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Abstract: Decentralized treatment of stormwater runoff from heavily polluted surface can be a
good solution for effective source control. Decentralized stormwater treatment systems (DS) and
test procedures to monitor their performance, have been developed in recent years. At present in
Germany, only lab-based tests are officially established to determine the removal efficiency of Total
Suspended Solids (TSS), and in situ monitoring is still lacking. Furthermore, the fine fraction of
TSS with particle sizes less than 63 µm (TSS63) have been established as a new design parameter in
Germany, because of their substitute characteristics of adsorbing pollutant substances. For research
and evaluation purposes continuous data of urban stormwater runoff quantity and quality at the
in- and outflow of two different DS at two different sites were collected. Turbidity is used as a
surrogate for TSS. Continuous turbidity data and time proportional sampling served to obtain (i)
regression coefficients and (ii) to determine the TSS removal efficiency of DS. For a wide range of
events the total removal efficiency of DS1 was 29% for TSS and 19% for TSS63 and for DS2 19% for
TSS and 16% for TSS63. An event-based data analysis revealed a high variability of the efficiencies
and its uncertainties. Moreover, outwash of still suspended or remobilization of already deposited
material was observed at individual events. At both sites TSS63 dominates urban stormwater runoff
as indicated by the mean ratios of TSS63 to TSS of 0.78 at the inflows and 0.89 at the outflows of both
DS. A significant shift of TSS63 ratio from inflow to outflow demonstrates that TSS63 particles were
removed less efficiently than coarser particles by DS1, for DS2 data was too heterogeny. It clarifies
that common sedimentation methods can only contribute to a small extent to the reduction of solid
emissions if the stormwater runoff contains mainly fine-particle solids. The findings suggest that
treatment of urban stormwater runoff with high TSS63 pollution requires additional techniques such
as a proper filtering to retain fine particles more effective.

Keywords: urban stormwater runoff quality; decentralized treatment; total suspended solids; contin-
uous monitoring; turbidity measurement

1. Introduction

The water quality, ecology, and microbiology of receiving rivers are influenced by
separate and combined sewer outlets, in addition to direct street runoff (e.g., [1–3]). Urban
runoff transports high loads of particles that also act as main vector for particle-bound
pollutants [4–6]. High concentrations and annual loads of heavy metals (Zn > Cu > Pb)
have been detected in urban storm water which originated from vehicle brake emissions,
tire wear, roof covering materials or atmospheric deposition [4,5,7–10]. With decreasing
particle size, the loads of heavy metals rise [11] and correlate significant to fine fraction
of Total Suspended Solids (TSS63, with particles sizes of 0.45 µm < TSS63 < 63 µm) [12].
The characteristic of fine particles as TSS63 is classified by Hilliges (2017) according to
ISO 14688 as a divide between settleable and non-settleable particles. Based on studies of
Hilliges et al. (2017), Dierschke and Welker (2015), Zhao et al. (2010) and Selbig (2015) that
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focus on distribution and pollution of particles in road runoff, TSS63 was implemented in
2020 as a new design parameter in German stormwater management regulation [12–16].

Conventional sewer systems convey the stormwater runoff from different polluted
areas to central treatment facilities, such as stormwater treatment tanks. As runoff of
different areas with different levels of pollution becomes concertedly treated, even runoff
from areas with low pollution must be treated. Additionally, highly polluted runoff gets
diluted by low polluted runoff, meaning that the treatment system requires a higher
hydraulic capacity and retention. As a consequence, the less polluted stormwater is
missing in the catchment area for infiltration and evaporation, which interrupts the natural
water cycle. Furthermore, hydraulic pressure and less pollution load can reduce the
efficiency of treatment. Therefore, decentralized stormwater treatment systems that ensure
treatment close to pollution sources provide a chance to efficiently reduce stormwater
related emissions to the receiving water.

In recent decades, various decentralized stormwater treatment systems have been
developed (e.g., [17,18]). These systems vary in shape and size, from road gullies, swales,
manholes, and multiple chamber tanks, to sewer conduits of up to 12 m length (e.g., [17]).
They often aim to combine treatment mechanisms, such as hydraulic retention, sieving,
sedimentation, light fluid separation, filtration, and retention of dissolved heavy metals
(e.g., [17]).

To ensure a quality control of their performance, various testing and approval pro-
cedures have been internationally developed that require standardized laboratories or
several representative events under in situ conditions [18–22]. The determination of in situ
pollutant removal is conducted with automatic sampling and based on flow proportional
sampling [18–20]. However, little is known about the in situ efficiencies of these systems
under long-term operation, especially for the new design parameter TSS63. Furthermore,
the removal efficiency of sedimentation technologies in DS is of fundamental importance
in view of the dominant fine particles and associated pollutants in stormwater runoff and
their importance for catchment-wide stormwater management strategies [12].

Much progress has been made in the continuous monitoring of stormwater runoff
quality using UV-vis-spectrometers or turbidity sensors to study intra-event pollutant
dynamics and to estimate event pollutant loads [23–29]. These studies showed site- and
event-specific characteristics of the occurrence and composition of pollutants, and revealed
the highly stochastic nature of the build on and wash off processes, which may influence
the removal efficiencies of DS as well.

The present study therefore intends to contribute findings regarding the following
key questions:

(i) Is turbidity a sufficiently useful surrogate parameter for concentration and composi-
tion in the influent and effluent of DS?

(ii) How high are the TSS and TSS63 removal efficiencies during in situ long-term opera-
tion and how do they vary?

(iii) What are the deterministic and stochastic components of the efficiencies?

For this purpose, experimental investigations of two different DS at two different
locations were carried out, and the results thereof are reported here.

2. Materials and Methods
2.1. Monitoring Sites

Measurements were conducted at two sites, both located in the city of Münster, Ger-
many (see Table 1 and Figure 1 for details). The catchment “Stadtgraben” (SG) (2.63 ha,
DS coordinates 51◦57′32.152′ ′ N, 7◦37′8.253′ ′ E(WGS84)) is located close to the city center
and dominated by a high traffic road and surrounded by commercial and office build-
ings. Stormwater runoff is collected by a separate sewer with a diameter of 500 mm
and 6‰ to 7‰ slope. The catchment “Canisiusgraben” (CG) (10.47 ha, DS coordinates
51◦56′28.447′ ′ N, 7◦35’43.407” E (WGS84)) is a residential area with flat and steep roofs and
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two main roads as major pollution sources. The storm sewer system ends with a diameter
of 800 mm and 2.5‰ slope.

Table 1. Catchment characteristics of monitoring sites.

