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Abstract: Hydrological modeling is commonly used in urban areas for drainage design and to
estimate pluvial flood hazards in order to mitigate flood risks and damages. In general, modelers
choose well-known and proven models, which are tailored to represent the runoff generation of
impervious areas and surface runoff. However, interception and other vegetation-related processes
are usually simplified or neglected in models to predict pluvial flooding in urban areas. In this study,
we test and calibrate the hydrological model LEAFlood (Landscape and vEgetAtion-dependent Flood
model), which is based on the open source ‘Catchment Modeling Framework’ (CMF), tailored to
represent hydrological processes related to vegetation and includes a 2D simulation of pluvial flooding
in urban areas using landscape elements. The application of LEAFlood was carried out in Vauban,
a district in Freiburg (Germany) with an area of ~31 hectares, where an extensive hydrological
measurement network is available. Two events were used for calibration (max intensity 17 mm/h
and 28 mm/h) and validation (max intensity 25 mm/h and 14 mm/h), respectively. Moreover, the
ability of the model to represent interception, as well as the influence of urban trees on the runoff,
was analyzed. The comparison of observed and modeled data shows that the model is well-suited to
represent interception and runoff generation processes. The site-specific contribution of each single
tree, approximately corresponding to retaining one cup of coffee per second (~0.14 L/s), is viewed as
a tangible value that can be easily communicated to stakeholders. For the entire study area, all trees
decrease the peak discharge by 17 to 27% for this magnitude of rainfall intensities. The model has
the advantage that single landscape elements can be selected and evaluated regarding their natural
contribution of soil and vegetation to flood regulating ecosystem services.

Keywords: LEAFlood (Landscape and vEgetAtion-dependent Flood model); Catchment Modeling
Framework (CMF); hydrological modeling; heavy rainfall; Vauban; interception; model calibration;
pluvial flooding; urban trees

1. Introduction

Hydrological models are important tools in planning and for research and being in-
creasingly used. Often, modelers choose well-known and proven rainfall-runoff models [1],
which are tailored to represent the runoff generation of impervious areas and surface runoff.
However, hydrological models that also adequately represent and include vegetation are
rare, and more modeling studies on this topic are needed [2]. An overview of modeling
tools that analyze the impact of trees on hydrology is presented by Coville et al. [3]. In sum-
mary, the authors highlight the diverging range of complexity of models involved, ranging
from tree-scale models to catchment-scale models [3].
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The vast majority of models that predict the extent of pluvial flooding focus on 2D
hydrology-hydrodynamics with a simplified representation of interactions with vegetation
in predicting runoff generation [4-6]. Moreover, typical ‘stormwater’ models—rainfall-
runoff models designed for urban areas—used to predict hydrological processes in urban
areas also simplify hydrology-vegetation interactions and focus on surface runoff over
impervious surfaces, thus suggesting further improvements of model components [7,8].
However, models that include a better representation of vegetation in hydrology mostly
operate at the catchment scale [9-12]—a scale, which is too coarse to study the impact of
single trees at a quarter scale. Hence, a better representation of both vegetation and 2D
routing would be preferable to study the effect of different types of stormwater measures.
For this very reason and in view of the fact that using an existing model based on ear-
lier experience is not necessarily the best choice [13], a model is needed that fulfills the
following characteristics:

¢ Simple 2D-hydrodynamics to predict the extent of pluvial flooding in urban areas,
*  Detailed representation of hydrology—vegetation interactions (i.e., interception).

