patterns on
weekdays and weekends. The infiltration water at the inflow of the WWTP is 100 L/s and is considered
as constant over the entire year. The ratio of infiltration water and wastewater is homogeneous over
the entire catchment.

The sewer system model was set up in the simulation software EPA SWMM version 5.1.007
(United States Environmental Protection Agency, Washington, DC, USA) [27]. Simulation was run
under kinematic wave conditions with a flow routing time step of 30 s and a reporting time step
of 15 min. Subcatchment slope was derived from catchment topography, subcatchment width was
derived from subcatchment geometry. The percentage of impervious area was determined by hydraulic
calibration of the sewer system model. The setup parameters of the model can be found in Table S1 in
the Supplementary Material. The full model input file and further model details cannot be provided
because of confidentiality reasons.

Sewer discharge consists of three components, wastewater (QWW), infiltration water (QInf), and
stormwater (QSW). Each component is marked by a virtual tracer with a constant concentration of
100 mg/L at the source. The concentrations of these tracers in the CSOs and the effluent of the WWTP
thus represent the percentage of the respective component in the total flow. The resulting concentration
of MP can thus be calculated by multiplying these percentages with the respective concentrations
of the MP in each flow component. Transport of the virtual tracer in the sewers system is modeled
in SWMM using the “tanks in series approach” that represent each conduit or storage element as a
completely mixed reactor. [28].

The WWTP is implemented in the SWMM sewer system model as a cascade of six completely
stirred tanks in series (storage nodes) to reproduce a realistic translation and retention of the substances
passing through the WWTP (see Figure S1 in Supplementary Material). The total tank volume used
for WWTP implementation is 15,500 m3. The tanks are connected by conduits. A weir after the last
storage unit ensures that the water level in the WWTP is kept constant.

Data of a rain gauge within the natural catchment of the river Lahn (station Lahnhof) is used as
input for the sewer system model. The data is recorded in 1 min resolution and the period from 1
January 2004 to 31 December 2004 was used. Therefore, the measured base flow in the river and the
discharge from the sewer system are hydrological responses to the same precipitation signal.

2.2. Overlay with River Base Flow from a Natural Catchment

Concentrations of MP in the receiving water body are the result of emission by CSO and WWTP
effluent and their dilution by the base flow from the natural catchment. However, the base flow was
not measured in the specific case of the River Körsch at Möhringen. This is a typical situation, as urban
streams are mostly found in headwaters. These river sections are only rarely equipped with gauge
stations as monitoring is mostly done on larger scales.

As a substitute for the missing data, the measured time series of a river with a natural catchment of
similar size and topography (river Lahn, Germany) was used. Figure 1 shows the overlay of the natural
catchment and the sewer system model. The catchment area of the River Körsch at the WWTP outlet is
23.5 km2, while the area of the river Lahn at the gauge station Lahnhof is 25.4 km2. The percentage of
urbanized area is 37% in the real Möhringen catchment and 34% in the virtual catchment that combines
the artificial system of Möhringen with the natural system monitored at the Lahnhof gauge station.
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As hydrology depends on many more parameters than size and urbanization calculated river
concentrations do not exactly represent the specific situation of the river Körsch. However, the
virtual catchment represents a realistic scenario that can be used to assess the general level of MP
concentrations in urban streams and to analyze their variability.

The river section that receives discharge from the artificial system is represented in the SWMM
model as an open trapezoidal channel (bottom width = 4 m, top width = 11.6 m, maximum depth =

1.9 m, roughness = 0.25, length = 5940 m) following the natural slope of the Möhringen catchment.
The channel is divided into a series of six conduits with different length. Overflows from the sewer
system and the effluent from the wastewater treatment plant are directly connected to river nodes.
Measured flow data from the Lahn river from the year 2004 (corresponding to the rain data as input
for the sewer system simulation) is inserted directly as inflow into the first river node. The time step of
the measured data is 15 min.

