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Abstract: Sustainable Drainage Systems (SuDS) can be considered the joint product of water
engineering and urban planning and design since these systems must comply with hydraulic,
hydrologic, and social-ecological functions. To enhance this joint collaboration, a conceptual model of
mesoscale SuDS is introduced based on the observed rainfall-runoff responses from two catchments
with SuDS and a pipe-bound catchment. The model shows that in contrast to pipe systems, SuDS
disaggregates the catchment into a group of discrete mini catchments that have no instant connection
to the outlet. These mini catchments start to connect to each other (and perhaps to the outlet)
as the rainfall depth increases. It is shown that the sequence of stormwater control measures
(SCMs as individual components of SuDS) affects the system’s overall performance depending on
the volumetric magnitude of the rainfall. The concept is useful in the design and implementation
of mesoscale SuDS retrofits, which include several SCMs with different retention and detention
capacities within a system.

Keywords: rainfall-runoff; storm water control measure; SuDS; urban drainage; urban landscape;
urban planning

1. Introduction

Sustainable Drainage Systems (SuDS) within the context of green infrastructure are becoming
more accepted and popular in urban landscapes. Numerous studies indicate that these systems,
besides delivering multiple ecosystem services and promoting public health [1-3], have large retention
capacities for the management of rainfall events up to the design magnitude [4]. It has also been
pointed out that SuDS have positive effects on flood mitigation [5,6]. Therefore, SuDS are occupying
more space in urban landscapes either as an alternative solution or as a complement to the existing
combined or separate wastewater collecting infrastructure. The large retention capacity associated
with SuDS is achieved by introducing extended pervious areas, which allows increased infiltration
along with larger retention and retention volumes as well as slow transport of runoff towards the
outlet point [7]. In other words, the management of storm water with SuDS utilizes urban spaces and,
therefore, affects their functionality. This means that the urban surfaces occupied by SuDS have to
comply with social-ecological qualities besides fulfilling their hydraulic role in an urban drainage
perspective. Therefore, the planning and designing of SuDS has to be brought about collaboratively by
water engineers and urban planners [8-10].

SuDS in urban areas can be implemented at three different levels, i.e., microscale, mesoscale,
and macroscale, which was proposed by Haghighatafshar et al. [11]. A graphical illustration of
these three levels is presented in Figure 1. A microscale implementation of SuDS (Figure 1a) consists
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of scattered individual stormwater control measures (SCMs) from which the excess discharge is
directly connected to the urban drainage pipe-network (either separated or combined sewer networks).
The procedure for designing an individual SCM is already established and widely practiced based
on applying existing methods such as the Rational Method or the Time-Area Method. Details of the
design process for individual SCMs can be found in e.g., Water Sensitive Urban Design [12].
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Figure 1. Different levels of implementation for SuDS/SCMs, (a) Microscale, (b) Mesoscale, and
(c) Macroscale.

Mesoscale SuDS (Figure 1b) is implemented at the catchment level. This means that a group of
interconnected SCMs are integrated in an urban catchment. In this type of implementation, SCMs are
connected to each other so that the collected stormwater could flow from an upstream SCM to a
downstream SCM. Mesoscale, in this context, has been referred to as “SuDS management train” by [13].
The extensive implementation of SuDS over the entire city catchments could be considered a macroscale
approach (Figure 1c) through which the city could be transformed to a sponge city [14]. In contrast to
microscale, studies regarding the hydraulic performance of SuDS at meso-scales and macroscales, as
the train of several individual SCMs, are comparatively rare in the literature, e.g., [13,15,16].

In order to facilitate the implementation of SuDS, it is necessary to provide tools and models to
enhance the communication between the urban water engineers and urban planners [8]. This can
be done by characterizing SCMs as well as understanding their cumulated affect in a larger system,
which is reported to be challenging and empirically less attended [17].