These research gaps bring up the following research questions: (i) Can we parame-
terize a hydrological model that is capable of predicting both interception processes and
the spatio-temporal extent of pluvial flooding at the same time? (ii) What is the role of
(single) trees in retaining heavy rainfall at the quarter scale? In order to bridge the gap
between very detailed 2D hydrological-hydrodynamic models and catchment-scale hy-
drological models that are capable of predicting vegetation interactions, a model tailored
to these requirements is used and tested in this study. Furthermore, in order to benefit
from proven and existing model components, the model (LEAFlood—Landscape and
vEgetAtion-dependent Flood model) we applied is based on the Catchment Model ling
Framework (CMF) [14]. Among numerous other applications, this framework has already
been used to study the storage of green roofs [15]. In the present study, LEAFlood allows
us to combine the benefits of a detailed canopy and interception representation together
with a 2D surface routing based on the kinematic wave approximation. For calibration of
urban hydrological models, runoff measurements are needed, however, these data are rare
in ungauged urban areas [16]. The urban district Vauban in Freiburg (Germany) provides
a comprehensive measuring network of hydrological variables, i.e., runoff and canopy
throughfall among others. In order to overcome the challenge of calibration and plausibility
checks in urban areas, the datasets from Vauban are used to validate LEAFlood.

The objectives of this paper are to (i) test and calibrate a model that accounts for both
detailed vegetation interactions with hydrology during heavy rainfall events and a 2D
surface runoff simulation. After model set-up and calibration, we demonstrate the added
value of the model and (ii) estimate the role of trees in runoff generation during pluvial
flooding at the quarter scale.

After this introduction, the materials and methods are presented. These include the
study area, the data, the model LEAFlood, the calibration set up and procedure for the
model experiments with different tree coverage. The results and discussion follow in
a combined chapter. It is divided into sub-chapters about the model performance for
interception, the surface runoff calibration and the results of the model experiments with
different tree coverage to study “the role of trees in pluvial flooding”. The chapter ends
with a section about limitations before going on to the conclusions and outlook.

2. Materials and Methods
2.1. Study Area

The research area is located in the Vauban district of Freiburg, Germany and has an
area of 30.8 ha (Figure 1). It is a residential area with an estimated of 5500 inhabitants [17].
The area was chosen due to its detailed hydrological measuring network that is available
within the urban area, installed to monitor the performance of its drainage system, which
has already been used in various studies [18,19]. This measurement dataset is used to
calibrate and validate the LEAFlood model.
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Figure 1. Land use and location of the study area Vauban.

The climate conditions in the region are maritime to semi-continental. The mean
annual precipitation is 934 mm (1981-2010) at the DWD Freiburg station [20] (~5.4 km
from study area, which is used to analyze climate conditions, while local measurements
are available for further analyses). The dominant land use type in the zone are green areas
(65.3%), including vegetative swales and green roofs. The remaining area is covered by
sealed urban areas (33.8%) and a water body (1%). Around 14% of the district is covered by
tree canopies. The main soil types are loam and sandy loam [19,21,22] (data adopted from
the UrbanRoGeR model).

The study site was developed on a former French military base from the 20th cen-
tury. After an urban design competition, a maximization on Green Infrastructure (GI)
(Notwithstanding the broad range of terms used similarly [23], such as, e.g., Low Impact
Development (LID) [18], water smart cities etc. [24], the term GI is used here for simplicity)
was achieved [25]. The winning urban plan included extensive green areas, making most
of the roofs green, walking paths with permeable pavements, rainwater harvesting and
incentives for intensive private gardening [17]. The generated runoff of the area is collected
and redirected to a central Infiltration-Swale System (ISS). The ISS consists of individual
swales connected as cascade by pipes under the streets, forming two parallel lines along the
main streets (Nordgraben, Boulevardgraben). A downstream swale collects the discharge
of both lines, redirecting the overflow via an intake structure into the receiving watercourse.
The downstream swale drains as a free overflow to the downstream part of the Dorfbach
creek, located along the southern border of the district, which flows from southeast to west.