In analogy to the flow components in the sewer system, the base flow is assigned a virtual tracer
concentration (QB) of 100 mg/L. The mixing of the components is simulated based on the “tank in
series approach” in SWMM that represents each conduit as a completely mixed reactor. River quality
is evaluated at the outlet of the virtual catchment 100 m downstream of the WWTP discharge (green
dot in Figure 1).

2.3. Pollution of the Flow Components

The terms micropollutants or trace substances summarize a big number of substances with very
different fields of application and physicochemical properties. General statements on the occurrence
and behavior of micropollutants are therefore misleading. Yet, because of the unmanageable number of
potentially harmful substances, each measurement or modeling must focus on a selection of substances
that represent larger groups.

In a previous study, we have shown that source (wastewater or surface runoff) and elimination in
WWTP are the most relevant characteristics that define the transport pathways to the receiving water
during dry and wet weather [29]. For this study, we chose four substances that represent combinations
of the extremes in terms of these characteristics. The idea behind this selection is that using extremes
makes the influence of each characteristic on the results visible. This allows for conclusions on the
behavior of other substances with less pronounced characteristics. Another criterion was a reliable
database for the estimation of the concentrations.

The painkillers ibuprofen and diclofenac are chosen as indicator parameters originating from
wastewater. The difference between these substances lies in their elimination in conventional municipal
sewage treatment plants. The elimination of Diclofenac in WWTPs is negligible. It is assumed here
that in rainy weather a reduction of the concentrations in the effluent of the WWTP plant results solely
from dilution effects. Ibuprofen, on the other hand, is readily degradable and is largely eliminated
in the WWTP. However, with an increased inflow into the sewage treatment plant, the elimination
efficiency also decreases. It is assumed in this study that the effluent concentration is not changed by
the proportion of rainwater passing through the WWTP.

Fluoranthene, from the group of polycyclic aromatic hydrocarbons (PAH) and the urban herbicide
mecoprop, are mainly introduced with rainwater into the drainage systems. Fluoranthene has a strong
tendency to bind to particles and is thus largely retained in the wastewater treatment plant. Mecoprop
is a mainly conservative substance. As diclofenac, the concentration in the effluent of the WWTP results
from the mixing of the rainwater and wastewater. In the case of fluoranthene, the higher concentrated
rainwater is “diluted” with wastewater.

Table 2 summarizes the properties of the selected substances and the concentrations in the different
flow components. The concentrations were derived from the results of intensive sampling in the
Möhringen system [9] and data from literature [9,17,30].
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Table 2. Concentrations of selected substances in the different flow components and in the outflow of
the wastewater treatment plant (WWTP); RW = rainwater; WW = wastewater.

Substance Origin Degra-Dation
Rainwater

Concentration
(ng/L)

Wastewater
Concentration

(ng/L)

Conc.
WWTP

Effluent RW
(ng/L)

Conc.
WWTP
Effluent

WW (ng/L)

Fluoranthene RW + 400 160 2 2
Mecoprop RW − 500 30 500 30
Ibuprofen WW + 0 9000 40 40
Diclofenac WW − 0 1700 0 1700

Constant mean concentrations were used for the flow components wastewater (QWW), infiltration
water (QInf), and rainwater runoff (QRW). Concentrations in CSO discharge are solely the result of
mixing of these components. Despite the fact that MP concentrations in rainwater runoff are not
constant during rain events [31–33], knowledge on occurrence and transport of MP in wet weather
flow is too scarce to justify a more detailed modeling approach. [14,34–36]

Infiltration water was assumed to be unpolluted. The elimination in the WWTP plant is described
by different constant effluent concentrations for the rainwater and the wastewater fraction. These
concentrations represent the effluent of a conventional biological treatment plant. The river base flow
from the natural catchment is assumed to be unpolluted concerning the evaluated MP. Transformation
in the river plays a minor role at the evaluated temporal and special scale and is therefore neglected.

