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Abstract:

Aim: European cities are facing heighten hydrological risks as a result of climate change at
the same time as ecological degradation has reduced the environmental capacity to absorb
and regulate such fluctuations. Climate forecasts predict more intense convective rainfall and
winter flood events in the Wupper Basin in Germany, against a background trend of reduced
mean rainfall during the summer months. On 14 July 2021 intense convective rainfall fell at
points across Western Germany and led to flash floods in the Wupper Basin, many sites
were inundated and the Wupper and Dhinn rivers rose to new record highs. Green-blue
infrastructure offers strategies to reduce the impacts of hazards at the same time as
providing a range of co-benefits. A study was undertaken to find which green-blue
interventions will be most effective at reducing the impacts of hydrometeorological hazards
for a study area in the west of the Wupper basin. Furthermore, as landscape features are
highly influential in hydrology, the study sought to establish which sites within the landscape
can provide maximum results from green-blue interventions, with a minimum of change to
current land uses.

Region: Europe, peri-urban and rural, undulating, low mountainous landscapes

Methods: Literature findings on observed and projected climate data are summarised and
long-term rainfall data from the study area is analysed to confirm rainfall trends. A state-of-
the-art review is conducted and summarised to form a toolbox of potential interventions. The
most recent hazardous hydrometeorological event is analysed to inform the locational
priorities of potential interventions. Landscape features that have the most influence on basin
hydrology are identified from the literature. These sites are paired with green-blue
interventions that are shown to have the highest potential impact on interception, infiltration,
runoff and flooding. A series of spatial analyses are carried out to produce maps detailing
location and intervention with high potential to reduce the impact of hydrometeorological
hazards in the study area. All of the evidence gathered from the literature analysis is
combined in an implementation guide for green-blue interventions in the Wupper Basin.

Results: The hazards caused by the hydrometeorological extremes of flooding and drought
are addressed or minimised through the green-blue interventions that increase interception
and infiltration and reduce runoff and flooding. Priority locations are identified as the riparian
zone with slope <15%, hilltop, | ower sl ope
areas with a high topographic wetness index (TWI). A series of spatial analyses were carried
out and suggestions made including potential locations for retention or detention areas and
ponds, sites for revegetation and potential locations for implementation of
shelterbelts/hedgerows, buffer strips, conservation tillage or strip tillage, reduced mowing
intensity or frequency and biochar additions. An implementation guide is created that
provides a summary of the highest potential green-blue interventions and landscape
locations, and a description of the mechanisms involved in addressing the
hydrometeorological hazards.

Keywords: Green-blue interventions, hydrometeorological hazard reduction, Wupper Basin
hydrology
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1. Introduction
1.1. Study justification and gap analysis

European cities are facing increasing hydrometeorological hazards as a result of climate
change at the same time as ecological degradation has reduced environmental capacity to
absorb and regulate fluctuations in the hydrological cycle. In Germany land pressures also
mean that large urban centres and agricultural zones are close neighbours and that natural
forests have been removed or replaced by plantations in many areas. In 2022 the IPCC
statedt hat “numerous examples of extreme hydromet eo
precipitation, flooding, drought and wildfire events causing deaths, high levels of economic
damage and extensive ecological impacts, have been shown to have been made

more likely by human influence on climate through increased GHG concentrations in the

at mo s p ICerette, 2024). Mean rainfall has increased across Europe and with that fluvial
floods have also become more common across Western Europe (IPCC, 2021). Climate
forecasts also predict increased flooding and more widespread and intense convective
rainfall across Western Europe (Purr et al., 2021; IPCC, 2021). Hydrometeorological hazards
such as storms, floods and heatwaves have cost Europe up to half a trillion euros over the
twenty years from 1980 to 2020. Within the European Union (EU) the country that incurred
the highest cost was Germany at 450 billion euros (EEA, 2022). All of these issues indicate
that there is an increasing need to reinstate ecological functions by employing natural
solutions which offer multiple ecosystem benefits, including that of hydrometeorological
hazard management. Hence, solutions to natural hazards such as these are now sought
from natural processes.

In the early 2000s, eminent scientists Falkenmark and Rostrom (2006; 2010) wrote about
the need to broaden the focus of water management from purely “blue water” to “green-blue
water”. Blue water is the runoff that collects in rivers, dams and aquifers, and green water
the water that is held in the soil and available for use by terrestrial biomass including forests,
grassland and agricultural crops. Falkenmark and Rostrom (2010) reasoned that by
broadening the concept of water in water resource planning to green-blue water that it would
enhance understanding of the significance of water in the environment, and its ability to
sustain not only cropping and forestry but also the ecological cycle and biodiversity which
promote resilience to flooding and drought, just in a different way to conventional water
resource management. At the same time the concept of nature-based solutions (NbS) was
being developed and refined by international organisations, NGOs and researchers (Nehren
et al., 2023). The current NbS definition, from the United Nations Environment Assembly
“actions to protect, conserve, restore, sustaina
terrestrial, freshwater, coastal and marine ecosystems, which address social, economic and

environmental challenges effectively and adaptively, while simultaneously providing human



welkbei ng, ecosystem services and resilience

most all-encompassing (Nehren et al. 2023; UNEP, 2022).

The concept of green and blue infrastructure is considered to be one of the many sub-
categories of NbS (Nehren et al., 2023). Green and blue infrastructure specifically describes
land zones and water bodies that can be managed to provide ecosystem services, including
that of hydrometeorological hazard management (EC, 2019). Green and blue infrastructure
is defined by the European Commission (EC, 2019) as the natural and semi natural
elements of the terrestrial and aquatic landscape that can be enhanced or reinstated to
provide environmental, economic, and social benefits. These infrastructure elements can be
further broken down into local, regional and EU wide scale features. Local scale green and
blue features include green-roofs, hedgerows, ponds and woods, regional scale includes
river basins, forests, agricultural areas, and EU wide features cover transboundary river
basins, lakes or forests (EC, 2019). Green and blue infrastructure can be used as either an
alternative to, or in combination with, grey or engineered infrastructure. Furthermore, green-
blue infrastructure describes different structures that exist on a spectrum of natural to semi-
natural such as forests, floodplains, restored wetlands, retention areas, green urban spaces
and stormwater management systems. However, there is also more that can be done in
terms of land management to address hydrometeorological risks, including soil, cropland
and grassland management. While these are not usually prominent themes within NbS, they
can make a large difference in reducing runoff and retaining water in the landscape, which is
key to addressing the hydrological extremes of flood and drought (Collentine and Fultter,
2018; EC, 2012;2019; Murphy et al., 2021). This study reviews both green and blue
infrastructure and agricultural management methods in order to identify interventions which
can minimise hydrometeorological hazards.

The literature refers to green and blue infrastructure interventions by a number of different
terms including, green and blue infrastructure, green-blue infrastructure, blue-green
infrastructure, green-blue strategies, blue-green infrastructure interventions, green and blue
spaces and more. Some academic papers apply the concept either in association with NbS
(Debele etal.,, 2019)ort he * s p o n g e fram Ghiga (Xiacebah, 261 but the
majority of research is based on urban and peri-urban locations and measures. There are a
range of green-blue measures that can be applied to reduce the impact of
hydrometeorological hazards. In order to select the best measure for a given site or location
multicriteria analyses have been applied (Ferreira et al., 2020; Pacetti et al., 2022), and
multiple screening tools and best practice management documents exist to help with
selection (Albert et al., 2021; Alves et al., 2018). While their information is sound and often
backed by case studies, they are largely generalised, providing no information on landscape
characteristics or climate, whereas these variables should inform the measures that are
implemented. This paper attempts to address this gap by reviewing the effectiveness of

and



green-blue interventions for various land uses and the landscape characteristics that have
the most influence hydrology, and applying the results to a particular study area that is
experiencing a range of hydrometeorological hazards.

This paper seeks to identify the highest potential, local scale, green-blue interventions and
locations for green-blue interventions for the peri-urban and rural locations of Leverkusen,
Rheinisch-Bergischer Kreis and Solingen in the Wupper Basin, Germany. The Wupper
Catchment is a sub-catchment of the major Rhine River and is a catchment that features a
high percentage of urban and also agricultural land use. Observed data indicates that
intense convective rainfall events have been increasing across the basin, against a
background trend of reduced mean rainfall during the summer months (BINGO, 2016; Lorza-
Villegas et al., 2021). Most recently the Wupper Basin experienced damaging flash floods
incurred by the Bernd weather system in July of 2021 (KARL, 2021; Kreienkamp et al.,
2021). During high rainfall events Leverkusen with the lowest relief and high proportion of
urban/industrial-impervious land cover, receives both localised rainfall and water draining out
of the higher relief areas to the east before it flows to the Rhine (see Figure 2). Because of
the low relief and high proportion of impervious surfaces, water is unable to drain away
quickly which can also prolong the duration of flood inundation. This creates a high risk in
terms of lives, infrastructure and financial impact. Had the July 2021 floods also led to Rhine
flooding, the situation could have been disastrous for the entire city of Leverkusen.

1.2. Objectives of the study

The objectives of this study are to 1. Identify which hydrometeorological hazards are
affecting Leverkusen, Rheinisch-Bergischer Kreis and Solingen in the Wupper Basin, now
and into the future. 2. Determine which green-blue interventions will be most effective at
reducing the impacts of those hydrometeorological hazards. 3. Determine which landscape
locations will afford maximum results from green-blue interventions with a minimum of
change to current land uses. This study does not focus on urban interventions, there are
already many reports written on the design, implementation and effectiveness of green-blue
infrastructure in urban settings. Furthermore, green and blue infrastructure can also describe
the large-scale engineering projects that aim to re-establish or mimic natural river hydro-
geomorphology in highly modified basins, such as the works undertaken in the successful
Net herl ands *Room for the River’ progr am.
including land buy-back schemes, levee lowering and re-establishment of once disconnected
floodplains. These types of engineering projects are not appropriate in the Wupper Basin.

This thesis instead focuses on working with basin landscapes and current landcover and
land usages. This study focuses on green-blue interventions for peri-urban, rural and
agricultural areas and attempts to identify specific interventions that increase rainfall
interception and rainfall infiltration and reduce runoff and flooding. Furthermore, certain

These
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landscape characteristics have more influence on hydrology than others these factors are

also examined and combined with landcover and land use characteristics to suggest the

locations that can provide the highest impact for any given intervention. The hydrological

extremes of flood and drought are both exacerbated by increased runoff, therefore retaining

water in the landscape is a key (Collentine and Futter, 2018; Murphy et al. 2021). This study

focuses on addressing the hazardonly,not r i sk as it adydiffesencestin account
vulnerability or exposure of the population across the study site. This study is also realistic

about what is possible in the real world, care is taken that the interventions recommended do

not mean whole-scale change to current land usage.

1.3. Steps taken to meet the objectives

The objectives are met through the following steps:

1. The background to the study is provided including conceptual framework and problem
framing, gap analysis, physical setting characteristics and scientific methods described.

2. Mapping analysis is carried out to confirm major landcover and land use patterns,
topography and hydrology.

3. Literature on observed and projected climate data is summarised. Long-term rainfall data
from the study area is analysed to confirm rainfall trends.

4. A state-of-the-art review is conducted from field trials and studies of potential
interventions in similar climatic and topographical landscapes. Modelling studies are also
used provided the input parameters are also suitable. Field trial/modelling study details
and outcomes are summarised to form a toolbox of potential interventions.

5. The most recent hazardous hydrometeorological event is analysed to inform the
locational priorities of potential interventions.

6. Landscape features that have the most influence on basin hydrology are identified from
the literature. These sites are paired with green-blue interventions that are shown to
have the highest potential impact on interception, infiltration, runoff and flooding.

7. A series of spatial analyses are carried out to produce maps detailing location and
intervention with high potential to reduce the impact of hydrometeorological hazards in
the study area.

8. All of the evidence gathered from the literature analysis is combined in an
implementation guide for green-blue interventions. The guide includes suggesting
potential interventions for the type of landcover and land use categories and landscape
characteristics with a description of the mechanisms involved, species suggestions and
co-benefits of the interventions.

9. Suggestions are made for the possible application of this study and further research that
would extend the usefulness of this work.



2. Characterisation of the study area
2.1. Population and administration

The Wupper basin is located in the German state of North Rhine-Westphalia along the lower
Rhine and is occupied in the west of the basin by the urban municipality of Leverkusen and
the rural municipalities of Rheinisch-Bergischer Kreis and Solingen (see Figure 1). These
three municipalities make up the study area for the purposes of this report. The Wupper
basin extends across 813 km? with relief ranging from 35 to 499 meters above sea level
(m.a.s.l.) (USGS, 2014; Wupperverband, n.d). The rivers that form the drainage boundaries
of the basin, the Wupper and the Dhiinn, merge within the city of Leverkusen before flowing
to the Rhine. Leverkusen has a population of around 167,000 people and has predominately
urban landcover at around 67% and around 21% agricultural land spread across 78.85 km?
(BKG, 20214a; IT.NRW, 2021; Stadt Leverkusen 2023a). Rheinisch-Bergischer Kreis has a
population of around 286,055 with landcover of just over 21% urban, 52.5% agricultural
lands spread across 437,32 km? (BKG, 2021a; IT.NRW, 2021; 2022). The administrative
capital of Rheinisch-Bergischer Kreis is Bergisch Gladbach which is located outside of the
Wupper basin. Solingen has a population of 160,065 across 89.54 km?land area with land
cover that is 42% urban with around 33% forest (BKG, 2021a; IT.NRW, 2021; 2022).
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Figure 1: Location of the study area in the Wupper Basin, North Rhein Westphalia (NRW), Germany
(Data source: Diva-GIS n.d. Prepared in QGIS v3.18.0)

Surface water resources for each of the municipalities within the Wupper basin are managed
by the Wupperverband, a public water resources management company who operate and
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maintain water supply and water detention infrastructure, and 2,300 km of waterways across
the basin (Wupperverband n.d.). Both the Wupperverband and each of the municipalities
participate in flood management activities under state-based coordination. The
Wupperverband is responsible for monitoring water levels, dam operation and flood retention
ponds while the municipalities take responsibility for structural flood protection within their
own borders (Umwelt.nrw, 2022b; Wupperverband n.d.). Responsibility for flood risk
planning, monitoring and warning is shared between the water managers, each individual
municipality, sometimes the district government (Stadt Leverkusen, 2023b) and the state of
NRW according to regulations under the Federal Water Resources Act, the North Rhine
Westphalian Water Resources Act and according to the EU Flood Risk Management
directive (Umwelt.nrw, 2022a). German states are responsible for developing flood risk
management plans under the EU directive which also include flood risk and hazard maps
(Umwelt.nrw, 2022a). The current flood risk management plans, however, do not include the
smaller low mountain range tributaries such as those within the Wupper basin, which, as
experienced in July 2021, carry a high risk for flash flooding events (Umwelt.nrw, 2022b).

Administration of activities such as land use planning are generally carried out by each

individual local municipality along guidelines that are set by the states (OECD, 1997).

Certain rules for the agriculture and the environment sectors are also covered by European

Union (EU) regulation under whatistermed* c ommon policy’ . Countries
may also make their own regulation across these sectors providing the matters are not

already covered by EU laws (EC, n.d.).

2.2. Hydromorphology

Figure 2 shows the location of rivers, streams and local drainage and relief in the three
municipalities. The Wupper River rises in the very southeast of the basin at a height of
around 431 m.a.s.l (Wupperverband, 2002). The river emerges from junction of the minor
Wipper and Kerspe rivers. It makes its way northwest flowing through the Rheinische Slate
Mountains and Devonian geological formations of sandstone, greywacke and quartzite, and
then arcs around to flow west where the city of Wuppertal is established on its banks
(Umwelt.nrw, 2022b; Wupperverband, 2002; 2012). As it leaves the Wuppertal municipality it
changes direction again to the south as it flows into Solingen, where it makes another turn to
the west and then again to the south where it flows into Rheinisch-Bergischer Kreis, here the
rivers floodplains begin to widen as it flows into the lower Rhine plain at Leverkusen. Several
tributaries meet the Wupper as it travels through Solingen including the Weinsbergerbach,
and as it flows into Leverkusen local tributaries such as the Weltersbach, the Murbach, the
Olbach and the Wiembach merge with the larger river. In total the river flows for around 115
km, eventually falling 397 m from starting point to its discharge into the Rhine River at
Leverkusen (Wupperverband, 2002). Within Leverkusen the Wupper is highly channelised
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as it has been straightened and rerouted around industrial development before it meets the
Rhine (Wupperverband, 2002).

The Wupper river in the study area is classified as an upland river with fine to course
siliceous substrate material (#9 River type according to the River Framework Directive
(RFD)). Whereas the Weltersbach, Murbach and Wiembach are classified as low mountain
streams with a substrate of fine carbonate material (#6 RFD). The Wupper is highly modified
especially within city limits and former industrial sites, and is also highly constrained, with
many urban areas bordering its banks (Wupperverband, 2012).

In comparison, the Dhiinn River rises in the mid-south of the basin (starting out as the Grof3
Dhinn) and flows through the uplands of Rheinisch-Bergischer Kreis. Tributaries such as the
Eifgenbach and the Scherfbach join the Dhiinn as it makes its way into Leverkusen where
the Leimbach also joins prior to the Dhiinn merging with the Wupper before emptying into
the Rhine. The Dhiinn is also classified as a siliceous upland river (#9 RFD) and its
tributaries Eifgenbach and the Scherfbach are classified as low mountain range streams with
coarse carbonate substrate (#5 RFD) (Wupperverband, 2012). There are also a few local
drainage streams of note including the Leimbach that flow towards the Dhiinn within
Leverkusen and because of the low relief in Leverkusen these also become a flood hazard
after heavy rains. The Ophovener Weiher retention basin is located on the local drainage
line just to the north of the Leimbach. There are current plans to expand this basin to
address localised flooding (Wupperverband, 2022c).

