& frontiers | Frontiers in Water

‘ @ Check for updates

OPEN ACCESS

EDITED BY
Evan G. R. Davies,
University of Alberta, Canada

REVIEWED BY

M. Sadegh Riasi,

University of Cincinnati, United States
Mohamed Abdelmoghny Hamouda,
United Arab Emirates University, United
Arab Emirates

Siddharth Saksena,

Virginia Tech, United States

*CORRESPONDENCE
Thea WUbbelmann
thea.wuebbelmann@hereon.de

RECEIVED 27 October 2022
ACCEPTED 22 May 2023
PUBLISHED 15 June 2023

CITATION

Wuibbelmann T, Forster K, Bouwer LM,
Dworczyk C, Bender S and Burkhard B (2023)
Urban flood regulating ecosystem services
under climate change: how can Nature-based
Solutions contribute? Front. Water 5:1081850.
doi: 10.3389/frwa.2023.1081850

COPYRIGHT
© 2023 Wubbelmann, Forster, Bouwer,
Dworczyk, Bender and Burkhard. This is an
open-access article distributed under the terms
of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction
in other forums is permitted, provided the
original author(s) and the copyright owner(s)
are credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted which
does not comply with these terms.

Frontiersin Water

TvPE Original Research
PUBLISHED 15 June 2023
pol 10.3389/frwa.2023.1081850

Urban flood regulating ecosystem
services under climate change:
how can Nature-based Solutions
contribute?

Thea Wubbelmann®?*, Kristian Férster®4, Laurens M. Bouwer?,
Claudia Dworczyk?, Steffen Bender! and Benjamin Burkhard?®>

!Climate Service Center Germany (GERICS), Helmholtz-Zentrum Hereon, Hamburg, Germany, ?Institute
of Physical Geography and Landscape Ecology, Leibniz University Hannover, Hanover, Germany,
*Institute of Hydrology and Water Resource Management, Leibniz University Hannover, Hanover,
Germany, “Institute of Ecology and Landscape, Weihenstephan-Triesdorf University of Applied Sciences,
Freising, Germany, °Leibniz Centre for Agricultural Landscape Research ZALF, Muncheberg, Germany

Urban areas are mostly highly sealed spaces, which often leads to large
proportions of surface runoff. At the same time, heavy rainfall events are projected
to increase in frequency and intensity with anthropogenic climate change.
Consequently, higher risks and damages from pluvial flooding are expected. The
analysis of Flood Regulating Ecosystem Services (FRES) can help to determine
the benefits from nature to people by reducing surface runoff and runoff peaks.
However, urban FRES are rarely studied for heavy rainfall events under changing
climate conditions. Therefore, we first estimate the functionality of current urban
FRES-supply and demand under changing climate conditions. Second, we identify
the effects of Nature-based Solutions (NbS) on FRES-supply and demand and
their potential future functionality and benefits concerning more intensive rainfall
events. A district of the city of Rostock in northeastern Germany serves as the
case study area. In addition to the reference conditions based on the current
land use, we investigate two potential NbS: (1) increasing the number of trees;
and (2) unsealing and soil improvement. Both NbS and a combination of both
are applied for three heavy rainfall scenarios. In addition to a reference scenario,
two future scenarios were developed to investigate the FRES functionality, based
on 21 and 28% more intense rainfall. While the potential FRES-demand was
held constant, we assessed the FRES-supply and actual demand for all scenario
combinations, using the hydrological model LEAFlood. The comparison between
the actual demand and supply indicates the changes in FRES-supply surplus and
unmet demand increase. Existing land use structures reached a FRES capacity
and cannot buffer more intense rainfall events. Whereas, the NbS serve FRES
benefits by increasing the supply and reducing the actual demand. Using FRES
indicators, based on hydrological models to estimate future functionality under
changing climate conditions and the benefits of NbS, can serve as an analysis and
decision-support tool for decision-makers to reduce future urban flood risk.
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FIGURE 7
Map of the FRES-actual demand change.

it raises the potential infiltration capacity. In addition, it delivers The combination of both NbS partially improved the FRES
further ES such as supporting groundwater recharge, improving  compared to the individual measure NbSye. and influenced the
biodiversity, and enhancing climate regulation. supply in particular. For the rainfall scenario F2 (428%), both,
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FIGURE 8
Area weighted FRES-actual demand change by the NbS and rainfall scenarios over the different land uses.

the NBStree and NbScompined> seem to reach their supply capacity
because no significant increase was detected (Figures 5, 6) and also
the supply timeline showed a similar level for both rainfall scenarios
(Figure 4), while the actual demand increased (Figures 7, 8).