3. Results and Discussion

3.1. Rainfall and Runoff Regime

The measured river base flow of the river Lahn and the precipitation at the rain gauge Lahnhof
from January until December 2004 is shown in Figure 2. The average annual precipitation sum at the
Lahnhof rain gauge is 1043 mm (2000–2010). The yearly precipitation in 2004 is 835 mm.

Figure 2. Hydrograph of the natural system for the year 2004.

The duration curve of the total river flow (including CSO and WWTP effluent) and the base flow
from natural catchment is shown in Figure 3.
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Figure 3. Duration curve of total river flow (including CSO and WWTP effluent) and base flow from
natural catchment.

The average monthly base flow from the natural catchment of the river Lahn is shown in Figure 4.
The discharge shows a distinct yearly pattern with low values from April to November and higher
ones during winter from December to March.

Figure 4. Monthly average base flow in the river Lahn from 2000–2010 (average value, whisker =

±standard deviation) and 2004.

3.2. Example of Mixing Ratios and Resulting Concentrations

The resulting concentrations in the river downstream of the discharge points of the CSOs and
the WWTP (system outlet in Figure 1) for an exemplary overflow event of the system from 22–25
September are shown in Figure 5. The total precipitation of this event is 24 mm with an average rain
intensity of 0.4 mm/h and a maximum rain intensity of 11 mm/h.

During this event, the CSO tanks in the sewer system start filling on September 22nd around 5 pm.
The first overflows from the system start on 22 September at 8 pm at tank 7. The last overflow from the
system ends at 5 pm on 23 September. During this rain event, a total of 2 (no. 3 and no. 7) CSO tanks
discharge into the river. A total volume of 21,000 m3 is emitted.
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Figure 5. Simulated timeseries of flows (top), total flow percentage (middle), and corresponding
micropollutant concentrations (bottom) for event from 22 September until 25 September, 2004;
CSO = combined sewer overflow, WWTP = wastewater treatment plant.

The graph on top shows the cumulated flows of all components during this event. The proportion
of infiltration water in the river during dry weather conditions is approx. 20%, the wastewater
proportion is 30%. A proportion of 50% of the total river flow during dry weather is the catchment´s
natural baseflow.

In the displayed section from 22–25 September a rainwater proportion, which was treated in the
WWTP of around 20% is already flowing in the river, lowering the infiltration water proportion to 10%
and the wastewater proportion to 20% (Figure 5, middle). Starting at 5 pm on 22 September nd the
outflow of the WWTP slowly increases mainly because of the increased amount of rainwater treated in
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the WWTP. At 8 pm on 22 September, the first system overflows reach the observation point at the
system outlet. At the same time, the baseflow from the natural catchment also increases. However,
this increase is much slower than the increase of the flow from the urban system. At 8:30 pm the
base flow from the natural catchment decreases to only 17% of the total flow at the observation point.
The rainwater proportion treated in the WWTP is 20%, the untreated rainwater is around 30% at
that time. The maximum proportion of untreated wastewater within the river during this event is
3%. In the entire year 2004, a maximum proportion of untreated wastewater within the river of 5% is
reached in July during an overflow event with a very low river base flow of only 200 L/s.

On 23 September at 5:30 pm no flow proportions from CSOs are detected at the observation
point anymore. After 6 pm the outflow of the WWTP decreases until the base flow from the natural
catchment increases until 80%. Afterward the base flow stabilizes at around 600 L/s which is higher
than the flow level before the rain event (≈140 L/s).

The concentrations of the indicator micropollutants (Figure 5, bottom) result from the multiplication
of the ratios of the wastewater components in the river with the corresponding micropollutant
concentration in this pathway. The river base flow and infiltration water were assumed to be
unpolluted and a concentration of 0 ng/L was assigned to each micropollutant.