Several dams are located in the headwaters of the Wupper and Dhiinn rivers, including the
GrofR3 Dhiinn Dam (see Figure 2). While parts of the Grol3 Dhiinn River and the Grof3 Dhiinn
Dam are located within the borders of Rheinisch-Bergischer Kreis the majority of the
catchment area of the dam is not, therefore this section of the Dhiinn is not considered in
this study. While some water from the dam is released into the Dhiinn River, and the dam is
used for flood reduction when managed capacity and limits permit, the majority of this water
is captured in the dam and used for drinking water (Lorza-Villegas et al., 2021,
Wupperverband, 2022a).

2.3. Soils

As illustrated in Figure 3 the soils in the study area predominantly consist of Braunede
(Cambisols) and Parabraunerde (Luvisols) with minor deposits of Vega (Fluvic Cambisols),
Pseudogley (Stagnosols), Gley (Gleysols) and Podsol (Podzols) according to the German
and FAO soil classifications (FAO classification in brackets). The Fluvic Cambisols,
Stagnosol and Gleysol soils have been subject to water deposition or formation. These soils
are distributed across the rivers and floodplains, such as the Fluvic Cambisol soils in the
constricted floodplain areas of the Wupper and Dhiinn rivers (BGR 88).
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Figure 2: Location of Rivers and streams in the Wupper Catchment
(Data source: BKG, 2021a; Diva-GIS n.d; USGS, 2014; Wupperverband, n.d. Prepared in QGIS v3.18.0)
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Figure 3: Soil type and distribution across Leverkusen, Rheinisch-Bergischer Kreis and Solingen
(Data source: BGR, 2020; BKG, 2021a; Diva-GIS n.d. Prepared in QGIS v3.18.0)
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The Gley, groundwater effected soils are found across the riverbeds of the larger tributaries
(BGR 89) (FAO, 2015; Wittman et al.,1997). Stagnosols are found concentrated in very
small regions of the upland headwaters of the Scherfbach and Murbach and thinly
distributed throughout the predominantly Cambisol soil areas. These soils are associated
with perched water tables and are likely some of the spring sources of the streams in the
region. These soils are usually too wet and often oxygen deficient for agricultural uses (FAO,
2015).

In comparison Cambisols, Luvisols and Podzols are the result of glacial, alluvial or aeolian
erosion and deposition processes. The brown-earth (Braunede) Cambisols found across the
majority of the study area (BGR 49, 76, 74,78 & 73) are developing, fertile and lightly
weathered soils (FAO, 2015). These soils are used for agriculture in the study area, as is
common worldwide, but they are vulnerable to erosion, and it is recommended that soils of
this type should remain under forest cover on steep slopes (FAO, 2015). This is even more
so the case with the Parabraunerde or Luvisol soils which are also found mixed with the
brown-earth Cambisols in the wider soil distributions found in BGR 76 and 74 of the study
area and concentrated across Leverkusen as BGR 49. Luvisol soils are often the result of
aeolian deposition and as a result have highly mobile clay fractions, as is the case with the
loess Luvisols in the study area. While these soils are often very fertile, if subject to intensive
tillage or worked with heavy machinery when wet, these soils are highly vulnerable to
structure loss and erosion (FAO, 2015).

Podzol soils which are found mainly at the downstream confluence of the Wupper and
Dhinn rivers (BGR 20) are siliceous soils (FAO, 2015) and currently covered by urban land
uses and not considered for any green-blue intervention. The majority of green-blue
interventions investigated are situated on the Luvisol (BGR 49) and Cambsol soils (BGR 76
& 74).

2.4. Landcover, land use and relief

Leverkusen, Solingen and Rheinisch-Bergischer Kreis have very different relief and different
proportions of land cover and land use within their borders, which means that the risks of
hydrometeorological hazards for the people living in the municipalities differ in terms of
exposure, and there are also different opportunities to address the hazards.

Leverkusen features a low relief of between 35m and 190m (see Figure 2 above) as it
extends across the floodplain where the Wupper empties into the Rhine River (USGS,
2014). Landcover and land use are highly modified and impermeable with urban areas
making up around 67% of landcover including 4% industrial land use and up to 5.5% road
and rail infrastructure. Agricultural land use is mainly grazing and permanent grassland
(13%) and cropping (7.75%), while forest cover is mostly made up of broadleaf forests at just
over 9% (BKG, 2021a).


https://en.wikipedia.org/wiki/Rheinisch-Bergischer_Kreis

Because of the low relief and high proportion of impervious surfaces, water is unable to drain
away quickly which can also prolong the duration of flood inundation. This creates a high risk
in terms of lives, infrastructure and financial impact. Had the July 2021 floods also led to
Rhine flooding, the situation could have been disastrous for the entire Leverkusen region.
Figure 4 below shows landcover and land use categories and distribution across
Leverkusen.

Rheinisch-Bergischer Kreis features higher relief reaching a low of 47m along the western
border and max 359m in the east (USGS, 2014). Landcover in this municipality includes a
higher proportion of rural landscapes to urban land cover. At just over 21% urban, this
municipality has 52.5% agricultural land made up of almost 49% grazing and permanent
grassland and large areas of forests which cover up to 25% of the land surface (BKG,
2021a). Rheinisch-Bergischer Kreis also has the largest proportion of coniferous forest cover
at almost 5%, while the majority of forests within the municipality (15.7%) are classified as
broadleaf forests. Figure 5 illustrates the landcover and land uses and their distribution
across Rheinisch-Bergischer Kreis.

Solingen also has a high proportion of urban landcover at around 42%, but has a larger area
of forest cover close to the border with Rheinisch-Bergischer Kreis that makes up almost

34% of | andcover. Solingen’'s forest cover
mixed (7.9%) and coniferous (3.8%) (BKG, 2021a). The relief across Solingen is lowest
along the Wupper floodplain (54 m.a.s.l) where the river turns south before entering
Rheinisch-Bergischer Kreis, and reaches a maximum of 262 m.a.s.l in the north of the
municipality (USGS, 2014). Figure 6 shows landcover and land use and distribution across

Solingen.
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Figure 6: Solingen landcover and land use
(Data source: BKG, 2021a; Diva-GIS n.d. Prepared in QGIS v3.18.0)

2.5. Climate and hydrology

The Koppen-Geiger classification the Wupper Basin in North Rhine-Westphalia is that of a
warm temperate European region (Cfb). Here summer and winter rainfall are not considered
limited as a fully humid regime of precipitation occurs across both seasons. Summers are
also classified as warm with at least four months of temperatures greater than or equal to 10
degrees Celsius (Kottek et al., 2006). In terms of the natural vegetation of the region, the
basin is situated in the Western European broadleaf forest ecoregion, which is important for
revegetation projects (Olson et al., 2001).

Annual average rainfall in the Wupper catchment ranges from 775 mm per annum in the
lower reaches of Leverkusen, and up to 1425 mm in the southeast uplands of Solingen and
the north and eastern extent of the basin (Lorza-Villegas et al., 2021). Average discharge for
the Wupper is calculated at around 14m?3/s (across years 1950-2021) as measured at
Opladen, and 1.8m3/s for the Dhiinn (across years 1987-2021) as measured at Manfort
(LANUV, 2022a). Whereas the Wupperverband estimate the combined discharge of the
Wupper and Dhiinn as 17m3/s at the point where it enters the Rhine (Wupperverband,
2002).

The Wupper Basin has a long history of settlement and a long history of both flooding and
water shortages. From the end of the 1800s dams were constructed to protect the population
against flooding and to maintain a drinking water supply (Wupperverband, 2002).
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2.5.1. Fluvial flooding hazard

Fluvial flooding hazard maps are available based on the NRW planning unit which are
produced asapartoftheEU’ s FIl ood Ri sk Ma fhe gapsshawtthe Di r ect i v e
extend of fluvial flooding in the basin for a given selection of flooding scenarios including HQ
frequent for floods that are statistically likely to occur once in a 5 to 20 year period, HQ 100
statistically likely to occur once in a 100 year period and HQ Extreme, a flood with a return
period likelihood of less than once in a 100 year period (Umwelt.nrw, 2022a). The official
flood hazard maps are too large and detailed to show in this report and only available in Pdf
format. Figure 7 shows the flood hazard maps from the city of Rheinisch-Bergischer Kreis
website which unfortunately does not include flood return periods in the legend. Figure 8
shows the flood hazard maps for Leverkusen only, but also illustrates the difference between
the frequent, 1 in 10- year and extreme flooding scenarios.
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Figure 7: Flood hazard map of the study area (Stadt Rheinisch-Bergischer Kreis)
(Source: modified after RBK, 2021)
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Figure 8: Flood hazard maps for Leverkusen
(Source: modified after Stadt Leverkusen, 2013)

2.5.2. Heavy rain flooding hazard

The heavy rainfall hazard map illustrates the difference between fluvial flooding and flash
flooding across the study area. Figure 9 shows the areas flooded in the study area under
simulated heavy rain event for a rare and extreme event which are classified according to
water height, rare event (1 in 100-year return period) and/or the water height of an extreme
event (where equivalent rainfall is 90 mm/m2in 1 h) (BKG, 2021b). The difference between
the fluvial flooding events and heavy rainfall or flash floods is evident in that the flash
flooding events causes more widespread localised flooding which also leads to the overflow
of minor and tributary streams in the basin. Whereas during a fluvial flood the Wupper and
Dhinn rivers play a much larger role in delivering overbank water downstream. In the case
of the floods of July 2021 both types of flooding occurred due to the spread of heavy rainfall
across the basin, with the local streams, tributaries and both the Wupper and Dhinn rivers
flooding.

14



/
-
J
e =5
? S )
- 7~
T {
4 (‘
} {
l‘.
8 g / A
~ L "oudl

Legend

% c Wupper Catchment

] Leverkusen

[ Rheinisch Bergischer Kreis

(1 Solingen

Water

Il \ater bodies ]
Heavy rainfall

.| fiood height (1/100y)/(30 mm/m?2 in 1 h)
:\’(Q:'« [T BN S

.1 -—0O.5= m
.S - 1 ~ry

5 km

Figure 9: Heavy rainfall hazard map of the study area
(Data source: BKG, 2021b; Diva-GIS n.d.)
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3. Methods

3.1. Literature review

Literature for the state-of-the-art reviews was sourced by searching the databases of Scopus
and Google Scholar and via the bibliographies of literature sourced from those databases. In
order to establish the likely baseline state of the basin given the landcover and land use
categories searches including ‘landcover’ and ‘deforestation, reforestation and afforestation’
and ‘impact on runoff’, ‘impact on flooding’ were conducted. Similarly, the searches
conducted for literature and field studies for each different category of intervention including
forest interception, agroforestry in pastoral and cropping systems, grazing and grassland
management, tillage, biochar and retention basins were conducted with the topic and ‘impact
on interception’, ‘infiltration’, ‘runoff’ or ‘flooding’ as keywords. Once suitable papers were
found and the intervention focus decide, additional searches were conducted to find
alternative papers or field studies in Europe or other temperate climate regions. In order to
seek state of the art knowledge on landscape characteristics and hydrology, searches were
again carried out based on the categories for example riparian, slope position, slope form
and gradient were carried out along with the keywords ‘impact on runoff’ and ‘impact on
flooding’. For the observed and projected climate change impacts on Germany and the study
area, the latest IPCC reports (2021/2022) were sought along with specific observed and
projections relating to climate change impacts to the Wupper Basin.

3.2. Observed data on July 2021 floods

Rainfall data was obtained from two different sources, the Landesamt fur Natur Umwelt und
Verbraucherschutz (LANUV, 2022a), and Deutscher Wetterdeinst (DWD, 2022). Discharge
and river height data was also sourced from the Landesamt fur Natur Umwelt und
Verbraucherschutz (LANUV, 2022b). This data was aggregated into monthly totals (if in daily
format) and simple analysis such as averaging, calculating the extreme rainfall events
(highest one percent according to USGCRP, 2022), and preparation for SPI and SSI carried
out in Excel.

3.3. The Standard Precipitation Index (SPI)

The Standard Precipitation Index (SPI) method was developed by Mckee et al. (1993) to
measure rainfall variation over a number of months (SPI-x).

SPI is calculated with monthly precipitation values. A sum is calculated for each three or
twelve month period, the natural logarithm is calculated for each sum value and the size and
shape of the gamma . . . distribution are
calculated (EDO, 2020). Glx) = f glx)dx = —J xTte—x/Bgx

0 peT(a) Jy

The equation is given as: by (Thom, 1966)
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Both SPI-12 and SPI-3 were calculated. SPI-12 allows for comparison of annual rainfall with
the previous 12 months whilst SPI-3 was calculated to compare seasonal rainfall variation.
Continuous historical rainfall data (1954 to 2021) is available for the station at Pattscheid

which is located in the basin just to the northeast of Opladen. In order to gauge the
relationship of rainfall to runoff in the basin and timeframes the Standardised Streamflow

Index (SSI) was also calculated. SRI is calculated similarly to SPI but uses discharge data in
the place of rainfall. The Standardised Streamflow Index (SSI) is calculated the same way as

SPI (Shamshirband et al., 2020) and is used to verify a correlation between rainfall and

stream discharge.

3.4. Spatial analysis
All spatial analysis was carried out in QGIS version 3.18.0. QGIS is an open-source
geographic information system. In order to create the final intervention location maps for this
report the following spatial analyses were carried out. Analysis was carried out using the
CORINE landcover map CLC5-2018 (BKG, 2021a) and the USGS (2014) Digital Elevation
Model (DEM). The CORINE landcover and land use maps have a resolution of 5 hectares
and covers both landcover and in the more modified landscapes (urban and agricultural)

land use, they are current to 2018 (BKG, 2021a). The USGS (2014) DEM is a digital
elevation topography dataset taken from the Shuttle Radar Topography Mission (SRTM) in

2000 and has a 1-arc-second resolution.

Catchment delineation
The DEM from USGS (2014) was processed in QGIS using the following processing toolbox

applications:



9 Fill sinks (Wang and Liu)
9 Strahler order
1 Upslope area (Deterministic 8)

The raster was converted to polygon format using the Raster - Conversion tool.
Slope

Slope percentages were extracted using the DEM and Raster — Analysis — Slope tool. The
raster was then converted to polygon format using the Raster - Conversion tool and slope
percentages edited to generate layers of 15% and less and 30% and more slope.

Aspect

A layer of north facing slopes was created by using the processed DEM and Raster

Calculator tool. North facing slopes were
2270. The resulting rast er —Qoaversian ol forfurtihee d
processing.
Contours

Contour lines were created from the processed DEM using the Raster — Extraction —
Contour tool. Contours were created with 5m intervals.

Toe slope and hilltop
Toe slope and hilltop sites were selected and traced from the contour lines.
Buffers

Buffers were created to indicate the riparian zone from the traced river and streams layer.
The buffer was created from the Vector — Geoprocessing tool — Buffer tool. Two buffer layers
were created one with a distance of approximately 100m (0.001°) and the other with a
distance of approximately 200m (0.025°) the former was used to delineate the riparian zone
for retention/detention locations, and the latter for the TWI intersection to indicate locations
for shelterbelts/hedgerows.

Rainfall maps

First delimited text layers were created for the location of the rainfall stations and containing
the rainfall data in the attribute table. Rainfall maps were created using the Raster — Analysis
— Inverse Distance to a Power function.

TWI
The Topographic Wetness Index (TWI) was calculated using the processed DEM. First the

tan of the slopes was calculated in the Processing toolbox, using the Slope, aspect,
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curvature tool, this created a new layer. Next the DEM and slope in radans are used as the
input layers to the Processing toolbox selection, Saga, Terrain analysis - Hydrology,
Topographic Wetness Index. The standard method was used to process the TWI layer. TWI
values ranged from 4.1 to 16.4. The TWI layer was then further processed to show only TWI
cells = 9highest50%) and =11 ( whiclhgweer paygoriigedddr display and
intersection purposes.

Intersections

The intersection tool from the Vector — Geoprocessing tools menu item was used to
generate intersections of selected subcategories of landcover and land use distributions with
the riparian buffer and slope of less than 15%, hilltop and toe slope contours, slope greater
than 30% and north facing aspect. These were all used in the final intervention location
maps.

4. State of the Art

4.1. Climate change impacts observed and forecast

The first step in planning for green and blue infrastructure intervention is to identify the
hydrological risk (Martin et al., 2020). The literature indicates that the Wupper basin as a
whole is facing increased risks of flooding and drought (Lorza- Villegas et al., 2021; Meredith
et al., 2018). Drought is a slow onset weather phenomenon that can be partly offset by grey
infrastructure such as dams. Around fourteen dams are already constructed within the
Wupper basin, including the Grol3e Dhinn-Talsperre which provides drinking water for the
area (Wupperverband, 2022a). The dams are currently able to hold enough water to offset
the effects of drought on the population for around two years (BINGO, 2016). Heavy rainfall
and flooding events can also be patrtially offset by dams, depending on rainfall location.
Floods, however, pose more immediate risk to communities and infrastructure as the nature
of flash flooding can catch many people, including authorities, by surprise, leading to deaths
and high damage costs (Cooper et al., 2021; Fekete and Sandholz, 2021; IPCC, 2022;
Kreienkamp et al., 2021). The flooding rains such as that experienced across the Wupper
basin and others on 14 and 15 July 2021 are considered to be an extreme event with a
return period of 1 in 1000 years and are estimated to cost Germany between 4.5 and 5.5
billion euros (Kreienkamp et al., 2021; Wupperverbund, 2022a).

The green-blue interventions and infrastructure investigated as a part of this report aim to
address both flooding and water shortages with the concept of “keeping the rain where it
falls” (Collentine and Futter, 2018) and storage of the water in the soil and vegetation as
“green water” (Falkenmark and Rockstrom, 2006; 2010). This can be achieved through
green-blue interventions that act to increase interception, and infiltration and reduced runoff.
These interventions are not the sole or ultimate solution, they will need to work with both
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engineered or g r ey 'urbangréen-bleinfrastudturerared and al s o
interventions. The benefits to green-blue interventions, however, are multiple and timely as
the impacts of biodiversity loss and climate change are being experienced in the form of

natural hazards.

