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ABSTRACT

Urbanization modifies the natural water cycle particularly by reducing the water storage capacity. We
analysed the storage capacity of three stormwater management designs in south-western Finland to
demonstrate how an urban catchment releases stormwater and how storage contributes to flood
resilience. The analysis relies on EPA SWMMA5.1 simulations of water balance for a seven-month period
including two extreme rain events during the summer and autumn. The enhanced storage capacity
provided by the designs increased resilience against flooding and released stormwater with slower rates
leading to reduced peak flows. Even the design with the least storage (10% LID coverage) was efficient at
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regulating floods due to controlled flow in a vegetated swale, whereas the design with the highest
storage capacity (60% LID coverage) demonstrated the possibility of restoring nearly natural water cycle
in urban catchments. The study suggests storage capacity can act as a flood resilience indicator directly

linked with the physical catchment characteristics.

1. Introduction

Urbanization has adverse effects on hydrological functions of
a catchment (Burns et al. 2012; Fletcher, Andrieu, and Hamel
2013; Guan et al. 2015b; Salvadore, Bronders, and Batelaan
2015). The natural hydrological cycle is modified through the
introduction of impervious surfaces and artificial flow paths,
resulting in decreased infiltration and reduced water storage
capacity (Fletcher, Andrieu, and Hamel 2013; Golden and
Hoghooghi 2017; Vogel et al. 2015). To reduce the human
impact on components of the hydrological cycle in urban
areas, a paradigm shift in drainage-based urban design towards
nature-based solutions has emerged in the recent decades.
Accordingly, stormwater is more often considered as
a resource that is stored, infiltrated, and re-used on site (Burns
et al. 2012; Fletcher, Andrieu, and Hamel 2013; Vogel et al.
2015). The shift is referred with different terms in different
parts of the world, e.g. Low Impact Development (LID) in USA
or Water Sensitive Urban Designs (WSUD) in Australia (Fletcher
et al. 2015). In practice, stormwater management designs are
a subset of WSUD and LID refer to small-scale stormwater
management techniques such as bioretention cells, green
roofs, permeable pavements, vegetated swales and rain gar-
dens, which are located at or near the source of runoff (Fletcher
et al. 2015). The focus of this study is on LID designs aiming to
restore the natural water cycle of a development site.

Water balance analysis has been widely utilized in the
hydrological studies on rural catchments, e.g. for the purposes
of streamflow regulation (Sayama et al. 2011; Spence et al.
2010) and natural catchment characterization (McNamara
et al. 2011). Kirchner (2009) applied water balance analysis in
estimating temporal development of the catchment storage

and its sensitivity to the initial storage value. The same study
stated that the storage component of the water balance, in
particular, provides important insight on the catchment’s resi-
lience against flooding and its water retention capacity. In this
study, ‘storage capacity’ is defined as the ability of a catchment
to store stormwater and ‘resilience’ as the capability of
a catchment to resist pluvial flooding and to lose stored storm-
water to recover its storage capacity.

On urban catchments, one of the main goals of LID techniques
is to reduce direct runoff from impervious surfaces (Miles and
Band 2015). Although there is an abundance of studies assessing
the impact of LID techniques on stormwater outflow (Guan et al.
2015a, 2015b; Sillanpaa and Koivusalo 2015) and urban flooding
(Burns et al. 2015; Qin, Li, and Fu 2013; Xu et al. 2017), quantitative
assessment of the storage of an urban catchment with LID tech-
niques has received limited attention. Qin, Li, and Fu (2013)
presented a water balance approach as a theoretical framework
for assessing storage capacity of individual LID techniques (i.e.
permeable pavement, bioretention cell and vegetated swale) in
the regulation of urban flooding. However, they along with Guan
et al. (2015b) noted that a combination of various LID techniques
would be more effective than a single LID for urban flood control
when the entire spectrum of storm events is considered. Burns
etal. (2012) emphasized that the urban stormwater management
should focus on restoration of the natural water cycle at smaller
upstream catchments, leading to benefits in flow regimes of
larger scale downstream systems. The same study also suggested
that there is a possibility to restore the natural water cycle in
urban areas, i.e. to enhance infiltration and evapotranspiration,
by a combination of interception-, storage- and conveyance-
based LID techniques.
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The lack of insight into storage capacity of urban catchments
motivated us to analyze stormwater management designs with
different densities of interception-, storage- and conveyance-
based LID techniques. The analysis was facilitated by the water
balance analysis tools of the US EPA Storm Water Management
Model 5.1.012 (SWMM) (Rossman et al. 2016a). Simulations for
a seven-month period, including an extreme rain event during
the summer and another intense rain event in the autumn, were
used to test the hypothesis that the catchment storage provides
insights on its resilience against pluvial flooding and its ability to
recover storage space through losses. Thus, the objectives of the
study were: (1) to assess the impacts of stormwater management
designs on water balance expressed in terms of the relative
shares of input rainfall, and (2) to explore the relationships
between the storage and the flow dynamics in order to under-
stand how the designs release stormwater and how they con-
tribute to catchment’s resilience against pluvial flooding.