Using extreme events to evaluate adaptation measures shows
the limited effects of NbS due to exceeded retention capacities.
However, testing the future functionality of NbS under extreme
events is necessary due to projected frequency and intensity
increase of extreme events. Regardless of this fact, NbS still decrease
the runoff and have a retention effect, but their relative contribution
is smaller as the rainfall intensities increase. This is shown by
the same mean FRES-actual demand indication of F2 for NbS,,
NbStree, and NbSypseating (Figure 7). Single NbS are not able to
prevent an actual demand increase, only the combination of NbS
have the potential to decrease the actual demand. However, the
mismatch analysis (Figure 9) showed a higher supply increase for
the NbS, which indicates a surplus of water in the ecosystems.
This can support the sewer system and be used for other
ecological processes such as cooling by evaporation. The model
results show that the main impacts of the NbS are local where
elements were implemented, such as on traffic and green areas.
FRES improvement for settlements, urban areas, and industry
without these elements was not determined. Consequently, it
can be said that single localized adaptation measures with few
elements are probably not sufficient (Smets et al., 2019). Trees
will help to reduce flooding caused by heavy precipitation that
may occur under an RCP 8.5 partly, but flooding cannot be
avoided by one single ecosystem-based adaptation measure, only.
Furthermore, the NbS have synergy effects and co-benefits on other
ecosystem services and are not only positive for flood regulation
but also for biodiversity, urban climate regulation, pollination,
and recreation.
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4.2. Uncertainties and limitations of the
approach

We used the sCC relation to scale future possible extreme
events. Although this is a simple qualitative approach, we
consider it a valid approximation and indication of the future
direction. It is an alternative to climate modeling, which
currently does not provide reliable results on local and short-
duration precipitation projections, but non-hydrostatic models
are under development (Lenderink and van Meijgaard, 2008;
Westra et al., 2014; Manola et al., 2018; Dahm et al., 2019).
For a sensitivity analysis of ecosystem services, the (super-)
Clausius-Clapeyron scaling is an appropriate method and was
also used by Lenderink and Attema (2015) for climate scenario
analysis. Originally, the sCC is the scaling of precipitation
using the dew point temperature following local convective
atmospheric processes, which leads to more robust results than
the temperature. However, since no detailed information was
available, we used the temperature scaling approach under the
assumption of a linear temperature - dew point rising of
1°C (Lenderink et al., 2011). Yet, it is unclear whether the
scaling approach of sCC is transferable to regions with higher
temperatures (above 24°C) (Westra et al., 2014; Lenderink et al.,
2017).

We did not consider drier soil conditions in future
climate scenarios, to keep the model as simple as possible
in this phase. However, projected longer and more intense
dry periods in combination with higher temperatures will
cause a decrease in soil moisture in some regions in future
(Holsten et al., 2009; TPCC, 2021). Parched soils can absorb
less water and have a low infiltration rate, which reduces flood
regulation by soils, lead to higher surface water levels, and will
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FIGURE 9
Map of the FRES budget of supply and actual demand change.
consequently cause higher actual demand (Liu et al, 2011). We have adopted a simplified methodological approach for the

With the current set-up of LEAFlood, we cannot capture such  unsealing of the NbSyyeqling. Entire road sections were unsealed
an effect. instead of separating smaller areas, which in reality would be the

Frontiers in Water 14 frontiersin.org


https://doi.org/10.3389/frwa.2023.1081850
https://www.frontiersin.org/journals/water
https://www.frontiersin.org

Wubbelmann et al.