Site Total Size
Impervious Area

Slope Traffic LoadSum
(Cover) Roofs Sidewalks Streets

- ha ha (%) ha ha ha ‰ Vehicles per day

Stadtgraben (SG) 2.63 2.5, (95) 0.63 0.27 1.6 5.5 30,000
Canisiusgraben (CG) 10.7 5.7, (53) 2.51 0.83 2.36 10 to 13 9000 and 13,000
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gauge (RG) positions (blue infopoint marks), and sewer catchment (orange and red framed areas). 
(Image © 2021 Google Earth). 
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DS1 at site SG is a SediPipe XL 600/12 (Fränkische Rohrwerke Gebr. Kirchner GmbH 

& Co. KG; Königsberg,  Germany) that was installed in 2017. The pipe with 600 mm di-
ameter and 12 m length operates as a permanently filled sedimentation unit with counter 
gradient. A special grate near the bottom prevents detachment of already settled sedi-
ments. An immersion tube in front of the outlet retains floating materials and light liquids 
(cf. schematic in Appendix A, Figure A1). In case of an event, stormwater is constantly 
pumped into DS1 at the rate of 6 L/s by a peristaltic pump (P-50-classic twin, Ponndorf, 
Kassel, Germany,). This corresponds to the runoff maximum of 0.4 ha impervious area 
recommended by the manufacturer. 

DS2 was installed in 2018 at site CG and is a ViaTub 18R63 Lamella Clarifier (Mall 
GmbH, Donaueschingen, Germany,). The circular concrete tank with a diameter of 3 m 
contains a lamella separator for enhanced sedimentation in surcharged conditions (cf. 
schematic in Appendix A, Figure A2). The inflow from the storm sewer is limited to 35 
L/s by a flow-controlled throttle valve. The lamella clarifier is operated according to valid 
regulations and is equipped with a side weir for discharges above the critical discharge 
level. 

Figure 1. Location of monitoring sites in Münster (B) and in detail: Canisiusgraben (A) and Stadt-
graben (C), with decentralized stormwater treatment systems (DS) positions (green marks), rain
gauge (RG) positions (blue infopoint marks), and sewer catchment (orange and red framed areas).
(Image © 2021 Google Earth).

2.2. Decentralized Stormwater Treatment Systems

DS1 at site SG is a SediPipe XL 600/12 (Fränkische Rohrwerke Gebr. Kirchner GmbH
& Co. KG; Königsberg, Germany) that was installed in 2017. The pipe with 600 mm
diameter and 12 m length operates as a permanently filled sedimentation unit with counter
gradient. A special grate near the bottom prevents detachment of already settled sediments.
An immersion tube in front of the outlet retains floating materials and light liquids (cf.
schematic in Appendix A, Figure A1). In case of an event, stormwater is constantly
pumped into DS1 at the rate of 6 L/s by a peristaltic pump (P-50-classic twin, Ponndorf,
Kassel, Germany,). This corresponds to the runoff maximum of 0.4 ha impervious area
recommended by the manufacturer.

DS2 was installed in 2018 at site CG and is a ViaTub 18R63 Lamella Clarifier (Mall
GmbH, Donaueschingen, Germany,). The circular concrete tank with a diameter of 3 m
contains a lamella separator for enhanced sedimentation in surcharged conditions (cf.
schematic in Appendix A, Figure A2). The inflow from the storm sewer is limited to
35 L/s by a flow-controlled throttle valve. The lamella clarifier is operated according
to valid regulations and is equipped with a side weir for discharges above the critical
discharge level.
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2.3. Measurement Equipment

The continuous stormwater quality measurements at the in- and outlet of a DS com-
prise turbidity, electrical conductivity, and pH (with sensors VisoTurb 700 IQ, TetraCon 700
IQ and SensoLyt 700 IQ, respectively all Xylem Analytics Germany Sales GmbH & Co. KG,
WTW, Weilheim in Oberbayern, Germany). Turbidity value is used as a surrogate for TSS.
Electrical conductivity (EC) is measured to validate the start of an event, monitor the use of
deicing salts during the cold season, and support analysis of heavy metals at DS due to the
fact that higher EC correlates significantly with an increase in total Zn [12]. The pH value
is targeted as a supporting parameter for the interpretation of dissolved heavy metals. In
particular, at DS with backwater, the pH value can change during longer dry periods due
to redissolution of particle bound pollutants in anaerobic areas [30]. Measurement of the
primary parameter turbidity is based on 90◦ scattered light measurement according to DIN
EN ISO 7027 [31] and is expressed in Formazine-Nephelometric Units (FNU) equal to a
Nephelometric Turbidity Unit (NTU). The turbidity-sensor measurement range is from
0 to 4000 FNU, and resolution ranges between 0.001 FNU to 1 FNU and depends on the
current measured value. Process variation coefficient is less than 1% in the range up to
2000 FNU according to DIN 38402-51 [31]. In- and outlet sensors are connected to a central
transmitter (MIQ/TX 2020 XT, WTW, Weilheim, Germany) with data values logged in
1-min time steps.

Sewer water level sensors (OCL-L1/DSM, NIVUS; Eppingen, Germany) with uncer-
tainty u ≤ ±0.5% of final value or ±5 mm [32] and combined sensors for flow velocity
and water level (POA-V2H1/V2U1/CSM-D, NIVUS, Eppingen, Germany,) with velocity
u = ±0.5% to 1% of final value and pressure u ≤ 0.5% of final value [32], are installed on
sites. The water level value is used to trigger automatic sampling (ASP station, Endress
+ Hauser, Rheinach, Switzerland,) and the start of pumping at site SG. At the site SG the
rain gauge (Pluvio2, OTT Hydromet, Kempten, Germany,) is installed on a flat roof (cf.
Figure 1C, RG Paulinum) and collects data with a 0.01 mm threshold [33], logged in 1-min
time steps. Precipitation data are recorded with the same system and configuration on a
flat roof of one of the university buildings (cf. Figure 1B, RG FHZ) and used for site CG.

2.4. Sampling Method and TSS Analysis

The water level value (threshold criteria: 3 cm at SG and 5 cm at CG, each with
0.5 cm hysteresis) started and ended automatic time continuous sampling. The sampling
procedure consisted of 200 mL sample shots every 2 min and a merging of 5 shots into
one composite sample of 1 L for a maximum of 12 polyethylen (PE) bottles per event
(for rain event statistics see Appendix A Table A1). Sample storage sections on site and
in laboratory were constantly cooled to 4 ◦C. In the laboratory, each composite sample
was analyzed for turbidity (VisoTurb 700 IQ) and TSS according to DIN 38409-2 1987 [34]
comparable to the Environmental Protection Agency (EPA) Method 160.2 [35] and Standard
Method 2540D [36] with a 0.45 µm cellulose nitrate membrane filter (Typ11306, Sartorius,
Goettingen). For turbidity measurement, a black cylindrical polyethylene high density (PE-
HD) bottle was used, and the sample was homogenized with a magnet stirrer at 450 rpm
as described in [23]. TSS was divided into the two compartments TSScoarse (2 mm > x >
63 µm) and TSS63 (63 µm > x > 0.45 µm) by sieving (2 mm and 63 µm test sieve, Retsch
GmbH, Haan, FRG). Because a standard operating procedure for separation and analysis
of TSS63 [37] was missing, the method recommended by [14] was applied.