One of the early standard frameworks for implementation of SCMs was introduced by Stahre [7] in
Sweden in the city of Malmo. Peter Stahre developed administrative procedures where it was outlined
how different SCMs could be implemented on private and public land, respectively. As a result,
several SCMs where introduced in the late 1990s in Malmo as part of the drainage system. A list
of the implemented SCMs/SuDS in Malmo was presented by Haghighatafshar et al. [18]. The most
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prominent of these implementations is the neighborhood Augustenborg in Malmo, which in contrast
to others, is located in the densely constructed and populated part of the city. The implemented
SuDS were, to some extent, demonstration facilities showing the potential and the benefits of a new
game-changing type of planning process where aesthetically designed open drainage systems were
part of the urban landscape in accordance with the motto “make space for the water”. While some
potentially suitable measures were tentatively suggested at each level from upstream to downstream,
the hydraulic and hydrologic performance of the suggested SCMs and of the entire system were not
addressed. With the more intense rainfall events that have been experienced in many parts of the
world as well as an elevated densification of our cities, the interest in SCMs especially in already built
areas has grown [6,11].

The aim of this study is to introduce a new conceptual function-oriented description of the
SuDS at a mesoscale level. The suggested model is based on observed rainfall-runoff data from
the perspective of connectedness of surfaces and, to what extent, they contribute to the observed
runoff. Consequently, the concept is applied to schematize the existing SuDS in Augustenborg as a
demonstration. This approach aims to bridge an engineering design to urban planning and design by
providing a simple hydraulic scheme for mesoscale SuDS.

2. Methodology

This study is based on rainfall-runoff measurements in an urban catchment of about 20 ha in
which the runoff from most surfaces is managed through combinations of SCMs. All the implemented
SCMs in the study area are surface-based (open) stormwater solutions. The study area known as
Augustenborg was originally drained through the underground pipe-system of the city. For two years,
flow measurements were carried out at the most downstream of catchments where the excess runoff is
diverted into the major wastewater collecting system of the city. The following subsections present
the adopted parametrical assessment method, a brief description of the study area, and the employed
measurement instrument.

2.1. The Study Area—Augustenborg

Augustenborg is located in the inner city of Malmo, Sweden and is one of the most renowned
SuDS retrofits. The area is often regarded as a unique example of an integrated collaboration of urban
planners and urban water engineers. In this scenario, an area about 20 ha, which was originally
drained with a combined sewer network, is managed via interconnected combinations of SCMs
(i.e., mesoscale). The area was retrofitted in the late 1990s and has been in operation for about 20 years
now. Augustenborg has been associated with many tentatively positive effects over the years such
as, among other benefits, mitigation of basement flooding [19]. However, the effect and the in-depth
understanding of the function of the SCMs have never been described in detail and the ideas have not
been reproduced elsewhere despite the very positive verdict. One prerequisite for the reproduction is
understanding the functionality so that the results, rather than the layout, can be transferred to other
places. There is, therefore, a need to develop concepts that discuss SuDS and their functionality in a
city-wide perspective to help urban planners and water engineers systematically design and reshape
the urban landscapes through a shared perspective. An enhanced communication between engineers
and planners can help alleviate some of the institutional shortcomings [20] for the widespread adoption
of SCMs.

The Augustenborg area, which is shown in Figure 2, handles the storm water runoff through three
different systems with each serving its unique catchment; i.e., the pipe-system (3.5 ha), the Northern
SuDS (6.3 ha), and the Southern SuDS (9.5 ha). Figure 2 also shows the location of the flow and rainfall
monitoring points as well as the systems’ connection points to the municipal wastewater collection
network of Malmo.



Water 2018, 10, 1041 4of16

¥

Northern SUDSk

| Pipe:-bound

Connection point_ 2
(Flowmeter)

Rain gauge

Figure 2. The locations of rainfall and runoff monitoring points as well as the catchment delineation
in Augustenborg. The unmarked areas within the borders of the Augustenborg area are directly
drained into the existing municipal pipe-bound combined sewer network. Connection points marked
as CPy;, CPp_g, and CPg are the discharge points for the Northern retrofit, the pipe-bound catchment,
and the Southern retrofit, respectively. Note that the flow is in the north-west direction, i.e., towards
the connection points [21]. For SCM types, see Figure Al. Background picture: GSD-Orthophoto,
courtesy of The Swedish Mapping, Cadastral and Land Registration Authority, ©Lantmaéteriet (2015).
[This figure—slightly modified—is adopted from Haghighatafshar et al. [11] with permission].