2. Materials and methods
2.1. Study area

The Kirstinpuisto study area (14.8 ha) is located in the city of
Turku, Finland (60°26'53"N, 22°14'15"E, Figure 1(a)). In its cur-
rent state with industrial and commercial land use, the area
consists of two catchments: Catchment 1 (10 ha) and
Catchment 2 (4.8 ha). The area is flat with an average slope of
3% and elevation ranging from 3 to 5 m.a.s.l. The total length of
stormwater pipes is 833 m with their diameters ranging from
0.25 to 0.4 m. Currently, the land cover consists of roofs as well
as paved, gravel and vegetated surfaces resulting in total
imperviousness of 63% (Figure 1(b)). Most of the area is covered
with artificial fill to make it suitable for construction with the
dominant underlying soil being clay (Rautiainen 2016). The area

of Turkee=
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is planned to undergo considerable construction in the future,
as it will be developed into a sustainable residential area.

2.2. Rainfall and discharge data

Rainfall and stormwater discharge were measured at Catchment
1 from 7 November 2017 to 9 January 2018 (Figure 1(b)). One-
minute resolution records were collected using a tipping bucket
rain gauge and an ultrasonic flowmeter for rainfall and discharge,
respectively. From the three rain events observed during the
period, two were selected for calibration (C1, C2) whereas one
(V1) was reserved for validation (Table 1).

Data from a City of Turku operated weather station about
1.5 km northeast of the study area was used for studying the
proposed stormwater management designs. Rainfall data for the
7-month period (E1) were from May to November 2012 and
included two distinctively intensive rain events (E2 and E3)
(Table 1). E2 was an extreme rain event measured in
August 2012 with a return period of ca. 100 years. E3 was an
intensive rain event measured in October 2012 with a return
period of ca. 30 years. In addition to the observed events,
a synthetic event E4 was generated to study the role of initial
storage conditions at the catchment. Event E4 was prescribed to
have the initial conditions preceding E3, followed by the occur-
rence of an extreme event similar to E2. Finally, the maximum
storage capacity of the studied stormwater management designs
was assessed using a continuous rain of 1 mm/min and observing
when the storage maximum was reached.

2.3 Model parameterization

SWMM is a widely used model for simulating water balance
components, i.e. runoff, infiltration, and evaporation, in
a system of heterogeneous urban subcatchments as well as

0 50 100 150 200m
— — )

Figure 1. An aerial image of the study area with the two catchments (a), the sub-catchment division according to homogeneous surface types (b), and the location of

the study site on the map of Finland (c).



Table 1. Rainfall-runoff events used for model parameterization and simulations.

Rainfall

depth Duration  Rainfall max  Observed runoff Raingauge
Event (mm) (h:mm)  (mm/10 min) depth (mm) location
al 35 7:00 2.0 8.6 On-site
Q2 26 8:50 1.2 5.4 On-site
Vi 18 6:04 0.6 54 On-site
E1 450 7 months 18.0 - Off-site
E2 71 6:04 18.0 - Off-site
E3 42 12:00 9.0 - Off-site
E4* 71 6:04 18.0 - -

*synthetic event.

flow and flooding in pipe systems in urban areas (Rossman et al.
2016a). Recent versions of SWMM (Rossman et al. 2016b) allow
for simulating water balance components for LID techniques
and their combined hydrological effects in urban areas. For
a more extensive analysis of the performance and gap analysis
of the SWMM model, the reader is referred to Niazi et al. (2017).

Following Krebs et al. (2014), the catchment was divided
into small homogeneous subcatchments sharing the same
land cover types. This facilitated adopting parameter values
from earlier urban hydrological studies. Infiltration was simu-
lated using the Green-Ampt equation and the flow routing in
the pipe system using the dynamic wave theory. The node
ponding was not allowed in the model.