2.5. Data Processing and Management

For data import, backup, and analysis OSCAR, a data management system developed
by one of the authors, was used [38]. Measurement data per site and sensor were stored
using an open-source time series platform (InfluxData, San Francisco, 2020 [39]) and
visualized with a web interface (Grafana Labs, New York, 2020 [40]).

For both sites, the following data processing and analysis were conducted with refer-
ence to [41]: (i) verification, (ii) correction, (iii) transformation (linear regression turbidity
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to TSS), (iv) event selection and (v) calculation of event parameters. Event statistics (de-
scription, duration, intensities) were calculated for rainfall, runoff and loads. The event
selection criteria were minimum rainfall depth H > 2 mm and maximum rainfall intensity
in 60 min Imax60 > 2 mm/h, and additionally at site CG, bypass volume < 1 m3 per event.

TSS composite samples were checked for distribution and their effect on the goodness
of fit of linear turbidity to TSS regression. In particular, the TSS63 ratio was considered
and evaluated regarding the effect on regression coefficients. Further values with relative
residuals > 3 σ and diagnosed using the function influence measures in R [42] were
determined as outliers.

2.6. Determination of Load Removal Efficiencies

To determine the event-specific and site-specific TSS load BE (kg), continuous turbidity
measurements were converted into TSS concentration cTSS (mg/L) with a linear regression
model, using Equation (1) according to [27,43,44]. BE for in- and outflow was obtained from
the product of cTSS,i and discharge Qi (m3/s), and multiplied with the measuring interval
∆t (i.e., 1 min) according to Equation (2). The TSS removal efficiency ηE,B is determined
with Equation (3).

TSS concentration (mg/L): cTSS

(mg
L

)
= f (turbidity) = a + b × turbidity (1)

where a = intercept, b = slope

TSS event load (kg): BE = ∑n
i=1(QicTSS,i ∆ti) (2)

where i = index of the time series, n = number of time steps of an event

TSS removal efficiency (%): ηE,B = 1− BE,out

BE,in
× 100 (3)

where BE,out= event TSS load in the outflow, BE,in = event TSS load in the inflow.
TSS63 concentration cTSS63 (mg/L) as a fraction of TSS cannot be derived directly from

turbidity data. Therefore, as a first approximation to estimate a TSS63 removal efficiency
ηE,B,TSS63 (%), the mean value of the gravimetrically determined ratio of TSS63 to TSS from
composite samples was considered. The ratio f (-) of cTSS63 and cTSS was obtained with
Equation (4). The ηE,B,TSS63 was calculated with Equation (5). For the opposite fraction
of TSS63, a first estimation of its removal efficiency ηE,B,TSScoarse (%) was calculated using
Equation (6).

Ratio of TSS63 and TSS (−): f =
cTSS63

cTSS
(4)

TSS63 removal efficiency estimation (%): ηE,B,TSS63 = 1− BE,out fout,mean

BE,in fin,mean
× 100 (5)

with fout,mean = mean ratio of TSS63 to TSS in the outflow, fin,mean = mean ratio of TSS63 to
TSS in the inflow

TSScoarse removal efficiency estimation (%): ηE,B,TSScoarse = 1− BE,out(1− fout,mean)

BE,in(1− fin,mean)
× 100 (6)

2.7. Determination of Uncertainties

Two key values are subject to uncertainty estimations according to ISO/IEC Guide
98-3:2008 [45]. Of major interest are (i) the uncertainty of the ratio f of TSS63 and TSS
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resulting from lab analysis and (ii) the uncertainty of the removal efficiency ηE caused by
turbidity measurements as a proxy for TSS.

Uncertainty of TSS63 ratio (−): u f =

√√√√( 1
c2

TSS

)
× u2

c,TSS63 +

(
c2

TSS63

c4
TSS

)
× u2

c, TSS (7)

Relative uncertainty of TSS63 ratio (−): u∗f =
u f

f
(8)

The ratio f of cTSS63 and cTSS and its uncertainty u f and relative uncertainty u∗f are
expressed with Equations (4), (7) and (8).

The uncertainty of the concentrations uc,TSS (-) and uc,TSS63 (-) were estimated using the
Type B method [45]. From previous analytical quality assurance, it can be assumed that the lab
results for cTSS63 and cTSS are normally distributed with a 95%-confidence interval of ± 10%.
The relative standard uncertainty according to [45] is therefore u∗c,TSS = u∗c,TSS63* = 0.03876.

To study the single uncertainty effect of turbidity measurement as proxy for cTSS
the discharge uncertainty uQ and time series covariance were set to zero. For each time
interval ti (min) the mass flow rate

.
mi(kg/s) and its uncertainty um,i (-) were calculated by

Equation’s (9), (10) and (11). The calculation of uncertainty of the event-specific TSS load
uB,E is expressed by Equation (12).

Mass flow rate (kg/s):
.

mi = Qi × cTSS,i (9)

Uncertainty of mass flow rate (−): u .
m,i =

√
Q2

i × u2
c,TSS,i + c2

TSS,i × u2
Q,i (10)

=
√

Q2
i × u2

c,TSS,i (11)

where i = index of the time series, Qi = discharge at time i.

Uncertainty of event load (−): uB,E = ∆t×
√

∑n
i=1 u2.

m,i
(12)

where i = index of the time series, n = number of time steps of an event, and ∆t = measuring
interval

The removal efficiency ηE,B and its uncertainty uηE,B and relative uncertainty u∗ηE,B
can be calculated from the TSS loads of the DS inflow BE,in and outflow BE,out and their
uncertainties uB,E,in and uB,E,outt, respectively, by Equations (13) and (14).

Uncertainty of removal efficiency (−): uηE,B =

√√√√02 +

((
1

B2
E,in

)
× u2

B,E,out +

(
B2

E,in

B4
E,out

)
× u2

B,E,in

)
(13)

Relative uncertainty of removal efficiency (−): u∗ηE,B
=

uηE,B ,

ηE,B
(14)

The concentrations were calculated using a regression model with Equation (1). The
uncertainty of the regression model is increased by the uncertainties of turbidity mea-
surement and TSS analysis. Therefore, the residuals ∆c (mg/L) between the model-based
concentrations ccalc (mg/L) and the lab analysis clab (mg/L) therefore result from multiple
sources and can be used to estimate the uncertainties of the concentration c. The residuals
∆c and the relative residuals ∆c∗ can be obtained with Equations (15) and (16).

Residuals (mg/L): ∆c = ccalc − clab (15)

Relative Residuals (−): ∆c∗ =
∆c

ccalc
(16)
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The relative uncertainty u∗c can be estimated using the Type A method [45] from the
standard deviation s∆c∗ of the relative residuals ∆c∗ of i = n data pairs (ccalc,i; clab,i) by
u∗c = s∆c∗ . The uncertainty uc,i of the concentration time series data can be estimated by:

Uncertainty of concentration (−): uc,i = ccalc,i × u∗c (17)

It is important to note that the above-mentioned procedure only aims to identify the
influence of uncertainties of turbidity as a proxy for TSS concentration data. It therefore
sets uncertainties of discharge and covariances to zero. Both must be considered for total
uncertainty calculations.