The concentration of diclofenac is determined only by the dilution of wastewater under dry
weather conditions. As a conservative substance, no degradation takes place in the WWTP. At the
beginning of the rain event the concentration of diclofenac is 300–500 ng/L in the river at the observation
point corresponding to a wastewater proportion of 20–30%. Starting from 8 pm the wastewater at
the observation point is increasingly diluted resulting in lower concentrations of around 50 ng/L of
diclofenac in the river. The emitted load stays constant over time.

The urban herbicide mecoprop is not degraded in the WWTP. Because of the increased entry with
urban runoff, the concentration profile is quantitively inverse from diclofenac. Only a small amount of
mecoprop is discharged through the treatment plant during dry weather, resulting in a concentration
of around 100 ng/L at the observation point. With increasing rainwater runoff, this concentration
increases to over 300 ng/L. Since diclofenac and mecoprop are both not eliminated in the WWTP, it is
irrelevant whether the discharge into the receiving water takes place via CSO or WWTP.

Ibuprofen and fluoranthene behave differently, both substances are effectively eliminated in the
WWTP. The WWTP effluent concentration of fluoranthene is unaffected by the increased inflow to
the WWTP during wet weather. In the model, it is assumed that the particle retention in secondary
clarifier continues to work well also during high hydraulic loading. On the contrary, the CSO is heavily
contaminated with PAHs such as fluoranthene. Short-term concentration peaks of fluoranthene are
therefore observed at the system outlet. Despite a different transport path, Ibuprofen behaves similarly.
Concentration peaks in the river are also directly linked to CSO events for this substance.

3.3. Annual Balance of Volume Flow and Pollutant Loads

In 2004 73% of the total flow recorded at the observation point is base flow from the natural
catchment (see Figure 6). Only 1.5% are rainwater, wastewater, and infiltration water discharged via
combined sewer overflows. A proportion of 10% of the total river flow is treated wastewater, 10% is
rainwater treated in the wastewater treatment plant, and 6% is infiltration water. The outflow of the
wastewater treatment plant makes a total of 26% of the total flow at the observation point in 2004.
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Figure 6. Contribution of different emission pathways to total emitted flow; CSO = combined sewer
overflow, WWTP = wastewater treatment plant.

Multiplication of the volume of the flow components with the corresponding MP concentrations
gives the annual loads shown in Figure 7. As expected, diclofenac that originates from wastewater and
is not well eliminated in the WWTP is mainly emitted via the WWTP effluent. In contrast, fluoranthene
that is transported mainly by surface runoff and is almost completely eliminated in the WWTP is
emitted mainly via CSOs. In the case of mecoprop, the poor elimination in the WWTP is the dominating
influence concerning the pathway. Although ibuprofen is only transported with the wastewater, it is
emitted to one-third by CSO.

Figure 7. Annual pollutant loads emitted by CSO discharge and WWTP effluent.

The total balance of the MP emission pathways is strongly determined by MP concentrations in
each of the flow components (see Table 2). The data for MP concentrations in rainwater runoff from
paved areas are scarce and show wide and random variability between sites and events as well as in
the course of each event. [9,17,37,38] Therefore, MP concentrations within this flow component are
particularly uncertain. To assess the importance of this uncertainty, concentrations of fluoranthene and
mecoprop in rainwater runoff were varied within a range derived from published data. Fluoranthene
was set to 10 ng/L and 3200 ng/L as found in [17,18,38,39] and mecoprop to 1 ng/L to 6900 ng/L as
found in [17,39].

The total emitted load of both substances increases linearly with increased rainwater runoff

concentration. Figure 8 shows the contribution of the CSO emissions to the total emitted load depending
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on the concentrations of fluoranthene and mecoprop in rainwater runoff. For fluoranthene the
proportion of CSO load increases with rainwater runoff concentration. For fluoranthene concentrations
higher than 2000 ng/L more than 98% of the load is discharged via CSO.

Figure 8. Influence of fluoranthene and mecoprop concentrations in rainwater runoff on the contribution
of combined sewer overflow to the total emitted load.

