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ARTICLE INFO ABSTRACT
Keywords: The use of nature-based solutions (NbS) to address the risks posed by hydro-meteorological hazards have not yet
Nature-based solutions become part of the mainstream policy response, and one of the main reasons cited for this, is the lack of evidence

Climate change
Landslides

River flooding

Surface flooding
Stakeholder engagement

that they can effectively reduce disaster risk. This paper addresses this issue, by providing model-based evidence
from five European case studies which demonstrate the effectiveness of five different NbS in reducing the
magnitude of the hazard and thus risk, in present-day and possible future climates. In OAL-Austria, the hazard is
a deep-seated landslide, and the NbS analysed is afforestation. Modelling results show that in today’s climate and
a landcover scenario of mature forest, a reduction in landslide velocity of 27.6 % could be achieved. In OAL-
Germany, the hazard is river flooding and the NbS analysed is managed grazing with removal of woody vege-
tation. Modelling results show that the NbS could potentially reduce maximum flood water depth in the near-
future (2031-2060) and far-future (2070-2099), by 0.036 m and 0.155 m, respectively. In OAL-Greece, the
hazard is river flooding, and the NbS is upscaled natural storage reservoirs. Modelling results show that in a
possible future climate the upscaled NbS show most potential in reducing the total flooded area by up to 1.26
km?. In OAL-Ireland, the hazard is surface and river flooding, and the NbS is green roofs. Results from a modelled
upscaling analysis under two different climate scenarios show that both maximum flood water depth, and total
flooded area were able to be reduced. In OAL-UK, the hazard is shallow landslides, and the NbS is high-density
planting of two different tree species. Modelling results under two different climate scenarios show that both tree
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species were able to improve slope stability, and that this increased over time as the NbS matured. The signif-
icance of these results is discussed within the context of the performance of the NbS over time, to different
magnitude events, impact with stakeholders in engendering wider support for the adoption of the NbS in the
OALs, and the uncertainty in the modelling analyses.

1. Introduction

As the world continues to warm, natural hazards such as flooding,
landslides, wildfires, and other weather and climate-related hazards, are
increasing in frequency and magnitude around the world [1]. Tradi-
tionally, the response to the management of such natural hazards has
emphasised grey (hard) engineering solutions. In recent years, however,
there has been growing interest in the use of nature-based solutions
(NDS) to try and reduce the risk posed by such hazards [2-9]. In relation
to climate change more generally, NbS have been proposed both in a
climate mitigation [10-15] as well as an adaptation context [16-18].
For example, NbS (or nature-based climate solutions) are essential in
order to be able to achieve the goals of the Paris Accord [19], but also
need to play a major role in attaining carbon neutrality at the city level
[20,21].

NbS have been variously defined [22,23] but essentially constitute
‘actions that involve people working with nature, as part of nature, to address
societal challenges, providing benefits for both human well-being and biodi-
versity’ [24]. This multifaceted quality of NbS in providing co-benefits,
in contrast to hard engineering solutions, is one aspect that makes
NbS particularly attractive, given that there are many different factors
(and actors) at play in generating any risk. The response can address
multiple factors, and ideally not exacerbate other factors thus providing
scope for more intelligent and sustainable solutions to climate-related
hazards [25,26].

There is a growing body of evidence which demonstrates that NbS
can indeed be effective in reducing the risks posed by various hazards
[27-33], yet despite this, and their promotion and support at high policy
levels, NbS have still not entered the mainstream. Indeed, a number of
recent papers have cited the relative lack of evidence of their effec-
tiveness in general, and vis-a-vis traditional grey solutions in particular,
as being one of the main barriers to their wider uptake and imple-
mentation [34-39]. In addition to barriers related to their acceptance
[40,41].

Another aspect which is of importance when considering the relative
performance of NbS and traditional grey engineering solutions, is the
cost-effectiveness and associated level of protection they may offer e.g.
for a given return period event [42-45]. There are studies which have
demonstrated that NbS can be more cost-effective than grey solutions,
but this can depend on the time period over which the economic costs
and benefits are considered [46], as well as the inclusion of co-benefits
[47,48].

Moreover, there is a general dearth of evidence for the effectiveness
of NbS in reducing risk over longer periods of time (at least a decade),
and particularly in the context of climate change. Arkema et al. [49]
were able to show that intact coral reefs and coastal vegetation on the US
coast, would be able to reduce the risks associated with coastal flooding
under five different future sea-level rise scenarios. Walters &
Babbar-Sebens [50] used climate projection data to analyse the effec-
tiveness of additional wetland areas in reducing peak flows and flooding
in the Eagle Creek watershed in Indiana, USA, for both the present-day
and a future climate period. They were able to show that the introduc-
tion of new wetland areas within the watershed might be able to reduce
peak flows in both time periods, by 17.6 % in the present-day, and by
18.8 % in the future time period. Spyrou et al. [51] also use climate
projection data to analyse the effectiveness of a natural water retention
NbS over the 21st century and were able to show that the NbS was able
to reduce maximum water depth, and reduce the area of land flooded.
This lack of evidence is important because investment decisions in

relation to NbS should also consider their sustainability which includes
the design lifetime of a particular intervention, in comparison to any
grey solutions. This is particularly important within the context of
economic development and the opportunity cost that bad investments
represent [52]. Moreover, if we seek to establish the use of NbS more
widely and for them to realise their potential in reducing risk, then this is
a challenge which needs responding to.

In this paper, we aim to address this research gap by presenting
model-based evidence from five case studies carried out in the EU Ho-
rizon 2020 funded project OPERANDUM, where the effectiveness of five
different NbS in reducing risk posed by river flooding, and deep- and
shallow-seated landslides, have been tested in both the present-day, and
possible future climates.