3. Results

Presentation of the results follows the process of sample evaluation, starting with
the analysis of composite samples. Next, the regression model is shown that is based on
TSS analysis. With the determined coefficients the turbidity data are converted to TSS
for calculation of loads and removal efficiencies. The calculation is followed by a further
examination of the uncertainties. In the last step a mass balance is determined based on
composite samples.

3.1. Analysis of TSS and TSS63

Sampling was carried out from January 2018 to July 2019. To derive the regression
function at the site “Stadtgraben” (SG) 210 inflow and 91 outflow composite samples of
1 L were analyzed. At the site “Canisiusgraben” (CG) 221 samples were taken from the
inflow and 189 from the outflow. Table 2 lists the descriptive statistics of the evaluated TSS
concentrations for 2018 (all seasons), for 2019 (without fall and winter) and a summary of
all samples (rain statistics are shown in Appendix A Table A1, TSS statistics are shown in
Appendix A Table A2). At site SG, a previous catchment study recorded TSS concentrations
in sewers with median TSS concentration in 2015 (67.1 mg/L) between observed values
of 2018 (123 mg/L) and 2019 (32.1 mg/L) [23]. The previous study did not cover TSS63
concentrations.

Table 2. Descriptive statistics of TSS concentration and TSS63 ratio from composite samples per site, sample position, and
year with raw data. SG data are compared to previous sewer data from [23].

Site Sample
Position Year n cTSS

Mean
cTSS
sd

cTSS
Median

f cTSS63
cTSS

Mean
f cTSS

cTSS63
sd

- - - - mg/L mg/L mg/L - -

Sewer 2015 85 63.7 31.7 67.1 - -

SG

Inflow
2018 107 172 184 123 0.80 -
2019 103 80.4 135 32.1 0.76 -
all 210 127 168 81.2 0.78 0.19

Outflow
2018 67 127 88.4 110 0.91 -
2019 24 36.1 25.2 29.5 0.84 -
all 91 103 86.8 69.2 0.89 0.17

CG

Inflow
2018 128 47.4 60.4 29.2 0.83 -
2019 93 26.1 24.6 18.2 0.73 -
all 221 38.4 49.7 25.4 0.79 0.19

Outflow
2018 103 56.1 81.9 29.2 0.86 -
2019 86 34.0 79.6 10.0 0.78 -
all 189 46.0 81.4 21.2 0.82 0.19

At all sites and sample positions, concentration statistics in 2018 were above the values
in 2019. Median values decreased from inflow to outflow at both sites. The overall mean
ratios of TSS63 to TSS concentration at SG and CG in the in- and outflow were 0.78, 0.89,
0.79 and 0.82, respectively. Ratios of TSS63 to TSS increased per site from inflow to outflow
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by 0.11 at SG and 0.03 at CG. A single factor analysis of variance (ANOVA, with alpha
= 0.05) was conducted for TSS63 ratio data samples for in- and outflows per site. The
resulting p-value of 5.12 ×10−6 at SG indicates that the TSS63 ratios differed significantly.
The result for CG with a p-value of 6.2 ×10−3, indicates no significant shift.

Figure 2 shows the distribution function of determined TSS concentrations. The lower
graphs of SG inflow and outflow illustrate the higher TSS pollution of the catchment, in
comparison to CG. The progressions of in- and outflow graphs per site are narrow. This is
covered by the descriptive TSS statistic.Water 2020, 12, x FOR PEER REVIEW 8 of 24 
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Figure 2. Empirical distribution function of TSS concentration differentiated by site and sample position. TSS concentration
data are limited to 300 mg/L of max value of 1300 mg/L to highlight the differences in the dominant data range (cf.
Appendix A Table A1).

The TSS63 ratio shift between sample positions and over sampling time is illustrated
in Figure 3. Only events with more than six of 12 composite samples were considered (with
inflow n = 20 events and outflow n = 8 events, total samples n = 281). Not enough samples
were present for the first composite sample at the outflow due to a water level deficit at the
beginning of the event. During sampling, the TSS63 ratio at the inflow rose. The increase
in TSS63 ratio between inflow and outflow samples is likely to occur due to better removal
of coarse particles.

3.2. Relation between TSS and Turbidity

The correlation between turbidity and TSS concentration was determined using linear
regression. Table 3 lists the regression coefficients and goodness-of-fit obtained for each
site and sample position. In experiments with variable concentration and particle size
distribution of quartz flour, the influence of particle size distribution on the resulting
turbidity was clarified [43]. It could be shown that samples at constant concentration, but
with increasingly higher fine content, cause higher turbidity. For a conversion from TSS
data into turbidity this results in a higher slope, whereas a conversion from turbidity data
into TSS results in a lower slope as higher the TSS63 ratio is.
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Figure 3. TSS63 ratio per composite sample bottle at SG during event sampling. Each bottle represents a 10 min time step.
With numbers of samples per boxplot: for inflow min = 14, and max = 19 and for outflow min = 6, and max = 8. Boxplots
with whiskers for inflow and outflow ratios summarize the statistical description of all bottle samples and show mean,
median, 0.25 and 0.75 percentile, and 1.5 × inter-quartile range (IQR). Outliers are indicated as black dots.

Table 3. Regression coefficients of TSS and turbidity with corresponding goodness-of-fit, as a
comparison of raw and adjusted data.

Site Sample
Position n R2

(Adjusted)
Intercept

(a)
Slope

(b) st.error

Stadtgraben inflow 210 1 0.44 −3.84 1.21 0.09
outflow 91 1 0.75 −2.68 0.96 0.06

Canisiusgraben inflow 221 1 0.65 −0.78 0.84 0.04
outflow 189 1 0.44 3.25 0.94 0.08

Stadtgraben inflow 182 2 0.75 2.31 0.99 0.04
outflow 83 2 0.75 −0.41 0.95 0.06

Canisiusgraben inflow 181 2 0.86 −1.94 0.91 0.03
outflow 166 2 0.92 −3.96 0.99 0.02

1 = raw data samples, 2 = adjusted data samples.

At sites, the average mean TSS63/TSS ratio was close to 0.8 with sd ~ 0.2. To dampen
the influence of potential outliers we set mean ± 1.5 × sd as the selection criterion with a
resulting TSS63 ratio range for regression of 0.5 to 1.0. This ensures that the final correlation
represents most events reliably. Because of the neglect of lower TSS63 ratio samples, the
slope coefficient may decrease, which was only recorded for the coefficients of site SG.

After data preparation, the coefficients of R2 (adjusted) were above 0.75 at the site
“Stadtgraben” and above 0.86 at the site “Canisiusgraben”. The standard error for slope
has decreased, whereas R2 (adjusted) improved. For site SG, sewer turbidity and TSS
concentrations data from a previous study of the catchment [23] are available, with b = 0.97,
a = 7.93 and R2 = 0.68 based on 85 samples from 16 events.

