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" Institute of Hydrology and Water Resources Management, Leibniz Universitéat Hannover, Hannover, Germany, 2 Institute of
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Green roofs are a proven measure to increase evapotranspiration at the expense of
runoff, thus complementing contemporary stormwater management efforts to minimize
pluvial flooding in cities. This effect has been quantified by numerous studies, ranging
from experimental field campaigns to modeling experiments and even combinations
of both. However, up until now, most green roof studies consider standard types of
green roof dimensions, thus neglecting varying flow length in the substrate. For the
first time, we present a comprehensive investigation of green roofs that involves artificial
rainfall experiments under laboratory conditions (42 experiments in total). We consider
varying flow length and slope. The novelty lies especially in the consideration of flow
lengths beyond 5m and non-declined roofs. This experimental part is complemented
by numerical modeling, employing the open-source Catchment Modeling Framework
(CMF). This is set-up for Darcy and Richards flow in the green roof and calibrated
utilizing a multi-objective approach, considering both runoff and hydraulic head. The
results demonstrate that through maximizing flow length and minimizing slope, the
runoff coefficient (i.e., percentage of rainfall that becomes runoff) for a 100 years design
rainfall is significantly decreased: from ~30% to values below 10%. These findings are
confirmed through numerical modeling, which proves its value in terms of achieved model
skill (Kling-Gupta Efficiency ranging from 0.5 to 0.95 with a median of 0.78). Both the
experimental data and the numerical model are published as open data and open-source
software, respectively. Thus, this study provides new insights into green roof design with
high practical relevance, whilst being reproducible.

Keywords: green roofs, artificial rainfall experiments, design rainfall, flow length, slope, numerical model, CMF

INTRODUCTION

Green roofs as a measure of green infrastructure play a key role in contemporary concepts to
mitigate flooding in urban environments (van Hattum et al., 2016; Cascone, 2019). Concepts like
water sensitive cities, sponge cities, low impact development (LID), and water sensitive urban
design aim to mimic features of the natural water cycle, even in highly urbanized districts (Fletcher
etal., 2015). For instance, green roofs reduce runoff and hence urban flooding due to their storage
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capacity. Evapotranspiration is also increased at the expense
of runoff (Iffland et al., 2021), which better matches the
characteristics of the natural water cycle. Moreover, green
infrastructure (GI) in general, and green roofs in particular,
provide important ecosystem services (Bolliger and Silbernagel,
2020), which demonstrates their value beyond storm water
management. Through the linkage of evapotranspiration to the
flux of latent heat, GI also play a key role in mitigating urban
heat islands (Collier, 2016; van Hattum et al., 2016; Cirkel et al.,
2018; Heusinger et al.,, 2018). Mitigating both urban flooding
and urban heat islands is an important topic, since recent
climate change suggests an intensification of short-term rainfall
events that lead to urban flooding and longer heat waves. This
in turn requires adequate climate change adaptation strategies
(European Environment Agency, 2016). For instance, the past
decades have seen an intensification of sub-daily rainfall events,
which occur on time scales of minutes to a few hours (Forster and
Thiele, 2020) and a further intensification is expected (Westra
et al., 2014; Ban et al., 2015; Prein et al., 2017).

In the past decades, several experimental studies addressed the
efficiency of green roofs in terms of runoff reduction, either as a
response of artificial rainfall or actual rainfall. Hereby the former
is done in the framework of indoor laboratory experiments,
under idealized conditions, and the latter represents outdoor
green roof installations, considering the long-term water balance.
In Germany, runoff measurements with defined (artificial) design
rainfall were carried out by Kolb (1987a,b, 1995, 1999, 2000),
Liesecke (1988) and Liesecke and Losken (1991), among others
(Mendel, 1985; Liesecke, 1989; Schade, 2000, 2002). These results
and scientific discussion were taken into account when the
method for determining the runoft coeflicient C (i.., rainfall
volume dived by runoff volume) was first specified in the FLL!
Green Roof Guidelines (FLL, 2002). On the contrary, the peak
discharge runoff coefficient C; is used for the measuring of
pipe diameters and the number of drains in roof drainage.
To ensure comparability of results at different measurement
sites, the guideline specified the area to be tested as 5m long,
Im wide with a 2% slope. At that time, this flow length
corresponded to many common drainage lengths on roofs. Since
the runoff coefficient C; becomes smaller for longer flow lengths,
the measurement design is safe even for longer flow lengths,
since it tends to be oversized. In contrast, the measurements of
annual water retention of natural precipitation are taken over
a period of at least 4 years (Iffland et al., 2021). The tests for
this purpose are carried out on test plots of 2m x 2m with
a 2% slope, located outdoors and exposed to natural weather
conditions. Schirer et al. (2020) compare peak discharge runoft
coefficients measured in the laboratory with real runoff, from
four roofs at different locations in Norway. In their research
they deviate from the FLL Green Roof Guidelines (FLL, 2008,
2018) and instead irrigate the 2m x 2m experimental plots
with a 2% slope in the laboratory, according to the method
for determining the peak discharge runoff coefficient Cy, with

!Forschungsgesellschaft Landschaftsentwicklung Landschaftsbau is a research
society for landscape development and landscaping in Germany. They publish
green roof guidelines, which are primarily relevant for design in Germany but their
guidelines have been also translated into English.

a precipitation total of 27 mm over 15min. Due to the short
flow length, the peak discharge runoft coefficients are higher
than if the measurements had been carried out according to the
FLL Green Roof Guidelines. However, even though the effect
of varying flow length has not been quantified in detail, the
previous studies clearly demonstrate the retention capability of
green roofs.