2. The OPERANDUM project

‘OPEn-air laboRAtories for Nature baseD solUtions to Manage hydro-
meteo risks’ (OPERANDUM), was an innovation action project funded
by the European Commission’s Horizon 2020 Environment and Re-
sources programme. The overall aim of OPERANDUM was to provide
evidence of the effectiveness of a wide range of NbS to reduce hydro-
meteorological risks at catchment level. Working in seven European
open-air laboratories (OALs), in Austria, Finland, Germany, Greece,
Ireland, Italy, and the UK, a wide range of NbS were developed,
implemented, and tested in-situ, to investigate their effectiveness in
reducing risks associated with flooding, drought, water quality, deep
and shallow landslides, and coastal erosion. All the results from the
OPERANDUM project are available on the project information and
knowledge portal the Geo-IKP (https://geoikp.operandum-project.eu/).
A major innovation in OPERANDUM was the combination of monitoring
the in-situ NbS with modelling studies, where the effectiveness of the
NbS in reducing hydro-meteorological risk, both in the present-day and
possible future climates could be tested. As such, the modelling studies
in OPERANDUM address a significant gap in the literature, and the
evaluation of the performance of the NbS in reducing risk, is the focus of
the work presented here. Of the five case studies, OAL-Greece and OAL-
Ireland represent examples of upscaled NbS and the potential this may
bring to reducing the hazards.

3. Case study open-air laboratories

Five different NbS were investigated in five different open-air labo-
ratories across Europe, and these are summarised in Table 1, while the
location of the OALs is shown in Fig. 1. Background information on the
hazards and NbS in the OALs is now described in turn.

Table 1
Summary of the hazard addressed and type of NbS investigated in each of the
case study OALs.

OAL-Austria OAL- OAL- OAL- OAL-UK
Germany Greece Ireland
Hazard  Continuously River River River Shallow
moving deep- flooding flooding flooding landslides
seated
landslide
NbS Afforestation Managed Flood Smart High-
grazing storage green density
reservoirs roofs plantation of

live branch
cuttings
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3.1. OAL-Austria

OAL-Austria (OAL-AT) comprises a continuously moving deep-
seated landslide and its hydrological sub-catchment of about 5 km?
ranging from 750 to 2200 m a.s.l. It is located on an east-facing slope at
the entrance of the Watten valley in Tyrol, Austria (Fig. S1). The
currently active landslide covers an area of 0.25 km? in the lower part of
the slope and its shear plane is located at a depth of around 48 m below
the surface. The landslide moves with an average velocity of about 4 cm/
yr and shows phases of acceleration caused by enhanced groundwater
recharge after prolonged rainfall and snow melt in the upslope catch-
ment area [53,54]. In OAL-AT, these movements - and in particular
differential surface deformation - cause severe damage to the buildings
and infrastructure on top of the landslide, which may finally lead to
abandonment [55,56]. In this light, the effectiveness of NbS for miti-
gating the risks of this continuously moving deep-seated landslide were
investigated.

However, due to the enormous depth of the Vogelsberg landslide
(around 48 m), NbS aiming at direct soil reinforcement (e.g. slope sta-
bilisation with deep-rooting plants, live-anchors or related NbS, see
OAL-UK in section 4.5) are not fitting the purpose in case of OAL-AT.
Instead, measures reducing the hydrological driver of the landslide
must be chosen. Technical mitigation measures aiming at reducing the
pore water pressure in the sliding mass have proven successful for
reducing the activity of deep-seated landslides [57,58]. Such typically
grey measures (e.g. drainage trenches, tunnel- or borehole-aided
deep-drainages) can be cost-intensive, energy-demanding, limited in
life-time and require continuous maintenance. NbS aiming at reducing
groundwater recharge on the other hand could provide a sustainable and
long-term alternative. In particular, the hydrological effects of
well-managed forests (enhanced interception, root water uptake and
transpiration) on the activity of deep-seated landslides is still an
underexplored component bearing a high mitigation potential, and this
is what we investigate in this case study with a number of different
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landcover management scenarios, which are described in the supple-
mentary material.

3.2. OAL-Germany

OAL-Germany is located in the Biosphere Reserve Lower Saxony Elbe
Valley and is characterised as being a near-natural and species-rich
landscape with floodplains with flood channels and old water lakes.
Climate change is resulting in an increased occurrence of extreme pre-
cipitation across various regions, leading to a rise in both the frequency
and severity of floods [59]. Riparian areas in Europe, such as the region
of the OAL-Germany, are at an increased risk of flooding. OAL-Germany
has experienced major flooding events in recent years, with significant
flooding events in 2002, 2011, and 2013. In order to try and reduce the
impact of such flooding events, a programme of cooperative floodplain
management has been implemented by the local authorities, and as part
of that there is a desire for existing floodplains to perform more effec-
tively. Over time, vegetation along the riverbank grows, accumulates
locally, and together this serves to slow down the rate at which water
can exit the main channel. A NbS was implemented in winter
2014/2015, which saw the mechanical removal, cut-back, and clearing
of woody vegetation along the riverbank in selected areas. This was
combined with the use of various grazing animals, whose function was
to prevent the regrowth of woody vegetation by consuming any
regrowth, thus helping to maintain a more rapid flow onto the flood-
plain during times of flooding. In this case study we investigate the use
of this NbS to try and reduce the hazard both for the present day climate,
and for different possible future climates, which is described in more
detail in the supplementary material.