10.3389/frwa.2023.1081850

0.8

0.6

0.4

0.2

-0.2

0.4

-0.6

Forest  Green Area Industry

®BasisF1.5 M Basis F2 Tree FO

B Unsealing F1.5 B Unsealing F2

FIGURE 10

11 1 .
R SRR

Settlements Traffic Area

mTree F1.5
Combined FO ® Combined F1.5 m Combined F2

Area weighted FRES budget of supply and actual demand change by the NbS and rainfall scenarios over the different land uses.

)seaoul Ajlddns

)JOUl pUB WP

S

Urban Water Woodland Total

Density

M Tree F2 Unsealing FO

case with green stripes. The applied NbS aim for maximized green
infrastructure, neglecting the possible implementation. This could
be investigated in detail in the next step. Furthermore, we did
not consider soil improvement by the NbSiee. Rooting loosens
the soil and improves infiltration (Smets et al., 2019). Indeed,
only small open areas are created along roads and the soils are
very compact. Therefore, taking soil improvement at tree pits
into account would probably not have large effects. Moreover, the
results of the unsealing measure and the combination of trees and
unsealing already showed that the actions only have minor effects.

The used hydrological model LEAFlood quantified three
indicators. Modeling is always only a simplification and reflection
of reality and therefore input data are always event (e.g., saturated
depth) and site-specific (e.g., Manning n, saturated conductivity, or
vegetation parameters). In the absence of on-site measurements—
which is common for most urban areas—we relied on plausibility
checks based on on-site inspections from past events. Additionally,
we refer to literature, modeling, and measurements from other
areas. The comparative study by Medina Camarena et al. (2022)
showed a good match between modeled results with LEAFlood and
observation data in terms of interception and surface runoff. Even
though the Green-Ampt infiltration and kinematic wave surface
flow are simplified physics-based approaches, they are common
approaches in estimating flooding extent, and their applicability
in LEAFlood has been demonstrated in Medina Camarena et al.
(2022). LEAFlood is also capable of using the diffusive wave
approach at the expense of higher computational costs and higher
requirements of spatial resolution.

The demand might be overestimated because the urban
drainage system was not taken into account. However, this does
not influence the FRES-supply. Since this study (1) focuses on the
contribution of the natural ecosystem to flood regulation and (2)
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investigates the high rainfall intensities that typically exceed the
capacity of urban drainage systems, this limitation is acceptable.

Furthermore, the ES classification on the event scale eliminates
some effects and details regarding temporal resolution. The
maximum or 90%-quantile over the event duration was considered,
and hence features, in particular throughout the event, are
aggregated through statistical summarization and classification.
The concept is thus static and the temporal course, which is
important in flood regulation for reducing and shifting peak
discharges, is summarized in simple ES indicators. Therefore, it is
also important to examine the model results and absolute values,
which is why we have additionally consulted the time series.

The ES concept serves as a communication tool with simplified
indicators. It highlights the supply of ecosystems, rather than
focusing on flood hazards only (European Parliament, 2007;
Oppenheimer et al, 2014). The mismatch analysis of FRES-
supply and demand has the advantage of (1) quantifying the
contribution of natural ecosystems to flood regulation, and (2)
identifying missing FRES-supply in hotspots with high actual
demand (Dworczyk and Burkhard, 2021).

Concerning the higher rainfall intensities due to climate
change, the mismatch analysis helps to highlight areas where the
actual demand increases more due to higher surface water than
the provided water retention by natural ecosystems. By taking
the FRES-supply into account, a value is attributed to the natural
ecosystems, and adaptation measures such as NbS can be tested
regarding their sufficiency and long-term effectiveness to reduce
flood hazards and consequently the actual demand. Therefore, the
FRES framework provides a useful tool for testing the potential
functionality of NbS under changing climate conditions. This study
did not include feedback from stakeholders and decision-makers.
However, involving stakeholders in future research approaches
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can improve the FRES framework and will be beneficial for the
identification of stakeholder needs, the science-praxis dialogue, and
the practical application of NbS in urban planning (Grunewald
etal., 2021).