4.1.1. Observed hydrometeorological changes in Europe

CO; concentrations have increased 47% since 1750. With current CO- levels higher than

any time over the last two million years, and CH4 and N20O higher than any time over the last

800,000 years, temperatures across the surface of the earth are now an average of 1.09

degrees warmer than 100 years ago (IPCC, 2021). Climate change is the likely cause of an

observed increase in both the recurrence and intensity of high rainfall events across most
continents since the 1950's (I PCC, 2021). Across
mean rainfall, and along with that fluvial flooding across western and central Europe has

increased, and there is high confidence that this is caused by anthropogenic climate change.

In addition, there is also medium confidence that pluvial flooding has increased, and that

hydrological drought has increased across western and central Europe (IPCC, 2021).

4.1.2. Observed hydrometeorological changes in Germany

Petrow and Merz (2009) analysed 52 years of river gauge records across Germany to find
that floods have indeed increased for the Rhine basin amongst others across western
Germany, and that the trend was more pronounced for winter (fluvial) floods over pluvial or
summer flooding. Furthermore, they found that the increase in flooding was more likely to be
due to climatic changes rather than land use or river modification.

4.1.3. Observed hydrometeorological changes in the Wupper Basin

Analysis of the hydrometeorological situation in the Wupper Basin appear to mirror some of
the larger scale trends of Germany and Western Europe. The Wupper catchment is
impacted by hydrometeorological extremes in the form of winter fluvial floods caused by
snow melt and rainfall, and summer localised flash floods from convective storms (Meredith
et al. 2018; BINGO, 2016). Floods and major floods are recorded across the basin during
1890, 1909, 1925, 1946 prior to the establishment of the Wupperverband and their
coordination and construction of flood protection measures, and also more recently in 2007,
2011, 2013 and 2021 (BINGO, 2016). In addition, extended dry periods have become more
common across the basin in recent decades (Lorza-Villegas et al., 2021).

While average rainfall has been relatively stable, the BINGO project (2016) analysis of
rainfall data from 1900 to 2010 in the basin indicates a reduction in spring (April) rainfall of
around 25mm and an increase in late Autumn (November) rainfall of around 20mm from
around the 1950-60s. In contrast to the German wide observations, BINGO (2016) also
analysed flash floods in the Wupper Basin and found that flash flooding events caused by
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convective activity had increased by more than a factor of three since the 1970s. Lorza-
Villegas et al. (2021) analysed rainfall and streamflow data for the hydro-meteorological
station Neumiihle located east of the Grol3 Dhiinn River for the period 1961 to 2020. The
authors used Standardised Precipitation Index (SPI), Standardised Precipitation-
Evapotranspiration (SPEI) and Standardised Runoff Index (SRI) to demonstrate trends in
rainfall and runoff (see Figure 10). The authors also found increased precipitation in the
winter months but decreased rainfall and runoff during the autumn months. The authors also
showed that while spring rainfall has reduced, higher evapotranspiration rates due to
increasing temperatures are causing even less rainfall to reach the rivers and dams.

As there were no trend analyses found for the localities in the west of the Wupper Basin,
SPI-3 was calculated (1960-1992/2021) for rainfall stations located at Pattscheid (between
Wupper tributaries the Murbach and the Olbach), and at Odenthal west of the GroR Dhiinn
dam. These locations can be considered to give a better indication of the local situation in
terms of rainfall, unfortunately the data for Odenthal is only available until 1992 and there are
no other rainfall gauges on the western side of the Grof3 Dhiinn Dam (see Figure 2 for
station locations).

SPI-12 was calculated for Patscheid rainfall and SSI-12 calculated for streamflow at
Opladen. These are graphed together (see Figure 11) to show that the rainfall data
corresponds to streamflow as there is only some annual difference in the comparison
between the peaks and troughs for both sets of data. The annual differences may be
explained by the dams located in the upstream areas of the Wupper releasing additional
water into the system, or higher upstream rainfall totals.

SPI results for the study area are shown in Figure 12. SPI is usually used as a drought
indicator but can also be used to illustrate rainfall trends (Mckee et al.,1993). The SPI value
classification at the centre of Figure 12 shows that negative values mean reduced rainfall
with -2 indicating an extremely dry period and positive values indicating higher rainfall with
+2 indicating an extremely wet period. The SPI graphs from both Pattscheid and Odenthal
station data indicate very clearly an increasing rainfall trend during the winter season and
decreasing rainfall in the summer months. This trend correlates with the findings of BINGO
(2016) and Lorza-Villegas et al. (2021). The SPI-3 results shown in Figure 12 indicate that
the spring and autumn seasons are when the highest frequency of rainfall deficits have
occurred over the last 30 and 60 years. The autumn season rainfall at both Pattscheid and
Odenthal also show a very slight increasing trend which is consistent with the BINGO (2016)
analysis but not with that from Lorza-Villegas et al. (2021). However, the spring trend while
similarly indicating a historic deficit in rainfall, also shows a slight upturn in the recent trend,
which is not concurrent with the results from BINGO (2016) or Lorza-Villegas et al. (2021).
These anomalies however, do not suggest any large deviation from the previously discussed
findings, it is likely that they simply indicate micro climatic differences within the basin.
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4.1.4. Forecast hydrometeorological changes across Germany

Under RCP8.5 there is high confidence that fluvial flooding will increase across western and
central Europe (IPCC, 2021). In addition, Purr et al. (2021) analysed the connection between
convective rain cell and temperature and humidity and ran the COSMO-CLM model for
Germany to find that invective cells will be more intense and more widespread under
RCP8.5. Pfeifer et al. (2015) used regional simulation ensembles and determined that
average and high intensity rainfall in winter will increase across Germany for both RCP 4.5
and 8.5, with the largest increase under RCP 8.5.

4.1.5. Forecast hydrometeorological changes in the Wupper Catchment

There are large uncertainties involved in forecasting the impact of climate change across
smaller areas such as the Wupper Basin. The BINGO project (2019) models only
demonstrated clear signals on some aspects of the future climate including an increase in
winter rainfall (similarly to German wide forecasts) in this case there were little differences
between scenarios RCP 4.5 and 8.5. There is higher certainty that temperatures and
evapotranspiration will increase across all months of the year within the basin area, with the
highest increase in August under RCP 8.5. The authors predicted that these changes would
lead to an increase in summer convective rainfall events, in both number and intensity
(BINGO, 2019).
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Figure 10: SPI, SPEI and SRI for Neumihle station (east of the Grof3 Dhiinn Dam) from 1990 to 2020
(Source: Lorza-Villegas et al., 2021)
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Figure 11: SPI-12 Pattschied and SSI-12 Wupper at Opladen from 1954 to 2021
(Data source: DWD, 2022; LANUV, 2023)
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(Data source: DWD, 2022 Prepared in Excel)
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4.2. ldentification of the most effective green-blue interventions for the Wupper
Catchment

A meta-analysis of 1589 field trials by Xiong et al. (2018) on soil erosion and runoff
concluded that biological solutions (afforestation and slope revegetation) were 11% more
effective at reducing runoff than engineered methods (terraces, contour bunds etc.) and 7%
more effective than soil conservation methods such as tillage and soil amendments. The
authors also found that interventions were most effective on agricultural land with a slope of
between 25 and 40 degrees. While taking this into account, this report attempts to identify
green-blue infrastructure interventions with the highest potential impact on
hydrometeorological extremes, with the least impact on productive land uses. Using the
information obtained from climatic characterisation, landcover, land use and elevation maps,
and analysis of the current and projected hydrometeorological hazards, suitable green-blue
interventions were identified from the literature.

Ultimately, the hazards caused by the hydrometeorological extremes of flooding and drought
are addressed or minimised through the green-blue interventions that increase interception,
infiltration and reduce runoff and flooding. Literature measuring the impact of land cover or
land use categories on rainfall infiltration, runoff and flooding, under similar climates and
landscapes, was reviewed and summarised to determine the current situation or baseline
within the basin. Using this information green-blue interventions for each of the land cover
and land use categories were assessed, results from field trials, and model and laboratory
analyses were compiled to produce a toolbox of potential interventions suitable for the
climate, land uses and landscapes of the Wupper Basin along with research findings on the
optimum layout or location for each intervention. Figure 13 below illustrates the process.

Impact on rainfall Impact on rEinfall Impact on rainfall
infiltrafion, runoff infitration, runoff in j%;-nﬁn:-if _
- Baseline and flooding - Rainfall e ey - Grazing and e ~ Floodwater & - Optlonglfor
- interception [grasslan N . stormwater reen-blue
- Landcower = Deforestation, forest types + Cropland and management - Agriculturzl soil H . g -
categories reforestatin & f pes} grassland ?n'%nag.emm retenhnnh:letemln interventions
afforestation Impact of rainfall maragement Impact on rainfall Impact on rainfall
imterception, infiltration, nunaff inhiiration runoff
_IEF"I?“ runoff and and flooding and flooding
interception,
ifiltrafion, runcff i
and flooding

Figure 13: Process undertaken to identify optimum green-blue interventions

A state-of-the-art toolbox was produced for green-blue interventions in the temperature
regions of peri-urban and rural Europe (see Appendix 1). Interventions such as such as
floodplain restoration were not considered for several reasons, including cost and complexity,
furthermore, extensive floodplains are not a large part of the landscape in the Wupper
Catchment until the landscape flattens around Leverkusen (see limited extent of floodplains
on Figure 7). The point where the floodplains are widest is almost at discharge to the Rhine,
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and here there is likely to be little impact as interventions only act to reduce the impact locally
or downstream.

A range of themes were investigated within the published literature. The capability of the
major landcover and land use categories to intercept rainfall, provide effective soil infiltration
and reduce runoff and flooding, were first investigated to determine the current state (or
baseline). Green-blue interventions that employ revegetation, soil, cropland and
pasture/grassland management and floodwater retention techniques were investigated to
determine their potential for increasing rainfall interception and soil infiltration and reducing
runoff and flooding.

4.2.1. Landcover impact on infiltration, runoff and flooding

The literature reviewed all agreed that the soil under forests had the highest soil hydraulic
conductivity and produced the lowest runoff rates, compared to all other land cover including
cropland, pasture, grassland and orchards. The largest differences were between forest soils
that of cropland and grazed pastures but also in forest clearings (Gonzalez-Sosa et al., 2010;
Himann et al., 2011; Maetens et al., 2012). There was no agreement on the type of forest
that produce the best results, however. Archer et al. (2013) measured highest hydraulic
conductivity under broadleaf forests (compared to a pine forest and willow floodplain forest),
however it is possible that there was also subsurface flow under the broadleaf forests.
Chandler et al. (2018) found the highest hydraulic conductivity under a Scots Pine dominated
forest (compared to a Sycamore dominated forest and grazed forests). Gonzalez-Sosa et al.
(2010) found the highest hydraulic conductivity under small woods (compared to broadleaf
forest, permanent pasture, orchard and conifer forest). Himann et al. (2011) found that the
runoff coefficient was lowest for Douglas Fir forests (compared to Beech and Oak forests).
Nordmann et al. (2009) found that mixed forests (Spruce and Beech) had the lowest runoff
coefficients over three irrigation cycles (compared to broadleaf and spruce forests).
Therefore, it is likely that there are other factors involved, including soil type and thickness,
prior land use and slope characteristics.

4.2.2. Deforestation, reforestation and afforestation impact on infiltration, runoff and
flooding

Parts of the Wupper Basin, particularly around the towns of Wuppertal, Remschied and
Solingen, were completely deforested by the beginning of the 1800s. Forests were removed
from the landscape and the only trees were found in town parks or orchards, the forests that
grew on the hillsides were cut down and, in their place, only shrubs remained. Furthermore,
people used the remnant woodlands to produce charcoal for heating (Laussmann, 2021).
The history of the Wupper Basin is similar to many within Europe and while forests have
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been re-established (or remain) in some parts of the basin, even more land has since been
cleared for farmland and cleared and sealed by urban development.

The literature found on deforestation, reforestation and afforestation in European hill-scapes
all indicates that the loss of forest cover means increased rainfall runoff and increased
flooding. Guillemette et al. (2005) found that the maximum impact that deforestation had on
small to medium catchments was a 63% increase on peak flow when 61% of the forest
catchment had been harvested. While the specific impact on different return period and peak
flooding can differ depending on a wide range of factors including; precipitation volume and
duration, forest size and location within the catchment, mechanism measured (soil storage,
surface roughness or interception), forest species and flow type (overland, subsurface or
baseflow), all studies suggest that to some degree deforestation increases flooding and
reforestation or afforestation will act to inhibit flooding to different degrees.

Some studies found that during large flooding events and once the soil is saturated, forest
cover or not has no further impact (Bathurst et al., 2020; Xiao et al., 2022). Although Bathurst
et al. (2020) found that the frequency of return periods for small to medium floods is lower in
forested catchments compared to cleared catchments in a review of several long-term
studies in paired catchments. Ferguson and Fenner (2020) used a set of different models on
a small catchment (48 km?) and found that forest and woody debris reduced storm flood peak
of 1 in 10 year storm by 57% and while the influenced reduced as storm return periods also
reduced, the influence on a 1 in 100 year storm which was still a 15% reduction.

4.2.3. Rainfall interception - effectiveness of different forest types

The literature indicates that conifer species can intercept more rainfall of light to medium
intensity than broadleaf varieties due to their highly fascicled leaf structure and leaf surface
area (Barbier et al., 2009; Keim et al., 2006). Which might explain why earlier studies found
that coniferous forests reduced runoff and flooding more effectively than broadleaf varieties.
Broadleaf species can store more rainfall per biomass total and more at higher intensity
rainfall levels than coniferous forests (Keim et al., 2006) however, broadleaf/deciduous
species also recorded higher stemflow volumes than that of conifers which reduced as forest
diversity increased (Barbier et al., 2009; Krdmer and Hélscher, 2009). However, both Kramer
and Hdlscher (2009) and Pypker et al. (2005) found that throughfall was lowest in young
coniferous forests because of uniformity and in broadleaf forests of low diversity, while
interception was highest in old growth coniferous forests because of increased canopy and
species diversity (Pypker et al., 2005). In terms of elevation Kohler et al. (2015) found that
interception became less effective above 420 m.a.s.| as cloud water deposition provided
additional moisture to biomass.
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To sum up the evidence on interception, coniferous plantations intercept more water in
general than broadleaf under light to medium rainfall intensity, broadleaf forests intercept
more rainfall under high intensity conditions, broadleaf forests funnel more moisture from
stemflow than coniferous forests, but this is offset by can be offset by higher diversity in
broadleaf forests, however, throughfall may increase for light and medium intensity storms. In
addition to interception properties some broadleaf trees such as the Beech in natural settings
also have larger root systems which not only produce macropores for better soil water
drainage but also use more water from the soil (Nordmann et al., 2009; Tembata et al.,
2020). Elevations below 420 m.a.s.l are optimum for forest interception.

4.2.4. Shelterbelt/hedgerows and buffer strips - impact on infiltration and runoff

Studies on rainfall runoff consistently find cropland to be one of the highest runoff generating
land uses compared to other vegetated landcover categories (Borin et al., 2010; Gonzalez-
Sosa et al., 2010; Hiumann et al., 2011; Nerlich et al., 2013). Monocropping and seasonal
planting leave significant areas of bare soil and years of tilling and heavy machinery use
result in soils with low organic matter, low saturated hydraulic conductivity and sorptivity and
high bulk density (Gonzalez-Sosa et al., 2010; Himann et al., 2011).

Grasslands, especially grazed pasture grasslands are also some of the highest runoff
producing vegetated land covers due to poor soil hydraulic conductivity caused by livestock
and machinery compaction (Archer et al., 2013; Chandler et al., 2018; Gonzalez-Sosa et al.,
2010; Monger et al., 2022b). Soil under grazed forests also has reduced hydraulic
conductivity similar to or sometimes in excess of grazed grasslands as grazing increases
compaction and the span of bare soil within the forest (Chandler et al., 2018; Ollerer et al.,
2019).

Significant improvements are reported in several studies on shelterbelt/hedgerow additions
to grazed grasslands, and on agroforestry in the form of buffer strips and coppicing in
croplands. Field studies in Italy and Germany have found that agroforestry which
incorporates buffer strip tree or tree row planting and silvopasture along the borders of the
crop field, in a form of agroforestry, can reduce overland flow by up to 79-90 per cent (Borin
et al., 2010; Nerlich et al., 2013). The same studies also found that shelterbelts or tree rows
also work to limit nitrogen and phosphorous losses. Other studies confirm that increased soil
water storage capacity in forested strips can be attributed to the deeper reach of tree roots
(Anderson et al., 2009). Agroforestry/ tree strips or shelterbelts and are not new concepts as
European farmers throughout history practiced farming in agroforestry systems as it was the
best way for them to maximise resources and income. However, agroforestry is no longer
common throughout Germany as the practice is not compatible with modern machinery and
farming methods (Nerlich et al., 2013).
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Evidence from the literature suggests that grazing excluded shelterbelts can be particularly
effective at reducing runoff from grassland pastures, especially on slopes. A long running
study in the United Kingdom found that shelterbelts planted cross-slope were highly effective
at reducing runoff. Field studies found that soil hydraulic conductivity and infiltration under
the tree strip compared to soils under grazed grassland were up to 2.4 times and more than
doubled respectively (Carroll et al., 2004; Marshall et al., 2009;2014). Marshall et al. (2014)
measured an average 78 per cent runoff reduction under the slopes with shelterbelt plantings
compared to the control pasture sites.

Management of trees in agroforestry and shelterbelt systems to ensure maximum crop and
pasture growth will depend on whether the growth limiting factors at the site are
predominantly light or water. Crop yield can be affected by shade and the influence of the
shelterbelt, and this can be a problem in temperate climates such as that of the Wupper
Basin (DBU, 2010; Nerlich et al., 2013). Studies on the impact of crop yield from shading and
proximity to tree rows found that the results vary for different crop types. The DBU (2010)
investigation on crop yield found that potato crops increased yield by 10% under light to
medium shading and decreased only slightly under high shade. Maize and Winter Barley
yields were only slightly reduced by light to medium shading but at heavy shading (50%)
yields were reduced by 28-37% and grassland demonstrated a similar reduction in yield with
increased shading. Whereas Borin et al. (2010) found that Maize and Soyabean yields were
only reduced to within 4m of the shelterbelt and Sugarbeet was impacted by up to 50% yield
reduction likely due to a shading effect by the tree shelterbelt. The differences in crop yield
impact between studies will be due to the differences between experimental design and other
growth requirements, but show that shading should be kept to a minimum if possible, except
potentially for potato crops.