Subcatchment characteristics, i.e. area, mean slope and flow
width were computed from a digital elevation model (DEM)
provided by the City of Turku. The flow width W (m) for each
subcatchment was computed using Equation (1).

W = Kuign VA M
where A is the subcatchment area (m?) and Kz, Was selected
as a calibration parameter.

Krebs et al. (2014) identified the depression storage (D), the
Manning’s roughness coefficient for the overland flow (n,) and
the closed conduit flow (n.), and the imperviousness (IMP) of
land cover as the key parameters affecting SWMM model per-
formance. Therefore, these four parameters were selected for
automatic calibration using PEST software (Doherty 2018) and
Kwiaen Was manually calibrated afterwards. The remaining para-
meters, i.e. infiltration parameters for clay soil, the soil initial
moisture deficit (ISMD), the wetting front soil suction head (5¢)
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and the saturated hydraulic conductivity (K;) were adopted
from Rawls et al. (1993).

2.4. Model calibration and validation

The SWMM model was calibrated against two events (C1 and
C2) and validated against one event (V1) (Table 2) by compar-
ing the measured and simulated runoff depths. The perfor-
mance of the model was evaluated using the coefficient of
determination (R?) e.g. (Hirsch et al. 1992) and the Nash-
Sutcliffe efficiency (NSE) (Nash and Sutcliffe 1970), where Q,;
is the observed discharge (I/s) and Qs is the simulated dis-
charge at time t, Q, is the mean observed discharge and Q; is
the mean simulated discharge.

2

> (Qot — Qo) (Qst — Q)

R>=1-
V3 (Qor - 00’5 Qs - Q)

Z (Qo,r - Qsi)z

NSE=1— =
22 (Qor— Qo)

3)

2.5. Water balance analysis

Water balance analysis was used to estimate the total storage
for the study area in its current state and the future state with
the proposed stormwater management designs. The SWMM
simulations were performed for the 7-month period (E1).

Water stored within a system at time t, i.e. storage S;, was
reconstructed from the simulated water balance components
(Equation 2).

St :Stf] +At(Rt7Ft7Dtilf 7Et) (4)

where S;_; is the storage at time t — 1, R; is the rainfall, F; is the
stormwater lost from the drainage network as flooding, D; is the
discharge from the outfalls, /; is the stormwater infiltrating into
the underlying soil, E; is the stormwater lost as evapotranspira-
tion, and At is the time step. The initial storage Sy in early May set
as the wilting point moisture content of the soil layer. For events
E2-E4, the E1 simulation provided the initial storage.

Table 2. Areal coverage (ha) and proportions (%) of different surface types for current state (0) and designs (A-C) at the study area.

Surface Land-use type 0 (ha) 0 (%) A (ha) A (%) B (ha) B (%) C (ha) C (%)
Asphalt surface Road/driveway 2.1 14.2 2 12.4 19 12.8 17 11.6
Parking/yard 1.7 1.2 4.4 30.2 29 19.3 0.7 4.4
Gravel surface Mixed yard 13 9.1 - - - - - -
Gravel yard 23 15.7 03 2.1 0.3 2.1 0.2 1.1
Roof All types 37 24.6 4 26.9 3.6 238 0.7 4.7
Train tracks Train track 0.2 15 0.2 15 0.2 15 0.2 1.5
Tramline - - 0.5 3.5 0.5 35 0.5 35
Vegetation Road side 1.2 83 1.2 8.1 12 8.1 1.2 8.1
Forest/Trees 23 15.4 0.7 4.7 0.7 4.7 0.7 4.7
VS - - 0.5 37 0.5 37 0.5 37
RG - - 1 6.7 1.1 7.7 1.9 12.8
LID techniques BC - - - - 0.1 0.8 - -
GR - - - - 0.5 3.1 33 223
PP - - - - 13 8.9 3.2 21.6
X 14.8 100 14.8 100 14.8 100 14.8 100
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2.6. Stormwater management designs

The catchment in its current state (0), and three future storm-
water management designs (A, B, C) outlined as part of
alternative landscape architectural plans were examined in
the study area (Figure 2). All designs promote treating the
stormwater near its origin via storage and slow but contin-
uous infiltration of surface waters into the underlying soil.
This is achieved by installing different combinations of inter-
ception-based LID techniques, i.e. green roofs (GR) and rain
gardens (RG), storage-based LID techniques, i.e. permeable
pavements (PP) and bioretention cells (BC), as well as
a natural conveyance system, i.e. a vegetated swale (VS) to
reinvent the natural hydrological processes in the study area.
The changes in the proportions of different land cover types
and LID techniques between the designs and the current
state are shown in Table 2.