3.3. OAL-Greece

The Spercheios river morphology, in combination with local heavy
rainfall and riverbank overflow due to flood water from upstream, as
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Fig. 1. Location of the five open-air laboratories (OALs), where the modelling case studies have been carried out: Austria, Germany, Greece, Ireland, and the UK.
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well as the snowmelt in the upstream mountain areas, leads to flooding
events mainly from October to May (Fig. S3). Such flooding events pose
risk to human life, loss of crops and livestock, cause damages to prop-
erties and infrastructure, as well as difficulties in transportation, which
under a changing climate are projected to increase [60]. In order to try
and reduce these risks, a flood storage reservoir NbS has been imple-
mented, leading to a reduction in flooded area, and water depth (Fig. S3,
[51,61]). These modelling and monitoring results have demonstrated
the effectiveness of the NbS in helping to reduce the risk of flooding and
has stimulated interest in upscaling this NbS in order to try and achieve
an even greater reduction in flooded area and water depth downstream.
The construction of the reservoirs is achieved by restoring and stabilis-
ing the river banks, cleaning the bed material load, and widening the
river bed. The first NbS at Komma has a storage capacity of approxi-
mately 600,000 m3, and the second new one at Zilefto has a storage
capacity of approximately 30,000 m® (Fig. $3). As such, the upscaling
consists of increasing the number and not the size of the NbS. This
approach is adapted to the conditions in the catchment, because there
simply isn’t room for larger NbS, given the proximity of the river to
assets. In this case study we describe results from a modelling case study
which investigates the additional benefit that adding a second NbS at
Zilefto may bring in reducing flooded area and water depth, under the
current and a future possible climate, which is described in more detail
in the supplementary material.

3.4. OAlL-Ireland

Extreme rainfall events, exacerbated by climate change and urbani-
zation lead to the generation of excess surface runoff resulting in more
frequent occurrence of flood events [62]. Fragmented land cover caused
by urban development have resulted in alterations to the hydrological
cycle [63]. The rate of surface runoff is dependent on various factors
such as topography, morphology, river network [64], and the rain-
fall-runoff relationship [65]. Karamage et al. [66] reported that rapid
urban expansion and agricultural intensification have resulted in an
increase in the volume of rainfall-runoff.

The city of Dublin has experienced significant urban growth and
development since the 1990s, with several major technology firms
having offices in the city [66]. The River Dodder is one of the most
important rivers in the Dublin area which originates in the Wicklow
mountains and meets the River Liffey in the city centre of Dublin
(Fig. S4). The River Dodder has a history of flooding and is known as a
river which responds quickly to a rainstorm event [67,68]. Over 300
properties surrounding the Dodder catchment were affected by severe
flooding when hurricane Charlie hit Dublin in 1986. Buyers behaviour in
the housing market was also affected by past flooding events in Dublin
[68].

Nature-based solutions (NbS) can potentially regulate the imbal-
ances in water caused mainly by climate change [69]. Implementation of
NbS in the form of parks, street trees, and urban green areas helps in
regulating flood events [70]. This case study uses a Soil Water Assess-
ment Tool (SWAT) to investigate the use of green roofs as a NbS to try
and reduce the impact of such flooding events in the city of Dublin, both
for the present day climate, and for different possible future climates,
which is described in more detail in the supplementary material.

3.5. OAL-UK

Following recent prolonged rainfall events, the braes (hillsides) in
Catterline Bay (Fig. S12) have recently experienced severe shallow
landslides. This is important because the local hamlet of Catterline sits
atop the braes, and as such there is a risk to property and life. In addi-
tion, past landslides blocked the only access road to the local beach and
pier, which had an impact on local economic activities such as fishing,
surfing schools, and tourism in general, but also prevented the local
community from accessing their main recreational asset, thus impacting
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negatively on people’s wellbeing and mental health. Under a changing
climate, the frequency and magnitude of such prolonged rainfall events
is expected to increase. As such, this represents a growing problem for
the local community. Conventional civil engineering and other soil
bioengineering techniques are not feasible to protect Catterline’s braes,
as these are very steep, hard to access, and lack workable earth mate-
rials. As such, nature-based solutions are needed in order to reduce the
risk posed by the landslides. To date, there has been relatively little
research undertaken on the hydrological and mechanical effect of
vegetation on stabilising slopes, and it is common to see vegetated slopes
fail following heavy rainfall, creating a negative perception around the
use of vegetation for this purpose. In this case study we investigate the
effectiveness of two woody plant species planted in high density from
live branch cuttings, in stabilising the slope over time, under two
different climate change scenarios, which is described in more detail in
the supplementary material.

4. Materials and methods
4.1. A common methodological workflow in the OALs

A common modelling workflow for the evaluation of NbS perfor-
mance in the different OALs was developed in OPERANDUM (Fig. 2a),
building on recommendations provided in the OECD Handbook on
constructing composite indicators [71]. The evaluation is based on
modelling case studies and resulting bio-geophysical variables, which
represent the effects of the identified NbS for mitigating the risks of the
targeted natural hazards. The developed workflow consists of seven
different steps which are summarised in Fig. 2a and described below.

The NbS operate on the bio-geophysical processes behind the natural
hazards and either modify their impact directly e.g. flood reservoirs for
lowering the water level, bio-engineering techniques for enhancing the
stability of shallow soils, or indirectly e.g. green roofs for retaining
rainfall and delaying runoff in flood-prone urban areas, or afforestation
for reducing groundwater recharge of continuously moving deep-seated
landslides. In order to include both principles in one workflow, the bio-
geophysical variables representing the interaction of the NbS on the
natural hazard process, were categorised into ‘actionable variables’ and
‘impact variables’. Actionable variables were defined as bio-geophysical
properties and processes at the landscape scale which are modified by
the NbS e.g. infiltration capacity and hydraulic conductivity of green
roofs, or evapotranspiration of forests. Impact variables were defined as
bio-geophysical properties and processes which may change in response
to the modification of bio-geophysical properties by deployed NbS and
which may mitigate risks e.g. the probability distribution of flood water
levels or landslide velocities. NbS designed to mitigate hydro-
meteorological risks focus on reducing the impacts of the related natu-
ral hazards, and therefore modify the actionable variables in order to
achieve a given impact.