Catchments in all three stormwater subsystems consist of various types of surfaces such as tile
roofs, green roofs, asphalt surfaces, concrete surfaces, grass, and sand covered areas. A Geographical
Information System (GIS) analysis of different land uses in each of the subsystems in Augustenborg,
using orthophotos of the area, shows that about 50% of the catchment in both Northern and
Southern SuDS is occupied by surfaces assumed to be impervious from an engineering point of
view (i.e,, tile roofs, asphalt, and concrete) while the corresponding value in the pipe-bound catchment
is above 70%. Green roofs make up a considerable part in the Southern SuDS (about 11%) while
it is almost negligible in the pipe-bound catchment as well as the Northern SuDS. A schematic
representation of different land uses in the area are presented in Table 1. The numbers are based on a
GIS-analysis of the land use and the digital elevation model (DEM) of Augustenborg by Nordlof [21].
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Table 1. Distribution of different types of surfaces in the catchments in Augustenborg extracted from
Reference [21].

Pipe-Bound  Northern SuDS Southern SuDS

Surface Type

P ha % ha % ha %

Tile roof 0.5 15 1.7 27 1.7 17
Asphalt/Concrete 2.0 56 15 24 3.0 32
Grass area 1.0 28 29 46 3.0 31
Green roof 0.0 0 0.0 0 1.0 11
Sand 0.0 1 0.1 1 0.8 8
Gravel 0.0 0 0.1 2 0.1 1

Total 35 100 6.3 100 9.5 100

Different types of the implemented SCMs in the Northern and Southern SuDS are shown in
Figure 2. The Northern SuDS consists of a major flow-path of swales and a stormwater ditch to which
some stormwater ponds are also connected. Outflow from the Northern systems occurs in the form
of overflow from the final pond (Figure 2 (CPy)). In contrast, the Southern SuDS includes several
relatively large retention ponds (with larger areas/freeboards) with a considerable area of green roofs
at the most upstream parts of the catchment (Figure 2 (GR)). Outflow from the Southern SuDS is the
result of overflow from the final pond in the system (Figure 2 (CPs)). Some photos of the SCMs in
Augustenborg are presented in Appendix A.

2.2. On-Site Measurements

Discharges from the sub-catchments were monitored and logged at connection points (marked as
CP in Figure 2). The flow was measured using Mainstream Portable AV-Flowmeters with velocity
and level sensors. Flow-monitoring was carried out for a period of over two years, which is shown in
Figure 3. A total of 10 rainfall events (denoted A-J) with reliable corresponding flow measurements
were selected. The selected rainfalls were all volumetrically considered, which means that they led to
a discharge from at least one of the SuDS in Augustenborg. As seen in Figure 3, all selected rainfalls
belong to the period of May—August during which most intense rainfalls were observed. Details of
the selected rainfall events are shown in Table 2. The rainfall was monitored and logged by a Casella
CEL tipping bucket rain gauge with 0.2 mm resolution, which was installed at the south-east part of
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Figure 3. Hyetograph over the period of the study.
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Table 2. Calculated REIAs and their corresponding contribution coefficients for 10 rain events.

infall Rainfall  Rainfall Vout (m®) Contribution Coefficient—Equation (2) (-)
é{‘:::t 2D Depth  Duration  pjpe-System Northern Southern Pipe-System Northern Southern
(mm) ) (35ha)  SuDS(63ha) SuDS(95ha)  (35ha)  SuDS(63ha) SuDS (9.5ha)
A 7.8 0.45 107.47 24.28 0.00 0.55 0.10 0
B 10.6 3.37 129.56 n/a 5.40 0.49 n/a 0.01
C 134 2.18 189.55 107.78 14.00 0.57 0.25 0.02
D 13.8 9.25 197.15 86.22 12.76 0.57 0.19 0.02
E 15.6 4.78 174.31 96.43 11.14 0.45 0.19 0.02
F 174 3.90 165.17 142.27 132.66 0.38 0.25 0.16
G 17.8 155 154.73 117.23 101.4 0.35 0.20 0.12
H 19.0 22.7 268.9 164.49 93.75 0.57 0.27 0.11
1 22.6 4.15 273.23 258.04 215.89 0.48 0.35 0.20
] 28.4 9.14 352.19 288.53 293.02 0.50 0.32 0.22