Consequently, green infrastructure in general and modeling
the hydrology of green roofs in particular, increasingly gained
attention in the past two decades (Li and Babcock, 2014). One
well-known example is the Storm water Management Model
(SWMM) which has been developed by the US Environmental
Protection Agency (EPA) and is used worldwide (Rossman,
2010). SWMM is a conceptual rainfall-runoff model with
hydrodynamic flow routing in sewer networks, designed for
urban hydrology, which was complemented by GI/LID modeling
capabilities. Several studies addressed the model component to
model GI and more specifically green roofs (Burszta-Adamiak
and Mrowiec, 2013; Cipolla et al., 2016; Krebs et al., 2016;
Carson et al., 2017; Niazi et al., 2017; Peng and Stovin, 2017;
Leimgruber et al, 2018; Limos et al, 2018; Liu and Chui,
2019; Iffland et al, 2021). For single green roofs, detailed
physically-based models have been set up, utilizing models of
the Hydrus family with different dimensions, ranging from
1D vertical modeling of the unsaturated zone (Hilten et al.,
2008; Palla et al, 2008; Qin et al, 2016; Palermo et al,
2019; Mobilia and Longobardi, 2020) and two-dimensional
cross-sections (Li and Babcock, 2015) up to three-dimensional
representations of the green roof (Brunetti et al., 2016). Some
authors even suggest to combine storm water modeling at
the catchment scale using SWMM with Hydrus, in order to
improve the representation of green roofs (Baek et al., 2020).
Still, representing green roofs in models remains challenging in
urban drainage modeling (Rosenzweig et al., 2021). Even though
numerous studies successfully applied models to predict the
hydrological response of green roof test plots, a major concern
pertains to the transferability of parameters from one green
roof configuration to another (Johannessen et al., 2019). Hence,
parameters found through model calibration for a green roof test
site equipped with measurement devices (which enable model
calibration) might not be suitable to model similar green roof
configurations without observations (Johannessen et al., 2019).

For this very reason, this study presents comprehensive
artificial rainfall experiments, consisting of various green roof
configurations with different combinations of maximum flow
length and slope, for which a numerical model has been set
up, with a unique parameterization valid for each configuration.
The numerical model presented in this study also considers the
explicit flow path to the outlet of green roofs, including saturated
and unsaturated flow in the substrate as well as surface runoff,
which is formed by ponding through rainfall excess at the surface.
This feature is only rarely addressed up until now, given that
most of the modeling studies in the literature utilize conceptual
models or 1D vertical representations of flow processes in green
roofs. Other models, like e.g., Hydrus, do not account for
surface runoff. The availability of the model as free open-source
software facilitates its applications in studies beyond the green
roof scale.
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MATERIALS AND METHODS

Artificial Rainfall Experiments

Experimental Setup

The methodology for the artificial rainfall experiment was newly
developed and is based on the experience gained from conducting
experiments to determine the peak discharge runoft coefficient
(Cs), according to the procedure specified in the FLL Green
Roof Guidelines 2008 (new version 2018). For several variations,
the experiments deviate from the established flow length of
5m, the slope of 2% and the artificial design rainfall of 27 mm
over 15min (1.8mm min~! or 3001 s~! ha™!), in order to
investigate the impact of flow length and slope. This artificial
rainfall corresponds to a 100 years design storm in terms
of intensity for the rainfall duration of 15min (example for
Hanover, Germany). This way, the experiments are designed to
analyze the hydrological response of green roofs under extreme
rainfall conditions.

The experiments were carried out in a greenhouse on the
grounds of the Leibniz University Hannover (Germany), located
at the Herrenhausen campus, on a 20 m runoff measuring track.
The track consists of an assembly of four test plots, each 5m
in length, which are otherwise used for a number of other
measurements, such as the determination of the runoff coefficient
according to the FLL Green Roof Guidelines (2008, 2018). The
connected plots allow for the studying of flow along a track

20 m in length and 1 m in width (see Figure 1). With four lifting
devices, the 20 m track can be adjusted to different inclinations
and thus also be without slope.

A protective fleece of 300 g/m? is installed as the bottom layer,
which corresponds to the construction standard for extensive
green roofs in Germany. On top of this, a single-layer substrate
with a layer thickness of 8 or 10 cm is mounted, which in terms
of water capacity and water permeability meets the requirements
of the FLL Green Roof Guidelines (2008, 2018) for substrates for
single-layer extensive green roofs. The investigations are carried
out without vegetation on the surface. For the measurement
of the water level (hydraulic head), the measurement track is
instrumented with up to nine endoscope cameras, installed at
different distances from the outflow. These cameras allow for
continuous recording of the water level (see Figure 1). In order
to show the influence of the individual layers of a green roof
setup, additional artificial rainfall experiments with protective
fleece and drainage mats are considered as well.

In each experiment, the measurement track is covered
overnight to minimize evaporative loss (Figure 1). Due to its
length, the entire test facility is located in a greenhouse with
partial shading through paint, to reduce ambient temperatures
in summer. The temperature was measured in the greenhouse
as additional information. The endoscope recordings are started
at the beginning of the experiments. In case of a 0% slope
setup, an initial water level along the measurement sections

endoscope cameras.

FIGURE 1 | (A) Built-in layer setup with camera measuring points. (B) Enclosed test facility during artificial rainfall experiments. (C-E) Water levels recorded with
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is generally observed. This initial water table is the result of
previous experiments, due to the low drainage rates along the
measurement track. Declined experiments, with a slope of 2%,
do not show this initial water table, since the drainage is more
efficient in this case.