In contrast to fluoranthene, mecoprop is not degraded in conventional WWTPs and during rain
events and it is discharged from the WWTP with rainwater runoff concentration. Therefore, the
contribution of CSOs does not reach more than 13% of the total emitted load. The WWTP remains the
main entry path to the river for mecoprop.

3.4. Variability of Concentrations and Mass Flow Rates

An overview of the resulting concentrations throughout the entire observation period is shown
in the concentration duration curves of Figure 9. The curve shows for which time (cumulated) a
certain concentration has been reached or exceeded at the observation point in the river. The highest
concentrations of diclofenac occur at the area outlet during dry weather with low base flow. As the
base flow increases, the concentrations in the river decrease because of dilution. The proportion of
wastewater in the river varies by up to 48% under dry weather conditions. The concentration of
diclofenac in dry weather varies between 300 and 700 ng/L. Low average concentrations of 100 ng/L
can only be reached when the wastewater is additionally diluted during rain events.

Ibuprofen and fluoranthene are eliminated in the WWTP. Significant concentration peaks in the
river therefore occur only during CSO events. In 2004 CSOs in the system occurred during 234 h.
This is clearly reflected in the concentration duration curves showing a strong peak in the first 234 h.
The concentration duration curve of mecoprop is less pronounced but more concave than the curve
of diclofenac. WWTP effluent contains 30 ng/L of mecoprop during dry weather. Higher values in
the receiving water indicate the influence of stormwater in WWTP effluent or CSO events. The limit
value of the German Surface Waters Ordinance (OGewVO 2016) for the annual average mecoprop
concentration of 100 ng/L exceeds during 1500 h in 2004.

Besides monitoring river water quality, sampling may also aim to determine loads discharged
from urban areas. The duration curves clearly show that time proportional sampling in an urban
stream is prone to underestimate pollution related to storm events. Table 3 shows the values of
volume and time proportional mean concentrations and the difference between the two approaches.
This is the systematic deviation based on data in 15 min intervals over the entire year. It is not to be
confounded with the uncertainty of sampling due to limited resolution in time or limited sampling
periods. The results show that time proportional sampling systematically overestimates the load of
diclofenac. The time proportional approach does not account for the fact, that lower concentrations are
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associated with large volumes. On the contrary, loads of fluoranthene are underestimated because
they occur mainly during the short time of CSO events when the flow is high.

Figure 9. Concentration duration curves downstream of the WWTP for the assessed micropollutants.

Table 3. Annual mean MP concentrations using time proportional and flow proportional average
(positive differences indicate an overestimation by time proportional approach).

Substance Mean Concentration
Flow Proportional (ng/L)

Mean Concentration
Time Proportional (ng/L) Difference (%)

Fluoranthene 6.5 2.6 −60%
Mecoprop 61.9 51.1 −18%
Ibuprofen 15.9 16.3 3%
Diclofenac 162.6 272.9 68%

3.5. Impact of Combined Sewer Overflow on River Quality

Figure 10 shows the relationship between water concentrations and total discharge at the
observation point. Concentrations during CSOs are indicated with circles.

High concentrations of the drug diclofenac occur at low river flows when the wastewater is only
sparsely diluted by other flow components. Concentrations in the river during overflow and without
CSOs in the system are very close (780 ng/L and 790 ng/L).

Mecoprop shows a similar behavior. Since this substance, such as diclofenac, is not retained in the
WWTP, the river concentration results from the dilution of the rainwater runoff from the urban areas
with wastewater, infiltration water, and the river base runoff. Maximum concentrations of up to 320
ng/L are reached when no overflow from the sewer system occurs. Highest river concentrations of up
to 440 ng/L occur during CSO events.

Like mecoprop, the PAHs (here: fluoranthene) are mainly transported with the rainwater runoff.
Without any overflow from the system the fluoranthene concentration in the river is very low (around
10 ng/L) except for few observations up to 150 ng/L during low river flow. The reason for these low
values is the high elimination rate in the WWTP for fluoranthene even during wet weather. Higher
concentrations of up to 350 ng/L are only reached during CSOs. This is due to the low concentration in
the effluent of the treatment plant, which is achieved even with mixed water drainage.