The identification of actionable and impact variables for each NbS in
the first step of the workflow requires a process level understanding
which is typically based on previous monitoring campaigns [72,53]
and/or process-based modelling case studies [51,54]. Based on this
process level understanding, one or more suitable numerical experi-
ments can be designed in the second step, which must represent the NbS
effects on how natural hazards determine risks and include both
actionable and impact variables. In a third step, the required model
input (data and parameter values) are collected. After model applica-
tion, the resulting time series must be checked for plausibility and
validated in a fourth step. Based on the modelling results, one or more
suitable indicators for assessing NbS performance must be defined in the
fifth step. These indicators can be based on the previously defined
impact variables or model results which can act as proxies for them.
Furthermore, the indicators should meet several quality criteria [73,74]
and must be chosen with care. Ideally, they are developed together with
experts and stakeholders to make sure that the indicators are suitable for
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Fig. 2. (a) Seven-step workflow for evaluating the performance of NbS against HMHs based on modelling case studies and (b) examples for targets defined in order to

assess NbS performance based on a selected indicator against a baseline scenario.

the intended purpose and accepted by decision makers. In a sixth step
the defined indicators representing a baseline scenario are evaluated
against defined targets, transforming them into performance indicators.
In the presented case studies the baseline scenario refers to modelling
results without the NbS. A range of different targets can be defined,
depending on the selected indicator and its effects on a given land sur-
face process. They can be defined as certain reference levels which
should be reached, an increasing or decreasing trend, or an increase or
decrease in the variability of an indicator (Fig. 2b).

Finally, in the seventh step, comparing the simulated changes of an
indicator against the baseline scenario (without NbS), while considering
the defined target allows one to draw conclusions about the performance
of the NbS. The performance indicators need to capture first whether the
NbS implementation leads to the desired change or not, i.e. ‘does the
NbS work as designed?’. Then other performance indicators should
capture whether the NbS may trigger the intended impacts towards risk
mitigation. Related results should be presented visually in a clear and
accurate manner while communicating the most relevant information to
the target audience. This is an important step since it influences the
interpretability of the results by the target audience such as decision-
makers, policy makers and other end-users.

Table 2 provides summary detail on the steps of the workflow for the
different case studies. The work presented in the five case studies focuses
on the evaluation of the impact variables. Considerable effort was also
dedicated to the design of experiments which would also allow assess-
ment of the actionable variables, and this formed the basis for a lot of
monitoring activities within the OALs. Further information on the
modelling techniques applied in the OALs can be found in the supple-
mentary material.

4.2. Testing NbS effectiveness under present-day and different future
climates

In order to provide a suitable test of the effectiveness of the different
NbS under present-day and different possible future climates, a number
of different climate data sets were used, both observations and climate
model projections. For the observed data sets, different groups used

different data, which consisted of station data, E-OBS [80], or ERA5
[81], and specific detail is provided in the supplementary material. To
simulate the effectiveness of the NbS under different possible future
climates, climate projection data (EUR-11) from the EURO—CORDEX
project were used [82]. Ideally, the effectiveness of the NbS would be
tested by running model simulations with climate data from hundreds of
different possible future climates. However, given the resource con-
straints common in research projects a core ensemble of climate pro-
jections was selected from a much larger ensemble, in such a way that it
sampled as much of the uncertainty in the full ensemble as possible.
Details of the core ensemble members are given in Table 3.

These climate data were used by the different modelling groups to
simulate the effectiveness of the NbS, under two different emission
scenarios RCP4.5, and RCP8.5, whereby the RCP8.5 scenario was core,
and RCP4.5 was optional for the modelling groups. More detailed in-
formation on the approach that the different modelling groups took is
provided in the supplementary material.

5. Results

The effectiveness of the various NbS in reducing the hazards are
described for each OAL below.

5.1. OAL-Austria

Time series of simulated and cumulated subsurface runoff per
modelled land cover scenario and landslide velocity are shown in Fig. 3.
Comparing the time series shows overall good correlations between the
30-day running sum of subsurface runoff and landslide velocity. How-
ever, the amount of subsurface runoff varies between the scenarios. On
average and under present-day climate conditions the mean subsurface
runoff is estimated at 60.7 1/s. In a scenario of mature forest covering all
over the landslide catchment, the mean subsurface runoff is estimated at
34.81/s and therefore infers a potential reduction of the impact variable
by 42.5 %. The scenario considering pole timber covering open land,
which is currently not used for settlement or agricultural purpose, es-
timates a mean discharge of 54.7 1/s maintaining a reduction of the
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Summary detail of the unified methodological workflow outlined schematically in Fig. 2, for each OAL. The numbers in parentheses in column one indicate the step of

the seven-step workflow to which it relates.