Figure 4 shows the linear relationship between TSS and turbidity that can be observed
(A) with and (B) without samples that meet the selection criterion. The similar gradient
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coefficients also emphasize a similar particle characteristic per site. Both DS treat the
polluted runoff mainly through sedimentation.

Water 2020, 12, x FOR PEER REVIEW 10 of 24 

 

 
Figure 4. Linear regression of turbidity and TSS before (A) and after data preparation (B). Dots with circles in (A) high-

light samples with a high leverage and a TSS63 ratio <0.5. 

3.3. TSS Load Removal Efficencies 
The long-term in situ performance of the two DS was evaluated based on continuous 

turbidity time series. Table 4 lists the determined TSS loads and removal efficiencies of 
both sites for two periods. Period 1 was the first monitoring cycle that started on Novem-
ber 2017 for SG, on May 2018 for CG and continued until July 2019. In period 1, 2018 with 
a low rain total was covered. Period 2 covers the prolonged monitoring time until No-
vember 2020. The ܤ,୧୬,୫ୣୢ୧ୟ୬ was 7.9 kg (n = 51) and 7.6 kg (n = 91) at site SG and was 
comparable over both periods. At site CG, ܤ,୧୬,୫ୣୢ୧ୟ୬ decreased in period 2 probably be-
cause of fewer valid events with high pollution due to sensor failure. 

  

Figure 4. Linear regression of turbidity and TSS before (A) and after data preparation (B). Dots with circles in (A) highlight
samples with a high leverage and a TSS63 ratio < 0.5.

3.3. TSS Load Removal Efficencies

The long-term in situ performance of the two DS was evaluated based on continuous
turbidity time series. Table 4 lists the determined TSS loads and removal efficiencies of both
sites for two periods. Period 1 was the first monitoring cycle that started on November
2017 for SG, on May 2018 for CG and continued until July 2019. In period 1, 2018 with a
low rain total was covered. Period 2 covers the prolonged monitoring time until November
2020. The BE,in,median was 7.9 kg (n = 51) and 7.6 kg (n = 91) at site SG and was comparable
over both periods. At site CG, BE,in,median decreased in period 2 probably because of fewer
valid events with high pollution due to sensor failure.
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Table 4. TSS loads and removal efficiency over two monitoring periods for both DS.

TSS Load Inflow TSS Load Outflow TSS

Site Period Events Median Total Median Total Removal Efficiency

From–
to n BE,in,median Bin=

n
∑
i=1

BE,in,i
BE,out,median Bout=

n
∑
i=1

BE.,out,i ηB=1− Bin
Bout
×100

SG
- kg kg kg kg %

November 2017–July 2019 51 7.9 812 4.4 485 40

November 2017–November 2020 91 7.6 1413 5.16 1006 29

CG
May 2018–
July 2019 26 1 10.3 442 11.7 357 19

May 2018–
November 2020 42 1 8.3 556 8.4 452 19

1 In monitoring period 1, 33 events were valid, and in period 2, 51 events were valid, of which 7 and 9 events, respectively, showed inflows
above the critical rainfall bypass discharge volume of >1 m3. These events were excluded to determine the correct load efficiencies for DS2.

At site SG, the sum of inflow load of the 91 events was Bin = 1413 kg, and 407 kg
was retained by sedimentation in the DS. This corresponds to a removal efficiency of
ηB,SG = 29% (40% in period 1). For site CG, loads of period 2 were calculated as Bin = 556 kg
and Bout = 452 kg. The removal efficiency of 42 events in period 2 was ηB,CG = 19%, as
before in period 1.

Long-term removal efficiency estimations for TSScoarse (2 mm > x > 63 µm) and
TSS63 are given in Table 5. For TSScoarse, the estimated removal efficiencies were
ηB,coarse,SG = 59% and ηB,coarse,CG = 28%. For TSS63, the estimated removal efficiencies
were lower, with ηB,63,SG = 19% and ηB,63,CG = 16%.

Table 5. Estimated long-term load and removal efficiencies for TSS fractions TSScoarse and TSS63 at sites SG and CG.

Site Sample
Position

TSS TSS63 TSScoarse

Total Load Ratio
TSS63/TSS

Total Load
BTSS63

Removal
Efficiency

ηB,63

Total Load
BTSScoarse

Removal
Efficiency
ηB,coarse

- - kg - kg % kg %

SG
Inflow 1413 0.78 1102

19
242

59Outflow 1006 0.89 895 98

CG
Inflow 556 0.79 439

16
92

28Outflow 452 0.82 370 66

Figure 5a for site SG and Figure 5b for site CG show the event-specific relationship
between inflow and outflow loads. The additional boxplots for inflow and outflow loads
summarize the statistical description of all events and show the mean, median, 0.25 and
0.75 percentile, whiskers for 1.5 IQR, and max values.

Values under the separation line indicate a positive removal efficiency, whereas values
above the line indicate a negative efficiency. At site SG, events with negative efficiencies are
visible, which occurred in period 2 and therefore have a decreasing effect on the removal
efficiency in comparison to period 1. At site CG, events with negative efficiencies occurred
in periods 1 and 2. Removal efficiency ranged between −120% and 100% at site SG, and
−35% to 96% at site CG. TSS load mean values decreased at each site from inflow to outflow,
from 16.4 to 11.2 kg at site SG, and 13.9 to 11.0 kg at site CG.
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By applying the rain event selection criteria (H > 2 mm and Imax60 > 2 mm/h) on the
monitored rain sum (2126 mm) the effective rain sum was determined (1653 mm). For each
site, the event rain sum per year was divided by the effective rain sum per year.

The resulting rain treatment ratios are listed together with the seasonal event distribu-
tion in Table 6. The highest value per year and total treatment ratio were at site SG, with
values of 0.61 (2018) and 0.49 (total). Due to a later monitoring start in 2018 and fewer
events in 2020, the treatment ratios for DS2 at site CG were lower, with the highest being
0.36 (2019) and a total of 0.27. At both sites, the seasonal event distribution showed fewer
events in spring. Most events were recorded in winter and fall at site SG. At site CG most
events were recorded in fall and summer.

Table 6. Precipitation representativity and seasonal distribution of events at site SG and CG.

Year Rain Sum Effective Rain Sum
Site SG Site CG

Treated Rain Treatment Ratio Treated Rain Treatment Ratio

From - to mm mm mm - mm -

November 2017-> 189 137 69.0 0.51 - -
2018 578 403 246 0.61 71.9 0.27 1

2019 762 630 226 0.36 224 0.36
->December 2020 597 483 266 0.55 71.6 0.15 2

Total 2126 1653 806 0.49 387 0.27 1

Events per Season SG (n = 91) Spring n = 18 Summer n = 21 Fall n = 24 Winter n = 28
CG (n = 51) Spring n = 7 Summer n = 15 Fall n = 16 Winter n = 13

1 05/2018 = beginning of monitoring at site CG, with lower rain sum of 268 mm for ratio calculation, 2 system all year in operation but
sensor failure.