Without overflows from the system, the maximum river concentration of ibuprofen is 50 ng/L.
This can be explained by the good removal efficiency for ibuprofen in the WWTP too. During CSO
events high concentrations in the river of up to 420 ng/L are reached.
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Interpreting the scatter plots one has to take into account that CSO events occur only during a
very short fraction of time (2.6% in the case of Möhringen). More meaningful, but less intuitive, are
cumulated frequency curves of river concentrations during dry weather, wet weather and during CSO
events (see Figure S2 in Supplementary Material).

Figure 10. Micropollutant concentrations plotted over river flow downstream of the wastewater
treatment plant. “Overflow” marks value during overflow events (overflow duration: 234 h,
corresponding to 2.7% of total time).

3.6. Concentration-Duration-Frequency Relation

The impact of critical situations on aquatic organisms or entire ecosystems depends on the intensity
of the stressor (here: concentration) and on the duration of the exposure. To assess the impact of
emissions from sewers systems and WWTP concentration-duration-frequency (CDF) relations are
analyzed as shown in Figure 11. This is done by processing the complete time series of the river
concentration in three steps:

(1) Produce time series of the moving average over relevant durations D (here: 15 min to 48 h).
(2) Sort each time series in descending order.
(3) Select the n-th highest value for the frequency n (events/year), (here: n = 1 and n = 5).

In step 3 values should be selected from independent events to get meaningful results. The time
difference between the values has to be larger than D.

Figure 11 shows the results for the system outlet (downstream of WWTP) and another reference
point immediately upstream of the WWTP. The figures show concentrations that have been reached or
exceeded continuously over a time D with the frequency n.

For diclofenac, we see a big difference in concentration levels upstream and downstream of the
WWTP, which is expected as this substance is continuously released by the WWTP. Duration and
frequency have only a minor influence. This indicates that the five highest values all occur during a
similarly low base flow. In contrast to CSO spills low water extremes develop over a longer time. We
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therefore see no effect in the observed range of durations. The highest concentrations observed over
several days continuously is around three times higher than the time averaged concentration.

For fluoranthene, we see a strong influence of the duration and lower but still significant influence
of the frequency. High peaks are limited to short events. This can be explained by the fact that they are
generated from CSO events. The WWTP effluent dilutes the emission and leads to lower concentrations
downstream. Concentrations 100 times above the average (2.6 ng/L) occur for up to three hours in a
row. In the simulated year, concentrations higher than 30 times the average were observed five times
for 12 h.

Figure 11. Concentration-duration-frequency curves in the river immediately upstream and
downstream of the wastewater treatment plant (WWTP). The curves indicate the concentration
that is exceeded continuously over the time D with the frequency n.

Mecoprop and ibuprofen also show a strong influence of short events (D < 3 h), presumably by
CSO spills. For mecoprop, concentration downstream of the WWTP is higher than upstream for events
longer than three hours as there is no relevant elimination in the WWTP. Ibuprofen shows higher
concentrations upstream of the WWTP as the effluent has much lower concentrations and therefore
dilutes the emissions from CSO. Concentrations that are exceeded five times in the simulated year over
12 h in a row are four to five times above the average for both substances.

The influence of the rainwater concentration of fluoranthene and mecoprop on the CDF relation
downstream the WWTP is shown in Figure S3 in the Supplementary Material. Based on the ranges
found in literature (see Section 3.3) rainwater runoff concentrations of fluoranthene were increased to
3200 ng/L and to 6900 ng/L for mecoprop. On the time scale of several hours up to 2 days maximum
concentrations in the receiving water are directly related to heavy rain events. Discharge in the urban
stream consists mainly of rainwater runoff. Therefore, the level of CDF curves changes almost linearly
with the rainwater runoff concentration, while the form of the curve remains the same.