2.2. Data

Meteorological data and geodata are required for the application of the model. Table 1
shows a detailed overview of the used datasets, their resolution and sources. The Digital
Elevation Model (DEM), tree coverage and soil class map are used to define the geometry
and parameters of cells (a term adopted from CMF, i.e., a polygon) in LEAFlood. The climate
data, such as precipitation and temperature, determine the meteorological conditions



Hydrology 2022, 9, 108

40f 15

during the event, whereas the measured records (runoff and interception) are used for
calibration and evaluation of the model performance. Rainfall has been recorded on-site
with a heated tipping bucket rain gauge with 0.1 mm resolution [18]. Regarding the number
of tree units, these allow us to quantify the contribution of individual urban trees to reduce
runoff generation. Lime tree (tilia), plane tree (platanus) and, to a smaller degree, firs (abies)
are the prevailing tree species for which interception—or more specifically throughfall—
measurements exist in the study area. Throughfall is measured through a tipping bucket
rain gauge, which is mounted under the tree’s canopy.

Table 1. Overview of the input datasets for the LEAFlood model.

Data Type Resolution Units Geodata Climate Data Measured Source

DEM Raster 1m m X Freiburg University
Throughfall Timeseries 1 min mm/min X Freiburg University
Land use map Shapefile - - X Freiburg University
Precipitation Timeseries 1 min mm/min X Freiburg University
Relative humidity Timeseries 5 min Y% X Freiburg station [26]
Runoff Timeseries 5 min L/s X Freiburg University
Soil class map Shapefile - - X Freiburg University
Sunshine hours Timeseries 5 min h/h X Freiburg station [27]
Temperature Timeseries 5 min °C X Freiburg station [26]
Tree coverage Shapefile - - X Freiburg University

Tree number Aerial image unit trees X Google Earth
Wind speed Timeseries 5 min m/s X Freiburg station [28]

2.3. LEAFlood (Landscape and vEgetAtion-Dependent Flood Model)

The LEAFlood model [29] is based on existing model components of the Catchment
Modelling Framework (CMF) [14,30]. CMF is not a ready-to-use model, but a programming
library for hydrological modeling that allows for the development of models tailored to
various research questions in hydrology. The modular structure of this open source Python
package provides high flexibility and is adaptable to different research questions. It is
written in C++ and uses the finite volume method [14]. It thus fills the gap needed for
a modular and flexible hydrological model framework. This is especially important for
hydrological modeling in urban areas and the reason why we chose this framework [8,31].
With CMF it is possible to create polygon cells out of a GIS shapefile in the required spatial
resolution in order to overcome the aforementioned limitation: CMF allows to develop
a model that accounts for both a detailed representation of interception and a lateral 2D
surface runoff simulation. In addition, the hydrological processes can be selected from a
range of different approaches depending on the research question, as demonstrated for
physically-based hydrological modeling of green roofs based on CMF [15]. This makes the
package very suitable for a spatially explicit analysis of flood regulating ecosystem services
supply in urban areas.

LEAFlood considers the hydrological processes of canopy interception, throughfall,
soil infiltration and surface runoff (Figure 2). Evaporation from the canopy is regarded in
the model, while evapotranspiration and evaporation from the surface is neglected. This
limitation is accepted in this study, as the model is designed to be utilized for single heavy
rainfall events (e.g., [32]), during which canopy evaporation is expected to be the dominant
evaporative loss among all evapotranspiration fluxes. The geometry is created on the basis
of an irregular polygon shapefile.
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Figure 2. Used processes and defining parameters of storages in CMF.

The model is driven by meteorological data of rainfall, temperature, wind speed,
relative humidity and solar radiation in a five-minute resolution. The interception utilises
the Rutter approach [30,33]. Depending on the canopy closure, the precipitation can either
be intercepted in the canopy or fall directly to the ground. A canopy closure of 1 means all
rain is intercepted and 0 indicates throughfall [30]. To define the canopy closure of each
cell, we used a polygon shapefile with the tree canopy in the area and intersect it with
its corresponding cell’s location. The quotient of the canopy area and cell area equals the
canopy closure. Average LAI and interception capacity were defined representative for
all trees.