During the experiments, when the maximum scale of the
endoscope recordings is reached, the water levels at the
endoscope camera locations are also determined manually, at
time intervals, using a millimeter scale. The design rainfall
is applied utilizing a sprinkler system and the runoff is
manually recorded at regular time intervals in collection tanks.
Artificial rainfall with the sprinkler system is controlled by
a calibrated water meter, checked every 30s, and corrected
if necessary. Sprinkling is done after pre-running built-up
saturating sprinkling and 24-h dripping, at different intensities
and flow lengths.

Description of Artificial Rainfall Experiments

In 2015, 2019, and 2020, a total of 99 sprinkler applications
(artificial rainfall experiments) are carried out with different
setups. In the following, only those experiments are considered
that represent typical green roof structures (42 in total). The
materials used are installed in accordance with the FLL Green
Roof Guidelines (2008, 2018). The material properties, as well as
the substrate characteristics, can be taken from the supplement
(Supplementary Tables 2-6). The pore volume of the substrate
(substrate 1: 60.5 Vol.-%; substrate 2: 53.5 Vol.-%), the maximum
water capacity (substrate 1: 24.0 Vol.-%, substrate 2: 23.9 Vol.-
%) as well as the permeability (substrate 1: 171.0 mm min~;
substrate 2: 100.5 mm min~!) are important for the simulations.
Table 1 shows the setups investigated in the greenhouse, while
Tables 2—-4 (Results) compile the artificial rainfall experiments
carried out in 2015, 2019, and 2020, respectively. The runoff
behavior of extensive green roofs with 0% slopes was investigated
in 2015, with the aim to quantify the problem of water retention
in such green roofs (FBB, 2015).

TABLE 1 | Types of setups considered in the artificial rainfall experiments.

ID Type of setup Year Slope

A1 Empty test track 2015,2019  0%; 2%

A2 Protective fleece 300 g/m?* 2015,2019  0%; 2%

A3 Protective fleece 300 g/m* + drainage mat 2.5cm 2015 0%

A4 Protective fleece 300 g/m? + drainage mat 1.cm 2019 2%

A5 Protective fleece 300 g/m? + drainage mat 1.cm 2015 0%
+ 8cm extensive substrate 1

A6  Protective fleece 300 g/m? + drainage mat 2.5cm 2015 0%
+ filter fleece 100 g/m?* + 8 cm extensive
substrate 1

A7  Protective fleece 300 g/m?* + 10 cm extensive 2015 0%
substrate 1

A8  Protective fleece 300 g/m? + 8 cm extensive 2015 0%

substrate 1

A9  Protective fleece 300 g/m? + 8 cm extensive
substrate 2

2019, 2020 2%

In this study only the complete green roof setups are studied (A7-A9).

“Sprinkling the setup until uniform runoff is maintained
over 10 min as a consequence of saturation” is a prerequisite
(FLL, 2018, p. 130). However, a modified approach is considered
here, in order to measure the runoff of a completely dry
substrate setup and of a substrate setup forced with a design
rainfall of a 100-year return period in Hannover Herrenhausen
(27 mm within 15 min corresponding to 1.8 mm min~! or 3001

TABLE 2 | Artificial rainfall experiments carried out in 2015 with 0% slope.

Exp.ID Type Date Slope Length Rainfall Runoff Runoff
(15min) (15min) coefficient
(%)  (m) L) L) =)
2015-11a A7 20Feb2015 O 20 5402 34.0 0.060
2015-11 A7 21Feb2015 O 20 540? 43.5 0.081
2015-12 A7 22Feb2015 O 20 5402 43.0 0.080
2015-13 A7 23Feb2015 O 20 5402 40.0 0.074
2015-14 A8 24 Feb 2015 0 20 5408 41.0 0.080
2015-15 A8 25Feb2015 O 20 5402 50.0 0.093
2015-16 A8 26Feb2015 O 20 5402 50.0 0.093
2015-17 A8 27 Feb2015 O 20 5402 49.0 0.091
2015-19 A8 09S8ep 2015 O 20 5402 44.5 0.082
2015-20 A8 108Sep 2015 O 15 4052 51.0 0.126
201521 A8 148Sep 2015 O 15 4052 50.0 0.123
201523 A8 178ep 2015 O 10 2707 44.0 0.163
201524 A8 188Sep 2015 O 5 1352 42.5 0.315
a = 1.8mm min~' = 300/ s=' ha~'. Type ID relates to Table 1. For each

experiment rainfall and runoff totals are provided. Missing numbers correspond to
pre-watering experiments.

TABLE 3 | Artificial rainfall experiments carried out in 2019 with 2% slope.

Exp.ID Type Date Slope Length Rainfall Runoff Runoff
(15min) (15min) coefficient
(%) (m) L) L)
201927 A9  10Sep 2019 2 20 5402 77.0 0.140
2019-28 A9 11S8ep2019 2 20 5402 92.0 0.170
2019-29 A9  128ep2019 2 20 5402 98.0 0.181
2019-30 A9  13Sep2019 2 20 5402 93.5 0.173
2019-32 A9 08 0ct2019 2 15 4052 54.0 0.133
2019-33 A9 09 Oct2019 2 15 4052 61.0 0.151
2019-34 A9  100ct2019 2 15 4052 58.0 0.143
2019-37 A9 27 Nov2019 2 10 2702 44.0 0.163
2019-38 A9 28 Nov2019 2 10 2702 43.0 0.159
2019-39 A9  29Nov2019 2 10 2702 44.0 0.163
2019-40 A9 02 Dec 2019 2 5 13562 26.0 0.190
2019-41 A9 03 Dec2019 2 5 1352 28.0 0.207
2019-42 A9 04 Dec 2019 2 5 1352 29.0 0.215
2019-43 A9  05Dec2019 2 5 1352 28.0 0.207
2019-44 A9 06 Dec 2019 2 5 1352 29.5 0.219