Nerlich et al. (2013) recommends a north-south configuration of shelterbelts surrounding

cropland in order that the amount of shading is reduced. As this configuration will not always

be possible given field location, shape and slope, trees can be managed to maintain a low

canopy to reduce the shade effect on crops, such as short rotation poplar, sycamore or

European cranberry bush for example (Borin et al., 2010; Eichorn et al., 2006; Nerlich et al.,

2013) . Established row trees can also be maintai
provide the soil benefits and let light through as leaf and stem are removed up to a 10m

height (SAFE, 2003).

Water interactions may also need to be managed. It is clear that agroforestry buffer strips
and shelterbelt systems are able to reduce rainfall runoff by retaining a greater portion of
water in the soils and vegetation canopy (Borin et al., 2010; Marshall et al., 2014; Nerlich et
al., 2013) which may at the very least delay a flood peak (Marshall et al., 2014). However,
when water is a limiting factor for growth, some studies report that tree and crop or pasture
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interactions belowground may result in competition for water and yield reductions (Jose et
al., 2004). Others report that because tree roots penetrate deeper than that of annual crops
and grass, that there is little competition (Anderson et al., 2009). A more thorough
explanation is that trees can draw from shallow or deeper layers depending on opportunity
and need but can also increase soil moisture content for more shallow rooted species such
as crops, by moving water from the deeper layers to dryer upper layers through the process
of hydraulic lift (Bayala and Prieto, 2020). The authors also report that tree pruning has been
shown to reduce the prevalence of shallow roots which works to limit competition between
the tree and annual crops and in some cases increase hydraulic lift. Although, there is no
indication of how this would impact the mechanisms involved in overland flow reduction.

4.2.5. Grazing and grassland management impact on infiltration and runoff

Pasture and permanent grasslands make up most of the agricultural land use throughout the
study area. The landcover category is defined as ‘pastures, meadows and other permanent
grassland under agricultural use’ ( B K Gag) whicl® iddlies a wide range of different land
use intensities that are, nevertheless, grouped together. As mentioned above, sown crops
and grazing land are some of the highest runoff producing land covers due to compaction
and reduced soil hydraulic conductivity. There is no indication that grazing pressure is high in
general across the Wupper catchment, but there are livestock, in particular dairy and beef
cows, and livestock have the effect of create greater compaction of the soil leading to
increased runoff, particularly where they walk every day (Meijles et al., 2015).

While there has been plentiful research into the impact of grazing on soil erosion and water
quality in Europe there are not so many investigations making the connection between
grazing management and runoff and catchment hydrology (Minea et al., 2022). Cattle
grazing has a much higher negative impact on grassland diversity than smaller grazing
animals such as sheep (Socher et al., 2013) and because of their size place more weight on
the ground that can cause compaction comparable to farm machinery (Minea et al., 2022).
Meyles et al. (2006) showed that areas with heavier grazing propensity have higher soil bulk
density and reduced water holding properties that reach saturation more quickly to initiate
runoff. Furthermore, Pan et al. (2016) demonstrated that over 80% of surface resistance to
overland flow in grasslands comes from the leaf and stem component of grasses and
recommended that mowing/heavy grazing prior to heavy rainfall events may significantly
contribute to rapid runoff. Meijles et al. (2015) further investigated the connection between
grazing pressure and runoff to conclude that heavy grazing not only impacts soil properties
which lead to faster soil saturation and runoff but the tracks of grazing animals are observed
to contribute directly to stormwater runoff prior to runoff generation occurring from other
areas. Finally, Monger et al. (2022a) investigated grazed woodlands and runoff generation.
The authors found that runoff velocity can be reduced as long as good solil properties and
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undergrowth are maintained by reducing grazing pressure and ensuring an open tree canopy
to allow for continued grass and understory growth

4.2.6. Soil management (conservation tillage / reduced tillage / strip tillage) impact
on infiltration and runoff

The benefits of reduced tillage or no tillage to soil bulk density, soil moisture loss and erosion
are well known (Soane et al, 2012; Klik and Rosner, 2020; Zikeli and Gruber., 2017).
However, uptake of conservation tillage has been more successful in less humid climates
than Germany due to a more pressing need to conserve soil water. Furthermore, German
farmers stated that they use ploughing primarily for weed control between grass and crop
rotations and to incorporate manure soil amendments, but increasing aridity of summers
under climate change may also increase the need for conservation tillage (Zikeli and Gruber.,
2017).

The benefits of reduced tillage on rainfall runoff in European conditions are also documented.
Field trials carried out over 22 years in Austria show that no till can reduce rainfall runoff by
49-60% and mulch tillage (stubble retention) by 25-55% (Klik and Rosner, 2020). Runoff from
conservation tillage (non-inversion with 30% of stubble retained) plots was reduced by an
average of 75% compared to conventional tillage in a 16-year trial in Hungary (Madarasz et
al., 2021). Strip tillage, where crops are sown into tilled strips with the stubble retained in
between, is something that could work well for the study area, as weeds can pose problems
under reduced tillage in the humid regions (Madarasz et al., 2021). Strip tillage was tested in
Germany under sugar beet crops in luvisol soils similar to the study area and on slopes of
around 8-13% and was found to reduce runoff by 92% compared to conventional tillage
operations. In this study strip tillage also fared much better than conservation tillage for
surface runoff, which resulted in a 55% reduction compared to the conventional control.
Lastly, Haag et al. (2006) modelled rainfall from 1 in 2 year to 1 in 100 year return periods
and found that a change in land use from conventional to 50% conservation tillage (across
37% of agricultural land area) could reduce the flood peak by 1.4% to 1.8%. They also found
that changes to tillage in the basin had more impact on storms of high precipitation and short
duration than long soaking rains.

4.2.7. Soil management (biochar additions) impact on infiltration and runoff

A review by Razzaghi et al. (2020) reports that water retention properties of fine textured
soils (in high clay and tropical environments) have actually decreased with the addition of
biochar. Although the authors acknowledge that there are such a large variety of biochar
feedstocks and pyrolysis methods, that comparison of different trials can be problematic.
Nevertheless, it appears that biochar has been used most successfully as a soil amendment
in coarse sandy soils simply because these soils are most in need of improvements to water
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and nutrient holding capacities (Razzaghi et al., 2020; Xiao et al., 2016). Hence, the majority
of studies on soil water properties and biochar have been carried out on coarse or sandy
soils and as a result there are fewer trials to use as examples of what may occur in the field.

The major soils in the study area are defined as Cambisols and Luvisols which are derived
from or at the least contain a proportion of fine-grained loess material so field trials on water
holding properties using specifically Cambisols and Luvisols and loess soils were sourced
and it appears that in certain circumstances the soils of the study area can be amended with
biochar to increase water holding capacity. A biochar from charcoal residue and compost
were added (20 Mg/ha) to a Dystric Cambisol under maize cropping in Brandenburg,
Germany which led to doubling of the plant available water in the soils compared to the
control. In addition, the nutrient content of Nitrogen and Potassium per kilogram of soil
doubled (Liu et al., 2012). Similarly, a biochar of paper fibre sludge and grain husks (10 and
20 t/ha) was added to a Haplic Luvisol under maize, barley and wheat rotations in Slovakia
which resulted in increased soil moisture and reduced bulk density compared to the control
for each of the three application rates (Horak et al. 2019). The water holding properties of a
Cumuli-Ustic Isohumosols loess soil under maize in China was also enhanced by the
addition of a maize straw biochar. Biochar additions of 10, 20 and 30 t/ha all increased the
water content of the soil and along with that soil permeability and water use efficiency of the
crop and crop yields also increased compared to the control plot (Xiao et al. 2016).

Some studies on biochar applications to fine textured soils have found that the amendment
can increased runoff and erosion on slopes (Li et al., 2020; Zhang et al., 2019) for that
reason this study suggests that biochar could be added to hilltop sites only and only under
conservation tillage. Furthermore, the application of biochar in any situation is cautioned due
to the wide range of biochar available and potential non-compatibility with different soil types
and potential German and EU regulations regarding soil amendments.

4.2.8. Floodwater and stormwater retention / detention areas and ponds

Floodwater retention/detention is a highly effective way of reducing the flood hazard risk to

the community (ICPR, 2020; Krampl et al., 2016). While a few pieces of literature quite
correctly refer to the temporary detainment of
not permanently retained but temporarily detained (Vieira et al, 2018), the vast majority refer

to temporary and/or permanent detainment as retention because the effect is the same, to

reduce the flood peak and so the term retention is used to describe this process. While there

is a very real potential for temporarily detained floodwater to prolong the flood duration as

water is released after the first flood peak, implementation of detention or retention areas

requires engineering and modelling studies to determine prior to planning. Furthermore,

actual flood retention whereby flood waters are separated from the system and not returned
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would be more often than not considered to be grey infrastructure, not necessarily green-
blue infrastructure, as it requires a high degree of engineering.

Nevertheless, floodwater detention and/or retention acts to reduce or delay the flood peak by
providing a larger area for floodwaters to spread across and in that way can reduce flood
height and volume downstream. Flood retention can apply to a variety of different
interventions and infrastructure, can be implemented through a range of structures from
highly engineered (grey) infrastructure (as discussed above) to floodplain or meander
restoration and utilisation of semi natural landscapes, and in various formats from pure dams
to flooded woodlands, floodplains and occasional wetlands. While retention is used to
describe the detention of water, Krampl et al. (2016) differentiate between retention basins
and retention areas. The authors define the retention area as a near natural environment and
the basin as an engineered structure. In light of this definition, this study assesses and
identifies locations for detention/retention areas but also ponds as are mentioned in literature
used in reviewing the state of the art, because as Krampl et al. (2016) also mention, there is
often limited space for large scale retention areas, and ponds as a smaller version of a
retention area are also assessed in the literature. Retention areas can be multi-purpose in
that they are utilised as semi natural parkland areas for recreation or farmland year round,
and also be used to hold back flood waters during times of flooding, in terms of green-blue
interventions these are most beneficial as they also provide a range of co-benefits to the
community, for biodiversity and when under agricultural land also an economic return.
Forster et al. (2008) estimated a loss estimate of 40,000 euros per annum for the use of
agricultural land for floodwater detention with a capacity of 40 million m®or a 1 in 100 y flood.
This is quite cheap compared to the cost of engineering, construction and maintenance of a
concrete dam, and not much for a city to pay to reduce the flood risk. The farmer benefits
with an extra annual payment and so does the community as the hazard is minimised.

As discussed previously, there is high competition for space in urban and peri-urban areas
so for planning purposes it is useful to assess the relative effectiveness of retention/detention
basins and areas compared to other interventions. Bell et al. (2020) addresses this issue in
reviewing the comparative effectiveness of modelled stormwater retention/detention and
urban green-blue imperviousness measures. They found that retention/detention are more
effective at reducing peak flow than increasing the imperviousness of the urban landscape.
Giacomoni et al. (2014) also modelled the two measures for a small (370 km?) catchment
area to find that retention ponds are more effective at reducing the peak flow for 1 in 10 year
and 1 in 100 year floods, however for the 1 in 2 year flood scenario imperviousness reduction
measures are overall more effective. This information highlights the need for retention and
detention basins are included in the mix of green-blue interventions for the Wupper Basin.
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It is a given that taking water out of the system will reduce the flood peak downstream.
However, depending on the layout and size of the basin and the flood event, retention areas
can have greater impact on adjacent downstream sites and a lessor impact on sites further
downstream (ICPR, 2020), particularly if there are additional tributaries further downstream
or if the basin is large. Because of this it is imperative to assess the size, placement and
arrangement of retention areas or ponds in order to achieve the greatest effectiveness.
Nicholson et al. (2019) evaluated the effectiveness of temporary small-scale ponds
constructed on pastureland at reducing flash flooding in a very small catchment (5.7 km?)
and showed that an upstream pond (400 m®) could reduce a minor flash flood peak by
approximately 12%, through basin modelling they also found that a network of small ponds of
a combined total 20,000 m? storage, could reduce the impact of flash floods downstream by
around 30%. Wilkinson et al. (2010) also found that a small-scale retention pond (<1000 m?3)
set in the agricultural headwaters of a minor (6 km?) catchment can reduce peak flow travel
time by 15 minutes and a further four ponds (2800 m?) set mid catchment could reduce
downstream flooding during a 1 in 5 year event by 8%.

Salazar et al. (2012) also looked at small scale ponds to reduce flash flooding in rural
mountainous regions and found that micro-ponds (100 m®) were more effective than large
reservoirs at reducing peak floods in medium sized catchments (954 km? and 621 km?) but
mostly for convective (flash flood) rainfall events. The magnitude of the impact varied
between catchments, but it seems that smaller more distributed retention ponds can better
capture rainfall in the headwaters which has a greater effect on convective rainfall runoff and
potentially flash flooding events.

4.2.9. Location of intervention in catchment/ slope and impact on
infiltration/runoff/flooding

It is extremely important for this study to identify the areas, both on a catchment-wide scale
and in slope geomorphology, where green-blue interventions can be located to provide
maximum impact. Not a lot of work has actually been carried out on the topic of potential
placement of green-blue interventions on a catchment-wide scale, as Cooper et al. (2021)
confirmed in their review. The authors reviewed the available literature to find that
reforestation on a catchment basis reduces flood risk, but the location and percentage of
reforestation that reduced flood risk the most, varied. The authors also reviewed papers on
a) cross slope, b) flood plain and c) riparian reforestation. They found a) that there was a
good deal of evidence that cross slope reforestation on agricultural lands (shelterbelts and
hedgerows) reduced rainfall runoff and soil infiltration, b) that the main contribution to flood
peaks by riparian reforestation was surface roughness slowing the flood peak, and c) only
around 10% of Europe’'s floodplain forests actual
their re-instatement would reduce flooding but the magnitude of the impact varies.
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Several authors investigated deforestation and reforestation or afforestation location within
the catchment and the findings differed suggesting that there are more complex and
interrelated factors occurring involved at the catchment scale. Wahren et al. (2012) found
that reforestation/afforestation of headwater areas had the more impact on small to medium
floods compared to downstream reforestation/afforestation. Conversely, lacob et al. (2017)
and Guillemette et al. (2005) found respectively that lowland afforestation had more impact
on reducing peak flows and that deforestation of an upper catchment had no impact on peak
flows. Cooper et al. (2021) also discussed the possibility that riparian vegetation had the
most impact on water yield. Birkinshaw et al. (2014) measured an annual streamflow
reduction of 250-300mm after upland afforestation of a small grassland catchment. The
impact was estimated by the UK Environment Agency (UKEA, n.d.) to account for a 10-15%
reduction of peak flows. While afforestation and reforestation can make a large impact on
catchment runoff and flooding, water use by trees and forests during the summer months
and during droughts must also be considered. The reduction in streamflow during dryer
months should also be monitored and where possible species that are drought tolerant
planted at sites exposed to more sun (Wupperverband, 2002) such as the south facing
slopes or in the more freely draining soils.

There are several hillslope factors that influence runoff, so while there seem to be some
simple generalisations that can be made, in reality the influences are complex and very
difficult to measure and attribute to individual factors in the field. In general, a higher gradient
will result in higher runoff and faster runoff velocities. Marapara et al. (2021) contends that in
terms of runoff generation and flooding, a slope of greater than 30% will produce high
velocity runoff and slopes 15-30% will generate medium to high velocity runoff hastening the
occurrence of flash floods compared to lower angled slopes. A small number of studies were
found on how slope characteristics (length and width), profile curvature (concave, convex,
straight) and planform curvature affect subsurface runoff. Work by Aryal et al. (2005)
suggests that divergent and concave hillslopes forms mean increased flow velocity. Similarly,
Troch (2003) found that divergent slopes drain more quickly than convergent hillslopes. The
authors acknowledging that there are also other complex factors influencing hillslope
drainage in the field such as initial soil moisture, soil depth, hydraulic conductivity and
bedrock. Sensitivity analysis of hillslope and landcover characteristics by Bachmair and
Weiler (2012) found that soil hydraulic conductivity had the highest impact on subsurface
flow followed by profile curvature, slope degree and plan curvature, while canopy cover and
maximum throughfall percentages were the landcover characteristics with the highest impact
on subsurface flows. Graham and Lin (2011) looked at preferential flows and found that the
controls were initial soil moisture and that they were more likely to form on hilltops when soils
were dry, hillslopes after long duration rainfall and toe slopes after rainfall of high intensity.
Zhu et al. (2014) combined a simple classification of hillslope position and landcover. They
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found that soils on the hilltop, upper and mid points of the slope reflect rainfall volume and
intensity regardless of landcover and that the lower and toe slope positions received both
subsurface and overland flow during high intensity events only, when forested these
locations received no flows at low and medium intensity.

Several authors ran models to assess the best layout of retention/detention basins within the
basin to maximise flood peak reduction. Xing et al. (2016) found that maximum capture of
rainfall runoff was achieved when retention/detention ponds were distributed across each of
the headwater sub basins furthest from the main river channel and that the least reduction
was achieved when detention/retention was concentrated in the lower sub-catchments.
Smith et al. (2015) showed that placing retention basins on second order streams had the
most impact on stormwater runoff and peak discharge (as opposed to first or third order
streams) due to optimum coverage of spatially diverse rainfall. Birkinshaw and Krivtsov
(2022) also found that retention/detention in the headwaters of a small (22.8 km?) upland
catchment is more effective than ponds lower in the catchment, providing that the size of the
retention pond(s) in the headwaters allow for the flood wave to pass downstream urban
areas prior to water being released. The authors also found that peak flow reduction was
highest for the downstream urban location when retention/detention ponds were located in
mid and upper catchment in addition to the headwaters. Similarly, Ayalew et al. (2015) found
that retention/detention ponds of a higher capacity located in the headwaters achieve greater
flood peak reduction for low and medium probability of exceedance floods and similar
reductions for high exceedance floods than ponds located at downstream locations, unless
the maijority of rainfall fell in the lowlands. Furthermore, the authors also found that
retention/detention ponds set parallel, or across-catchment in a small catchment (30 km?),
can better reduce low and medium probability of exceedance floods than those located
linearly downstream because they capture a wider area of runoff to land area. The authors
also cautioned that the impact reduces further downstream from the retention pond and also
as catchment size increases and that the timing of the drainage of retention ponds is
important to downstream impact.