OAL-Austria OAL-Germany

OAL-Greece

OAL-Ireland

OAL-UK

Actionable
variable (1)

Land cover type, LAJ, fractional
vegetation cover

Vegetation cover
(preventing regrowth of
woody vegetation)

Impact
variables (1)

Water balance components
(interception,
evapotranspiration, subsurface
runoff, groundwater recharge)
Pore water pressure, landslide
velocity

Process-oriented SVAT model
(LWF-Brook90) [75]

Flood water depth

Modelling
technique (2)

Hydrodynamic river model/
flood inundation model
(HEC-RAS [76]
Meteorological time series,
digital terrain model,
parameterization of land
cover (Manning’s
coefficient)

Model input (3) Meteorological time series,
parameterization of soil and
vegetation characteristics for

mapped HRUs

Time series of flood
inundation

Model results Time series of water balance
(&) components

Indicators (5) Groundwater recharge,

subsurface runoff, landslide

Flood water depth

velocity
Baseline Current land cover conditions Flooded area/inundation
performance and landslide activity depth and flood discharge
indicators without NbS (pre 2016)
6,7)

Decrease in flood
parameters: flood depth,
duration, inundation extent,
and flood peak with NbS
deployment (post 2016)

Reduction of subsurface runoff
and groundwater recharge
(negative trend), reduced
landslide velocity down to <1
cm/yr (reference level)

Targets (6,7)

Capacity of reservoir
(retaining runoff
during flood events)

Flooded area, flood
water depth

Hydraulic modelling
system [77]

Precipitation time
series, hydrographs,
digital terrain model,
soil characteristics

20 % and 10 % annual
exceedance
probability (AEP) of
events

Flooded area, flood
water depth

Flooded area without
flood storage
reservoirs

Decrease in flooded
area with NbS
deployment for
current and future
climate conditions

Roof water storage capacity
(interception,
evapotranspiration, soil water
storage)

Runoff, flooded area, flood
water depth

Soil Water Assessment Tool
[78]

Time series of precipitation,
temperature, relative
humidity, sunshine hours and
wind speed

Time series of water balance
components

Runoff from the roof and soil
moisture content in the green
roof’s soil strata; total flooded
area, maximum water depth
Runoff from the roof without
the deployment of green roof

Runoff reduction from the roof
due to deployment of the
green roof

Soil cohesion and matric suction
changes due to presence of roots

Slope stability

Process-based eco-hydrological
model [79]

Slope geometry, crib wall
geometry, soil characteristics,
plant attributes, timber
attributes, meteorological time
series, empirical plant-rainfall
interactions, empirical
allometric relationships
(aboveground-belowground
biomass).

Daily time series of soil
moisture, matric suction,
suction stress, soil-root
reinforcement and slope
stability

Factor of safety

Slope stability with and without
NbS (i.e. fallow soil conditions)

Enhanced slope stability,
reduced soil wetness, increased
soil-root reinforcement

Table 3

The core ensemble of EUR-11 regional climate projection data used in the
OPERANDUM modelling studies, made up of a global climate model and
regional climate model pair, taken from the EURO-CORDEX project.

Global climate model Regional climate model

MOHC-HadGEM2-ES
ICHEC-EC-EARTH
ICHEC-EC-EARTH
MPI-ESM-LR
NorESM1-M

SMHI-RCA4 v1
CLMcom-CCLM4-8-17_v1
KNMI-RACMO22E v1
SMHI-RCA4
DMI-HIRHAMS5

impact variable by 9.6 %. In case of a complete loss of currently pre-
vailing forested areas, the mean discharge could increase up to 86.6 1/s
(+38.3 %).

On the other hand, the determined change of the impact variable (i.e.
landslide velocity) is less pronounced. The magnitude of potential ve-
locity reduction by afforestation towards a mature forest is calculated to
be in the order of —27.6 % (+ 5.7 % 1o) compared to velocities pre-
vailing during a phase of accelerated landslide movement (Fig. 4). In
terms of the likely scenario of pole timber deployed on open land the
estimated velocity reduction accounts for —4.7 % (+ 3.2 % 1c6). Whereas
in the case that the land cover in the landslide’s catchment would
transform into open land, the landslide could accelerate by 18.9 % (+
4.7 % 1o).

A reduction in velocity of 27.6 % would still mean that the landslide
could accelerate up to 4.5 cm/yr. Therefore, also in the most optimistic

scenario (complete cover by mature forests) the effect wouldn’t be suf-
ficient to reduce the landslide’s velocity to an acceptable level at which
buildings are not permanently damaged (e.g., <1 cm/yr). This means
that the landslide risks are reduced, but not fully mitigated. Further
measures including grey solutions should be bundled to further reduce
groundwater recharge to a sufficient level for stabilizing the slope. One
critical aspect remains the duration until the NbS effects are fully
developed. In case of afforestation this may take more than 50 years
until trees have reached maturity, particularly at high altitudes. The
apparent damages at buildings however mean there is a demand for
solutions in the short term. In addition, before implementing any
drainage measures - NbS and/or grey solutions - it must be first ensured
that the residents’ freshwater supply remains secure. Furthermore, an
updated cost-benefit analysis must be conducted if multiple solutions are
selected.

5.2. OAL-Germany

The differences between post-NbS and pre-NbS scenarios were ana-
lysed and are presented in Fig. 5. The simulation outcomes highlighted
the positive outcomes of NbS implementation, notably evidenced by a
reduction in flood depths. With NbS measures implemented, flood
depths decreased, especially under projected future climate scenarios.
The simulation indicated that NbS measures led to a reduction in
floodwater depth of approximately 0.036 m and 0.155 m during the near
and far-future periods, respectively, in comparison to historical/control
period (where the reduction was 0.023 m), as shown in Fig. 6a-f.
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We assessed the NbS impacts on flood risk through modelling,
comparing pre- and post-NbS conditions, revealing clear benefits in
flood risk reduction. The adoption of NbS for flood risk reduction in
OAL-Germany shows promising results. Our findings underscore ripar-
ian vegetation as a valuable NbS approach in flood depth reduction,
especially under future climate conditions, and, as such, highlights the
potential of this NbS to reduce flood risk. However, NbS should also
complement broader flood management strategies, integrating with
infrastructure measures and policies. Continuous monitoring and
adaptation are vital for long-term NbS effectiveness as the climate
changes.