The soil consists of one soil layer with the Green-Ampt infiltration method and the
Brooks-Corey Retention Curve. It is assumed that during heavy precipitation events
only the upper layer plays a role in infiltration and that percolation does not due to the
time decay. Except for saturated conductivity (Ks), all other parameters are the same
throughout the study area (Table 2). The base value for Ksat is 0.3 m/d resulting from the
soil property sandy loam and the dry bulk density 4 + 5 [34]. Depending on the degree of
soil sealing, K, is reduced by the following function:

sealing

Ksut,spec = (1 - W

) * Ksat,gen 1)

A higher degree of sealing therefore results in a lower Ky, value. The porosity of
sandy loam is 0.453 [34]. Because of soil compaction in urban areas the value is reduced
to 0.3 [35]. The surface runoff follows the kinematic approach based on topography and
surface roughness [30]. Manning’s roughness coefficient is defined for each land use class
(Table 3).
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Table 2. Setting and processes in cmf.

Process/ Parameter Setting

Interception Rutter Interception

Throughfall
Canopy Overflow

Infiltration Green Ampt

Brooks Corey Retention curve
Layer depth 0.5m
Saturated Conductivity (Ksu) 0.3 m/d (base value)
Porosity 0.3
Surface Runoff Kinematic

Table 3. The roughness coefficient Manning’s n and the saturated conductivity (Ksst) defined for each
land use class.

Land Use Manning’s n Saturated Conductivity [m/Day]
Urban Sealed Area 0.013 0
Green Area 0.03 0.25
Green Roofs 0.03 0.72
Vegetative Swale 0.03 0.7
Water 0.03 0.015

With these components, LEAFlood entails a level of describing hydrological processes,
which is in between a conceptual and physically-based, distributed, deterministic model
description [36].

2.4. Calibration

In order to achieve a reasonable calibration of the model, two events are selected
(Table 4) and a split-sample test is employed [37] to assess the model calibration through
an independent validation with two further events. The selection of the events is based on
the highest precipitation intensities observed over the 2 years of available data. The rainfall
events for calibration reach a maximum intensity of 16.5 mm/h with a return period of less
than one year (event 1) and 28 mm/h (return period ~5 years) for event 2 (return periods
refer to the study of Shehu et al. [38]). Similar intensities can be observed for event 3 and
4, which are used for validation. Event 3 has a maximum intensity of 25 mm/h (return
period between 1-5 years) and event 4 has a maximum intensity of 14 mm/h (return period
less than 1 year). Besides runoff, interception is also observed by throughfall measure-
ments. The accuracy of interception measurements is checked before model calibration.
As the throughfall is measured instead of interception storage S;, a simple bucket model is
employed to compute interception from observed rainfall P; and throughfall Pr ;:

Si=Si1+P—Pr,—E )

where i denotes the time step, S;_; is the storage computed for the previous time step,
and E; the rate of evaporation losses from the canopy, which is neglected (i.e., E; = 0). Since
the interception model in CMF and LEAFlood has no adjustable parameters, the model
performance of interception modelling is assessed before calibrating other hydrological
processes similar to Forster et al. [39]. It is assumed that a reasonable representation of
interception processes justifies calibrating only those model parameters of runoff generation
that govern hydrological processes below the canopy.
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Table 4. Overview of events with highest peak runoff in the runoff time series, covering the years
2011-2012. ‘Saturated depth’ is the initial condition guess used for each event, while the last column
(“‘c/v’) indicates whether the event is used for calibration (c) or validation (v).

Start Duration Peak Return  Rainfall Total Peak Runoff Saturated
Event Date Time Intensity Period Event —10d Depth c/v
[h] [mm/h] [a] [mm] [mm] [L/s] [m]
#1 17 June 2011 16:15 17 16.5 <1 23.4 41.6 361 0.50 C
#2 30 May 2012 13:40 15 27.9 ~5 35.3 35.3 339 20.0 1
#3 13 June 2012 12:00 19 25.1 1-5 27.4 82.9 595 0.25 v
#4 9 October 2012  00:40 28 14.2 <1 32.7 15.4 291 7.00 v

Given a sufficient accuracy in interception modeling, processes related to runoff gener-
ation below the canopy are considered, mainly parameters governing infiltration. These are
the parameter b of the Brooks—Corey retention curve and two scaling parameters that allow
for adjusting Manning’s roughness # and saturated hydraulic conductivity Ks,, respectively.
The latter two parameters are factors applied to the roughness and conductivity values for
each polygon.