Design A with limited use of LID techniques represents
the current actual plan for the development of the study
area (Figure 2(b)). It aims to create a multi-functional land-
scape for various urban functions, with an efficient storm-
water drainage using above-ground stormwater conveyance
in a vegetated swale supplemented by existing pipe drainage
network. On-site treatment of stormwater is promoted by
allocating an area representing ca. 7% of the total study
area for rain gardens. Yards and parking lots are paved
with asphalt and no green roofs or permeable pavements
are used. Thus, in design A ca. 10% of the total area is
covered with stormwater management techniques.

Design B is an upgrade of design A, where additional LID
techniques are introduced to increase on-site storage and

M Roof

50 100 150 200m

Design C

H Bioretention cell
I Vegetated swale
3 Green roof

3 Asphalt surface

B Vegetation
3 Permeable pavement
3 Rain garden

[ Gravel/ Stone pavers
M Tramline/ Train track

% Raingauge

© Monitoring station
== Stormwater pipes
e Stormwater inlets
A Outfall O1

A Outfall 02
O Catchment 1
O Catchment 2

infiltration of stormwater, without compromising other urban
functions such as emergency services access, playgrounds, and
walkways (Figure 2(c)). The LID techniques in design B are
placed in series with interception-based techniques at the
upstream, storage-based techniques in the middle and convey-
ance-based techniques at the downstream. The additional LID
techniques are primarily storage-based (ca. 10% of the total
area), such as bioretention cells and permeable pavements, and
interception-based techniques (4%), such as green roofs and
rain gardens. The yards are still asphalt to allow easy access for
emergency services, but bioretention cells are constructed at
corners of yards for stormwater treatment. The bioretention
cells have a storage layer to enhance continuous infiltration
and underdrain connected to the existing pipe network to
prevent ponding of stormwater. Paved parking lots are
replaced with permeable pavement. Similar to bioretention
cells, permeable pavements have both storage layer and under-
drain system. As per the current convention in the City of Turku,
roofs of only one-storey buildings are replaced with green roofs
(ca. 3% of the total area). Thus, in design B ca. 24% of the total
area is covered with stormwater management techniques.
Design C is an ambitious upgrade of design A based on
maximizing stormwater storage and losses (infiltration and
evapotranspiration) (Figure 2(d)). In design C, stormwater
regulation precedes all other urban functions and as
a result, 60% of the study area is covered by LID techniques.
All roofs are replaced with green roofs and all yards and
parking lots are covered with permeable surfaces. The cor-
ners of yards in design C are replaced with rain gardens
larger in area than bioretention cells in design B to promote
continuous connectivity of green areas in the catchment.

50 100 150 200m
Current 0

Figure 2. The three studied stormwater management designs A (a), B (b) and C (c) and the studied area in current state 0 (d).



Design C has larger areal coverage of interception-based
than storage-based LID techniques.

While for all designs A-C the total extent of the study area is
the same as in the current state, the ratio between Catchment 1
and Catchment 2 varies between the current state and the
designs. The area of Catchment 1 is 10 ha in the current state
but is reduced to 6.7 ha in designs A-C. Correspondingly,
Catchment 2 with an area of 4.8 ha in the current state will
increase to 8.1 ha. These changes result from the outfall of
Catchment 2 (02) moving southwards so that in designs
A-C it collects all the water from the vegetated swale as well
as water north of the swale (Figure 2). The outfall of Catchment
1 (O1) remains in the same location as in the current state. As
a result of these changes, stormwaters of Catchment 2 in
designs A-C are managed using nature-based solutions with
LID techniques only.

The calibrated parameter values from the current state were
used to construct parameterizations for stormwater manage-
ment Designs A-C (Figure 2(b—d)) for the events E1-E4. The
parameter values for LID techniques (Table 3) were collected
from literature (Holt et al. 2018; Krebs et al. 2016).