a—1.8mmmin~" (3001s~" ha~"). Type ID relates to Table 1. For each experiment rainfall
and runoff totals are provided. Missing numbers correspond to pre-watering experiments.
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s~ ha™!), after a time period of 24 h. The respective artificial
rainfall experiments are then continued accordingly, after each
24h, until three repetitions match approximately, in terms of
runoff response (some specific deviations will later be explained
separately). For the 3-fold repetitions, it is then possible to
assume the same moisture situation in the substrate for the
simulations. This is generally achieved after two artificial rainfall
experiments. The artificial rainfall experiments after prolonged
drought could assume extensive drying of the experimental
setup. If there is a weekend between experiments, a 1-day pre-
watering is deemed sufficient. The hydrological response for
each artificial rainfall (sprinkler) experiment is compiled in
Supplementary Figure 1. Pictures of the measuring track are
shown in Supplementary Figures 2-6.

Limitations
The experiments were not originally designed to be addressed in
modeling studies and hence adjustments have been introduced

TABLE 4 | Artificial rainfall experiments carried out in 2020 with 2% slope.

Exp.ID Type Date Slope Length Rainfall Runoff Runoff
(15min) (15min) coefficient
(%) (m) L) L)
2020-46 A9  10Mar2020 2 20 360° 12.0 0.030
2020-47 A9 11 Mar2020 2 20 360° 16.0 0.044
2020-48 A9  12Mar2020 2 20 360° 15.0 0.042
2020-49 A9 13 Mar2020 2 20 360° 15.0 0.042
2020-51 A9 09Jun2020 2 15 270° 18.0 0.067
2020-52 A9  10Jun2020 2 15 270° 20.0 0.074
2020-53 A9  11Jun2020 2 15 270P° 18.0 0.067
2020-54 A9  12Jun2020 2 15 270P 20.0 0.074
2020-56 A9  16Jun2020 2 10 180° 14.5 0.081
2020-57 A9 17 Jun2020 2 10 180° 14.0 0.078
2020-58 A9 18 Jun2020 2 10 180° 14.0 0.078
2020-60 A9  23Jun2020 2 5 Q0P 12.0 0.133
2020-61 A9 24 Jun2020 2 5 Q0P 9.5 0.106
2020-62 A9  25Jun2020 2 5 Q0P 11.0 0.122

b—1.2mmmin=" (200/s~" ha=). Type ID relates to Table 1. For each experiment rainfall
and runoff totals are provided. Missing numbers correspond to pre-watering experiments.

for this purpose, during the 2019 and 2020 implementation.
Some test data from 2015 are therefore subject to limitations.
For example, the water pressure and volume accuracy of the
local pipe network were not sufficient for the experiments.
Water was piped from a tank with a pump, through a
water meter with a downstream stop valve and flow meter,
so that flow could be manually increased or decreased. For
extensive green roofs, the resulting inaccuracies do not affect
the determination of the runoff coefhicient according to the FLL
Green Roof Guidelines, since the time series of the artificial
rainfall corresponded well to the rainfall rate of the block rain,
suggesting a constant rainfall intensity of time. For simulations,
this can nevertheless be important, which is why simulations
were carried out with the real artificial rainfall series and
fluctuations resulted from readjustment during irrigation. This
effect is particularly evident in the test sprinkling of the empty
experimental system (Figure 2).

Numerical Model

Model Design

The numerical model is a fully connected two-dimensional
representation of water flow through a longitudinal section in the
substrate (Richards equation), and runoftf at the substrate surface,
with a diffusive wave approximation of the St. Venant equation.
The partial differential flow equation of the water content
continuum is discretized with a finite volume method, into a
system of ordinary differential equations (ODE). The model is
built using the Catchment Modeling Framework (CMF) by Kraft
et al. (2011), in a setup comparable to the isotope transport
hillslope model by Windhorst et al. (2014). The ODE—system
representing the surface-subsurface flow continuum is integrated
using a variable order multistep method with a banded Newton-
Krylov preconditioner CVODE solver from the SUNDIALS 3.0
package (Hindmarsh et al., 2005). The model is composed using a
Python script (Forster and Kraft, 2021) that utilizes the numerical
framework of CMF. The mass balance for individual storages
(nodes) is given by Equation 1:

Ni

=2 (=aij (Vi Vj1))

j=1

dvi
T (1)

V is the volume of stored water in the control volume, i the
current control volume, N the number of connected storages

Time [Minutes]

A B

= 300 -

(0] 100 T

>

2 200 -

o 50

a — Artificial rainfall 100 -

s —— Runoff //
0 L T T T T T T T 0 L T T T T T T T

0 5 10 15 20 25 30 0 5 10 15 20 25 30

FIGURE 2 | Mass curves of artificial rainfall and runoff for experiments (A) “empty test track” (no substrate) and (B) 2019-47 (substrate), respectively.

Time [Minutes]

Frontiers in Water | www.frontiersin.org 5

September 2021 | Volume 3 | Article 689679


https://www.frontiersin.org/journals/water
https://www.frontiersin.org
https://www.frontiersin.org/journals/water#articles

Forster et al.

Unprecedented Retention of Green Roofs

to i, gij the flux in m’/day from i to j. The flux q is
calculated for subsurface connections using the Darcy equation
and the Richards equation, respectively, for variable saturated
porous media:

W(V;) —W(V))
Gij=————

With W(V) as the function to calculate the pressure head and
matric potential from the stored volume, d is the distance
between the storage centers, K(0) is the geometric mean
hydraulic conductivity as a function of volumetric soil moisture
0 between the storages, and A is the cross-section of the flux.
For infiltration, W(V) of the surface storage becomes the water
level height.