In order to calibrate the model according to the split-sample test, an objective function
is introduced first, which consists of two components. The first component is the Nash—
Sutcliffe model efficiency E, which is computed for observed g and predicted § runoff [40],
given that each time series consists of N time steps i:

HIN (i — )2
S IN (i — di)?

A second component, the relative difference in peak discharge over 7, events, is
introduced in order to give more emphasis on peak runoff in the calibration procedure:

E=1-

®)

1 & |max4; — maxg;|

= 4)

ne = max g;

dmax =

Finally, the objective function f to be minimized is computed considering Equations (3)
and (4):
1 1
f: E(l_E)‘FEdmax ®)
The objective function f (Equation (5)) is being minimized utilizing the SCE-UA
algorithm [41] as implemented in spotpy [42].

2.5. Model Experiments with Different Tree Coverage

The quantification of the impact of trees on hydrological processes in the study area,
mainly the impact on pluvial flooding, is performed utilizing two model experiments for
each event. First, the calibrated model is used to study the hydrological response of the
study area covered by trees ‘as is”. Second, a similar run—but with a zero tree coverage—is
performed to study the hydrological response of the same event without any trees. Since
both runs only differ in terms of tree coverage, it is possible to quantify the role of trees
through a comparison of both runs [39].

3. Results and Discussion
3.1. Interception
The first step in our model evaluation pertains to analyzing the model interception

component. For three types of trees (lime tree (tilia), plane tree (platanus), and fir (abies)),
throughfall was recorded in the study area. However, we focus on the lime tree only, since
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the plane tree is similar in terms of throughfall and firs with higher interception storage
rarely occur in the study area, making them less representative.

The interception storage, computed utilizing Equation (2), for each time step during
the first three events are compiled in Figure 3. Since evaporation is neglected, making
Equation (2) valid for the rainfall event only, the dry period after each event is indicated as
dashed lines, for which the comparison is subject to the aforementioned limitation. In gen-
eral, the temporal evolution of intercepted load (intercepted water/storage) is represented
well by the model. This holds true for both the timing of increments in interception storage
and its absolute values over time. Only for event 2 is interception slightly underestimated
by 5mm at the end of the event, while for event 4, no interception measurements are
available. However, given the overall high accuracy of predicting interception, the model
is capable of representing interception during rainfall events.

Interception is subject to uncertainties related to the characteristics of individual trees,
which influence the interception amount [2,43]. Here, the location and the coverage of
the trees are known. However, we neither have detailed information about the spatial
distribution of tree species nor about individual LAI and interception capacities. Therefore,
we assume a mean LAI and interception capacity for all trees. Furthermore, the seasonality
of trees governs the annual course of LAI and interception capacity [44]. This seasonal
dependence is not considered in this study, which is accepted, since all events considered
in this study occurred in the vegetation time.

351(a) == Rainfall 1(b) 1(0)
€ 30 1 Observed 1 .
== Simulation

N
wv
I
I

Cumulative rainfall
Intercepted water [mm]
-
w

——

17 Jun  18Jun 18 Jun 30 May 30 May 31 May 13 Jun 13 jun 14 jun
20:00 02:00 08:00 14:00 20:00 02:00 14:00 20:00 02:00

Figure 3. Comparison of observed and predicted interception load for (a) event #1 (June 2011),
(b) event #2 (May 2012), and (c) event #3 (June 2012)).

3.2. Runoff

Having demonstrated the high predictive skill in interception modeling, Figure 4 shows
the model results of the runoff calibration, which focus on runoff generation processes below
the canopy (i.e., infiltration and surface runoff). The parameters found through minimizing the
objective function f in Equation (5) using SCE-UA in spotpy yield the following parameters
with convergence after 573 iterations:

*  Parameter b of the Brooks-Corey retention curve: 13.1876;
®  Scaling factor for Manning’s n roughness: 3.57788;
*  Scaling factor for saturated hydraulic conductivity Ksa: 0.0700464.