3. Results
3.1. Model calibration and validation

SWMM was calibrated against on-site measured discharge
produced by events C1 and C2 at Catchment 1 in its current
state. Subsequently, the model was validated for event V1.
After calibration, the model showed good performance in
reproducing the observed discharge with NSE>0.8 and
R?>0.9 for C2 and V1 (Figure 3). For C1, the coefficient of
determination was also high (R> =0.91), but the Nash-
Sutcliffe efficiency was lower than for C2 and Vi
(NSE = 0.69). Table 4 shows the calibrated parameter values

Table 3. Parameters used for LID simulations.
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used in this study as well as parameter values adopted from
Krebs et al. (2014). The calibrated value of the flow width
(Kwiden)was 0.40.

3.2. Water balance

Figure 4 summarizes the water balance components for the
current state (0) and the designs A-C as percentage values
of precipitation for all events. In 0, the capacity of the
drainage network was exceeded leading to flooding in all
events. When the catchment storage capacity increased
from design A to B to C, the flooding correspondingly was
reduced. Among the designs, design C showed the highest
storage capacity and the strongest resilience against pluvial
flooding, with small flooding only during the extreme
events E2 and E4.

The designs reduced total runoff (runoff and flooding) from
2-4% for design A to 22-43% for design B, and to 49-82% for
design C when compared to 0. However, for design A in E3, the
total runoff was increased by 9%. This was due to the swale
conveying stormwater more efficiently and in a more con-
trolled manner in designs A-C than in 0 where runoff was
quickly generated on larger areas of impervious surfaces.
Likewise, the designs increased infiltration and evapotranspira-
tion, as seen from increased losses for long-term simulations,
i.e. 1% in design A, 31% in B and 58% in C.

All designs A-C were more efficient than 0 for rain events
of lower intensity, as seen from the share of runoff being
lower for the intense event E3 than for the extreme event
E2 (Figure 4). For E3, even design A produced no flooding
whereas some flooding was noticed for 0. In E4 for design C,
the storage capacity was lower than in E2 due to wet initial
condition, and as a result, the share of runoff was higher in
E4 than in E2.

Layer Parameter Unit Vegetated swale Rain garden Permeable pavement Green roof Bio-retention cell
Surface Storage depth mm 500 2 0 30 200
Manning’s roughness - 0.6 0.6 0.2 0.168 0.6
Vegetative volume fraction - 0.50 0.30 - 0.1 0.15
Surface slope % 3.0018* 3.0018* 2.96* 8* 5
Pavement Thickness mm - - 75 - -
Void ratio - - 0.24 - -
Permeability mm/hr - - 360 - -
Soil Thickness mm - 400 400 100 700
Porosity - 0.25 0.463 0.41 0.52
Field capacity - - 0.15 0.094 0.29 0.15
Wilting point - - 0.08 0.05 0.02 0.08
Conductivity K mm/hr - 13.2 114 379 119.4
Conductivity slope - - 0.193 48 40 393
Suction head (Psi) - - 88.9 49.53 61.3 48.26
Drainage mat Thickness (mm) - - - - 3.8 -
Void fraction - - - - 0.41 -
Manning’s roughness - - - - 0.01 -
Storage Height mm - - 300 - 300
Void ratio - - - 0.43 - 0.50
Conductivity/Seepage rate - - - 2% - 2%
Underdrain Drain coefficient (C) - - - 25%%* - 5.4
Drain exponent (n) - - - 0.5 - 0.5
Offset height (h) mm - - 150 - 150

*same as the subcatchment slope.
**same as hydraulic conductivity of the native soil.

***Drain coefficient is calculated with the goal of draining the saturated unit within 2 h for permeable pavement and 6 h for bioretention cell.
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Figure 3. Observed and simulated discharge for calibration events C1 (a) and C2 (b) and for validation event V1 (c) for Catchment 1 in its current state.
Table 4. Parameter values used in model simulations.
Surface Land-use type IMP? (%) n® (-) D? (mm) ISMD® () S¢® (mm) K. (mm/h)
Paved surface Asphalt driveway 95.0 0.01 0.38 0.146 208.8 2.0
Asphalt parking 85.0 0.02 0.62 0.146 208.8 2.0
Asphalt road 100.0 0.01 0.39 - - -
Gravel surface Mixed yard 78.8 0.03 254 0.146 208.8 2.0
Gravel yard 38.0 0.03 4,98 0.146 208.8 2.0
Roof 100.0 0.01 0.10 - - -
Roof Sloped roof 100.0 0.01 0.10 - - -
Train track 69.5 0.03 2.51 0.146 208.8 2.0
Train track Tramline 69.5 0.03 2.51 0.146 208.8 2.0
Road side vegetation 0.0 0.67 413 0.146 208.8 2.0
Vegetation Forest/Trees 0.0 0.67 5.38 0.146 208.8 2.0
Stormwater pipe - - 0.01 - - - -