2.3. Runoff-Equivalent Impervious Area

The parts of the impervious surfaces in a catchment that are hydraulically connected to the
drainage network within the context of pipe-systems are known as directly connected to an impervious
area (DCIA) [22]. DCIA is often regarded as an effective impervious area (EIA) in an interchangeable
manner [22-24], which implies that the effectiveness of the surfaces from a runoff contribution point of
view is reflected in DCIA. DCIA has widely been employed to understand the rainfall-runoff patterns
in urban basins. Lee and Heaney [25] report that connectedness of the impervious area has the most
noticeable effect on urban hydrology. It has also been shown that mild changes of imperviousness
are reflected as amplified runoff responses. For instance, grass areas contribute to runoff as soon as
rain intensity exceeds the infiltration rate [22]. It is also important to consider that the routed runoff
from ineffective impervious areas onto the pervious surfaces would lead to rapid consumption of
percolation capacity, which makes the previous surface react as impervious [26]. The generated runoff
under such scenarios is then not only contributed by DCIA, but also other types of impervious and
pervious surfaces start to contribute.

Using the same indicators for functionality of various types of stormwater handling systems
makes it easy to compare and understand the role of these systems in urban runoff management.
While DCIA can be quantified through GIS maps of high spatial resolution as well as intensive in-situ
assessment of the catchment connected to the pipe network [27], it is not convenient to apply the same
method to SuDS since the boundaries between the “catchment” and the “system” cannot be clearly
drawn in case of SuDS. Therefore, a lumped parameter representing the runoff-equivalent impervious area
(REIA) is introduced in this paper to explain the activeness of the surfaces. This parameter, REIA, is the
equivalent surface area with 100% contribution to runoff, which is calculated based on the observed
accumulated outflow from systems. It should be noted that REIA and DCIA could be identical
parameters in case of pipe-bound conventional drainage systems. The difference between these two
parameters lies in their conceptual definitions through which REIA could be used for evaluating
the efficiency of SuDS as alternative solutions for urban runoff management and is estimated using
Equation (1).

Vout
R

in which REIA is expressed in m2, V,,; is the total volume of the observed runoff outflow at the most
downstream point (m3), and R is the rainfall depth (m). Total runoff volume was measured until the
discharge was either zero or reached a minimum before the subsequent rainfall. The ratio between
the observed REIA and the GIS-based quantified total impervious area (TIA) is then considered as the
contribution coefficient of the system (Equation (2)).

REIA =

)

REIA

TIA @)

Contribution coef ficient =
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3. Results and Discussion

3.1. Development of the Conceptual Model

All 10 rainfall-runoff datasets (hyetographs and hydrographs) included in this study are provided
as supplementary material. Figure 4 shows two examples of the observed rainfall-runoff events.
Rainfall I (Figure 4(I)) is the most intensive rainfall event with a recurrence interval of about two years
according to Dahlstrom (2010) [28]. It has one peak with a large depth that leads to discharges from
both the Northern and the Southern SuDS. Rainfall D (Figure 4(D)), however, consists of two peaks
while the discharge occurs only from the Northern SuDS and only in connection to the second peak.

Time Time
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Figure 4. Two examples from the monitored hyetographs and hydrographs during this study.
See rainfalls D and I in Table 2. The details of all rainfall-runoff observations are provided as

supplementary material (available online).

Analysis of the hydrographs, which are the normalized outflows against the total catchment
area, shows that the pipe system is very sensitive to rain peaks even in smaller magnitudes. In other
words, there is always an observed peak in the hydrograph, which corresponds to a certain peak
monitored in the rain pattern (see Figure 4(D) and Figure 4(I)). The correlation between the rain
intensity and the outflow from the pipe-system indicates that pipe-systems are flow oriented and
should be designed in accordance with flow capacity. In contrast to the pipe-system, the outflow from
SuDS is observed to be a function of the rainfall depth rather than rainfall intensity. For instance,
as seen in Figure 4(D), outflow from the Northern SuDS occurs in connection with the second peak
observed at about 8 h 45 min after the start of the event while there is no outflow from the system at
the first peak in the rain (at about 30 min after the start of the event). This means that the first part of
the rainfall (60 min from the start, depth = 8 mm) is retained in the SuDS and to some extent fills the
existing capacity while the second peak, although lower (depth = 6 mm), exceeds the threshold and
initiates an outflow from the Northern SuDS.