In terms of identifying optimum locations for retention/detention basins on the basis of land
use, geomorphology and relief, studies employed a multi-criteria approach. Bellu et al. (2016)
used slope (0-5%), landuse (semi natural), minimised point source pollution (population
density 1.7-3.3) as criteria. Ahmadisharaf et al. (2016) used a similar approach but with
additional criteria including slope on a sliding scale (0 to >15%), distance to channels,
distance to urban infrastructure (>5000m), soil permeability (CN 65-70) indicating some but
not high permeability, and land acquisition favouring open land and public areas.
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5. Assessing potential locations for green-blue interventions to reduce the impact of
hydrometeorological hazards

5.1. Lessons from 14 July 2021 floods

On 14 July heavy rains fell across Western Europe including the Wupper Basin in Germany.
These rains were the result of a stationary or cut-off low pressure system (Bernd) which was
located over western Europe from around the 12 July (KARL, 2021; Kreienkamp et al.,
2021). The low-pressure system was unable to move east because of a stable high pressure
system that had become established across western Russia. Low pressure system Bernd
remained in place across Western Europe for days drawing in warm moist air from the
Mediterranean Sea. As it moved from southern to western Germany on the 14" the moisture
laden air encountered the low mountain ranges of the Sauerland to the east of the Wupper
and the Eifel to the west, the orographic lift resulted in intense convective rainfall which fell
across Belgium, Luxemburg and Germany (KARL, 2021; Kreienkamp et al., 2021). Several
catchments across western Germany were inundated as soils were already saturated from
earlier rainfall and flash floods swept through the Ahr and the Erft valleys to the west of the
Wupper and up to 184 people in Germany lost their lives (KARL, 2021; Kreienkamp et al.,
2021). The cost of these flash floods in Germany is estimated at around 4.5 and 5.5 billion
euros (Kreienkamp et al., 2021).

In the Wupper Basin the majority of the rainfall fell across the two days of the 13" and 14" of
July (see Figure 15, Rainfall 13-14 July 2021). Many areas were inundated including both
urban and rural sites as the water could not drain away through saturated soils and the rivers
and streams also overflowed. Stadt Leverkusen (2022) reports that 135 L/m? fell across
Leverkusen on the 14th July. Many sites including Opladen and Schlebusch in Leverkusen
were inundated from rainfall and overbank waters from the Wupper, Weimbach and the
Dhinn rivers (Wupperverband, 2022a). The rivers peaked in Leverkusen on the 15th and at
the height of the flood the level of the Dhiinn at Manfort was measured at 387 cm or 140
m®/s. The Wupperverband report that this could have been worse as the Gro Dhiinn Dam
was used to retain up to 8 million m? of water throughout the event. Up until that point, an
extreme flood (with return of 1/1000-years) in the Dhinn was estimated at the water level of
319 cm. The Wupper also reached new heights and was measured at 466 cm or greater than
500 m®/s on the same day at Opladen, also exceeding extreme flood projections which were
estimated at 398 cm or 375 m®/s (Wupperverband 2022a).

Extreme rainfall events are defined as the highest one percent of rainfall occurring per days
of rainfall (USGCRP, 2022). Analysis of long-term rainfall data (1931-2021) from Pattschied
(located between Wupper tributaries Murbach and the Olbach) shows three daily rainfall
totals in the top one percent. 65.1mm occurring on 15 August 2015, 76.5mm from 17 April
1936, and by far the highest single daily rainfall of 115.1, which occurred on 14 July 2021.
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The rainfall that occurred on the 13-14 July also created streamflow and river height peaks
that were unprecedented across the Wupper Basin. The gauge on the Wupper at Glider
(Solingen) provides discharge data from 1950. Comparisons of the daily discharge totals
since 1950 indicates that the Wupper Basin experienced two days of record discharge, with
discharge of 151 m?/s which was recorded on the 14™ July being the fifth highest since 1950
and the 278 m®/s flow recorded on the 15" July, one day after the heavy rainfall measuring
as the highest flow recorded across the entire 70 year period, by a difference of 108 m?/s.
(DWD, 2022; LANUV, 2023).

The rainfall maps in Figure 14 show the spatial differences between the average monthly
rainfall across the Wupper Basin and the rainfall that fell between the 13 and 14" of July
2021. The 13-14 July rainfall was highly concentrated across the study area with totals of
143.3mm falling during the two days at Pattscheid in a rainband that stretched from Solingen
Wald in the north to Stammbheim just to the south of Leverkusen. This heavy rainfall created
flash flooding in Leverkusen and other parts of the basin, and as the rainfall across the
remainder of the Wupper Basin was only slightly lower, significant river floods occurred on
the 15" across Leverkusen. Average rainfall totals follow a different pattern with the higher
averages found in the east of the basin where the Wupper and Grol3 Dhiinn Rivers rise, and
averages gradually decreasing downstream towards the Rhine. Comparison of the two maps
shows that there needs to be more emphasis on addressing hydrometeorological hazards
within the study area, especially in terms of runoff and flash flood reduction.

The unprecedented rainfall and flooding that occurred in July 2021 has resulted in several
plans and action at different levels of authority. The government of North Rhine-Westphalia
has announced a ten-point plan for the Wupper Basin which involves updating flood
forecasting, flood protection governance and funding, dam safety reviews and others along
the lines of their jurisdiction. It also includes working with local agencies and landholders to
increase the number of natural water retention measures including renaturation of
channelised rivers, weir and levee removal and updates to risk management plans to include
the smaller bodies of water, as currently this level of planning does not exist for the Wupper
or tributaries (Umwelt.nrw, 2022b).

The Wupperverband and local municipalities are working together on a number of projects to
examine what steps to take in urban areas and updating existing retention basins, expanding
the Ophovener Wieher retention basin in Leverkusen and construction of new retention
basins at Bornberg in Wuppertal and Diepental at Leichlingen and Mihlenteich at Remscheid
(Wupperverband, 2022a; 2022c). There is more that can be done in terms of green-blue
interventions however, that can work alongside the planned approaches. While no
infrastructure or action can guarantee that flooding or droughts will never occur again, green-
blue interventions provide a natural way of keeping the rain where it falls and enhancing
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landscape resilience to future hydrometeorological hazards while at the same time providing
co-benefits for biodiversity, cost savings, aesthetic enjoyment and climate change.
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5.2. Spatial assessment of potential locations for hydrometeorological hazard reduction

5.2.1. lIdentification of criteria

Certain landscape features have a greater, or lessor potential to influence basin hydrology.
Before spatial analysis can be carried out to show the most promising location of green-blue
interventions in the study area, the impact that different landscape features have on
hydrology needs to be assessed. The starting point for the analysis is land cover and land
use. Land cover and use categories are the starting point for analysis because they dictate
the type of intervention that can be implemented. Landcover and land use categories were
assigned simple priority rankings for green-blue interventions based on the evidence
gathered from the state-of-the-art information. Table 1 at the end of this section presents a
summary of the evidence and the priority rankings (low to high) assigned to each
landcover/land use category based on the evidence presented. As mentioned previously this
report offers suggestions for interventions that may modify land management, but the aim is
to do so in a realistic way, without suggesting any wholescale changes to the current land
use, unless there is overwhelming evidence that the current land use is not feasible into the
future. While the change suggested by interventions is kept to a minimum, so too is the land
area affected. This is achieved by analysing landscape characteristics and pairing the sites
with high potential to influence basin hydrology with green-blue interventions that are shown
to have the highest potential impact on interception, infiltration, runoff and flooding.

5.2.1.1. Priority land cover and land use categories

As mentioned previously urban uses classified in the land cover maps as continuous and
discontinuous urban, industrial, facilities or road and rail infrastructure are not considered in
this study. There are many reports reporting or investigating the best use and placement of
green-blue, and nature-based solutions in urban locations with highly impervious landcover,
so this report does not focus on these areas. There is one exception however, green urban
areas are considered for retention/detention ponds if located in the riparian zone. This is
justified because they are not normally areas that are protected from flooding and may serve
as useful detention areas to reduce the impact on sensitive urban locations if the landscape
characteristics allow and it is safe to do so.

Land categorised as agricultural land is a priority for green-blue interventions within the study
area. There are a number of reasons for this, firstly the large percentage of land that
agriculture covers in the study area. Across Leverkusen and Solingen agriculture makes up
around 21-24% of land use and in Rheinisch-Bergischer Kreis the percentage is even larger
at 52% (BKG, 2021a). Also because agricultural land is often located alongside the rivers
and streams in the study area, and also because of the opportunities that exist to improve
infiltration and reduce runoff on agricultural lands (see Figures 4, 5 and 6 for an illustration of
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landcover categories across the study area). Thirdly agricultural soils are generally
associated with low infiltration properties indicated by low hydraulic conductivity, high bulk
density and high runoff and erosion because of tillage and compaction (Gonzalez-Sosa et al.
2010; Haag et al., 2006; Humann et al. 2011; Laufer et al. 2016; Maetens et al. 2012; Meijles
et al. 2015; Meyles et al. 2006) this means that there is considerable room for improvement.
With cropland in particular there are a range of management improvements that can be
made to reduce runoff and improve water retention (Borin et al. 2010; Haag et al. 2006;
Laufer et al. 2016; Nerlich et al. 2013).

Similarly, there are opportunities to improve infiltration and runoff under grazed pasture
(Jackson et al., 2008; Marshall et al., 2014) and with different methods for grassland crops
and permanent grasslands, however, as mentioned in Section 4.2.5 it is impossible to
separate out the more intensively managed sown grasslands and agricultural pastures from
permanent grasslands in the current land use mapping categories. There are strict rules

applying to grasslands c | a fostheplurppsts chAEJ Conpmom mane nt

Agriculture Policy (CAP) and Ger man ‘ Greening’
ploughing can occur, and in areas designated Natura 2000 (FFH Habitats directive or bird
sanctuaries) ploughing and/or conversion is effectively banned (BfN, 2014; UBA, 2021).
From 2018 this restriction also included the ploughing of permanent grassland for pasture
renewal and if a permit is allocated ploughing can only occur once every five years
(Landberatung, 2023). These rules appear to apply to crops of ryegrass and timothy grass
but not to crops of clover or alfalfa or maize, barley, triticale or oats (EC, 2015). The majority
of grassland in the study area appears to be sown grassland or grassland and crop rotations,
(see Figure 15 photos of grasslands taken from within the study area in April 2023). This
grass is used for the purposes of making hay for livestock, which is the case for around 30%
of agricultural land in Germany (Socher et al., 2013).

Figure 15: Photos taken of sown grass crops within the study area

(Source: Photos taken by author)
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This type of grassland is managed similarly to cropland although with potentially less
ploughing but fertilising and mowing certainly does occur (Socher et al., 2013) and with that
also the effects of compaction and perhaps also fallow which leaves land bare creating the
perfect environment for additional runoff.

Al t hough reduced tillage is effectively enforced
indication in Corine landcover maps which grassland is considered permanent grassland for
CAP purposes, as there is also the classification natural grassland (321) of which none occur
in the study area. The discussion is necessary because, tillage or ploughing is a deeply
ingrained feature of German crop management. The 2015/16 Statistiches Bundesamt (2023)
reported that conventional ploughing (as opposed to reduced tillage or no tillage) was the
main sowing process for 53% of arable land. Conservation tillage techniques are also
reportedly much more likely to be employed by larger farm holdings and the average farm
size in western Germany being 52 ha compared to the average of 234 ha in the east in 2019
(Statistiches Bundesamt, 2023). For these reasons reduced tillage has been included as a
potential green-blue intervention for grassland management in addition to arable land or crop
management. Unfortunately, there is no way to differentiate between grazed pasture,
cropped grassland or permanent grassland with the spatial data available so different
interventions are suggested for each subcategory of land use.

Forested land is also considered for green-blue intervention. In the study area coniferous
plantations have experienced high level of die-back in recent years due to bark beetle
infestation (Chambers, 2021; Wald und Holz NRW, 2020). In many plantation areas these
trees have been felled and are now devoid of extensive vegetation cover as illustrated in the
photos in Figure 16, which were taken in the study area during 2022. As found by Gonzalez-
Sosa et al. (2010) cleared forests can exhibit extremely low hydraulic conductivity and high
bulk density potentially from heavy machinery compaction or erosion. Therefore, these areas
would also generate high runoff and it is important that these forest areas are reforested, as
they cover over up to 5% of land across the study area. The Wupperverband have a plan for
the reforestation of the coniferous plantations managed by the corporation (see Section
5.3.2). Plantations owned by private entities, however, may replanted with alternative
coniferous trees, as investors are looking for the quickest economic return, while there is also
economic value in broadleaf plantations (DBU, 2010) their maturation period tends to be
relatively longer than that of coniferous species.
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Figure 16: Photos of cleared coniferous (likely spruce) plantations in the study area

(Source: Photos taken by author)

Revegetation for natural retention/detention areas is also suggested for coniferous
plantations thatareinclos e proxi mity to rivers or streams.
generously wide floodplains under coniferous plantations in the Wupper Basin due to
constriction by relief and urban development, and evidence of only a few small renaturing
projects on the Wupper and Dhiinn, although there is evidence that reinstatement of
floodplains as use for natural flood retention has worked well along the Rhine (Redeker,
2018; Trémoliéres et al., 2008). Nevertheless, periodic flooding of the forested riparian
sections along the Wupper would be a natural occurrence and can even be beneficial for the
natural succession of forest species (Schnitzler, 1994; Trémoliéres et al., 2008). Existing
broadleaf forests and mixed forests are not considered for any intervention. Such forests are
already providing ongoing hydrological risk mitigation in the form of rainfall interception and
soil water retention (Chandler et al. 2018; Keim et al., 2006; Kramer and Hélscher, 2009;
Nordman et al., 2009) especially for low to medium sized rainfall events (Bathurst et al.,
2020) and should be retained for this and other ongoing services.

Similarly with woodland and shrub, there is no recommendation for any changes to this land
cover. This kind of landcover already provides benefits in relation to infiltration (Gonzalez-
Sosa et al., 2010), surface roughness and slowing runoff (Monger et al., 2022a) and if
located in the riparian zone, slowing the flow of water (Makaske et al., 2011) which can also
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be of benefit to delay the flood peak downstream. Of course, delaying a flood peak is not

always the desirable outcome in terms of flood management, but can be as long as it means

that a lower flood peak is reached.

Table 1: Priority rankings for green-blue intervention potential for each landcover/land use category

Land use
and land
cover

Urban areas

Coniferous forest

Suitable for urban modification measures
(permeable pavements, green roofs,
rainwater harvesting etc.) (Alves et al.
2018).

Broadleaf and
mixed forests

In Germany coniferous plantations have
experienced high level of die-back in recent
years due to bark beetle infestation
(Chambers, 2021; Wald und Holz NRW,
2020). In many areas these trees have
been felled and present an opportunity for
strategic reforestation especially for state
forests. Constraints in private forests, but
many broadleaf trees also have high
economic value (DBU, 2010), not just
coniferous.

Arable cropland

Existing forests provide ongoing
hydrological risk mitigation in the form of
rainfall interception and soil water retention
(Chandler et al., 2018; Nordman et al.,
2009) especially for low to medium sized
rainfall events (Bathurst et al., 2020) and
should be maintained for this ongoing
service.

Pasture and
permanent
grasslands

Usually associated with soils of low
hydraulic conductivity and high bulk density
(Gonzalez-Sosa et al. 2010; Himann et al.
2011). There are a number of
improvements that can be made to reduce
runoff and improve water retention in
cropland (Borin et al. 2010; Klik and Rosner
2020; Laufer et al. 2016; Nerlich et al.
2013). Constraints include land ownership
and economics.

Soils also associated with low hydraulic
conductivity and high bulk density (Archer
et al. 2013). There are a range of green-
blue treatments that can increase water
retention and runoff in grazed grasslands
and sown grasslands (Carroll et al., 2004;
Marshall et al., 2014; Jackson et al., 2008;
Meijles et al., 2015; Pan et al., 2016).
Constraints include land ownership and
economics.
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5.2.2. Assessment of landscape characteristics

The criteria used to identify high potential locations for green-blue interventions begins with
an analysis of landscape features. The landscape features which provide the highest
opportunity to increase interception and infiltration, or reduce runoff and flooding, are
identified from the literature. Attributes that make sites more prone to flooding, more likely to
generate runoff instead of infiltration or more likely to generate increased runoff than the
surrounding sites are identified from landscape characteristics including location to river,
location in the catchment, location along the slope and topographic wetness index (TWI) as
illustrated in Figure 17.

Hillkop
Upper & mid

Riparian

« Priority Ciall [+ Location in st (- siope B . bigh potential
landcover » Proximity to catchment « Location percentage +* Topographic locations & green-
categories river/stream along slope wetness blue interventions

Upstream index [TW”

Urban green areas Midstream

Cropland

Pasture/grasslands
Coniferous forest

Figure 17: Landscape characteristics analysed to determine priority locations for green-blue
interventions

Similar to the landcover and land use categories, landscape characteristics were assigned
simple potential rankings according to hydrological impact based on the evidence gathered
from the state-of-the-art review. Table 2 at the end of this section presents a summary of the
evidence and the rankings of potential (low to high) assigned to landscape characteristics
based on the evidence presented

Once the landscape characteristics with highest opportunity to increase interception and
infiltration, or reduce runoff and flooding, are identified, spatial analysis is used to illustrate
the most promising locations for green-blue interventions. A number of spatial analyses are
conducted including creation of buffer zones and contour lines, percentage slope and a
topographic wetness index (TWI) evaluation in order to isolate the landscape characteristics.
These are intersected with the priority landcover and land use categories to illustrate the
locations and options for green-blue interventions with the best potential to minimise
hydrometeorological hazards in the study area. The spatial distribution of the suggested
green-blue interventions is shown on a series of figures with the heavy rainfall maps showing
water heights in rare (1 in 100 year return) and extreme rainfall events (90 mm/mz2in 1 hour).