3.3. LID contributions to water balance

The stormwater management designs (A, B, and C) combined
different proportions of various LID techniques as seen in
Table 2. The contributions of each LID technique and non-
LID surface on the water balance were studied by examining
the relative shares of storage and losses for designs A-C for
all events as a percentage of event rainfall (Figure 5). The
contributions of each LID technique to storage and losses
represented their storage capacity and their ability to recover
and drain the storage over time.

In design A with the least amount of LID techniques, the small
storage capacity was almost entirely due to rain gardens and
vegetated swales. The non-LID surfaces (‘Others’ in Figure 5)
contributed the most to the losses from the catchment for all
events. Those surfaces also provided the most storage for the
synthetic extreme event E4.

When the coverage of LID techniques was increased at the
catchment, the storage capacity increased, both because of the
greater number of rain gardens in B and C compared to A but
also because of introducing new LID techniques. In design B,
the increased storage capacity was mostly due to the intro-
duced permeable pavements. Introduction of permeable pave-
ments in B also increased infiltration and evaporation, but the
majority of losses still occurred from non-LID surfaces for all
events. Increasing the coverage of LID techniques in design
C further increased the storage capacity at the catchment,
mainly because of a greater number of green roofs and perme-
able pavements.

Individual LID techniques were more effective in provid-
ing resilience for the less intense event E3 than for the
extreme event E2. For example in design C, permeable
pavements in E2 constituted 43% of the total storage and
6% of total losses whereas in E3 the contributions were 65%
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Figure 4. Water balance components for current state (0) and for designs A-C in events E1-E4.

and 17%, respectively. However, green roofs were an excep-
tion by contributing more to storage in E2 than in E3 in
both designs B and C. In E4 with more initial storage capa-
city, the storage for green roofs was again decreased when
compared to E2.

Bioretention cells were used in design B, but since they only
covered 1% of catchment area, their contribution to catchment
water balance was the least significant of all LID techniques for
E1, E2 and E4. However, in the intense event E3, bioretention
cells provided the same amount of storage as the vegetated
swale and non-LID surfaces despite having a much smaller areal
coverage.

3.4. Storage and runoff dynamics

To gain understanding about the temporal changes in the
water balance of the catchment, we studied time series of
total storage and total runoff (including flooding) for designs
A-Cin events E1-E4 (Figure 6).

The long-term assessment E1 illustrated the lack of storage
capacity in design A, where the storage remained close to zero
throughout the simulation (Figure 6(a)). The LID intensive
designs B and C had more storage capacity, which resulted in
reduced volumes of stormwater runoff (Figure 6(e)) and smaller
peak flows in events E2-E4 (Figure. 6(f-h)) as compared to design
A. During the summer, the water stored in LID techniques was

lost predominantly by evapotranspiration (29% of E1 for design
Q) and less as infiltration (4%) during inter-event periods (Figure
6()). In colder months, the depletion of water storage was
slightly dominated by infiltration (15%) over evapotranspiration
(12%) due to reduced evapotranspiration compared to summer
months. For design B, the stored water in LID techniques was lost
almost equally by infiltration and evapotranspiration (13% and
10%) during the summer. Similar to design C, the losses in design
B were dominated by infiltration (16%) over evapotranspiration
(4%) during colder months. Because the decrease in evapotran-
spiration during colder months was much higher for design C,
the seasonal difference in storage was more pronounced com-
pared to design B.

The seasonal differences played a major role in prescribing
the initial moisture and water storage conditions of LID techni-
ques for individual events (Figure 6). During the extreme event
E2 at the end of the summer period, the amount of initially
stored water in designs A, B and C was relatively small (Figure 6
(a)). Even though the amount of stored water increased in B and
C, causing higher initial storage for the intense E3 event in early
October, the storage capacity was not exceeded for any of the
designs. However, during the synthetic extreme event E4, the
maximum storage capacity of design B (approximately 65 mm)
was exceeded. Storage capacity of design C (approximately
120 mm) was not completely filled even during E4. Design A,
on the other hand, had the maximum storage capacity of
approximately 35 mm, which was exceeded during both E2
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and E4. The effect of initial moisture and water storage condi-
tions on runoff volume in E4 compared to E2 was negligible for
design A, but the runoff volume was 3% and 57% higher during
E4 for designs B and C, respectively.