3.4. Uncertainty of TSS Load Removal Efficency

After data processing, the relative residuals ∆c∗ were analyzed for in- and outflow
of both DS. The standard deviations given in Table 7 were used as estimates for the
uncertainties u∗c = s∆c∗ per sample position.

Table 7. Standard deviation and mean values for relative residuals per site and sample position.

Relative Residuals ∆c∗

SG Inflow SG Outflow CG Inflow CG Outflow

n 182 83 181 166
Mean 0.000904 0.00711 0.261 0.0774
s∆c∗ 0.824 0.554 1.03 1.80

The uncertainty uη of the removal efficiency for two selected runoff events at both
sites in Table 8 show low values at site SG and moderate to large values at site CG. This
corresponds to the standard deviations of the relative residuals ∆c∗. Because the removal
efficiencies η are low in all cases the relative uncertainties u∗η are high and extremly high
for event CG-109 with a very low removal efficiency.

Table 8. Uncertainties for selected events at SG and CG.

Event Σ
.

mE,in Σ
.

mE,out ΣuB,E,in ΣuB,E,out η ΣB,E,out
ΣB,E,in

u ΣB,out
ΣB,in

uη u∗η Duration

site-ID g/s g/s - - % % % % hh:mm

SG-1 59.3 46.6 3.17 1.71 21.0 5 5 24 04:26
SG-159 261 192 8.81 4.24 26.4 3 3 11.3 08:01

CG-15 41.2 28.3 2.77 3.35 31 9 9 30 07:55
CG-109 80.3 76.0 11.0 11.0 5 19 19 353 11:35

3.5. Mass Balance

A calculation of mass balance was conducted due to time proportional sampling and
constantly pumped discharge at the site SG. The calculation is based on TSS concentration
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samples for the first two hours of an event. Only data pairs of in- and outflow concentra-
tions were used. Table 9 lists the results of the mass balance for 75 sample pairs out of nine
events. The DS1 achieved a removal efficiency of 47% during the sampling time frame
of 2 h. The TSS63 ratios per sample were summarized for inflow and outflow to note the
TSS63 shift of 5.3% due to treatment.

Table 9. Mass balance, TSS load removal efficiency and TSS63 sum for composite sample pairs at site SG.

Events Sample
Pairs

Q
Sampled Bin Bout

Removal
Efficienc

ηB

TSS63
Ratio Sum

In

TSS63
Ratio Sum

Out

TSS63
Ratio Shift

- - m3 kg kg % - - %

9 75 270 63.0 33.5 47 63.3 66.7 5.3

4. Discussion
4.1. Relation between TSS and Turbidity

For long-term monitoring, a consistent TSS63 ratio is crucial to obtain a sufficient
conversion of turbidity to TSS. One key factor is the correct installation of turbidity-sensors
at the in- and outflow of a DS. DS of smaller size might lack enough space for installation,
which is crucial to ensure correct turbidity measurements without signal interference from
DS walls or tubes.

For all sample positions, reliable regression coefficients were determined. The TSS
analysis at both sites showed intra-event runoff with variable TSS concentrations but with
consistent high proportions of TSS63 (cf. Appendix A Table A2) in the range of 0.78 to 0.89
in average. During data preparation, samples with TSS63 ratio < 0.5 and high leverage were
excluded for linear regression. Selection of samples with higher TSS63 ratio for regression
of turbidity to TSS can lead to a lower slope, whereas exclusion of high leverage samples
can have an effect in both directions. A lower slope for conversion of turbidity data to
TSS would lead to a lower load in total at the specific sample position, which contributes
direct to the long-term removal efficiency. Slope decreased only for SG inflow from 1.21
to 0.96. At site CG, slope increased from 0.84 to 0.91 (inflow) and 0.94 to 0.99 (outflow).
Values of regression were comparable for slope in the range of 0.91 to 0.99. Against this
background, a higher influence of the turbidity on the slope due to a higher TSS63 ratio at
the respective DS outflows was expected but could not be confirmed by the coefficients.
The intercept deviated from 2.31 (in) to −0.41 (out) at SG and from −1.94 (in) to −3.96 (out)
at CG. Because these values are negative, an effect with changed boundary conditions (0/0)
on slope and final uncertainties must be investigated further.

For the linear regression of SG inflow a comparison to previous sewer data (2015,
n = 85) of the identical extraction point is available. The linear regressions differ only in
intercept, with values of 7.93 (2015) and 2.31 (2018–2019). The previous data’s slope b = 0.97
is comparable to the current b = 0.99. The coefficients of determination are equal, with
R2 = 0.68 (2015) and R2 (adjusted) = 0.75 (2018–2019). This indicates a similar site-specific
TSS matrix over the long-term.

The total number of used samples per regression ranged from 83 to 182. The magnitude
of the difference between raw data samples and prepared data samples was the lowest at
8 (SG, outflow) and the highest at 40 (CG, inflow). The relative sample reduction during
data processing was 9% to 18%, with an average of 13%. After data processing, the R2

(adjusted) was higher by 0.33 on average, except for SG outflow that remained the same
with R2 (adjusted) of 0.75. The chosen statistical criteria to ensure a better fit of linear
regression over the long-term cam be recommended. Due to the reliable fit of the individual
regressions per sample position, the parameter turbidity can be used as a surrogate for TSS
to monitor long-term removal efficiency of DS.
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4.2. TSS Load Removal Efficencies and Uncertainties

The analysis of TSS load removal for DS1 showed a long-term efficiency of ηB,TSS = 40%
in period 1 (n = 51 events) and ηB,TSS = 29% (n = 91 events) over the full monitoring cy-
cle.Further removal efficiency estimations for TSS63 and TSScoarse are ηB,TSS63 = 16%
and ηB,TSScoarse = 59%. The composite sample-based mass balance for period 1 (n = 75
samples, nine events) resulted in ηB,TSS = 47% for the first two event hours and effected a
TSS63 ratio shift of 5.3%. A DS performance rating based on mass balance or monitoring
results of period 1 would overestimate the long-term efficiency, because 2018 was a dry
year with the highest observed TSS concentrations in urban stormwater runoff. Therefore,
the result of period 2 (2018–2020) allowed a better assessment. Uncertainty evaluation of
selective events at SG showed variable uη of 3% to 5% with relative uncertainty u∗η of 9% to
30%. Further evaluation is necessary to achieve reliable uncertainties according to long-
term removal efficiency. The estimated higher removal efficiency for TSScoarse particles
displayed a theoretical in situ performance peak of the DS, when influent contained no
particles < 63 µm. However, the lower removal efficiency for fine particles indicates an
achievable value in the case of a high TSS63 ratio. Due to variance in the ratio of TSS63 to
TSS and seasonal difference in temperature, organic pollution compartments, and therefore,
particle density and potential to aggregate to conglomerates, additional factors have an
influence on removal efficiency if reduction is only targeted by sedimentation [47]. For
example, no remobilization or outwash was recorded in the first period at DS1, but in
period 2. Visual analysis of such an event with a negative efficiency in fall showed a high
rest turbidity in the outflow from the previous event (criteria to separate events = rain
stop > 4 h). One assumption is, that the high rest turbidity occurred due to a high ratio
and concentration of TSS63 combined with a low density of particles. Remobilization
due to varying hydraulic inflow can be excluded due to constant pump inflow of 6 L/s.
Investigations of environmental conditions and DS settings of these event phenomena
would be informative. To obtain more clarity of event concentration even after monitoring
implementation, a time-integrated full event composite sample backup would be beneficial.
Furthermore, the DS1 was inspected and cleaned in July 2019 and October 2020 according
to the maintenance instructions.