5.2.2.1. Proximity to the river or stream

There is a high propensity for hydrological hazards such as flooding to occur on land situated
closer to the river, therefore, there is also high potential to use the land in that area to reduce
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the risk (Englund et al., 2021; Krampl et al., 2016). Land is defined riparian, floodplain or
slopes. Sites located within the riparian and floodplain zone are categorised as having high
potential to be used for retention/detention of water. Section 4.2 details the effectiveness of
providing additional space for the water to spread into, thus reducing the flood peak
downstream. Bell et al. (2020) found that based on equal implemented, retention/detention of
floodwaters can reduce the peak flow by a larger percent than the runoff reduction
mechanisms, due to the limitations of filtration and storage. Giacomoni et al. (2014) found
that retention/detention ponds were 10 and 19% more effective at reducing peak flow for 1 in
10 and 1 in 100 year storms than urban permeability improvements. While the area of
riparian zone exists continuously along the rivers and streams there is limited extent of
floodplain in the study area except for within Leverkusen, due to urban encroachment and
relief. Along the slopes there is no simple mechanism for retention or detention.

Scoping studies use a number of factors to identify the best potential sites for
retention/detention basins and areas. Slightly different combinations of criteria are used in
individual studies which often depend on local factors (soils and geology) and differences in
intended basin configurations (large, small or used for water harvesting). Land use and low
slope are the most common factors employed, however. Ahmadisharaf et al. (2016) and
Bellu et al. (2016) both specify low slope (<5%), Pawattana and Tripathi (2008) also used a
sliding scale of slope (0-2% up to >35%) with the highest weighting on the lowest slope and
Krampl et al. (2016) also name distance to river, slope and land use as key components
within their list of location criteria.

This study uses a slope of less than 15% along a 100m riparian zone either side of the river
or stream to identify potential retention/detention basin locations. The intersection of the
landcover and land uses including green urban, agricultural (cropping and
pasture/grasslands), and coniferous forests and the 100m riparian zones with slope less than
15% are then processed in QGIS to identify priority locations for flood retention/detention.

While 15% is a large slope in relation to that chosen by some of the scoping studies
discussed the reasons for this are fourfold. Firstly, there are many other factors that need to
be scoped in preparation for locating retention basins including distance to critical
infrastructure, engineering factors and cost, how potential basins or areas work together land
ownership and sharing or acquisition possibilities, and desirable soil permeability
(Ahmadisharaf et al., 2016; Bellu et al., 2016; Krampl et al., 2016). Secondly the landscape
relief and propensity for flash floods in the study area lends itself to multiple small retention
areas and basins in the headwaters, not fewer large basins. Multiple smaller
retention/detention basins or areas located in the upper catchment or headwaters was found
by several authors to be more effective at attenuating flash flooding (Nicholson et al., 2019;
Salazar et al., 2012; Smith et al. 2015). Thirdly the high percentage of urban landcover
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downstream in Leverkusen also lends itself to the placement of multiple small-medium
retention basins leading into the floodplains where space allows, to take advantage of the
local impact on flood reduction. Choosing a slope of less than 15% and width of 100m keeps
all of these options open. Figure 18 and Figure 19 illustrate the location of potential
retention/detention across the study area based on the criteria discussed.
Retention/detention is suggested on the landcover green urban areas, cropland and pasture
and permanent grasslands. Potential locations for natural retention/detention areas, which
would be situated on revegetated former coniferous plantations, are illustrated in Figure 24.

There are a number of locations along the riparian zones that are protected. These are
indicated on the mapping legends as the Natur2000 which designates protected areas under
EU law for threatened species and habitats, and Naturschutzgebiet which designates areas
with national park status. These protected areas overlay the analysis in the mapping and
override any suggested changes to land use within their boundaries except for the former
coniferous plantations which will be reforested in protected areas such as the
Wupperverband managed forests.

5.2.2.2. Location in catchment

The study area covers the midstream sections of the Wupper and Dhiinn. The study area
also coves the entirety of the tributary streams, upstream, midstream and downstream.
However, on a technically catchment basis, the study focuses on the midstream. There are a
number of interventions for which the literature recommends specific placement in the
catchment such as retention/detention basins and areas. The majority of literature reviewed
on retention/detention of floodwater recommend the upstream or headwaters of the
catchment for basin/area location (Ayalew et al., 2015; Birkinshaw and Krivtsov, 2022; Bellu
et al. 2016). While this works well in theory to capture the most runoff if runoff were evenly
distributed across the basin, the flash floods of July 2021 demonstrated that not all heavy
rainfall will occur in the headwaters, or where the heaviest falls occur on average. As
illustrated in Figure 14 convective rainfall can fall at any location within the basin and the
areas with highest risk (hazard x vulnerability x exposure) which are most often urban areas
also need to be protected, in this case retention/detention basins are most effective when
located (where safe) close to the affected area to take advantage of the local effect (ICPR,
2020). Figure 26 illustrates where potential retention/detention basins could be located to
take advantage of the local impact and where headwater location would enable wider
catchment coverage. As mentioned above this is simply a preliminary judgement, the
placement of floodwater retention/detention must be modelled and must consider many more
factors than simply relying on simple spatial assessment such as this, in order to evaluate
the full impacts and risks.
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5.2.2.3. Location along slope

The location of a site along a slope has important implications for the hydrology of the site
(FAO, 2006; Graham and Lin, 2011; Zhu et al., 2014). FAO (2006) designates slope
positions for undulating and mountainous topography as bottom, toe slope, lower slope,
middle slope, upper slope and crest (hilltop). These categories are used to differentiate the
sites critical for green-blue interventions from those that are either not as influential to slope
hydrology, or influential but not in a way that can can’ he addressed by green-blue
interventions.

From the literature that there are a few factors that stand out in terms of how the hillslope
position influences runoff including overland flow and subsurface flow. Graham and Lin
(2011) found that preferential flows, rainwater runoff through conduits and large pores that
bypass soil infiltration and instead feed flash flooding through increased runoff generation,
occurred mostly on hilltop sites due to dry soils and high temperatures which caused
hydrophaobicity and cracks in the soils due to the loss of moisture. The dominant factor in the
creating of preferential flows on the lower slopes was found to be initially wet soils conditions
and higher intensity rainfall, while at the mid-slope positions the duration of rainfall was found
to be the dominating factor in creating preferential flows. This information can be cross-
checked with the mechanisms of green-blue interventions to find the best options for
intervention. Green-blue interventions can influence soil condition which in turn affects soil
infiltration and runoff, and the green water cycle of biomass uptake and evapotranspiration,
but green-blue interventions cannot affect rainfall duration. Therefore, green-blue
interventions will be effective on hilltops and lower to toe slope locations but not on the mid-
slopes. Furthermore, Zhu et al. (2014) analysed the soil moisture response to rainfall and
rainfall intensities along with vegetation cover. They found that total soil moisture at the
hilltop, upper and middle slopes under pine forest and tea shrub vegetation cover, reflected
the rainfall intensity and volume regardless of vegetation cover, while soil moisture at the
lower slope and toe slope under clover and pine/magnolia forest cover, reflected rainfall
intensity in a cumulative manner. The lower and toe slope positions received runoff from the
upper slopes in addition to rainfall that falls across the site, and this propensity increases
under high intensity precipitation or rainfall that is more likely to lead to flash flooding. In
addition, the toe slope position receives subsurface flow in addition to cumulative rainfall
volumes when initial soil conditions are saturated, even under forest cover. All combined, this
information sets a priority for the lower to toe slope and hilltop positions, as it is these
location along a hillslope that will contribute to both runoff and subsurface flow contributing to
flash flooding when rainfall is heavy, which can be addressed by green-blue interventions as
discussed in Section 4.
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There are a few constraints in defining these areas, however, for the spatial analysis. The
hilltop location can be identified easily using relief contour lines, it's more difficult to
accurately identify the lower and toe slope locations over an extended area such as the study
area. For that reason, the toe slope but not the lower slope is used in the mapping analysis,
as the toe slope can be identified approximately with the use of the river valley contour lines,
but the width of the lower slope is much more difficult to estimate given the range of slope
lengths and elevations throughout the study area. Therefore, the hilltop and toe slope
positions which are identified as the priority slope locations for increasing interception and
soil infiltration and reducing runoff and flooding. The landcover and land uses that apply to
green-blue interventions along these slope locations are cropping and pasture or permanent
grasslands.

There are several green-blue intervention options that can apply to these sites, so a range of
suggestions are given. The intervention along hilltop sites with the highest potential impact
would be for the sites to be revegetated or reforested with native species, this would lead to
better soil condition, interception and runoff prevention as per comparisons of forested and
agricultural land in the literature. However, it is understood that this would involve a drastic
change of land management and loss of production for the owner so other options are also
provided. For cropland on hilltops the application of biochar is an option, this is proven to
increase the water holding capacity of the soil, a second option is a management change to
reduced tillage and/or strip tillage, these have both been found to reduce rainfall runoff and
increase plant available water (Horak et al., 2019; Laufer et al., Liu et al., 2012; Madarasz et
al., 2021), these management options could also be combined. Another potential intervention
would be to plant tree or hedge buffer strips around cropping locations on the hilltop, this is a
traditional cropping strategy which can work as a windbreak to reduce the drying of sails,
reduce runoff and the loss of key nutrients and also improve the microclimate (Borin et al.
2010; DBU, 2010; Nerlich et al., 2013). For grazing and permanent grassland there are also
several options, including reduced stocking rates for grazing land, application of biochar and
reduced tillage or strip tillage where grass crops are grown and silvopasture for permanent
grasslands. These interventions also work to increase soil water holding capacity and reduce
runoff (Meijles et al. 2015; Nerlich et al., 2013). See Figure 18 and Figure 19 for hilltop
distribution and potential interventions for the study area.

Runoff attenuation along the lower slope and toeslope positions would also benefit most from
revegetation to take up some of the subsurface flow through root systems, provide soll
conditioning benefits. However, there are a number of factors to balance. These locations
are likely to be prime land for cropping and grassland because of the extra nutrients in the
soil from overbank flows, and a land use transition is highly unlikely without land acquisition.
Furthermore, these locations are also likely to be the source of river baseflow in dryer times.
The impact of deforestation and reforestation on baseflow is complex and can vary from
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basin to basin and study to study (Xiao et al., 2022) however, baseflow sources should be
studied before any wholesale land use change is recommended in these areas. To strike a
balance the range of green-blue intervention options for the toe slopes includes reduced
mowing height and/or frequency for grasslands to increase surface roughness and reduce
overland flow (Pan et al., 2016) reduced grazing pressure (Meijles et al., 2015; Monger et al.,
2022b) and grazed woodlands, providing groundcover can be maintained which also acts to
slow overland flow velocities (Monger et al. 2022a). For cropland there are also a range of
interventions that can be implemented. Buffer strips and coppice intercropping could be
introduced at the toe slope location for cropland as this management intervention can reduce
overland flow and also reduce loss of vital crop nutrients. See Figure 18 and Figure 19 for
the distribution of toe slope and potential interventions for these locations across the study
area.

In fact, low height, cross slope shelterbelts/hedgerows for grassland and buffer strips for
cropland have a high potential to reduce overland flow at the toe slope position, especially if
there are high TWI lines that lead downslope (see Section 5.2.2.5 for TWI explanation) as
these areas are critical for runoff reduction. During the summer months reduced tillage or
strip tillage which acts to maintain water held in the soil and reduce rainfall runoff is also
recommended for cropland (Laufer et al., 2016; Klik and Rosner, 2020) this may also make
some contribution to baseflow management during especially dry summers, at the very least
soil water losses are reduced through impeded evaporation. See Figures 20 to 23 for the
locations of high TWI across the study area.

5.2.2.4. Slope gradient

The slope gradient as an indicator for the potential location of retention/detention basins and
areas is discussed above in Section 4.2.2.1.

While there is some disagreement in the literature on when the slope gradient becomes
significant for runoff, there is general agreement that the slope gradient is one of the most
important factors influencing runoff generation (Bachmair and Weiler, 2012; Marapara et al.,
2021). Zhu and Lin (2011) found that soil moisture variation was dominated by the slope
gradient over soil type or vegetation type from a slope gradient at just over 8%. While
Marapara et al. (2021) suggested that gradient of slope alone becomes a significant factor
for runoff when approaching more than 15% and highly significant when more than 30% as
this is when runoff velocity is highest and contribution to flash floods most likely. For this
reason the optional green-blue intervention options for agricultural land use at these sites is
simply for revegetation in order to maximise the reduction of runoff and also to reinforce the
soil on the slope to avoid soil erosion. Revegetation does not have to be in the form of
reforestation, as forest trees (with some exceptions such as Fagus sylvatica L. (Bolte et al.,
2007) do not usually grow well across highly sloping gradients (Marapara et al., 2021). In
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these locations low growing shrubs and undisturbed grasslands cover can reduce runoff and
also slow overland flow with increased roughness (Llorens & Domingo 2007; Maetens et al.
2012; Makaske et al, 2011; Monger et al., 2022a), perhaps better than total reforestation can
achieve as this can sometimes lead to reduced groundcover. Figure 17 and Figure 18
illustrate the distribution of agricultural areas with slope greater than 30% at riparian and toe
slope locations and potential green-blue interventions.

Similar to agricultural areas, the green-blue intervention suggested for former coniferous
plantations across riparian zones at 30% and greater slope is also revegetation with low
growing shrubs rather than with large forest trees. This is for three reasons, as mentioned
previously it is thought that the main contribution to flood reduction from riparian vegetation is
that of surface roughness slowing the flood peak (Cooper et al., 2021; Murphy et al., 2021).
Makaske (2011) found that soft and hardwood shrubs provide double the amount of hydraulic
roughness and therefore delay of the flood peak, to that of mature forest species.
Furthermore, large woody debris was a problem for safety and infrastructure in the July 2021
floods in the study area (Wupperverband, 2022a), so establishment of shrubs, reeds and
grasses rather than forest species in the riparian zone, especially at areas of high velocity
flow and close to urban or sensitive infrastructure, goes some way to reducing this risk.
Figure 23 illustrates the former coniferous plantation sites recommended for this green-blue
intervention.

5.2.2.5. Topographic Wetness Index (TWI)

The topographic wetness index (TWI) uses the landscape feature measurements of slope,
contour length and upslope area to calculate preferential pathways of water accumulation
and flow (Sgrensen et al., 2006). These pathways can be used for green-blue intervention
planning purposes. Where there is high TWI that leads down to the waterway, it can be
assumed that during rainfall there is likely to be preferential runoff along the pathway due to
the characteristics of the slope and local soil moisture increases (Sgrensen et al., 2006). TWI
is used as the concavity or divergence of each of the multiple slopes in the study area cannot
be measured. TWI is a good indicator of wetness along slopes but does not work well to
differentiate runoff paths in areas of extensive low relief such as the highly urbanised areas.

High TWI ( = & jrequently evident on the agricultural land located along the slopes and
down to rivers and streams in the study area (see Figure 19 and Figure 21). As discussed in
Section 4 there are many studies demonstrating the effectiveness of shelterbelts or
hedgerows in pasture and grassland, buffer strips in cropland and woodlands, planted cross-
slope, in reducing rainfall runoff (Borin et al. 2010; Carroll et al. 2004; Cooper et al. 2021,
Jackson et al. 2008; Marshall et al. 2014; Nerlich et al. 2013). This intervention could be
combined with conservation tillage as discussed in Section 4 which also acts to reduce runoff
(Klik and Rosner 2020; Laufer et al. 2016; Haag et al. 2006) and cross slope cultivation.
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In the study area there is sometimes riparian forest located between the agricultural fields
and the rivers or streams at some sites, but often there is no forest buffer in the riparian
zone. Figure 21 and Figure 23 are provided to illustrated where there is no riparian forest
between potentially high runoff flowing from agricultural fields and the waterways. These
locations have an increased potential for green-blue interventions such as
hedgerows/shelterbelts and hedgerows to reduce overland flow and potentially flooding.
Furthermore, these maps also show by default where the dense urban areas are located (all
other layers are turned on but the urban layer), with the heavy rain hazard maps as
background. This could also be used as an effective planning tool for the location of green-
blue interventions on the agricultural slopes above urban areas, so in addition to reducing the
runoff that flows to rivers and streams, it could reduce runoff flooding into urban areas.
Similarly, if there is sensitive infrastructure downstream, green-blue interventions could also
be implemented to reduce the runoff coming from highly impervious urban areas that can
lead to damage downstream.

Table 2: Rankings for potential impact of landscape characteristics on hydrology

High propensity for hydrological risk and
also potential for reducing the risk (Englund
et al. 2021). Slope greater than 30% makes
a highly significant contribution to runoff
Proximity to (Marapara et al., 2021) and is only suitable
river or for revegetation.
stream Further out from | Low-Medium Lower propensity to impact hydrology
the riparian zone unless site is on a slope that will result in
increased runoff such as a concave or
divergent slopes (Aryal et al., 2005;
Marapara et al. 2021; Zhu and Lin 2011).

Riparian

Floodplains Reconnection of floodplains to the river
body is considered highly successful in
reducing flood peaks in rivers with
previously wide floodplains (ICPR, 2020;
Klijn et al., 2018). However, the Wupper
Basin doesn’t contai
due to topography, where floodplains do
exist they are often under highly urban land
cover.