The surface runoft is calculated using a diffusive wave with
Manning friction:

qij = (v, V2)5/3 /M n! (3)

With d(V, V,) the mean flow depth between V; and V>, h the
water level at the storage centers, d the distance between the
storages and n the Manning roughness of the surface.

The rectangular grid for the construction of the finite volumes
has a regular horizontal spacing of 0.2 m and vertical resolution
of 0.02m (Figure 3), and a not confined surface water storage at
the top.

A pore volume of 50% was assumed throughout the
experiments, acknowledging that constructing the green roofs
is always subject to substrate compaction. The water retention
curve (i.e., the relation between volumetric water content and
matric potential) is described using the Brooks-Corey retention
curve. Surface flow on the roof top is modeled with a diffusive
wave approximation setting the Manning’s roughness coefficient
to 0.08 (Maidment, 1993). Saturated conductivity and the curve-
shape parameter b of the Brooks-Corey retention curve are
calibrated parameters, as explained in the next section. The
initial potential for the 0% slope experiments is set to —0.1 m
(pF = 0.99) and —0.3m (pF = 1.47) for the 2% experiments,
respectively, to account for more complete drainage in the
presence of a slope. Boundary conditions of the model are rainfall
at the top, no flow condition at the right side and bottom and air
potential at the left side.

-K(9)-A (2)

Model Application
The model is applied to 42 of the 99 experiments, as described
in Tables 2-4, if they meet the following properties: realistic

S

00Om 0.2m 04 m 19.8 m 20.0 m

FIGURE 3 | Numerical grid for green roofs realized in CMF.

initial water content, a substrate layer of at least 0.08 m thickness
(other experiments also consider empty tracks, which are not
considered here). The experiments 2015-19, 2019-28, 2019-
43, and 2019-47 have been selected for model calibration,
to estimate global optimal values for conductivity and the
retention curve shape parameter, which are then applied to each
experiment. These experiments represent the range of green
roof configurations and rainfall intensities. The remaining 38
experiments are used to validate the model. This way, a split basin
test is applied (Klemes, 1986).

A multi-objective calibration scheme is applied here,
considering both runoff and hydraulic head. The objective
functions to be maximized are

e Kling-Gupta Efficiency KGE (Gupta et al., 2009) for runoffand
e RMSE to Standard deviation ratio RSR (Moriasi et al., 2007)
for hydraulic head.

An average value is computed out of both objective functions,
whereby the negative values of RSR are used to compute the
average values out of both values. The parameter optimization
uses the Differential Evolution Adaptive Metropolis (DREAM)
algorithm (Vrugt, 2016), implemented in “spotpy 1.5.8” by
Houska et al. (2015). This way, the average computed out of
KGE (runoff) and —RSR (hydraulic head) is maximized (in 172
iterations in total).

RESULTS

Artificial Rainfall Experiments

The 2015 experimental focus was on the runoff behavior of
extensive green roofs at a 0% slope (Table 2). The substrate layers
generally introduce retention [up to 23h to drain experiments
(FBB, 2015)], resulting in low runoft coefficients, ranging from
0.06 at 20 m length to 0.315 at 5 m length for a design rainfall with
100 years return period. The shorter the flow length, the greater
the runoff coefficient. Table2 shows the runoft coefficients
computed for each experiment, whereby the vertical extent of the
substrate in the single-layer setup (setups A7 and A8) play a role
in the runoff delay. For example, the runoff coefficient of 0.08 for
a single-layer setup with 10 cm extensive substrate at a flow length
of 20 m is very low, and can thus be rated as particularly good.

The experiments conducted in 2019 and 2020 focus on the
influence of flow length and rainfall total at a 2% slope. Tables 3,
4 show that as rainfall decreases from 1.8 to 1.2mm min~!
(300 to 2001 s~! ha™1), the runoff coefficients are also lower
(experiments 2019-27 to 2020-62). It is interesting to note that
the runoff coefficient at a 0% slope and 5 m flow length (2015-
24) is higher than at approximately the same test set-up with a
2% slope (2019-40 to 2019-44 and 2020-60 to 2020-62). This is
due to the residual water in the coarse pores before the start of
the experiment, which drains overnight at a 2% slope and is still
present in the substrate at 0% slope (FBB, 2015).

As with a 0% slope, it also holds for the 2% experiments that
as the flow length to the outlet increases, the runoft coefhicient
decreases. For strong rainfall of 1.8 mm min~! from 0.207 (2019-
43) to 0.170 (2019-28) and for reduced rainfall of 1.2 mm min~!
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from 0.106 (2020-61) to 0.042 (2020-49). Sprinkling in 2019-
27, 2019-32, 2019-40, and 2020-46 is within the saturation
phase of the setup, meaning multiple sprinklings were needed to
reach full water saturation, depending on the date (this includes
measurements not shown in 2019-31, 2019-35, and 2019-36,
2020-50, 2020-55, and 2020-59 and 2020-60).

During the sprinklings on 20m flow length, water
accumulation occurred that reached above the substrate
surface. At 0% slope, the buildup proceeded slowly from
the rear of the setup toward the front and ended about
1.25m away from the outlet (e.g., measurement 2015-16; see
Supplementary Figures 7-13 for pictures). This buildup can be
explained by the water still standing from the measurement on
the previous day (2015-15), since the water level in the substrate
was higher in the rear area of the substrate than in the front area
(water level at measurement 2015-16: camera 3 = 0.6 mm and at
camera 8 = 13 mm). The closer the measurement location to the
drain, the lower the water level was, before the start of sprinkling
in the setups with a 0% slope.