Setting the concentration of rainwater runoff to values at the lower end of the observed range
decouples receiving water quality from rain events. Construction of rain event related CDF curves
makes no sense under these conditions. Concentrations in the urban stream vary mainly on a larger
time scale with the ratio between WWTP effluent base flow.
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The comparison of potentially critical events with the average values reveals that dry weather in
combination with time proportional evaluation give no indication of the acute impact on the ecosystem.
However, the time scale of effects on aquatic organisms and their relation to the frequency of occurrence
requires further research on the side of ecotoxicology.

4. Conclusions

The results of the simulation show how strongly the behavior of micropollutants in urban water
depends on their origin and properties (here: retention in the WWTP). General statements on the
behavior of all micropollutants are therefore misleading. For the conducted simulation study, indicator
parameters with distinct characteristics were chosen. The results can be transferred to other substances
if their specific properties are taken into account.

The precipitation characteristics directly affect the concentrations of micropollutants in urban
waters. For the evaluation of the chemical status, the conditions during wet weather are most important,
since most of the legally regulated substances originate from surface runoff. However, water samples
are usually drawn at previously fixed time intervals or random over time. Samples of the river water
during wet weather are therefore rarely examined. Water monitoring for evaluation of the waterbodies
chemical status takes place not only temporally, but also spatially on a much coarser scale. Urban
catchment areas are not specifically investigated. The results of the simulation suggest that even urban
water bodies that may appear uncritical on a larger level, spatially (urban areas) and temporally (wet
weather) massive violations of EQN concentrations may occur. It remains unclear how such stressing
factors can be assessed considering the aquatic ecology.

Neglecting wet weather runoff also leads to serious misinterpretations when grab sampling is used
to estimate long-term load emissions. The extrapolation underestimates loads of biocides and PAH,
which are mainly transported with the wet weather runoff. Even wastewater-borne substances that are
partially degraded in the wastewater treatment plants enter the receiving water bodies increasingly
during wet weather.

To adequately classify the measured concentrations and the influence of the sewage system, water
sampling in urban streams should generally take place more intensively during wet weather. If the
proportions of all relevant flow components within the river were known at the time of sampling, the
individual pathways could be extrapolated by observing or simulating flow volumes alone.

However, full monitoring of all combined sewer overflows is not feasible with reasonable effort.
Alternatively, the proportions of treated and untreated wastewater in the river can be estimated by
comparing concentrations of indicator substances under dry weather conditions in the inflow and
outflow of the WWTP.

Mean values (time or flow weighted) of samples from urban streams do not reflect the potential
impact of stress events on aquatic organisms. In discussions with ecotoxicologists, we have found
CDF curves to be a suitable visualization for the communication across disciplines. However, the
robustness of these curves against uncertainties in model structure and parameter settings needs to be
investigated further. In future studies we want to use CDF curves to evaluate and compare different
options for stormwater management and treatment.

The study assumes that the proportions of treated and untreated runoff and wastewater dominate
micropollutant concentrations in urban streams. This hypothesis is based on our own previous
studies and on literature. However, it needs to be tested in future studies when more sampling data
are available.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/12/3/850/s1,
Figure S1: Propagation of inert tracer through the wastewater treatment plant (WWTP) during wet weather
(WWTP inflow = 1000 L/s), Figure S2: Cumulative frequency distributions for fluoranthene, mecoprop, ibuprofen
and diclofenac in the river downstream the wastewater treatment plant. The percentage on the y-axis corresponds
to the time of the state lasts. All: total simulation period (8760 h), rainy weather: stormwater in the WWTP
effluent >5% (5935 h), overflow: CSO events (234 h), Figure S3: Concentration-duration-frequency curves in the

http://www.mdpi.com/2073-4441/12/3/850/s1
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river immediately downstream of the wastewater treatment plant for fluoranthene and mecoprop with varying
rainwater (RW) concentrations, Table S1: Setup parameters for the SWMM sewer system model.
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