Hilltops can provide pathways for
preferential flow and vegetation cover may
increase the ability for often thin soils to
retain water (Bachmair and Weiler 2012;
Graham and Lin 2011; Zhu et al. 2014).
Highland forest rainfall interception is
maximised at around 420 m.a.s.| (around
peak hilltop height across the Wupper
basin) which results in reduced rainfall
runoff (Kdéhler et al., 2015).

Location

along slope Hilltop
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Upper slope -
Mid slope

Lower Slope -
Toe slope

Low-Medium

Unless the mid slope position is located in a
concave and divergent hillslope, the middle
slope tends to exert less influence on runoff
than the higher or lower slope positions
(Ayral et al., 2005; Bachmair and Weiler
2012; Zhu et al., 2014). If high TWI is
present then the landscape features create
preferential pathways for water
accumulation and flow (Sgrensen et al.,
2006) and green-blue interventions such as
tree buffer strips can be implemented.

The water table is closer to the land surface
across the lower slope areas, also these
areas receive a higher proportion of
subsurface flow and are important as
buffers for soil erosion and nutrient losses
(Zhu et al., 2014). Reforestation
[afforestation or buffer strips,
shelterbelts/hedgerows at this landscape
level can be highly effective at reducing
subsurface flow and runoff. High TWI is
used to indicate where tree buffers can be
located to intercept preferential pathways of
water flow (Sgrensen et al., 2006). Slope
greater than 30% at these locations makes
a highly significant contribution to runoff
(Marapara et al., 2021) and is only suitable
for revegetation to slow the flow.

5.2.3. Spatial analysis indicating potential green-blue intervention locations

The following maps display the spatial intersection of the landcover/land use categories that

were identified as high priority and the landscape characteristics identified as having high

potential for green-blue interventions. These maps show the sites that this study has found

would provide the best location for green-blue interventions to address hydrometeorological

hazards across the study area. The map legends display the suggested intervention, the

landcover or land use and the landscape criteria for which the location has been chosen

(riparian =230% slope, for example).

5.2.3.1. Limitations

There are several limitations with the maps, some of which originates from the datasets. As

previously mentioned with the CORINE Landcover dataset (BKG, 2021a) there is no way to

differentiate permanent grasslands from grazed pasture or to ascertain whether the

per manent pasture

S

p e r ma n, eorfdr the pfirposes of thie

study it is assumed (based on visual evidence in the basin see Figure 15) that there are no

mandatory rules place on grassland renewal and tillage. The CORINE datasets are not

perfect at the local level as the resolutions 5 ha and often the non-major roads and small

urban areas are not recognised as such.

purpose
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Furthermore, there are limitations with authors ability to carry out some spatial analyses. For
this reason the upper limit of the lower slopes and the lower limit of the upper and middle
slopes was not able to be semi-accurately calculated and isolated for further processing, so
the suggested interventions for the lower slope locations do not feature in the spatial analysis
presented although they are included in the final implementation guide (Table 3). Whilst the
interventions for lower slope were not able to be mapped, the recommended interventions for
the riparian, hilltop and toe slope locations are represented on the maps, along with the
former coniferous plantation sites across all locations.

5.2.3.2. Mapping outcomes

The first set of maps (Figure 18 and Figure 19) illustrate the layout of a number of suggested
interventions together across the study area. These include flood retention/detention

locations identified for green urban spaces and agricultural sites (at riparian zones with slope
<15%), revegetation of cropland with slope =230%
grazing and grassland management for agricultural lands located along the toe slope

(sl ope<s30%) and al on gialintenentions &re displgyes togethér®® p ot en
demonstrate that the interventions could work together. Implementation of any kind of

measure across a broader landscape is known to have more impact (Ayalew et al., 2015;

Bathurst et al., 2020). Each of the interventions can also work on different aspects of basin

hydrology using different mechanisms. For example, the revegetation of the high slopes

along the riparian zone provides greater surface roughness to slow the flow of water,

reforestation of the former coniferous plantations with broadleaf trees acts to intercept rainfall

in the leaves and bark, soil amendments, shelterbelts/hedgerows and buffer strips create

better soils conditions for soil moisture storage and retention/detention of water reduces the

flood peak height. Therefore, the different strategies working together as an interconnected

system can have more impact than a single or isolated intervention.

The green-blue interventions for high TWI lines and the former coniferous plantations are
illustrated separately in Figures 20,21,22,23 and 24 as there is too much information to
include on one map. Separating them allows the reader can better observe the intervention
locations and understand the spatial analysis concept. Figure 25 shows the location of
options for retention/detention to take advantage of wider catchment coverage or the local
impact.

The Nacker Bach and the Weinsbergerbach, Solingen

Figure 18 shows that there are some opportunities for retention or detention areas along the
Nacker Bach in Solingen, although some of the areas are separated from the stream and
some lie across roads so these need to be rejected. There is a section along the
Weinsbergerbach that is protected even though there is agricultural grassland within the
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protected area. There are several toe slope locations along the Nacker Bach and the
Weinsbergerbach for which buffer strips/coppice intercropping and shelterbelts would act to
increase soil water storage capacity and bulk density and reduce rainfall runoff. To plan the
layout of buffer strips and shelterbelts/hedgerows Figure 20 and Figure 21 show that for both
streams there are some sections of high TWI lines down to the streams in the grasslands
where there are also no riparian forests. Buffer strips and shelterbelts/hedgerows planted
here to increase soil water storage capacity and bulk density and reduce rainfall runoff
should be planted at right angles to the TWI lines for the best results.

The Wupper, Solingen

Figure 18 illustrates some locations that may be suitable for mixed-use retention or detention
along the Wupper (for fluvial flooding) as the Wupper moves into Rheinisch-Bergischer Kreis.
These sites are also selected for potential retention/detention for local impact on Figure 25.
There are very few toe slope sites under agricultural land use along the study area section of
the Wupper because here the floodplains widen as the relief levels out. Figure 20 and Figure
21 show multiple high TWI lines down to the Wupper, notably on the left bank under cropland
as the river moves through Solingen. These areas are not recognised as toe slope as they lie
across the floodplain (see Figure 2). However, they could also benefit from strategically
placed buffer strips and hedgerows of shrub species, as inundation during heavy rainfall
across these areas is confirmed by the heavy rainfall hazard map (Figure 9). Providing the
mechanisms to increase soil water storage capacity and improve bulk density would reduce
improve the runoff response and may also reduce the loss of key nutrients from the
agricultural fields and pollution to the river. Figure 19 also shows a section of green urban
land with potential for retention/detention as the Wupper moves into Leverkusen, this would
overflow naturally due to the low relief of this area (see Figure 2). The green space has an
existing pond but backs onto dense urban areas, this section has potential for
retention/detention, but would likely require significant excavation to hold more water and
engineering to protect the local urban areas.

The Weltersbach and Murbach, Rheinisch-Bergischer Kreis

The Murbach already features a line of water basins (some of which are currently empty) so

there is no need for additional retention/detention on this stream (see Figure 18 and Figure

25). The downstream sections of the Weltersbach have a high percentage of riparian forest

which means that there is reduced need for intervention (see Figure 21). However, the

headwater sections of the Weltersbach tributary, closest to the Wupper, has a lot of

agriculture distributed across the riparian zone and toe slopes, with no forest buffer (see

Figure 18 and Figure 20). However, the heavy rainfall hazard map (Figure9)doesn’t show a
lot of runoff arising or pooling in this section so there is little need for any intervention here.

There are several sections of cropland distributed across the toe slopes around these two
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streams for which strip tillage and/ or conservation tillage would bring higher infiltration
capacity and reduced soil erosion during rainfall.

The Olbach and Weimbach, Leverkusen

Figure 18 (wider view) and Figure 19 (close-up view) show that both the Olbach and the
Weimbach have significant potential for mixed purpose retention/detention basins on
agricultural land (also illustrated in Figure 25). There are also a number of opportunities
along the upper to mid Weimbach for buffer strips/coppice intercropping and shelterbelts on
the toe slope locations to increase soil water storage capacity and bulk density and reduce
rainfall runoff from the agricultural sites. Figures 20 and 21 also show areas of high TWI in
riparian locations for both streams without any riparian forest. These would be a priority for
shelterbelt/hedgerows and buffer strips if the locations were not suitable for
retention/detention as these streams receive significant runoff and produce localised flooding
during convective storms, see the heavy rainfall hazard map (Figure 9).

The Eifgenbach, Rheinisch-Bergischer Kreis

The upper sections of the Eifgenbach are shown only once in the maps on Figure 18. The
reason for this is that there is little room or need for intervention along this part. The majority
of the riparian zone is protected in this area, and furthermore, there is no possibility of
retention/detention as the relief is steeper and the stream valley is constrained with high
coverage of forest across the riparian and slopes (see Figure 5). The grassland/pasture
located across some of the toe slope sections may benefit from the intervention of reduced
tillage so that runoff and erosion is reduced, as river is set in a steep valley making it
susceptible to erosion. There are also a number of hilltop sites which may see increased soil
water storage capacity with the application of biochar.

The Leimbach, Leverkusen

Figure 19 shows that there are sections of agricultural land in the riparian zone at the upper
and mid-sections of the Leimbach that have a slope greater than 30%. These have the
potential to produce high velocity runoff to the stream during storms and would benefit from
revegetation both to slow the flow and improve the soil water infiltration capacity of the soil.
To confirm the recommendation of revegetation Figure 22 and Figure 23 also show high TWI
down to the river along these sections and only a thin strip of riparian forest. There are also
parcels of farmed land spread across the hilltop in the upper sections which may also benefit
from increased soil water storage capacity with the application of biochar. Prior to flowing into
the Dhinn there are sections of agricultural riparian land along the Leimbach that have the
potential for mixed use retention/detention and the heavy rainfall hazard map (Figure 9)
shows that this would be a suitable location. While land pressure here is undoubtably high,
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there may be a way to make a sharing arrangement worthwhile for the landowner. This
section is also illustrated in Figure 25 as potential retention/detention with local impact.

There are three other un-named drainage lines shown in Figure 19 within Leverkusen. The
closest to the Leimbach already holds the Ophovener Weiher retention basin, which the
Wupperverband are planning to expand (Wupperverband, 2022c). The next is protected and
the last drainage line to the west shows several opportunities for retention/detention on
agricultural land, and there is forest that would take-up the overflow as seen on the landcover
and land use map (Figure 4). These forests also feature sections of coniferous forest which
could be reforested as occasionally flooded broadleaf forests as discussed in Section
5.2.1.1.

The Dhiinn, Leverkusen and Rheinisch-Bergischer Kreis

Along the Dhinn in Leverkusen (see Figure 19) there are several agricultural locations that
may have potential for mixed-use retention/detention. These areas potentially flood anyway
during convective storms and during fluvial floods. However, the retention or detention of
water at this location would take the pressure off the settlement of Schlebusch which is just
downstream and suffered from inundation and damage during the July 2021 floods
(Wupperverband, 2022a). As mentioned above this section is also illustrated in Figure 25 as
potential retention/detention with local impact. If not suitable for retention/detention these
sites are quite extensive and would benefit from shelterbelts or buffer strips and coppice
intercropping to improve the soil water holding capacity and reduce runoff. As shown in
Figures 22 and 23, these are relatively extensive agricultural holdings which are affected by
storm water ponding during large storms, (see the heavy rainfall hazard map Figure 9).
These fields would also benefit from strip tillage and/or reduced tillage to reduce bare soils
and improve the water holding capacity of the soil and increase plant available water during
dry times, and especially seeing that these fields are all under Luvisol soils, that are highly
vulnerable to structure loss and erosion when subjected to extensive tillage.

There is a small section of riparian land under agriculture just inside the Leverkusen border
that has a slope higher than 30% (Figure 19). This has the potential to produce high velocity
runoff during storms and would benefit from revegetation both to slow the flow and improve
the soil water infiltration capacity of the soil.

Within the study section of Rheinisch-Bergischer Kreis, there is little opportunity for

intervention along the Dhiinn River (see Figure 19). The banks are lined with forest and

protected along the riparian zone below the Grof
borders small urban centres line the banks (see landcover and land use map Figure 5).

Figure 19 shows a small site for potential mixed-use retention/detention in the mid-section.

This section also has high TWI lines and no riparian forest (Figures 22 and 23) so if not used
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as retention the runoff down to the river at this section could be improved from strategically
placed hedgerows or crop buffer strips.

Figure 24 also shows sections of former coniferous plantations along the toe slope areas.
These should be reforested to ensure that interception occurs during storms and to improve
the soil water holding capacity.

The Scherfbach, Rheinisch-Bergischer Kreis

The Scherfbach has plentiful sections for retention or detention (see Figure 19). In the high
headwaters there would be little need for flood or storm water retention, at the second and
third order stream sections and lower, however, there is need for mixed-purpose retention or
detention. While there are also protected sections along the stream, the protection only
covers the river section itself in places and not the riparian zone. The heavy rainfall hazard
map (Figure 9) shows that the Scherfbach system carries a lot of water during storms. Figure
25 shows that there are several opportunities for retention/detention that might have an
overall impact on basin flooding and also a local impact. Figures 22 and 23 also show that
these sections all have high TWI lines leading down to the waterways, and little forest
riparian buffer except in the very top sections. The high TWI lines also present the
opportunity for strategic planting of shrub hedgerows, reduced tillage, reduced mowing
height and frequency, and the reduction of grazing pressure as these sites are relatively
extensive pasture or grasslands. These interventions work to improve the soils water holding
capacity, slow runoff and reduce preferential pathways for stormwater runoff.

Figure 19 also shows that there are opportunities for shelterbelts or buffer strips, reduced
tillage and potentially reduced grazing pressure on the toe slope locations to increase soil
water storage capacity. There are also some sections of the Scherfbach with agricultural
lands in the riparian zone with a slope greater than 30%, some even in the protected zone.
These have the potential to produce high velocity runoff to the stream during storms and
would benefit from revegetation both to slow the flow and improve the soil water infiltration
capacity of the soil.

Figure 24 shows the areas of former coniferous plantations. The majority of these in the
study area are located in the Scherfbach and between the Scherfbach and the Dhiinn, with
only a minor number along the Wupper in Solingen. These provide a valuable opportunity for
reforestation as discussed in Section 5.2.1.1. Furthermore, harvested sites can present low
soil filtration and high runoff features, while reforestation with broadleaf species provides the
best option for rainfall interception, maximising soil water infiltration and water holding
capacity and runoff reduction. Species options for reforestation based on aspect and the
location along the slope are discussed in the next section.
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Figure 18: Locations for retention/detention, revegetation and agricultural green-blue interventions (Solingen and Rheinisch-Bergischer Kreis)
(Data source: BKG, 2021a&b; Diva-GIS n.d; IT.NRW, 2023; Prepared in QGIS)
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Figure 19: Locations for retention/detention, revegetation and agricultural green-blue interventions (Leverkusen and Rheinisch-Bergischer Kreis)
(Data source: BKG, 2021a&b; Diva-GIS n.d; IT.NRW, 2023; Prepared in QGIS)
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Figure 20: Locations for shelterbelts, hedgerows and tree buffer strips (Solingen and Rheinisch-Bergischer Kreis)

(Data source: BKG, 2021a&b; Diva-GIS n.d; IT.NRW, 2023; Prepared in QGIS)
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Figure 21: Locations for shelterbelts, hedgerows and tree buffer strips with additional guidance from riparian forest locations
(Data source: BKG, 2021a&b; Diva-GIS n.d; IT.NRW, 2023; Prepared in QGIS)
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Locations for shelterbelts / hedgerows / buffer strips
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Figure 22: Locations for shelterbelts, hedgerows and tree buffer strips (Leverkusen and Rheinisch-Bergischer Kreis)
(Data source: BKG, 2021a&b; Diva-GIS n.d; IT.NRW, 2023; Prepared in QGIS)
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Figure 23: Locations for shelterbelts, hedgerows and tree buffer strips with additional guidance from riparian forest locations
(Data source: BKG, 2021a&b; Diva-GIS n.d; IT.NRW, 2023; Prepared in QGIS)



Locations of coniferous plantation for flood
retention / detention or revegetation
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Figure 24: Locations of coniferous plantations for retention, revegetation and reforestation interventions (Leverkusen, Solingen and Rheinisch-Bergischer Kreis)
(Data source: BKG, 2021a&b; Diva-GIS n.d; IT.NRW, 2023; Prepared in QGIS)
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Figure 25: Locations of retention/detention basins/areas, preliminary site selection based on local impact or catchment impact
(Data source: BKG, 2021a&b; Diva-GIS n.d; IT.NRW, 2023; Prepared in QGIS)



5.3. Species options for green-blue interventions

There are many considerations in choosing species for the green aspect of green-blue
interventions and the following section discusses some of those considerations.

5.3.1. Species options for agricultural land

In Section 4.2.4 some of the factors in relation to shelterbelts/hedgerows and tree buffer
strips in agricultural fields are discussed. Species selection especially for growth within crop
or pastural systems is especially intricate as there are so many factors to take into account
beginning with slope, aspect and light requirements (of the crop), water requirements (of the
trees or shrubs and the crops), growth cycles, tree pruning requirements and additional uses
(animal husbandry or timber), soil-species suitability, avoiding allelopathy and pest
suppression (Borin et al., 2010; DBU, 2010; Nerlich et al., 2013). Farmers and foresters
know their local conditions best, and often know which species can be used successfully (or
have been used successfully in the past) to achieve production aims. This report only
suggests potential species that are used in the literature reviewed, from similar regions and
climates. What is evident from the literature is that shelterbelts/hedgerows and buffer strips
are useful in agricultural systems firstly for the purposes of this study, to reduce rainfall runoff
and increase water infiltration, but also to reduce nutrient loss and erosion (Borin et al., 2010;
DBU, 2010; Marshall et al., 2014; Nerlich et al., 2013; Xiong et al. 2018). Furthermore, in
order to achieve maximum runoff attenuation on slopes, shelterbelts/hedgerows and buffer
strips must be planted cross-slope (Carroll et al., 2004; Cooper et al. 2021; Marshall et al.,
2009;2014).