At site CG, for DS2 the long-term removal efficiency was ηB,TSS = 19%, whereas for
TSS63 and TSScoarse they were ηB,TSS63 = 16% and ηB,TSScoarse = 28%, respectively. The
DS2 TSS removal efficiency for periods 1 and 2 remained the same. This constant long-term
efficiency could represent a consistent treatment. Nonetheless, the lack of difference was
because fewer new events in period 2 were monitored. Additionally, the events in period
2 had a lower runoff pollution of TSS and, therefore, had a lower leverage on the overall
removal efficiency. Uncertainty evaluation of selective events at CG showed high variable
uη of 9% to 19% with high and extremely high relative uncertainty u∗η of 30% to 353%.
The monitoring of DS2 resulted in a low long-term efficiency with high uncertainties.
One variable that has contributed to the low efficiency is the low TSS concentration. The
median inflow TSS concentration of 25.4 mg/L was close to minimum TSS concentration
of 20 mg/L from [19] to be considered as an assessable pollution event. In addition,
the DS2 manufacturer declares a separation only for particles with a size range down to
0.1 mm [48]. Therefore, the DS2 is not applicable for urban stormwater runoff treatment
with such a high TSS63 ratio. The observed removal efficiencies were only conclusive for
the configured throttle discharge of max 35 L/s. Negative removal efficiencies might be
caused by high proportions of fine particle material or too high flow rates. Under these
site-specific conditions, the DS operator should check the throttle function and examine
the option of throttle reduction to improve DS performance.

In addition to the focused TSS removal of particles with a maximum size of 2 mm, DS2
removed more granular particles with its lamella clarifier. During maintenance observation
in November 2020, mud levels up to 60 and 30 cm were observed at the in- and outflow
chambers, respectively. The high mud level in the outflow chamber amplifies the theory
of strong remobilization due to high discharges that were able to transport even coarse
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material through and over the lamella clarifier to the outflow chamber and from there to
the river. The mud consisted mostly of sand, leaves, sticks, and cigarette butts. The exact
composition of the mud must be analyzed further.

4.3. TSS and TSS63 in Urban Stormwater Runoff

In both monitored DS, the stormwater runoff is primarily treated by sedimentation of
particles. The effectiveness was tested and demonstrated for both DS according to the lab
based test [21] with the inorganic TSS-surrogate quartz flour “Milli Sil W4”. Therefore, first,
a TSS concentration reduction in terms of lower mean and median values, and, second,
a change in the particle size distribution, were expected from inflow to outflow, because
coarser particles tend to sediment rather than finer particles.

A TSS reduction between inflow and outflow can be recognized for DS1 by lower
mean, median, and sd values. For DS2, the mean and sd values were lower in the inflow
than in the outflow. However, the median value was higher in the inflow than in the
outflow as expected. The inequality of mean values in composite samples could occur from
a low TSS concentration combined with remobilization, which might have been covered
due to sampling. The previously recorded TSS concentration values of the sewer at site SG
in 2015 are lower than our recorded values. A loss of TSS due to pumping can therefore
be discounted.

The mean TSS63 ratios were similar in the inflow at both sites (0.78 SG and 0.79 CG).
Other studies report equal TSS63 ratios for road runoff, with values of 0.82 and 0.85 [12,16].
After treatment, the ratios shifted differently. At SG, the mean TSS63 ratio in the outflow
increased to 0.89, which was reported as a significant difference by ANOVA. This shift
indicates a more effective reduction of TSScoarse with particle size > 63 µm. At CG, the
increased outflow TSS63 ratio mean of 0.82 was smaller and the difference is not significant.

The urban stormwater runoff pollution differed in concentration between sites. Be-
cause wash off processes were not considered in this study, no detailed statements can be
made, except that the daily average vehicle and cover of the impervious area were higher
at SG than at CG. Selbig 2015 [16] shows with a particle size distribution (PSD) of urban
stormwater runoff a median particle diameter (d50) of 8, 32, 43, 50, 80, and 95 µm for six
different types of land use, with a collector street yielding the lowest d50. As an outcome, it
must be assumed that TSS63 contributes with a minimum of 50% to the urban stormwater
runoff pollution and even higher for streets.

4.4. Indications for Further Planning and Operation of DS

Urban stormwater runoff consists of high proportions of TSS63, which can significantly
affect the ecological quality of receiving waters. During rain events with a high stormwater
runoff concentration of TSS, as recorded in 2018, increased removal efficiencies were
observed. Before installation of a new DS, the pollution characteristics of catchments
should be evaluated, for the concentrations and ratios of TSS63 and TSScoarse over several
events. It must be considered whether an exclusive sediment treatment is sufficient for TSS
loads with high TSScoarse ratio or if filtration is more suitable according to a dominant
TSS63 ratio.

Sansalone (1997) shows that heavy metals, such as Zn, Cd, and Cu, are mainly dis-
solved and their proportion of the total concentration underlies seasonal influences [11].
This observation indicates that a filtering technique should be considered in the design
of DS if treatment of high polluted urban stormwater runoff is targeted. Manufacturers
already invented exchangeable filter-cassettes targeting this demand.

4.5. Improvement of DS Evaluation

Results from the lab and in situ tests differed. The treatment and removal of fine
particles should be the main objective of DS. This could be tested simply in a laboratory
by implementation of two further tests. The tests could be conducted by manufactured
predefined critical discharge and two fractions of TSS surrogate with (a) particles only
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>63 µm and (b) with particles only <63 µm. This would show the range of possible removal
efficiency values for the TSS shares.

To improve and validate our in situ monitoring approach, it would be beneficial to
validate the turbidity measurements of in- and outflow during lab test. As an outcome,
this could provide a further standard for the installation of sensors at a DS. Obligatory
turbidity measurements during laboratory tests would greatly facilitate and deepen the
process analysis of the in situ data.

In situ investigations of DS are regarded to be mandatory for performance assessments
due to the highly variable processes of pollutant build-up, wash-off, and transport processes
of storm water runoff in terms of time and place.