Future research could delve deeper into the specific mechanisms
through which NbS reduce flood depths, considering the interactions

between vegetation, soil, and hydrological processes. Additionally,
exploring the long-term sustainability and maintenance requirements of
NbS will be crucial to ensure their continued effectiveness over time.
Incorporating socio-economic factors into the analysis could also
enhance the understanding of the overall benefits of NbS implementa-
tion, helping policymakers make informed decisions about flood risk
management in riparian areas.

5.3. OAL-Greece

The results show that under the present-day climate without the NbS
the maximum water depth is 12.18 m and with the upscaled NbS
maximum water depth is slightly lower at 12.17 m, while the flooded
area is 43.08 km? without the NbS, and 43.01 km? with the NbS. The 10
% AEP event results show good agreement with flood maps produced by
previous studies [51,61], indicating that the modelling closely corre-
sponds with the real world, thus providing confidence in the results.

For the future climate simulations, the results show that under all
five simulations there is a reduction in maximum water depth and
flooded area when the upscaled NbS are in place (Table 4). The most
significant influence that the NbS have is in reducing the total flooded
area with a reduction of up to 1.26 km? (38.85-37.59 kmz, Table 4).

While these changes in maximum water depth and total flooded area
may on their own be considered to be rather modest, this is to be ex-
pected since the size of the NbS are also relatively modest, by design and
of necessity. The criteria for selection of sites suitable for the NbS were
the geomorphology of the area, land availability and accessibility,
minimal disruption to other uses, concerns related to sustainability, and
it was important that the NbS wouldn’t pose any risk to the local com-
munities. The final location was decided after thorough discussions with
local experts and local community members. These modelling results
combined with ongoing monitoring activities within the OAL, have
demonstrated the value of the NbS in being able to reduce the magnitude
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draulic models.

of the hazard, and the implementation of additional NbS are already
being planned, which will continue into the future.

5.4. OAL-Ireland

The results of the annual maximum flow obtained from the GEV with
and without green roofs are shown in Fig. 7.

The total flooded area (TFA) and maximum flood water depth (MFD)
for the historical and future periods corresponding to the three return
period events are summarised in Tables 5 and 6, respectively. The results
show that the use of green roofs can reduce TFA in the historical period
by 21.4 %, 11.9 % and 11.4 % for the 10, 100, and 1000 year return
period events, respectively. Under the RCP4.5 emissions scenario, the
results show that for the future time period TFA can be reduced by
18.8-31.0 %, 11.2-15.3 %, and 11.2-12.8 %, for the 10, 100, and 1000
year return period events, respectively. For RCP8.5, the TFA is shown to
be reduced by 18.3-23.6 %, 11.2-16.7 %, 11.4-13.4 % for the 10, 100,
and 1000 year return period events, respectively.

The MFD for the historical period is reduced by 0.102 m, 0.106 m
and 0.116 m for the 10, 100, and 1000 year return period events,
respectively. For the RCP4.5 scenario, the MFD is shown to be reduced
by 0.100-0.102 m, 0.102-0.108 m, and 0.109-0.138 m, for the 10, 100,
and 1000 year return period events, respectively. While, under RCP8.5,
the future time period MFD is shown to be reduced by 0.100-0.103 m,
0.102-0.109 m, and 0.104-0.138 m, for the 10, 100, and 1000 year
return period events, respectively.

Overall, the simulation study of smart green roofs based on SWAT-
LID showed clear potential for the green roofs to reduce flooding in
the urban area and development of flood mitigation strategies for future

climate change scenarios at the river catchment/city scale. The city-
scale model needs to be validated based on real-world deployment of
multiple green roofs and collating data. This model-based evidence
supported a more extended deployment of monitored green-roofs across
Dublin City Council. The data from these green roofs will provide more
evidence to validate the projected flood maps.

5.5. OAL-UK

High-density planting had a positive effect in increasing the factor of
safety (which is the ratio of driving to resting forces on the slope,
denoting stability when FoS is above 1.3 and landslide when FoS is
below 1.3), and thus slope stability when compared to fallow soil, and
this is true for both species, and under both climate scenarios (Figs. 8, 9
(RCP8.5), and Fig. S13, S14 (RCP4.5) in the supplementary material).
The improvement in slope stability increased over time as the vegetation
developed, and was most pronounced during the growing season, and
during the dry periods (Fig. 9, Fig. S13). The FoS was shown to increase
substantially under both species to a maximum soil depth of 0.8 m below
ground level (Fig. 9), but with the largest effect being observed in the
uppermost 100-200 mm. The slope reinforcement effect generally
increased with plant biomass, with Maple providing greater stability
than Willow (Figs. 8, 9). Accordingly, the soil-root reinforcement effect
also increased over time as vegetation grew on the slope. However, soil-
root reinforcement mostly occurred within the top-most soil horizon (i.
e., 0-0.5 m b.g.1) due to shallow vertical root distribution limited by the
pedo-climatic features of the site [83]. Moreover, when individuals
reached maturity after 50 years of growth, excessive plant surcharge led
to slope instability issues in steep slope zones (i.e., slope gradient > 35°).
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Fig. 6. Flood inundation/depth extents results for the historical (a and b), near-future (¢ and d), and far-future (e and f) under RCP 8.5. The results are showing the

maximum flood depths reduced by the presence of NbS at midstream (b, d, f).

Table 4

River Spercheios maximum water depth and total flooded area (kmz), for the
future climate simulations under RCP8.5, with and without the upscaled NbS.
The values given are from the five different global and regional climate model
pairs (GCM/RCM pairs).