The situation was different at a 2% slope: water accumulation
occurred above the substrate surface in the front area, at 20m
flow length, during sprinkling. It occurred from the front to
the back, whereby the accumulation stopped ~0.6m before
the outlet and the water in the substrate ran to the outlet
(e.g., during the test run before measurement 2019-26; see
Supplementary Figures 14, 15 for pictures; high water levels e.g.,
also during measurement 2019-28). Similarly, in the rear no
ponding is observed. This ponding behavior is explained by the
2% slope, which provides faster runoff and thus increases water
volumes on long flow lengths that are above the maximum flow
of the installed green roof structure. The water accumulates and
flows superficially.

Modeling

Figure 4 shows the results of the experiments selected for model
calibration. The plots also include some relevant characteristics
for each experiment, including dimensions, rainfall input, and
the skill measures used to compute the objective function in
the calibration procedure. KGE is computed from observed and
modeled runoft time series and the RMSE is evaluated through
comparing all pairs of observed and modeled hydraulic head
along the x dimension (i.e., the longitudinal section). As a
result of the optimization with DREAM in spotpy, the best run
yields the following list of optimized parameters (2 in total): (i)

saturated hydraulic conductivity of 1599 m d~! and (ii) Brooks-
Corey b of 5.51. As described in Sect. Model Application, the
multi-objective calibration procedure includes the experiments
2015-19, 2019-28, 2019-43, and 2019-47 (Figure 4). For these
experiments, runoff and hydraulic head are considered to
compute an objective function (average out of KGE for runoff
and negative RSR for hydraulic head) which is maximized in each
iteration of the DREAM algorithm.

The results highlight the very good agreement between model
and observations, especially for the 20m experiments forced
with a design rainfall of 27 mm over 15min (1.8 mm min~! or
3001 s~ ha™!). For both experiments (2015-19 and 2019-28)
KGE exceeds 0.8, indicating an overall well performing model.
However, the RMSE computed for hydraulic head is better for the
2% roof (2019-28) compared to the 0% roof (2015-19). A closer
look at the simulation of hydraulic head reveals that the model
overestimates hydraulic head near the outlet (edge that drains the
green roof) as shown in Figure 5. For most of time steps plotted
in the longitudinal sections, the distribution of hydraulic head in
the simulations between x = 0 m and x = 5m is higher than the
corresponding values recorded by the cameras. Still, the modeled
and observed longitudinal sections of hydraulic head match in
principle and the average RMSE computed through averaging
the RMSE for each time step is 2cm. It is worth noting that,
besides the deficiencies outlined before, ponding of surface runoft
is captured well in the simulations (green line in Figure 5).

Similarly, Figure 6 visualizes the corresponding comparison
for the modeled and observed distribution of hydraulic head
for the 2% experiment (2019-28). In this case, modeled
and observed values of hydraulic reflect a higher agreement,
expressed by a lower RMSE (1.4 cm). The comparison between
both experiments shows the differences in flow characteristics
within the substrate. While in the 0% experiment, the side facing
away the outlet (rear, right hand side) is subject to highest
hydraulic head, the 2% experiment reflects another minimum of
hydraulic head, which is conditioned by drainage due to gravity
and higher surface runoff. In contrast, the 0% experiment has
only a minimum and that is near the outlet at x = 0 m. Indeed,
the 2% experiment shows a similar minimum at the outlet but
differs from the 0% experiment through its arched shape (c.f.,
Supplementary Figures 7-15), which is confirmed by the model.

The other two experiments utilized in the calibration period
(i.e., 2019-43 and 2019-47) show lower model skill, in terms
of both KGE (runoff) and RMSE (hydraulic head). However,

function are shown (RMSE computed for hydraulic head is given in centimeters).
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FIGURE 4 | Results of model calibration for the experiments (A) 2015-19, (B) 2019-28, (C) 2019-43, and (D) 2020-47. Each subplot shows time series of artificial
rainfall (bars), observed runoff (plus symbol), and modeled time series (line). Moreover, dimensions, rainfall input, and skill measures used for computing the objective
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FIGURE 5 | Longitudinal section of observed and modeled hydraulic head for different time steps in the artificial rainfall experiment 2015-19 (0%, 20m, 27
mm/15 min). RMSE computed for hydraulic head is indicated for each time step shown.

RMSE is lowest for experiment 2019-43, even though KGE
is slightly lower compared to 20 m experiments (2015-19 and
2019-28). In this experiment, the onset of the modeled runoff
response occurs a few minutes earlier than the corresponding
observation. However, the peak runoff achieved from the
simulation is similar to the observed value, which confirms
the accuracy found for the experiments 2015-19 and 2019-28.
Among the experiments considered for calibration, the lowest
model performance is found for experiment 2019-47. Both
KGE and RMSE reflect deficiencies in terms of model accuracy.
However, the rainfall forcing is smaller compared to the other
three experiments and only amounts to 67% of the value in
the remaining three experiments. It is worth mentioning that
the subset of experiments considered in the framework of the
calibration procedure are based on the same parameter set, even
though different dimensions and rainfall volumes are considered.
Moreover, initial moisture was unknown in experiments, which
is why two start values (Methods) have been defined, one each
for 0 and 2%, respectively. The lower model performance found
for 2020-47 might be related to uncertainties associated with the

estimation of initial conditions. However, the parameterization
found through calibration is viewed acceptable, given the overall
visual impression gained through comparing observation and
simulation for each experiment.

In order to better justify the usage of this parameter set,
an independent model validation is carried out. This way, all
relevant experiments not considered in the calibration procedure
are computed using the same unique parameter set. Figure 7,
Supplementary Figure 1 and Supplementary Table1 compile
the results for all green roof experiments considered in the
calibration and validation period. The way of displaying the
results takes into account a differentiation according to the
length of the green roof experiments (columns). In contrast, rows
consider different sets of experiments in terms of slope (1st row
0%, starting from 2nd row 2%) rainfall volume (1st to 3rd row 27
mm/15 min, while the 4th row displays results of the 18 mm/15
min experiments).