The scaling parameters found through calibration deviate from 1.0, suggesting that
the assignment of land-use classes to roughness and conductivity values has been altered
during calibration. The resulting values are still viewed meaningful. However, they are
effective values that include sub-scale variability [45], like, e.g., unknown soil variability
and local compaction or obstacles on the surface.

The range of Nash-Sutcliffe model efficiency E values obtained for all events extends
from 0.63 to 0.92. In the process of model calibration, E amounts to 0.92 (event 1) and 0.70
(event 2), respectively. The goodness-of-fit achieved for event 1 (E = 0.92) is considered
to be very good, while for event 2, E = 0.70 is still satisfactory. One possible reason
for the lower model skill achieved for event 2 could be the fact that the event consists



Hydrology 2022, 9, 108

9of 15

of two peaks. However, given the good match of peak flow values, the results of the
calibration are acceptable.

800 - - 0 800 0 -
_ E- HEE Rainfall gz
g 6001 5 600 A Observed [° §¢
£ 400 A - 10 400 A me= Simulation L 10 < S
: SE-0.70 | 15 B
& 200 A 200 - tE
(a) (b) 2
0 ; ; ; 04 : : .
17 Jun 18 Jun 18 Jun 30 May 30 May 31 May
20:00  02:00  08:00 13:00 19:00 01:00
800 800 Ty ].. o .
@ 600 600 - L5 2<
= 9 E
5 400 - 400 - F10 =2
= £ E
& 200 A > 200 - F15 € €
(c) (d) 2
0 1= . . 0 ; : . .
13 Jun 13 Jun 14 Jun 08 Oct 09 Oct 09 Oct 09 Oct
13:00 19:00 01:00 23:00 07:00 15:00 23:00
Time Time

Figure 4. Results of calibration and validation for (a) event #1 (June 2011), (b) event #2 (May 2012),
(c) event #3 (June 2012), and (d) event #4 (October 2012). Nash—Sutcliffe model efficiency E (NSE) and
the difference between observed and predicted peak runoff dmax (as percentage) are indicated for
each event.

The validation confirms that the model calibration is transferable to other events. Even
though the Nash—-Sutcliffe model efficiency found for event 3 (E = 0.63) is lower than the
corresponding values found during calibration, it is still within an acceptable range of
values higher than 0.5 [46] (it is worth mentioning that even a model with E > 0 has a
higher predictive value than predicting just the average value, which is the benchmark
value included in E). Event 4 even reflects a better model skill with E = 0.81. Similar to the
calibration events, peak discharge is represented well even for the events considered for
validating the model. For both types of events, i.e., calibration and validation, the differ-
ences in peak runoff are within the range £3% (except for event 1, for which the difference
amounts to 7%), which we view as a very good coincidence. Hence, we assume that the
model is successfully calibrated and validated according to the split-sample test and that it
has predictive skill for events not considered in the calibration procedure.

Figure 5 compiles a series of maps that show the spatio-temporal distribution of surface
water in the study area. This visualization helps to analyze whether the model is also
realistic in terms of runoff routing on the surface. In contrast to other models that utilize
a unit-hydrograph or similar parametrizations to compute runoff concentration, explicit
kinematic surface water routing is used instead. The temporal evolution of maps highlights
how water is routed via the swales from east to west towards the intake structure (for which
runoff measurements exist). Since no water level observations are available for the events,
this figure is at least helpful for checking whether the model shows a realistic surface
routing. The sequence of maps suggests that the model reflects a plausible surface routing.
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Figure 5. Spatial distribution of surface water depth for different time steps of event #1 (June 2011).
Maximum runoff occurs around 22:15.

3.3. The Role of Trees in Pluvial Flooding

Finally, the role of trees in runoff generation is analyzed through comparing the runs
from Figure 4 with corresponding runs, which have been conducted without trees. Table 5
compiles the most important characteristics for each of these event-based comparisons.
For each event, the deactivation of trees is quantified in terms of (i) increase in maximum
runoff, (ii) the increase in volume and (iii) its relative change, for both.