The monitored hydrographs indicate an almost negligible delay in the flow initiation in the pipe
network followed by relatively shorter lag times, i.e., 5-20 min depending on the rainfall pattern.
The observed lag time for Northern SuDS and Southern SuDS was found to be about 20-100 min and
90-190 min, respectively.
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The observed range of accumulated rainfall required for the initiation of runoff in the pipe system
is found to be 0.8 mm to 2.2 mm, which aligns with findings of Albrecht [29] who reported a runoff
initiation threshold of 0.8 mm to 2.3 mm for cool and hot weather, respectively. The almost immediate
initiation of flow in the pipe system can be an indication that the major part of the flow is contributed
by the DCIA, which lies close to the measurement point. In contrast to the pipe system, the small
contribution coefficient in the catchments with SuDS (see Table 2) agrees well with the observed
long periods of delay in the flow initiation, which is an indication of larger retention capacity of the
SuDS catchments.

The larger retention capacity in the SuDS can be accredited to storage, evapotranspiration, and
direct and indirect infiltration. The term indirect infiltration is assigned to the infiltration that takes
place when the runoff from impervious surfaces is diverted to pervious surfaces for infiltration.
In contrast, direct infiltration is when the rain falls on a pervious surface and is infiltrated directly.

Table 2 summarizes the total discharge volumes (V) and their corresponding contribution
coefficients for the catchments in Augustenborg for 10 rainfall events were monitored for two years.
Figure 5 presents the graphical illustration of the calculated REIA values for the subsystems in
Augustenborg. As observed in Table 2, the contribution coefficient for the catchment with pipe-system
is about 50% (i.e., 0.48 £ 0.08%) of the TIA. This is in agreement with the published literature in
which the proportion of contributing surfaces (also regarded as EIA) is reported to vary from 14%
to 60% depending on the physical characteristics of the catchment such as slopes, gutters, curbs,
and more [30-33].

Pipe-bound Northern SuDS Southern SuDS
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Figure 5. Calculated REIA in case of the observed rainfalls for all three catchments in Augustenborg
compared to the TIA (based on field surveys and GIS maps as given in Nordlof [21]): (a) Pipe-bound;
(b) Northern SuDS; (c) Southern SuDS.

The contribution coefficient is considerably lower in the catchments with SuDS implementations
(varying values) but note that the two SuDS (Northern and Southern) differ with respect to how
they react under different rain depths. The REIA in the Northern SuDS tends to increase gradually
when the rainfall depth increases (Figure 5b) while, in the Southern SuDS, the REIA is generated first
when the rainfall depth exceeds a larger threshold of about 17 mm (Figure 5c). It was also observed
that the outflow from the SuDS in Augustenborg is not only levelled out and flat (no intensive
peaks as seen in Figure 4) but is also much smaller in accumulative volume when compared to the
pipe system (compare the contribution coefficients given in Table 2). This implies that the retention
capacity including surface storage, infiltration and evapotranspiration in catchments with SuDS in
Augustenborg is higher than the pipe-bound catchment.

The observed gradual increase in the REIA for the Northern SuDS (REIA from 0.3 ha to 1.1 ha
corresponds to rainfall depths of 8 mm to 23 mm, which is shown in Figure 5b) means that the
contributing proportion of the catchment grows as the rainfall depth increases. The corresponding
projection of this observation in the field could be considered if the system is constituted of a network
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of several small disaggregated (discrete) individual mini catchments with each having a certain
retention volume. These discrete mini catchments are filled gradually as the rainfall depth grows.
Wventually, when their threshold is exceeded, overflow to the corresponding immediate downstream
mini catchment. Accordingly, if the rainfall depth is large enough, the number of connected mini
catchments increases and the accumulated overflows might finally contribute to the final discharge
from the system.

The same conceptual model is also valid for the REIA trend observed for the Southern SuDS.
As seen in Figure 5c and Table 2, the calculated REIA is almost negligible for rainfall depths up to
about 16 mm while a dramatic increase is observed in the case of 17 mm of rainfall. The same concept
presented above (discrete mini catchments) explains the observed phenomenon. A possible explanation
for this very abrupt alteration in behavior (sudden jump in REIA from 16 mm to 17 mm of rainfall) could
be associated with the relatively large retention volume at the most downstream part of the Southern
SuDS (see Figure A1(DP 4)). Another possible explanation could be that some other mini catchments
further upstream join the rest of the system when a threshold is exceeded. Both hypotheses could
generate a relatively large outflow volume considering the possible connectedness of the catchment
at that stage after the initial 16 mm has filled up the capacity up to the system’s threshold. However,
application of the concept to the systems in Augustenborg could possibly reveal what hypothesis is a
valid explanation for the observed phenomenon.