The comparison of modeled and observed runoff in each
sub-panel highlights that the validation procedure confirms the
validity of the parameter set found in the calibration procedure.
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FIGURE 6 | Longitudinal section of observed and modeled hydraulic head for different time steps in the artificial rainfall experiment 2019-28 (2%, 20m, 27
mm/15 min). RMSE computed for hydraulic head is indicated for each time step shown.

Even though the experiments utilized for calibrating the model
are included in the plot (marked with an asterisk), the number
of experiments only used for validation purposes is much
higher (38 vs. 4). Since the runoff hydrographs achieved by
modeling match the corresponding observed values very well,
the validation procedure suggests that the parameter set found
through calibration is suitable to run the model for experiments
not considered in the calibration procedure.

In order to complement the visual impression outlined in
the previous statement with a quantitative statement, Figure 8
compiles box plots for a set of skill measurements computed for
the experiments considered in the validation procedure. Here,
the model runs used to calibrate the model are excluded. The
box plot reflect that the results span a certain range of outcomes
for each skill measure. For instance, for the Nash-Sutcliffe
model efficiency and KGE, values are generally higher than 0.5,
reflecting a reasonable model performance and even reach values
beyond 0.9, which suggests a very good model performance. On
average, the volume bias is around 0% and half the model runs
are subject to volume bias of <15%. What might be responsible

for this is that overestimations in terms of volume suggest too
high initial moisture conditions and underestimations could be
related to an underestimation of initial conditions, which again
are unknown. The median of the RMSE, expressed as ratio to
the corresponding standard deviation (RSR for runoft), is below
0.5, which is viewed an acceptable result (Moriasi et al., 2007).
The Pearson correlation exceeding 0.9 in terms of the median
value confirms the overall good model performance, especially
highlighting that the correspondence in terms of timing is
accurate. For hydraulic head, the distribution of RMSE values
also suggests that the model is capable of representing the storage
of water in the green roof. Fifty percent of the experiments
show RMSE values between 1 and 2 cm, which is considered a
reasonable accuracy, especially since reading the hydraulic head
is also subject to limitations in terms of accuracy.

If one assumes that the parameter set is suitable for
configurations not covered by the experiments used in the
calibration procedure, the model is capable to represent the
hydrological response of similar green roof configurations with
arbitrary dimensions. This assumption is at least confirmed by
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the accuracy of model runs found in the validation period. the theoretical maximum specific runoff amounts to 1.8 mm per
Figure 9 shows the response surfaces for green roofs with  minute, suggesting that the effect of retention is exhausted. The
different combinations of slope (x axis) and length (y axis). The  hydrological response in the plot suggests that this maximum
rainfall forcing is 27 mm/15 min. The initial potential is set to  specific runoff almost reaches this maximum value determined
—0.3m for all runs here, to make the comparison independent by rainfall for short flow length and higher slopes. Likewise,
of initial conditions?. Sub-panel (A) visualizes the maximum  sub-panel (B) shows the retention expressed in terms of the
specific peak runoff. For the rainfall forcing of 27 mm/15min  runoft coeflicient in the rationale method in hydrology (while
the former is related to the peak discharge coefficient). Retention

2 — ) ) . - ) in terms of volume—as the runoff coefficient in the rationale
Please note: This is viewed a fair comparison, since prescribing a higher hod . d d flow 1 h. which i
substrate moisture (—0.1 m) is only necessary to reconstruct the artificial rainfall method suggests—is more dependent on flow length, W lchis a
experiments for non-declined green roofs in Figure 7. The reason for that is the =~ Ine€asure of storage. In contrast, the relevance of reducing peak
daily interval of consecutive artificial rainfall experiments, which do not allow runoff is also determined by the slope. Even though both effects
a complete drainage in case of non-declined setups (Section Model Design). are not independent from each other, Figure 9 highlights the
Figure 9, however, reflects ideal conditions, not affected by this limitation arising i s :

. ) positive effect of both minimizing slope for reducing peak runoff
from the experimental setup. Thus, both peak values and runoff coefficients for o 4
0% in Figure 9 are lower than corresponding values presented in Tables 2-4 and and maxmnzmg length for retention (and to a smaller degree for
Figure 7, respectively. reducing peak runoff as well).
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DISCUSSION

For the experimental determination of the runoft coefficient
at different flow lengths, the environmental conditions initially
play a subordinate role. The peak runoff coefficient can still
be determined according to the FLL Green Roof Guidelines
(FLL, 2018), although a consideration of the flow length is
decisive for the result. The runoff coeflicient decreases with
increasing flow length for single-layer green roofs and should
be considered as another investigation possibility in the FLL
Green Roof Guidelines in the future. Until then, the extended
methodology should be based on the specifications of the FLL
Green Roof Guidelines. The protective fleece that provides the
bottom layer plays an important role here, since the greatest
retarding effect is achieved here, especially in the case of long-
term flow processes. On the other hand, when considering longer
rainfall and runoff in models, the influence of the experimental
environmental conditions is very important and this becomes
noticeable very quickly, toward the end of a rainfall event.
Evaporation of the setup over a longer period of time must
be taken into account. Studying the role of different rainfall
lengths and the impact of evaporation is beyond the scope of this
article. However, considering both aspects explicitly is foreseen
in future experiments. To this end, determination of substrate
moisture prior to the start of experimental irrigation is also
important. Monitoring of the entire experimental environment,
or a climatic adjustment of the ambient space, is very costly
and disproportionate, compared to the scenarios to be simulated.
Simulating a real situation would also have limited availability
of these parameters. Instead, the focus should be on simpler
simulations that deviate further in detail but can represent the
extreme case well, as this is important for the overloading of an
overall system.