Table 5. Results of the model experiments considering runs with and without trees. The values
indicate the increase in peak runoff and volume if trees are not included in the simulation.

Event Quarter Scale Tree Scale (Avg.)
ven
Amaxg[L/s] Amaxg[%] A Volume[L] A Volume[%] Amaxg[L/s] Amaxg[%] A Volume[L] A Volume [%]
#1 83 25% 368,550 15% 0.135 0.04% 603 0.02%
#2 96 27% 432,141 18% 0.156 0.04% 707 0.03%
#3 104 17% 409,373 11% 0.170 0.04% 670 0.02%
#4 57 19% 332,064 15% 0.093 0.03% 543 0.02%

The differences in peak discharge at the quarter scale range between 17% and 27%
and, therefore, exceed the differences between observed and modeled peak runoff for all
events. Predicted changes in peak runoff associated to changes in tree coverage therefore
clearly exceed the inaccuracy in predicting model discharge by one order of magnitude.
The values are highest for events 2 (27%) and 1 (25%), while they are lower but still in the
order of 15-20% for events 3 and 4. Likewise, the changes in volume reach up to 18% for
event 2 if trees are not included. Similar values are reached for event 1 and 4 (15%), and for
event 3 (11%). These rates of change demonstrate that the coverage of trees, though no
dominant land use fraction, is important to retain water during heavy rainfall events.

The average tree-scale values are remarkable: Peak runoff is reduced by 0.139 £ 0.033 L/s
for all events. Even though the corresponding relative contribution in reducing peak runoff
is small (~0.04%), the average value of 0.139 & 0.033 L/s is still a tangible result. In terms of
volume, the relative contribution for each tree is also small (~0.02%). However, the average
difference in volume computed for each tree (631 & 73 L) is higher than the value one might
expect from just considering maximum interception capacity: the average projected area
of an average tree amounts to 43.95m?. Given an interception capacity of ~10 mm yields
439.5 L of intercepted water for each tree (439.5 L-611 = 268,535 L for all 611 trees). This
volume is only ~70% of the volume differences achieved from comparison of the modeling
experiments. A reason for this higher retention could be attributed to the non-linearity
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in the model. Intercepted water does not contribute to infiltration and surface runoff,
respectively. However, in case of absent trees more water will turn into surface runoff that
even affects areas downhill from the considered area without trees. More surface runoff in
downstream areas, which are laterally connected, even potentially exceeds the infiltration
capacity. This is especially true during peak rainfall intensities, which, in turn, highlights
the relevance of trees.

Indeed, the percentage described here depends on the rainfall event in terms of magni-
tude. Hence, the relative contribution is lower for higher rainfall intensities. This is especially
relevant, since it is expected that climate change might lead to increasing rainfall intensities.
The return periods considered here do not represent extreme values, but they are typical
values considered in urban drainage planning and associated guidelines (e.g., DIN EN 752
(DIN EN 752:2017-07 Drain and sewer systems outside buildings—Sewer system manage-
ment)). Thus, our findings highlight that each tree contributes to reduce peak discharge in an
quantifiable way, whilst being tangible for stakeholders.

3.4. Limitations

The accuracy of hydrological model outputs highly depends on the rainfall data.
A major uncertainty in modeling hydrological response in urban areas is related to spatio-
temporal rainfall variability [47]. Rainfall variability occurs below 1 km? and therefore can
not be resolved by operational radar networks. For modeling fast responding catchments,
a higher density of rain gauges is required [48,49]. Furthermore, no information about the
initial soil saturation is available that can be taken into account. However, we can make
assumptions based on the precipitation conditions of the previous days.