4 Discussion

Catchment water storages and losses can be quantified and
performance of LID techniques can be assessed in urban areas
using similar water balance analysis tools as outlined earlier in
applications to natural areas (McNamara et al. 2011; Sayama
et al. 2011; Spence et al. 2010). Instead of focusing on runoff
alone, as is often the case in stormwater management studies
in urban areas (Qin, Li, and Fu 2013; Guan et al. 2015a, 2015b;
Xu et al. 2017), the water balance analysis of this study sup-
ported a more holistic evaluation of the storage dynamics at
the catchments in different stormwater management designs.
Prerequisites for the analysis were the detailed parameteriza-
tion of the study area by the division of the catchment into
small homogenous subcatchments following Krebs et al.
(2014). This fine spatial detail in model description facilitated
representing LID techniques at their designed locations and
adopting model parameter values from previous studies con-
ducted in similar urban areas.

The reductions in runoff volume in response to increasing LID
coverage were similar to reductions reported in the literature.
Guan et al. (2015b) reported for various LID practices ona 12.3 ha
catchment for a 2 h period 24 - 78% runoff reductions, which
were comparable to the simulation results from designs B and
C for 6 — 12 h periods (25 — 82%). Likewise, Avellaneda et al.
(2017) showed 9% reduction in runoff volume and
a corresponding 9% increase in evapotranspiration and infiltra-
tion on a 12 ha catchment with LID techniques covering 0.7% of
the area during a 6-year period. The runoff reductions in
Avellaneda et al. (2017) were greater than the results for design
A in the long-term simulation E1 (2%) but smaller than for
designs B and C (43% and 80%, respectively). The differences
between the simulation results in this study and Avellaneda
et al’s (2017) results are likely due to differences in LID techni-
ques used and their areal coverage. In addition, the introduction
of the vegetated swales in designs A-C transformed the pre-
viously uncontrolled surface runoff in the current state scenario
into a controlled runoff in the swale, even though the introduc-
tion of swale did not significantly reduce runoff volume.

Although runoff reduction in design A was only 2% from the
current state, the design clearly increased resilience against
flooding. The share of flooding in the water balance was
reduced considerably by design A for all events (Figure 4) and
especially for in the intense event with a return period of ca. 30
years. This suggests that for common rain events, even designs
such as A with a limited density of LID techniques can be
resilient enough in controlling flooding. Design B was a more
ambitious design with an increased LID coverage (24%), and it
reduced the flooding more than A, 9% for B and 16% for A.
Design C was considered as a highly ambitious uppermost
threshold in terms of both resilience against flooding and the
need for resources to implement it in the field. C demonstrated
the large potential of restoring the key features of the natural
water cycle in urban areas in the local conditions by depleting
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stored water due to losses particularly during the summer
conditions at the catchment. However, the density of LID tech-
niques in C was so high that it may be impractical to realize in
practice and would also decrease the practical value of public
green areas.

Different combinations of interception-, storage- and con-
veyance-based LID techniques in urban designs were able to
restore storage capacity, increase infiltration and evapotran-
spiration, and consequently improve resilience against flood-
ing. Especially, permeable pavements as a storage-based LID
were effective during extreme events. The designs with
enhanced storage capacities released stormwater at slower
rates leading to diminished flow peaks similar to results
shown by Guan et al. (2015b) and by Qin, Li, and Fu (2013),
where the permeable pavements were the most effective flood
control measure. The bioretention cells as another storage-
based LID, were not as effective as permeable pavements in
either storing or losing stormwater because in the proposed
designs their coverage was small (Table 2). The conveyance-
based vegetated swale (covering 4% of the study area) had
a large impact on reducing flooding by regulating the pre-
viously uncontrolled surface runoff into a controlled runoff in
the swale. The functioning of the swale was therefore different
to that of Qin, Li, and Fu (2013), where the main function of the
swale was to provide storage capacity whereas here the swale-
provided storage was minimal. The interception-based LID,
especially green roofs, were affected by the seasonality, and
therefore they contributed the most to the overall storage
capacity during the summer months. Their efficiency was
greatly reduced in the autumn and winter due to reduced
evapotranspiration. Roehr and Kong (2010) noticed similar
behavior for green roofs in Vancouver, Canada, where the
green roofs reduced 95% of runoff during the summer and
only 8% of runoff during the winter.