5. Conclusions

Two different decentralized stormwater treatment systems (DS) at two different sites
were monitored for 2 to 3 years. Continuous turbidity data and composite samples from
inflow and outflow were used to evaluate the in situ TSS and TSS63 removal efficiency.
From the analysis it can be concluded that:

• In situ treatment is not at par with lab results. Even with constant hydraulic conditions,
high variability of efficiency was observed.

• For the two monitored sites with a high mean TSS63 ratio of 0.8, sedimentation
treatment does not meet the treatment objective to adequately protect the receiving
water and exposed organisms.

• The significant TSS63 ratio shift from inflow to outflow indicated that DS with an
exclusive sedimentation treatment can achieve better removal efficiencies with respect
to coarser particles (>63 µm).

• The TSS63 as a new stormwater design parameter and especially its fraction of TSS
should be given more attention to characterize stormwater quality as it affects the
correlation to turbidity.

• It is well known that using turbidity as a proxy of TSS introduces uncertainties.
However, as the explorative results indicated, further investigations especially when
evaluating the removal efficiency of DS are strongly recommended.

• Due to the physics of sedimentation and its limits, treatment of urban stormwater
runoff with high TSS63 pollution requires additional techniques, such as filtering to
retain fine particles more effective.

Decentralized stormwater treatment systems are complementing measures for efficient
stormwater management. With the introduced online-monitoring concept in situ insights
of the performance were gained.
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Table A1. Rain statistic for events covered by automatic sampling.

Rain Event

Site Date Duration Sum Mean Imax60

- - h mm mm mm/h

Canisiusgraben

10 May 2018 6.7 3.1 0.5 1.4
29 August 2018 9.9 11.9 1.2 5.3
30 August 2018 9.9 11.9 1.2 5.3

6 September 2018 2.8 5.0 1.8 3.4
21 September 2018 0.8 3.8 4.9 4.9

06 October 2018 0.4 0.4 3.6 1.0
24 October 2018 29.7 7.6 0.3 1.2
26 October 2018 2.6 3.5 1.3 3.0

10 November 2018 1.2 1.0 0.8 0.9
14 November 2018 0.0 0.1 1.5 1.5
20 November 2018 3.0 1.9 0.6 1.4
28 November 2018 2.4 0.8 0.3 0.5
4 December 2018 5.2 3.1 11.4 0.6

17 December 2018 10.6 2.0 0.2 0.4
6 January 2019 35.9 8.1 0.2 1.1

1 February 2019 2.6 1.7 0.7 1.2
4 February 2019 0.0 0.1 2.4 2.4

10 February 2019 20.4 22.0 12.6 1.1
24 April 2019 0.3 1.9 19.2 7.2
26 April 2019 3.0 1.5 0.5 1.3
2 May 2019 1.9 0.5 0.3 0.3
3 May 2019 2.8 1.5 6.6 0.6

19 May 2019 1.6 0.8 0.5 0.5
21 May 2019 0.6 0.4 0.7 0.7
6 July 2019 4.1 4.9 1.2 2.7

Stadtgraben

1 January 2018 2.3 5.3 2.3 3.4
31 January 2018 15.4 13.6 0.9 5.0

8 March 2018 5.5 8.1 1.5 4.2
10 March 2018 7.3 4.4 0.6 1.0
13 March 2018 5.5 1.3 0.2 0.5
23 March 2018 2.5 0.2 0.1 0.1
28 March 2018 7.9 14.1 1.8 4.0
26 April 2018 2.6 1.8 0.7 1.7
28 July 2018 0.6 2.8 5.0 5.0

8 August 2018 2.3 0.3 5.4 0.13
20 December 2018 11.3 5.9 0.5 2.9

10 January 2019 10.4 2.7 3.6 0.26
17 January 2019 13.8 5.4 0.4 2.2
28 January 2019 17.8 9.0 0.5 5.0
1 February 2019 2.6 1.7 0.7 1.2

1 March 2019 5.1 1.7 0.3 1.1
6 March 2019 0.8 1.3 1.6 1.6
24 April 2019 0.3 1.9 7.2 7.2
6 June 2019 3.4 4.2 1.2 3.1
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Table A2. Descriptive statistics of TSS concentration, TSS63-ratio, and turbidity from bottle samples per site and sample position, with TSS values in mg/L and turbidity in FNU. Samples
were taken from January 2018 until July 2019.

Site Sample
Position

Parameter n TSS Concentration (mg/L)
Mean Sd 0% 5% 10% 25% 50% 75% 90% 95% 100%

SG

Inflow

TSS63/TSS 210 0.78 0.19 0.051 0.37 0.53 0.69 0.84 0.93 0.96 0.98 1
TSS63 210 94.4 101 2.84 8.82 12.2 18.6 62.6 134 229 328 513

TSS 210 27.1 168 5.21 13.5 14.7 27.0 81.2 155 276 381 1398
TSS in Turb 210 97.9 127 4.03 10.4 11.2 20.1 63.2 121 220 296 938
Turbidity 210 84.2 69.7 5.70 11.8 15.0 26.1 69.5 126 181 226 306

Outflow

TSS63/TSS 91 0.89 0.17 0.034 0.61 0.74 0.89 0.94 0.98 0.99 0.99 1
TSS63 91 97.9 86.1 0.68 4.92 12.0 26.6 67.6 162 235 260 315

TSS 91 03.3 86.8 1.07 13.9 17.8 31.6 69.2 171 241 269 324
TSS in Turb 91 82.0 70.6 0.81 11.2 13.4 25.3 57.8 119 201 220 250
Turbidity 91 88.1 63.7 1.50 14.2 18.0 40.0 71.0 130 185 220 246

CG

Inflow

TSS63/TSS 221 0.79 0.19 0.05 0.46 0.51 0.67 0.87 0.93 0.97 0.98 1
TSS63 221 31.0 43.6 0.55 2.40 4.58 9.81 19.6 37.1 65.6 76.1 410

TSS 221 38.4 49.7 1.55 3.60 7.57 13.5 25.4 47.0 74.9 104 432
TSS in Turb 221 29.9 39.7 1.25 2.88 5.73 10.5 19.3 35.4 58.1 77.2 356
Turbidity 221 36.8 38.4 2.50 4.50 7.00 12.0 25.7 48.0 73.0 102 295

Outflow

TSS63/TSS 189 0.82 0.19 0.0055 0.46 0.61 0.76 0.88 0.95 0.98 0.99 1
TSS63 189 34.2 56.3 0.36 1.48 2.17 5.15 16.8 39.2 74.7 98.2 456

TSS 189 46.0 81.4 1.06 2.02 2.96 7.90 21.2 46.4 89.8 179 579
TSS in Turb 189 37.8 68.8 0.89 1.69 2.48 5.95 17.0 39.0 75.9 136 498
Turbidity 189 36.9 49.0 2.20 3.48 4.28 7.20 20.1 44.0 94.0 113 345
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