The low runoff coeflicients of extensive green roofs with
0% slopes should be increasingly taken into account in quarter
planning and urban drainage, since both the enormous storage
capacity of up to two design rainfall events of a 100-year return
period (example for Hanover), and the extremely slow runoff

during rain events, speak for this. The design of 0% slope
roofs without greening must be critically scrutinized from a
structural engineering point of view, since puddles can form on
the waterproofing, due to permissible construction tolerances,
both in the execution planning and later in the construction.
In the summer months, these water accumulations lead to
temperature stresses at the edge of the puddle, which in turn
stresses the waterproofing material and causes it to age more
quickly. With extensive green roofs, the puddles are dissolved by
the capillary action of the fleece, substrate and vegetation through
evapotranspiration, while the greenery simultaneously ensures
that temperatures in the moist substrate do not rise until the
entire structure has dried out.

A numerical flow model is set-up for hydrological simulations
of green roofs. Therefore, CMF is used to create a numerical
model tailored to the experimental part of this study. One
premise in model development was to carry out simulations for
all experiments with a unique model structure and with a unique
set of parameters. Only two parameters have been calibrated
with a sophisticated optimization algorithm (DREAM) utilizing
spotpy: hydraulic conductivity and Brooks-Corey b. The Brooks-
Corey retention curve, with only one adjustable parameter, is
a simplification. This is accepted here, since measuring the
retention curve has not been considered in the experiments.
Saturated hydraulic conductivity and the parameter b in the
Brooks-Corey model have been altered by the optimization
algorithm. The value b is related to pore size (Campbell, 1974;
Tyler and Wheatcraft, 1990) and generally lower for coarse soils
(or substrates), which justifies that b = 5.51 found through
calibration is reasonable. According to Yates et al. (1992) the
theoretical value of saturated conductivity is not directly related
to matrix flow properties. This is why a potential around —0.05 m
(pF = 0.69) is considered here, as reasonable guess to reflect the
substrate’s properties. The hydraulic conductivity at —0.05 m of
K (—0.05m) = 169 m d~! corresponds well to the value of K =
246m d! given by the manufacturer of the substrate. Another
limitation is the fleece, which is not included in the model and
thus its characteristics are implicitly included in the calibrated
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parameters. Apart from these limitations, it is still possible to
provide the model with a more detailed representation of the
water retention curve, in case measurements exist. For instance, if
measurements of water content and matrix potential exist for the
substrate, the water retention curve could be calibrated against
these pairs of values.

The results also reflect that the model shows the highest
accuracy for higher flow length and more intensive rain. This
observation might also explain the slight decrease of peak runoft
with decreasing length below ~7m at higher slope values.
Possible reasons for this mismatch might include a change in
dominant processes, suggesting that surface runoft increases at
the expense of Darcy flow for small flow length experiments.
Since our study primarily focusses on flow length beyond the
standard value of 5 m and design rainfall events, these limitations
are viewed as acceptable. In essence, these results highlight that (i)
CMF and more specifically the numerical model implementation
in CMF represent the hydrology of the green roofs with high
accuracy, and (ii) green roofs are a very efficient measure of
green infrastructure that helps to reduce runoft. This holds even
for design storms that are well-beyond return periods usually
considered in urban drainage planning. This is especially relevant
in the process of transforming gray to green infrastructure in light
of climate change adaptation.

These findings are also of practical relevance: The occurrence
of surface runoft is determined by the rainfall characteristics
of the study site, the pore volume, and the material of the
substrate. Vegetation onset counteracts erosion along the flow
direction, which could be easily accomplished by mounting
vegetation mats. This way, water prevailing in the substrate is
also withdrawn through evapotranspiration, thus minimizing
mass load on roofs. The decrease of the runoft coeflicient,
through maximizing the flow path in the substrate, could be
taken into account in green roof drainage planning, e.g., through
increasing the upside-down length or the catchment area per
drain. For example, the partial drainage area size could be
increased to 600 m* to 800 m* (instead of the generally planned
400 m? in Germany). The emergency drainage must be adjusted
accordingly and also the statics of the roof would have to be taken
into account. The extent to which larger flow lengths are possible
would have to be investigated experimentally. Costs would thus
be reduced and could be used for the professional design of the
green roof.

Based on these findings and the discussion, the following
recommendations can be made for designing green roofs and
their design by means of models, respectively:

e Increase flow length in order to increase the upstream area
(volume) connected to the roof drainage. This also suggests a
longer time of concentration (flow or travel time, respectively);

e Consider non-declined green roofs, as this even reinforces
the positive effect of increased flow length on both the time
of concentration (and thus on retention) and mitigating
rainfall peaks;

o Coupled modeling of sub-surface and surface hydrology of green
roofs: In case of the 100 years design rainfall event considered

here (example for Hanover), not only subsurface flow is
observed. Instead, saturation excess at the surface (ponding)
becomes a dominant process. An effective redistribution
of water at the surface through surface runoff leads to
downslope infiltration.

The first two recommendations suggest designing green roofs
outside common standards. Therefore, we hope that our study
helps to endorse new design approaches in future guidelines for
the design of green roofs through a shift in paradigms. Indeed,
this requires appropriate co-design of approaches to seal the
bottom and to acknowledge building statics. Finally, the last
recommendation addresses models as tools for planning green
roofs. Complex interactions between surface and subsurface
hydrology require physically based modeling approaches. The
data and the model published alongside this article might
help to guide both researchers and practitioners to achieve
these goals.
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