Even though the infiltration capacity in the study catchment
is low (approximately 2 mm/h) due to the underlying clay soil,
the increased LID-provided storage led to significant losses
resulting from slow but continuous infiltration and evapotran-
spiration. Infiltration was the dominant mechanism for losses
during colder months due to reduced evapotranspiration rates.
The study suggests that storage-based LID techniques can
enhance infiltration losses even in the clay soil conditions. In
this study, the difference between the antecedent moisture
conditions in synthetic extreme events E4 and E2 had little
effect on the runoff for design B. The small impact in design
B was explained by the maximum storage capacity (65 mm)
being exceeded for E4 as the initial state of the storage was
only 5 mm higher compared to E2. The larger impact on the
runoff in design C can be explained by a higher increase in the
antecedent moisture condition (about 25 mm) for the synthetic
autumn extreme event E4 compared to E2. In design A, how-
ever, the storage capacity was so small (35 mm) that the
amount of stored water was practically lost before the onset
of the event, and consequently there was no difference in the
initial state between E2 and E4. However, from Figure 6(a) it
was evident that in particular for design C the level of storage
kept increasing towards the end of the study period. It needs to
be noted that the present study is limited to the simulation of
seven snow-free months. A longer simulation involving also the
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winter season would be required to assess to which extent the
storage returns to lower values when evapotranspiration rises
again during the following summer season.

Both observed stormflow and precipitation data are subject
to uncertainties. While the reliability of the data is essential in
verifying the model performance, it is expected that potential
inhomogeneities in the data do not significantly distort the
results on differences between alternative management scenar-
ios sharing the same input data. In this study, the combinations
of different LID techniques in varying intensities were studied to
improve the resilience against pluvial flooding during extreme
events. One step further would be to optimize the specifications
of the selected LID techniques, as demonstrated by Ahmed et al.
(2017), where SWMM parameters defining specifications of sin-
gle LID units were optimized using the Water Management
Analysis Module of Song, Chung, and Kim (2018). In addition,
the parameterization of vegetated areas based only on soil
parameters is known to overly simplify evapotranspiration esti-
mation (Hornschemeyer, Henrichs, and Uhl 2019). Therefore,
catchment-scale evaporation and infiltration were combined in
this study as a total loss. Earlier studies have developed
improved ET routines for SWMM (e.g. Feng and Burian 2016;
Hornschemeyer, Henrichs, and Uhl 2019), which could allow for
a more reliable separation between evapotranspiration and
infiltration in natural vegetated areas in urban regions.

5 Conclusions

Detailed parameterization of stormwater management designs
within an urban catchment facilitated studying the combined
impacts of LID techniques on the water balance. Stormwater man-
agement designs with increasing coverage of LID techniques had
positive impacts on urban water balance in two main ways. Firstly,
this was achieved through the reduction of runoff and flooding
during extreme events. Secondly, the losses were increased in the
longer period due to conversion of temporary storage to losses, as
stored water was available for evapotranspiration during the sum-
mer months and for infiltration during the autumn months even in
the presence of clay as the underlying soil layer.

Although not capable of storing excessive amounts of storm-
water, the stormwater design with the least storage (10% total LID
coverage) with a conveyance-based vegetated swale as the main
function was able to safely convey two thirds of uncontrolled
floodwater from current catchment during the extreme event
(E2), which had a return period of 100 years. The design with an
additional interception- and storage-based LID techniques, and
with 24% total LID coverage, provided more storage and resilience
with only 9% of flooding even for the extreme event E2. The most
ambitious stormwater design with 60% total LID coverage nearly
removed flooding even for the extreme event (E2). While the long-
term simulation for the current state produced losses of 52% from
the total amount of precipitation, the design with a feasible
amount of 24% total LID coverage could increase these losses by
one third. The most ambitious design with 60% total LID coverage
demonstrated the potential for restoring key features of the nat-
ural water cycle through its ability to lose 83% of stored water
during the long-term period. However, the design was perhaps an
upper threshold of LID usage in an urban catchment and thus not
easily realisable in practice.

This study thus demonstrated the importance of maintain-
ing catchment storage during the urbanization process to
enhance resilience against flooding and to retain more natural
water cycle. In addition, the study suggested that the storage
capacity is an important flood resilience indicator directly
linked with the physical catchment characteristics.
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