A schematic illustration of the conceptual model is presented in Figure 6. In this illustration,
five retention cells (SCMs) with each having a connected mini catchment area = A are presented.
The constant connected area, A, for each SCM is assumed to promote the comprehensibility of the
conceptual model. Each of these SCMs has a certain retention capacity as different multiples of an
assumed unit capacity (i.e., V [mm]). The retention capacity of each SCM is reflected in the size of
the schematic circles in Figure 6. As evident in Figure 6, both illustrated models have identical total
retention capacity (=25 x V), but the circumstances under which a discharge is initiated from the
systems depend on the spatial distribution of the mini catchments with respect to their retention
capacity. It is important to note that retention capacity, V, in this context is considered the sum of
surface storage, retention, and losses in the form of infiltration and evapotranspiration.

a)

Discharge

Scenario X ScenarioY

Figure 6. Conceptual illustration of two extreme setups for construction of SuDS with different
components. Please note that all the shown mini catchments have the same area, i.e., A, while the size
of the circles represents the retention capacity of SCMs: (a) Scenario X; (b) Scenario Y.

Figure 6a (Scenario X) is comparable to Northern SuDS in Augustenborg. The mini catchments
with smaller retention capacities are placed close to the discharge point. A consequence of this
configuration is that a discharge from the system will be observed as soon as the most downstream
mini catchment (1 x V) is saturated in capacity, which is when the rain depth exceeds 1 x V. As the
rainfall depth continues to increase, more mini catchments are connected to each other and contribute
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more to the final discharge. The growth direction of the contributing catchments in this case is
downstream-to-upstream, i.e., links are activated from d towards a (Table 3).

Table 3. Response matrix of the conceptual model in the case of scenarios X and Y (see Figure 6).

Rain Scenario X Scenario Y

) Active Links  Discharge - Contributing gy Discharge - Contributing
<1 XV - - - - -
2XV - 1xV A a - -
3XxXV - 2xV A a,b - -
4xXV d 4xV 2 x A a,b,c - -
5XV d 6xV 2x A a,b,c,d - -

6 XV d,c 9xV 3x A a,b,c d 5xV 5x A
99XV d,c,b 20 x V 4x A a,b,c,d 20 x V 5x A
100XV d,c,b,a 25 x V 5x A a,b,c, d 25 x V 5x A

In Figure 6b (Scenario Y), comparable to the situation in Southern SuDS, the final discharge would
not flow out unless a certain rain depth is obtained. In the specific example, the outflow from the
model presented as Scenario Y is initiated when a rainfall larger than 5 X V mm is applied on the
system while all rainfalls up to 5 x V mm would result in higher connectedness of the system without
any downstream discharges. In this type of setup, the connectedness of the system propagates from
the upstream towards the downstream, i.e., links are activated from a towards d (Table 3).

In the presented conceptual model, if a longer lag time is desired for the system, it is more
beneficial that the SCMs with higher retention or retention capacity are placed downstream.

Additionally, relatively smaller volumes of discharge can also be expected for rainfalls up to a
certain magnitude (see the data for rainfall 6 x V in Table 3). These advantages become especially
important and effective when the final recipient for the SuDS is the municipal sewer system, which is
the case in Augustenborg. In the municipal sewer system, the bought time in terms of longer lag times
may be enough for the receiving pipe-bound stormwater network to maintain some pressure relief.

Figure 6 along with Table 3 illustrate the basic concept behind the functionality and behavior of
SuDS in a full-scale urban catchment by demonstrating two straightforward examples under simplified
circumstances in which connectedness grows along a single pathway. Basically, the SCMs can be
visualized as a flow train of interconnected bowls with physical properties that, at least from theoretical
point of view, should be quantifiable. Once the properties have been determined, the functionality of
the flow train is set.