Impact Variable and GCM/RCM pair Without NbS With upscaled NbS
Maximum water depth (m)

ICHEC-EC-EARTH/ KNMI-RACMO22E_ v1 11.89 11.86
ICHEC-EC-EARTH/CLMcom-CCLM4-8-17 v1 11.38 11.32
MOHC-HadGEM2-ES/SMHI-RCA4.v1 12.18 12.17
MPI-ESM-LR/SMHI-RCA4 11.98 11.94
NorESM1-M/DMI-HIRHAMS5 11.61 11.56
Total flooded area (km?)

ICHEC-EC-EARTH/ KNMI-RACMO22E v1 40.48 40.15
ICHEC-EC-EARTH/CLMcom-CCLM4-8-17 v1 38.85 37.59
MOHC-HadGEM2-ES/SMHI-RCA4 _v1 42.97 42.87
MPI-ESM-LR/SMHI-RCA4 41.05 40.49
NorESM1-M/DMI-HIRHAMS5 39.75 38.99

This observation suggests that woody vegetation can effectively protect
shallow slopes against landslides, but additional interventions should be
considered when slope-forming materials are deeper than 0.8 m and
when deeper-seated landslides are likely. Furthermore, it also suggests
that species selection in combination with plant cover management is
crucial to ensure long-term slope stability. Lower woody biomass spe-
cies, such as willow, are more suitable for the steepest slope zones.
Thinning, coppicing, and clearcutting practices could also be considered
when the plant cover reaches maturity to maintain slope stability.
Management of vegetation’s aerial architecture can also be beneficial for
regulating the water cycle aboveground, which also has slope stability
implications [84,85].

Overall, these results provide indicative evidence that high-density
planting of woody vegetation is an effective NbS against shallow

landslides, as compared to fallow ground. While substantial work is still
needed to better understand how woody vegetation can be an effective
NbS against shallow landslides, these results are thus in keeping with
other analyses which have also shown this [86-89]. Importantly, from a
practical implementation point of view, both studied plant species can
be propagated from branch cuttings using locally available plant stock,
making the implementation of this NbS feasible in remote slopes and
under resource-limited situations.

6. Discussion and conclusions

All five model-based case studies have shown that the investigated
NbDS are able to reduce the magnitude of the hazard in their respective
OAL. In the OALs studied, it is only OAL-Austria that has a specifically
defined target level for hazard reduction, where, if the velocity of the
landslide could be reduced to <1 cm/yr, there would be no risk of
permanent damage to buildings. The results show that in the best case
scenario of mature forest, the velocity could potentially be slowed to 4.5
cm/yr. As such, to really address this risk in OAL-Austria hybrid solu-
tions would have to be considered where NbS and more traditional
engineering solutions would need to be used [e.g. 58]. In the other OALs
the model-based evidence shows that the NbS are able to reduce haz-
ards, however, the question as to whether or not the effectiveness of the
NbS has been demonstrated sufficiently enough to increase their wider
adoption is something that has been discussed with stakeholders in the
OALs. For example, in OAL-Ireland, the modelling results supported the
deployment of more monitored green roofs by Dublin City Council at the
city scale; while in OAL-Greece, the modelling demonstrated the effec-
tiveness of upscaling the NbS, and additional NbS are already being
planned to be implemented in the Spercheios catchment. These two
examples demonstrate the importance of stakeholder dialogue and the
role that the model-based evidence can play in the process of aiding the
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Fig. 7. Quantile plot of annual maximum flows using GEV distribution for the historical and future climate change scenarios (RCP4.5 top, and RCP8.5 bottom), with

and without the 160 hypothetical green roofs.

wider adoption and uptake of NbS.

Another important factor related to the effectiveness of the NbS, is
how well they may perform over time, and this is particularly important
in the context of climate change. It is interesting to note that in OAL-
Germany and OAL-UK, the NbS are shown to become more effective
over time. In the case of OAL-UK this is because the trees grow over time
and become more effective in stabilising the slopes. This is important, as
in addition to the effectiveness in reducing the magnitude of the hazard,
the time-period over which the NbS may be effective is an important
consideration when assessing their cost-effectiveness [46]. Related to
this, is the effectiveness of the NbS in reducing hazards associated with
different magnitude events. For example, in OAL-Ireland the results
show that the green roofs were able to reduce the hazard associated with
longer return period event flooding when the impact variable consid-
ered was maximum flood depth, but this pattern was reversed when the
impact variable considered was total flooded area (cf. Tables 5 and 6).
This is important given that any investment decision will be made ac-
cording to design criteria to provide a certain level of risk reduction, and

10

in particular when viewed in comparison to their cost-effectiveness with
grey infrastructure [43,90].

These modelling studies have been carried out within the context of
the OPERANDUM project, where most of the NbS have actually also
been implemented in the real world, and been subject to ongoing
monitoring campaigns (only the NbS in OAL-Austria hasn’t been
implemented in the real world). As such, the model-based evidence is
actively being considered within a real world setting, where the results
are being used to inform the decision making process with stakeholders
as to which NbS may be effective. An important question to consider
when using model-based evidence in such a process is how closely do the
modelling results correspond to their actual operation in the real world.
There are two aspects to consider here: one, the assumptions made in the
structure and function of the NbS in the models i.e. how they grow,
develop, and operate; the other is, given the limitations that the
modelling assumptions may impose, how closely do the model outputs
validate against the real world.

In the cases presented here, the NbS as modelled in OAL-Greece and
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Fig. 8. Model outputs for the Factor of Safety (FoS) at 100-200 mm below ground level (b.g.1) for fallow, maple and willow groundcovers during the growing season
and under wetting cycles for selected rainfall events predicted under the climate change scenario RCP8.5 for the years 2011, 2031, 2053 and 2073 (Table S1). Pixels in
red denote landslides, whilst green pixels indicate that the slope is stable. Grey zones are zones where the model was not evaluated as they are not prone to landslides.