4.3. Outlook

In this article, we have shown the benefits and contributions
of single NbS measures under increasing rainfall events due to
climate change by examining indicators of canopy interception
and soil water storage for the supply and surface water depth as a
component of the actual demand. Another interesting additional
indicator to estimate the effects of the NbS measures and the
climate change projections would be the flow velocity. High
velocities can cause high damage and are therefore interesting for
the estimation of FRES-demand impacts.

To further improve the flood regulating ES, other NbS, like
green roofs, or a combination of different adaptation measures
should be tested and is probably needed to sustainably deal with
future extreme events (Zolch et al,, 2017). Green roofs tend to
have a large effect on annual stormwater runoff and peak runoffs
(Bengtsson, 2005), while the retention for extreme events is small
(Stovin et al., 2013). LEAFlood can consider green roofs either in
a simple way as land use with appropriate soil settings (Medina
Camarena et al., 2022) or can be further developed and connected
with the detailed CMF model setup of green roofs by Forster et al.
(2021). Additionally, a sensitivity analysis of the NbS could be
conducted to improve the understanding of their performance and
the impact of changing input on the model performance.

Before bringing these or other adaptation measures into
practice, a feasibility study for practical application needs with
stakeholders has to be carried out. The NbS and how they are
applied here are theoretical concepts aiming for a maximized green
infrastructure. For instance, a tree cover of 30 % cannot be realized
over all traffic areas. Likewise, it is not necessarily possible to
unseal all traffic areas by implementing green strips, nor to increase
saturated conductivity by improving soil conditions.

We tested different rainfall scenarios and land use measures,
while the potential demand was held constant. However,
demographic change, urbanization, and digitalization will change
future demands, and there is still a lack of analysis on the ES
demand side (Campagne et al.,, 2020). For instance, Mori et al.
(2022) analyzed the temporal dynamics of the FRES budget for
a catchment basin by land use/land cover changes from 1990 to
2018. Therefore, another future task would be to test different
demand scenarios by adjusting the potential demand indicators
and assessing the increasing vulnerability to more intense rainfall
events using the ecosystem services concept.

Finally, policy and decision-makers need better guidance tools
that apply comprehensive and holistic approaches and highlight the
synergies and benefits of NbS or ecosystem-based adaptations to
support sustainable urban development (Zolch et al., 2018).

5. Conclusion

FRES assessment focuses on fluvial floods in rural catchments
under current hydrological conditions. We assessed the future
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functionality of urban FRES under more intense heavy rainfall
events in urban areas. Additionally, we estimated the benefits and
contribution of NbS to urban FRES under current and possible
future rainfall events to improve the evidence on the performance
of NbS for climate change adaptation. Therefore, we quantified
FRES indicators based on outputs of a coupled 2D hydrological-
hydrodynamic model LEAFlood.

Our results show that existing ecosystems have already reached
a supply capacity. Higher extreme events led to an increase in
actual demand, which exceeded the supply. The applied NbS—in
particular trees and combined NbS—enhanced the FRES-supply.
They partly increased the FRES-supply and reduced the flood
hazard and consequently the actual demand under today’s rainfall
events. Although they could not prevent an increasing actual
demand for more intense rainfall events, the supply increase was
still higher than the actual demand increase. Indeed, the actual
demand increase was lower compared to scenarios without NbS.
This confirms the positive contribution of NbS to future flood
regulation, which is worth being acknowledged here. However, as
both types of NbS were applied on the same land uses (mainly
traffic areas and green areas), we suggest implementing a full set
and combination of green infrastructure on different sites, such
as settlements.

Our indicator-based approach, comparing each scenario to a
reference scenario, appears to be appropriate to estimate the long-
term change and development of ES functions. The identification
of FRES-supply and demand changes due to climate change and the
benefits of NbS is a useful visualization and quantification tool for
urban planning to identify mismatches in changes. This is helpful
to make decision-makers aware of areas where natural ecosystem
services are missing. The outline method could lead to a more
holistic view of the design of NbS in sustainable city planning.
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