However, in contrast with the unique setups of the concept (Figure 6), each SCM in a real
implementation of mesoscale SuDS is assigned to a specific mini catchment varying in area and
characteristics. In addition to the local retention depth available (= storage depth in the freeboard,
S}b—i— storage depth in the infiltration layer, 5! f) in the SCM, the area of the connected catchment
is also important in the overall retention performance of the SCM. It is also assumed that the effect
of evapotranspiration is negligible in case of short term individual rainfall events. Therefore, it is
excluded from the model. Consequently, in order to be able to compare the retention capacity of each
SCM, the effective retention of each SCM is calculated, according to Equation (3).

Ri — (Sfy + Shyp) X Aley 3
e DCIA! ®)

in which R is the effective retention capacity of the SCM i (mm), S}b is the storage depth in the
freeboard of the SCM (mm),an s the storage depth in the infiltration layer, Agc u 1s the area occupied

by the SCM (m?), and DCIA' is the directly connected impervious area to the SCM (m?). Please notice
that DCIA (mainly tile roofs and some asphalt in the Northern SuDS [21]) is used to simplify the model
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since it is anticipated that DCIA is the dominant parameter for runoff volume, which is reported by
Shuster et al. [19].

3.2. Remarks on the Schematized Augustenborg

The developed conceptual model is used to characterize the processes in the Northern and
Southern SuDS in Augustenborg. Figure 7 shows the conceptualized representations of Northern (top)
and Southern (bottom) SuDS in Augustenborg based on the effective retention depth (Equation (3))
of SCMs.

Figure 7. Conceptual illustration of Northern SuDS (top) and Southern SuDS (bottom) in Augustenborg.
Each SCM is represented as a circle. The size of the circle corresponds to the effective retention capacity
of the SCM,, i.e., Ré. Please notice that the SCMs belonging to the Northern SuDS are indexed with
Roman numerals while SCMs in the Southern SuDS are numbered with Arabic numerals. The size of
the circle representing SCM is an indicator of its effective detention depth (sizes are not proportionally
correct). The background picture is acquired from Google Earth.
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In Table 4, all the different SCMs have been systematically assigned names and properties
accordingly. The details of the characterized SCMs shown in Figure 7 are also presented in Table 4.
Equation (3) and Equation (4) were subsequently employed to build a model to estimate the discharges
from the SCMs along all the flow paths in the Northern and Southern SuDS. The model was built in an
Excel spreadsheet.

Table 4. Characteristics of the SCMs in the Northern and the Southern SuDS in Augustenborg.
The sequence of the SCMs with respect to flow path (upstream-downstream) is illustrated in Figure 7.

Storage, Infiltration an SCM Area, Effective Retention,

. 2
System SCM ID S}b (mm) (mm) Ascy (m?) DCIA (m?) Ré (mm)

SWT 5 15 740 2780 53

WPI 250 0 90 3920 5.7

WP II 250 0 200 1120 446

Northern | yyp yy 250 0 90 1620 13.9
SuDS SWII 5 15 240 3400 1.4
Dil 5 0 80 2100 0.2

WP IV 350 0 160 3500 16.0
GR1 0 45 10,000 10,000 45
WP 1 200 0 140 8500 33

DP1 105 45 100 560 26.8

Di1 200 0 98 1685 116

WP 2 150 0 700 560 1875

Southern | = \p 4 35 25 800 3150 15.2
SuDS DP3 105 45 170 2760 9.2
INE. 2 0 25 800 1300 15.4
DP2 0 15 200 1180 25

INE. 3 500 25 115 5460 11

DP 4 25 25 900 300 150.0

More information about the type of the implemented SCMs are shown in Figure 2 (also in
Appendix A). The information regarding the characteristics of the SCMs (an fr }b/ and Aéc M) as well

as their corresponding mini catchment (DCIA') is collected from the hydrodynamic model of the area,
which was developed by Haghighatafshar et al. [11], the on-site measurements, and the GIS maps.
These parameters are relatively easy to estimate and can be measured on site.

As seen in Table 4, it is obvious that water ponds, (Dry Ponds and Wet Ponds) are the backbone of
the systems regarding effective retention, which account for a total effective retention depth of 80 mm
and 380 mm in the Northern and Southern SuDS, respectively. The second most important feature
in terms of effective retention are the infiltration areas that contribute with approximately 42 mm of
effective retention in the Southern SuDS. In case of infiltration areas, effective retention capacity in
most cases has two components, which include a storage volume that can be determined from the
geometrical properties of the basin and measured on site, and the infiltration capacity (i.e., the function
of the underlying soil properties).