The FoS profiles for the data point marked in blue are shown in Fig. 10.

OAL-Germany are identical in size and location to their counterparts in
the real-world. In OAL-UK the modelling also closely relates to tests of
NbS that have been made in the real-world albeit at a smaller scale than
the modelling results [84]. In OAL-Greece, Germany, Ireland, and the
UK, the temporal development of the NbS is modelled as it would occur
in the real world. For example, the model used in the UK simulates plant
growth following planting of the NbS, and doesn’t assume that the plants
are able to perform optimally from day one. This is indeed demonstrated
in the modelling in the UK, where the effectiveness increases over time
as the plants mature. The modelling in OAL-Austria doesn’t provide
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information on the temporal evolution and effectiveness of the NbS as it
matures however, since the modelling is carried out under the
assumption that the forest is already at maturity, and thus able to pro-
vide optimal effectiveness. Clearly, any afforestation NbS would not
reach full maturity (and thus effectiveness) until several decades after
implementation. This is important because the time it may take for a
given NbS to reach maturity and provide optimal effectiveness, is again
an essential consideration when making investment decisions related to
NbS [46].

Moreover, experience in OPERANDUM has demonstrated that the
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Fig. 9. Model outputs for the Factor of Safety (FoS) at 100-200 mm below ground level (b.g.1) for fallow, maple and willow groundcovers during the growing season
and under drying cycles for selected rainfall events predicted under the climate change scenario RCP8.5 for the years 2011, 2031, 2053 and 2073 (Table S1). Pixels in
red denote landslides, whilst green pixels indicate that the slope is stable. Grey zones are zones where the model was not evaluated as they are not prone to landslides.

The FoS profiles for the data point marked in blue are shown in Fig. 10.

implementation of NbS is not a straightforward process, and they
themselves are vulnerable to the kinds of natural hazards they are
designed to protect against. An artificial dune NbS in OAL-Italy was
destroyed during a winter storm before it could reach maturity, and the
NbS had to be redeployed. This serves to highlight that while model-
based evidence can help inform and promote the wider adoption of
NbDS, the road to implementation of NbS and actual effectiveness is not a
straightforward one, and this may represent an almost irreducible un-
certainty in comparison to grey solutions i.e. will the NbS actually ever
reach maturity so that they can deliver on their potential in a given real-
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world situation? This is an issue worthy of further consideration, and
possibly new modelling studies could be used to guide the design and
development of NbS. One way might be to carry out simulations testing
the intended NbS against observed extremes, and also under observed
extreme plus additional climate warming in so-called storyline analyses
[91], where the models are used to test under what kind of conditions
might the NbS be destroyed, and/or not be able to provide a desired
level of risk reduction. This also relates back to their effectiveness under
different magnitude events, which may in turn help to inform the
dimensioning of new NbS for a given level of risk reduction.
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Fig. 10. Factor of Safety (FoS) profiles over the uppermost 1 m, deep soil profile retrieved from the data point shown in Fig. 11 following wetting (W) and drying (D)
cycles during the vegetative season predicted with the climate change scenarios RCP4.5 and RCP8.5 for the years 2011, 2031 and 2053 (see Table S1). Slope stability
was assessed using the factor of safety (FoS), which is the ratio of driving to resting forces on the slope, denoting stability when FoS is above 1.3 and landslide when

FoS is below 1.3.

The different models that have been used to simulate the effective-
ness of the NbS in the different OALs have all been tested and well
validated in similar kinds of environments. While the NbS themselves
may be modelled realistically, the number of model simulations is
actually very small, and a relatively small amount of the uncertainty in
the models and the climate projection ensemble data has been explored
and quantified. In particular, the core climate ensemble data that was
used to simulate the effectiveness of the NbS under possible future cli-
mates had a maximum of five members, and only OAL-Greece actually
used all five. As such, while the NbS have been shown to be effective, in
order to have more confidence in the results, many more simulations
should be carried out, where the parameters of the impact models are
also varied within plausible ranges, so that there is a better quantifica-
tion of the uncertainty in the models. In addition, while OAL-Ireland and
OAL-UK carried out modelling with two emissions scenarios (RCP4.5,
and RCP8.5), in OAL-Greece and OAL-Germany, only RCP8.5 was used,
which, while it may represent a potential worst-case experiment,
depending on the design lifetime of a given NbS, it would be advisable to
run simulations with additional emissions scenarios.

Overall, the uncertainties and limitations notwithstanding, the
model-based evidence presented here shows that the NbS considered
have potential to reduce the magnitude of the associated hazards both in
present-day and future possible climates, and thus help to reduce the
risks posed in the OALs. Discussions with stakeholders have already
demonstrated the impact that such model-based evidence may have in
stimulating awareness and understanding of their potential effectiveness
which has led to the development of plans to implement the NbS more
widely in a number of the OALs. Further modelling analyses which build
on some of the issues highlighted here will lead to a strengthening of the
evidence base for the effectiveness of NbS in reducing disaster risk,
particularly in the context of climate change, and serve to promote their
wider adoption and implementation.
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NbS impacts and implications

e Environmental: in a warming world the challenges presented by
natural hazards are only going to increase and thus the need for NbS
is only going to grow in importance. The results presented in this
paper provide clear evidence that NbS are able to reduce disaster
risk.

e Economic: investment decisions made in response to the risks posed
by natural hazards is a political decision based on an assessment of a
range of different socio-economic factors. The results presented in
this paper provide evidence to support complementary analysis on
the costs and benefits of the NbS presented.

e Social: model-based evidence for the effectiveness of a given NbS
provides a basis on which to engage with stakeholders and decision-
makers to explore the potential for the wider adoption of NbS. The
results in the paper highlight examples of where this has happened,
and the changes it has helped bring about.
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