Urban soils are highly heterogeneous, due to compaction, sealing and other anthro-
pogenic impacts, where there is a lack of data on their spatial distribution. Additionally, the
used soil dataset in this study is limited on spatial variability, and therefore probably does
not represent reality in accurate detail. Furthermore, we used a simple one layer approach,
which might simplify the infiltration processes. Due to disturbed compacted soils and
porosity reduction in urban areas, infiltration rates can be very low [50,51]. We reduced
the given porosity according to literature (0.453 for sandy loam) [34] to 0.3. Even though
we assume a porosity reduction due to urban soil compaction, we decided not to calibrate
this parameter because of the availability of principle data from feasible literature. Other
possible parameters that could be calibrated are further terms of the Brooks—Corey reten-
tion curve, such as the porosity decay or adjustments to the retention curve through the
provision of value pairs of volumetric soil moisture and matrix potential, respectively [30].
Salvadore et al. [8] also suggest new techniques in calibration that are not only based on
curve fitting at single locations, but also spatial distributed indices.

Likewise, uncertainties in the measurement should not be disregarded as a possible
source of error since the urban hydrology system is highly complex with lots of uncertainties
and not yet completely understood [8]. For instance, in Vauban the throughfall is measured
with a tipping bucket rain gauge. Compared to standard rainfall measurements, throughfall
measured this way is subject to higher maintenance (regular removal of leafs and needles),
which needs to be considered as additional uncertainty in calculating interception with a
simple bucket model. Errors in modeling and measurements are both possible. Especially
for urban hydrology, data availability is limited and more measurements and open datasets
(e.g., the Bellinge dataset [52]) are needed for calibrating models [8,53]. Besides level and
runoff data, also more measurements of interception and infiltration should be collected to
improve the urban hydrology system and thus modeling in this field.

4. Conclusions and Outlook

With respect to the two research questions raised in this paper, the major findings
can be summarized as follows: The results suggest that our modeling approach is capable
of representing both interception and surface runoff in a single model structure with a
sufficient level of detail. This has been demonstrated by a good correspondence of modeled
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and measured runoff data and interception, respectively. Moreover, the model is able to
quantify the contribution of single trees to mitigate effects of pluvial flooding at the quarter
scale, at least on average.

The single contribution of each tree to reduce the flood peak (i.e., 0.139 £ 0.033 L/s)
is site-specific, as it depends upon area size and tree coverage. Thus, the reduction in
peak discharge cannot be transferred from one site to another. Whereas, the modeling
approach can enable a transfer to other sites, since the comparison of observed and modeled
interception and runoff, respectively, underlines a skillful representation runoff generation
processes. At least, re-calibrating soil parameters is recommended if data is available.
However, the site-specific single contribution of each tree is viewed as a tangible value,
one that approximately corresponds to retaining a volume corresponding to one cup of
coffee per second. This value could be computed likewise for arbitrary study areas with the
approach described in this paper and communicated to stakeholders to make them aware of
the role of trees in general and that every single tree is significant in flood mitigation at the
quarter scale. Since the model is viewed scenario-capable, different levels of tree coverage
or higher rainfall intensities could be studied likewise with LEAFlood. Furthermore, urban
trees can store a greater amount of water in comparison to natural forest trees, since they
tend to have a more circumference growth and thus a greater potential of water storage
capacity [54]. With this outcome, new approaches in the assessment of flood regulating
ecosystem services for heavy rainfall events in urban areas can be developed.

Unlike other hydrological models and studies that recommend a resolution of 3 to
5 m for an adequate representation of the urban structure [55], the one used here is based
on irregular polygons. Comparisons with a raster approach have shown no improvement
in the results, therefore a triangle or raster approach is not necessary. This significantly
reduces the computation time and features the preparation of the modeling domain with
standard GIS tools. The programming based structure of CMF provides the possibility
to couple the hydrological model with other models [56] to include dynamic interactions
with surrounding environments of climate, land use, ecosystems and society. LEAFlood
is ready to be adopted for other research questions. For instance, the evapotranspiration
could be included for longer or intermittent rainfall events. This can be an important tool
for informing decision makers and urban planners in the future, in order to understand
and evaluate systems holistically.
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