The ditches and the swales, however, have a limited storage volume since they add up to 7 mm
and 12 mm of effective retention depth to the Northern and Southern SuDS, respectively. For the
observed rain events, these components act as connection nodes between the different ponds and also
provide a connected and diverse blue-green landscape. Despite relatively large retention at the most
downstream pond in the Northern SuDS (WP 1V), a discharge is initiated as soon as rainfall depth
reaches around 7 mm. This rapid fill-up of retention capacity is due to the two upstream SCMs, i.e., Dil
and SW II, from which the discharged volume overrides the remaining free capacity in WP IV and leads
to a discharge. By comparing the conceptual approach with the onsite SCMs in the Northern SuDS,
it can be claimed that using swales with large DCIA as the backbone of SuDS for the conveyance of
runoff from upstream SCMs to downstream SCMs without introducing substantial retention structures
on the flow path leads to decreased overall effectiveness of SuDS in runoff reduction. This aligns with
findings of Qin et al. [34] who found that the retention capacity of swales is very limited and, therefore,
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is saturated quickly. Generally, ponds and infiltration basins with an overflow threshold (freeboard)
have a pronounced role in the overall runoff retention when compared to other SCMs.

At this point, it is important to make clear that, although different SCMs can relatively easily
be translated to effective retention volumes, the concept of SuDS needs to be studied through a
combination of SCMs to be understood and adopted by the city planners as well as the individual
house-owners. This is the key to the success of this technique. In order to better understand the
response pattern of the different combinations of SCMs, it is beneficial to expand our knowledge on
how SuDS as the flow train of different SCMs can be introduced in the best way.

At this stage, the conceptual model provides a better understanding of hydraulics that prevail
in mesoscale SuDS implementations, which can promote the required dialogue between different
actors at the planning phase. However, in the prospect of future studies, the concept can be further
developed to estimate the discharge hydrographs from mesoscale SuDS. A mathematically simple
representation of the hydraulics in mesoscale SuDS could result in computationally faster models.
Such fast models can then be used for large-scale simulations as an alternative to the computationally
costly and time-consuming 2-dimensional distributed hydrodynamic models. Fast and cheap models
are needed to study the upscaling effects of SuDS on the city-level.

4. Conclusions

Extensive rainfall-runoff measurements at two urban catchments with SuDS along with one
pipe-bound catchment were used to investigate the systems’ responses at different rainfalls. Runoff
measurements at the most downstream point of each catchment showed that, in contrast with the
SuDS, the flow from the pipe-system was directly affected by the rainfall intensity. However, the total
runoff volume was still a function of the total rain depth. In order to describe this transformation
that takes place in a SuDS, a conceptual model was introduced from the viewpoint of catchments’
runoff-equivalent impervious area. In the model, implementation of SuDS disintegrates the catchment
area into a group of discrete and disaggregated mini catchments. These mini catchments establish
connections with each other depending on the volume of the rain event. The dynamics of the conceptual
model demonstrated that the order and placement of different stormwater control measures within the
framework of SuDS with different retention capacities affects the overall performance of the system.
The conceptualization of SuDS establishes a new platform for further evaluation and discussion
of these systems at mesoscale. The model promotes the communication between urban planners
and water engineers. This, in turn, can lead to the design of SuDS in which hydraulic performance
alongside aesthetical and architectural quality is taken into consideration.
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Appendix A

Figure A1l. The photos of some of the implemented SCMs in Augustenborg. Different types of SCMs
are shown in the figure as follows: (DP 4) dry pond, (Di I & 1) stormwater ditch, (SW I & II) swale,
(WP 2, II & IV) wet pond, (INF 3) infiltration basin, (GR) green roof. The major runoff directions in the
Northern and Southern systems are SW I — WP IV and GR — DP 4, respectively. Pictures for INF 3,
WP 2,Dil, and SW I & Il are taken by Henrik Thorén (Rambell). Background picture: GSD-Orthophoto,
courtesy of The Swedish Mapping, Cadastral and Land Registration Authority, ©Lantmateriet (2015).
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