In regards to species selection in agricultural systems, the literature offers a range of
selections and also give an indication of which crop species perform the best with
shelterbelts/hedgerows and buffer strips. In a cropping system Borin et al. (2010) combined
the trees Platanus hybrida Brot. (Plane tree or London Sycamore) and the lower growing
hedge bush Viburnum opulus L. (European Cranberry) to form buffer strips on low-sloping
land within maize, soyabean and sugar beet crops in north-eastern Italy. The authors found
that the crop yield was less than optimum within four metres of the hedgerow due to
increased shade which affected sugar beet more so than the others. However, to make up
for this loss, wood yield increased threefold from year six to year twenty and there were also
considerable improvements in nitrogen and phosphorous losses. Nerlich et al. (2013) found
similar outcomes with runoff and nutrient retention using buffer strips of Acer pseudoplatanus
(Sycamore Maple), Prunus avium (Wild Cherry), Juglans spp. (Walnut) and short rotation
poplar (Populus deltoides) trees and crops of barley and oats in central west Germany.
Although the authors did not report on yield outcomes, they recommend a north south
orientation for tree strips to minimise shading on crops. This is important because of the
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greater shadow cast by trees or hedges on crops either side when rows are aligned east-
west compared to north-south. When rows are at 7m in height it is possible that crops with
north-south aligned rows receive 12% more sunlight (SAFE, 2004).

In their work on agroforestry systems in Germany, DBU (2010) suggest a range of tree types
specifically for use in German agriculture, including the species Quercus (oak varieties), Acer
campestre (Field Maple) and Carpinus betulus (European Hornbeam) as they provide only
light to partial shade when planted in buffer strips and the timber can also be an alternative
source of income. They also recommend varying the species of both buffer strips and
hedgerows to maximise income possibilities, biodiversity co-benefits and to reduce the
likelihood of disease or pest infection. For the hedgerow species DBU (2010) recommend a
variety of fruit tree species (Prunus), Sambucus (Elderberry), Euonymus (Strawberry bush),
Lonicera (Honeysuckle), Rosa (Roseaceae), Berberis (Barbery shrub), Viburnum (European
Cranberry), Crataegus (Thornapple), Ligustrum (privits) and Cornus (dogwoods). There
would be other suitable species such as the shrubs Calluna vulgaris (heather), Erica tetralix
and Sarothamnus Scoparius which Laussmann et al. (2021) describe as growing naturally in
the Wuppertal region in the 1800s.

DBU (2010) also conducted shade trials with crops of maize, barley, potatoes and grassland.
They found that maize, barley and grass yields were impact only slightly by light to medium
shading, with yield loss of around 6%, 5-8% and 7% (respectively) compared to the control,
whereas grassland yields increased under light to medium shade compared to the control
after the first mowing, and potato crops increased by 10% under light to medium shade
compared to the control. Maize and barley yields fell by around 26-28% under heavy
shading, but potato and grass yields under heavy shade (after the first mowing) showed no
difference to the control. Therefore, shelterbelts/hedgerows and tree buffer strips can work to
reduce runoff and maintain agricultural yield in the Wupper basin by pairing the lighter
shading tree species or the lower growing shrub species in hedgerows with grassland, maize
or barley. Pruning tree rows up to the height of 10m also allows greater light through and
allows the same amount of light through nomatter whether the row orientation is north-south
or east-west (SAFE, 2004). Also, by combining buffer strips more densely planted or with
reduced pruning, with potato crops, may even increase the yield.

5.3.2. Species options based on aspect for former coniferous plantations

Aspect must also be considered, especially with regard to reforestation of the former
coniferous plantations in the study area. The extensive die-off of the coniferous trees in the
Wupper Basin was introduced in Section 5.2.1.1. The majority of coniferous trees plantations
in Wupperverband managed forests are located within the protected areas around the Grofl3
Dhinn Dam in the study area and are predominantly spruce (Wupperverband, 2002). These
plantations will not be reforested with coniferous species, instead the Wupperverband have
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been focussing on reforesting with Beech, and also with Oak on the slopes that receive more
hours of sunlight and are therefore dryer (Wupperverband, 2002). In the northern
hemisphere the south facing slopes generally receive more sunlight. This can mean higher
temperatures and higher evaporation rates and reduced soil moisture, whereas on the more
shaded north facing slopes soil often has higher moisture levels (Marapara et al. 2021).

In terms of potential species for the reforestation of former coniferous plantations in the
Wupper, the Wupperverband foresters have possibly selected these species based on both
aspect and projected climate change outcomes which include higher temperatures and
warmer, dryer summers (BINGO, 2019). Fagus sylvatica L. (the European Beech tree) is one
of the most widespread trees in central Europe but also potentially more susceptible to
drought than other species (Bolte et al., 2007; Dulamsuren et al., 2017; Walentowski et al.,
2017). The European Beech is already experienced a growth decline at elevations lower than
300 m.a.s.l in central Europe so it is better suited to the northern slopes, whereas the oaks
species such as Quercus petraea (Sessile Oak) are better able to survive dry conditions and
drought, so more suited to the southern slopes (Dulamsuren et al., 2017; Walentowski et al.,
2017). Species such as Carpinus betulus L. (European Hornbeam), Acer campestre, Tilia
spp. (Linden species), Prunus avium L. (Wild Cherry) which already grow well along with
Quercus petraea in the warm southern Germany rain shadow mountains are also options for
the southern facing slopes (Walentowski et al., 2017). While Quercus robur (Common Oak)
and Fraxinus excelsior (Ash) whose survival depends more on soil moisture supply are more
suited to the north facing slopes. Walentowski et al. (2017) also suggests Acer campestre or
the Field Maple, Ulmus minor (Field EIm), Tilia platyphyllos (Linden tree), Sorbus torminalis
(Wild Servis tree) and S. aria (Whitebeam) for broadleaf reforestation in the warm southern
ranges of Germany, these drought tolerant and more rare species could also be planted on
the dryer southern slopes in the Wupper Basin.

5.3.3. Species options based on location along slope

This study suggests that parcels of agricultural land located along the riparian zone and toe
slopes with gradient 30% and more are revegetated due to their likely contribution to
overland flow and soil erosion (see Section 5.2.2.4). Species selected for the riparian zone
revegetation include the attributes discussed previously including shrub species as opposed
to trees and they should be tolerant of periodic inundation. Shrub species such as Cornus
sanguinea (Common Dogwood) and Prunus padus (Bird Cherry) are suitable as they are
found along the Rhine and tolerant of periodic inundation (Deiller et al., 2003). For the highly
sloping toe slope zone Fagus sylvatica L. is an option for reforestation (Bolte et al., 2007)
along with other native shrubs discussed in Section 5.2.3.

For revegetation of the former coniferous plantation sites selected for natural
retention/detention areas the Rhine floodplain species may be suitable. Species including
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Quercus robur, Fraxinus excelsior (Ash), Ulmus spp. (EIm species) and Populus alba (White
EIm) together formed the upper stories of the natural Rhine floodplain forests that withstood
periodic flooding along with the fast growing pioneer species including Salix alba (Willow)
and Populus spp. or Poplar and sometimes the Betula pendula (Birch) and Alnus incana
(Grey Alder), although the latter cannot survive successive flooding events long term
(Schnitzler, A., 1994). Away from the riparian zone other native European species such as
Acer pseudoplatanus (sycamore), Prunus avium (sweet cherry), Acer campestre and
Carpinus betulus L are suitable for non-flooded areas.

Issues with pests and disease are not unique to the coniferous species. Invasive fungus has
impacted native populations of both Ulmus minor and Fraxinus excelsior in recent decades
(Schnitzler, A., 1994; Stocks, et al, 2019). Weakened trees that have been planted within an
unsuitable climatic niche, subject to severe climatic disturbances or simply planted in
monocultures or at the edge of clearings, are potentially at most at risk from invasive pest
and disease (Berthelot et al., 2021). Ensuring that forests are replanted with consideration for
potential climate changes, especially given the growth during and life expectancy of
hardwood tree species, and also with sufficient diversity of species and genetics are the most
common strategies employed in efforts to minimise pest or disease infestations (Berthelot et
al., 2021; DBU, 2010). Therefore, every effort should be made to ensure that reforested
sites are suitably restocked, having considered all of these factors. In fact, a high level of tree
species diversity is also highly influential in promoting the co-benefits to reforestation, such
as a biodiverse bird, insect and small mammal population.

5.4. Implementation guide

The following table is an implementation guide for green-blue interventions in the Wupper
Basin. The guide is an easy-to-follow summary of the analysis carried out in this report to find
the highest potential landcover and land use sites and the priority locations for green-blue
interventions. The guide puts together the analysis carried out to combine landcover and
land use categories and landscape characteristics which together have the best chance of
increasing interception and infiltration and reducing runoff and flooding, all to minimise the
impacts of hydrometeorological hazards. The guide provides a description of the
mechanisms working to address the issues of interception, infiltration, runoff and flooding at
the sites where case studies and modelling outcomes indicate that the intervention will be
most effective. The guide also contains lists of suggested species for agricultural,
revegetation and reforestation interventions according to the literature, along with a summary
of the co-benefits that make outcomes of NbS or green-blue interventions more durable and
more sustainable in the long term. The guide could be used by land use planners, land care
practitioners and by students, each adding to it to make it a better document or using it as a
template for to be applied to other regions or river basins.
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Table 3: Implementation guide for green-blue interventions in the Wupper Basin
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pressure

Grasslands:

1. Reforestation

2. Buffer strips/ coppice
intercropping

Beech, common oak,
ash, willow, poplars,
alder, birch, elm

Agroforestry /
woodlands / coppice

intercropping:

Plane tree, European
cranberry, walnut, wild
cherry, sycamore maple,
oak species, field maple,
European hornbeam,
poplar, beech, oak,
alder

nutrient losses, soil
carbon retention,
increased insect
habitat, increased
earthworm
numbers, reduction
in fossil fuel use

Habitat for small
mammals, birds,
insects, reduced
methane
emissions, soil
carbon retention,
diversification of
income, increased
earthworm
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high TWI lines

intercropping
3. Nottillage

cherry
(heathers)

2 = é Mechanism
S5 5 = § % 3 addressing Er@eT=EllE [T Species Options / .
g Z T < ° Slope 7] hydrometeorologic Sl layout CersEmEiis
1) o o <
9 9 S al hazards
7}
delay runoff 3. Reduced mowing height numbers, reduction
times. and/or frequency in fossil fuel use,
Moderating soil 4. Reduced tillage reduced nutrient
water content loss
through uptake
via tree roots
Arable land/cropland: Buffer strip/coppice Habitat for small
1. Buffer strips/ coppice intercropping: mammals, birds,
I Moderating soil intercropping Plane tree, European insects, reduced
water contentat | 2. Strip tillage / reduced cranberry, walnut, wild methane
high TWI lines tillage cherry, sycamore maple, | emissions, soil
through uptake Pasture oak species, field maple, | carbon retention,
via tree roots 1. Shelterbelts/ hedgerows | European hornbeam, diversification of
1 Enhancing soil 2. Reduced grazing poplar income, increased
water infiltration pressure earthworm
0-30% ' and storage Grassland: Crops: numbers, reduction
a capacity 1. Buffer strips potato, maize, barley, in fossil fuel use,
% 91 Attimes of high | 2. Reduced tillage grass reduced nutrient
B temperatures loss
2 and drought, Hedgerows:
minimising soil Fruit trees, elderberry,
water loss honeysuckle, barberry
shrub, European,
thornapple, privets,
dogwoods
Arable land/cropland: Revegetation: Habitat for small
I Moderating soil 1. Revegetation (moist tolerant shrubs) mammals, birds,
>30% ' water content at | 2. Buffer strips/coppice Common dogwood, bird | insects, reduced

nutrients in runoff
(reduced water
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1 Reducing runoff | Pasture: heather, glocken-heide, [ pollution), soil
response time 1. Revegetation scotch broom carbon retention,
and runoff 2. Hedgerows (moist soil tolerant tree increased
volume through 3. Reduced grazing species) earthworm
enhancing soil pressure Beech, common oak, numbers, reduction
water infiltration Grasslands: ash, willow, poplars, in fossil fuel use
and storage 1. Revegetation alder, birch, elm
capacity 2. Buffer strips/coppice
intercropping Buffer strips/ coppice
3. Notillage intercropping:
Plane tree, European
cranberry, walnut, wild
cherry, sycamore maple,
oak species, field maple,
European hornbeam,
poplar
Hedgerows:
Fruit trees, elderberry,
honeysuckle, barberry
shrub, European,
thornapple, privets,
dogwoods
Natural detention areas Common oak, ash and Reinstatement of
= € Capture of excess . . e . .
c EG revegetated with species that | elm species including once widespread
< < D runoff to reduce flood ; . .
= o 2 . prefer wet soils and are white elm floodplain forests of
© sv |- <15% ' peak or delaying A )
o 0w B flood peak tolerant of periodic the Rhine valley
x 5¢ inundation without long-term
D E
downstream die-back
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Location to
river

Location in

basin

Slope location

%
Slope

Aspect

Mechanism
addressing
hydrometeorologic
al hazards

Green-Blue Intervention
Options

Species Options /
layout

Co-benefits

Lower slopes

215%

I Reducing runoff
response time
and runoff
volume through
enhancing soil
water infiltration
and storage
capacity

1 Increasing
rainfall
interception

1 Moderating soil
water content
through uptake
via tree roots

Revegetation with broadleaf
species tolerant of wet soils
and periodic inundation

Beech, common oak,
ash, willow, poplars,
alder, birch, elm, grey
alder and shrubs
common dogwood, bird
cherry and grasses and
reeds in areas of high
velocity

Habitat for small
mammals, birds,
insects, increased
biodiversity of
forest species,
increased
roughness to slow
floodwaters

Toe Slope and Lower

1 Enhancing soll
water infiltration
and storage
capacity

1 Increasing
rainfall
interception

1 Moderating soil
water content
through uptake
via tree roots

Revegetation with species
with tolerance for moist to
wet soils

Ash, beech, elm, sweet
cherry, maple,
hornbeam

Habitat for small
mammals, birds,
insects, increased
biodiversity of
forest species
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6. Conclusion

COz concentrations are now at levels higher than they have been for the last two million
years because of anthropogenic actions. Along with the turbulence that we are creating in
t h e e dimdtersystem, we are also leading the sixth major extinction across the planet
with biodiversity and habitat loss at an all-time high. As a result, many countries around the
world, including Germany, are experiencing more intense natural hazards and finding that
degraded natural environments are also less resilient to such disturbances.

Because of the many issues that we face, solutions to natural hazards are now being sought
from natural processes that can offer multiple benefits at the same time as increasing the
resilience of the environment to absorb climatic perturbations. While this concept and the
subsequent practices pertaining to it are described by a wide range of terms the most all-
encompassing is nature based solutions or NbS. NbS includes a subcategory of green-blue
infrastructure that describes the functions that occur at the intersection of the terrestrial and
aquatic environment such as the part of the water cycle that occurs on land. The hydrology of
any particular part of the landscape is affected by the meteorological cycle. Green-blue
infrastructure refers to the hardware and green-blue interventions refers to the actions taken
to modify the green-blue infrastructure.

This report sought to identify the most critical hydrometeorological hazards affecting the
study area in the Wupper Basin, to identify the most effective interventions that could be
undertaken within the green-blue infrastructure in the basin, with a minimum level of land use
change, and to determine which landscape features were most likely to afford the best
results from the interventions.

The study area was selected in the Wupper Basin because of the experiences in the basin
during an unprecedented hydrometeorological event that occurred in July 2021. During this
event more rainfall fell on the basin in a 24-hour period than in recorded history and flash
floods occurred followed by fluvial flooding that inundated numerous parts of the landscape
and cities. Green-blue interventions are more often centred in urban locations in efforts to
make the highly modified landscape more natural to absorb excess rainfall, however
because of the pattern of land-use in the Wupper Basin this study focussed on urban,
agricultural and forested landscapes. The study area was chosen as a sub-set of the wider
basin, excluding a number of large dams in the headwaters of the Wupper and Dhinn Rivers
which act as a man-made regulation and obscure the potential for more natural solutions.

Current trends and forecast for the Wupper basin were for increased winter rainfall and dryer
warmer spring/summer periods. Data from the study area was analysed with SPI-3 to show
seasonal trends and found that trends in the study area were similar only with slightly
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increasing rainfall in the spring season, but increasing from a historic deficit. Researchers
also forecast an increase in summer convective rainfall due to increasing temperatures.

A state of the art review involved searching for field studies and modelling outcomes that
were undertaken in similar climates (temperate), landscapes (slopes) and land uses
(predominantly agricultural and forest plantations). The information found indicates that the
baseline status of the peri-urban and rural areas in the study area under agriculture is
potentially low in hydraulic conductivity, soil water storage capacity and producing high runoff
during rainfall events. The coniferous forests that have recently cleared due to the infestation
of the bark beetle are likely to be in a similar state, along with of course the highly impervious
urban and industrial areas. The remnant forests and woodlands were likely to be absorbing
the excess but at a decreasing capacity as floods occur even in fully forested catchments.
However, forests and also natural grasslands, have the ability to reduce at least some of the
flood peak and duration due to interception of rainfall on leaves, branches and stems, and
soil conditioning by roots, organic matter and biota which improves hydraulic conductivity and
soil water retention, which in turn reduces the amount of rainfall runoff, which in turn
minimises the flood peak and duration, and enables better storage of water in the soils that
can be accessed by vegetation during dryer times.

With the baseline established, research turned to finding practices that could be undertaken
with minimum disruption to current land use practices that would enable greater interception,
increased soil water infiltration and reduced runoff and flooding. A series of practices were
found, including the following: Revegetation, while reforestation of the catchment would
provide the best results, it is completely impractical and impossible. Reforestation or
revegetation was suggested for locations where the slope of the land was greater than 30%
and in the case of the former coniferous plantations. Crop and pasture management,
whereby tree buffer strips and/or coppice intercropping acts to reduce runoff and nutrient loss
from the field, and shelterbelt and hedgerows for the pastoral sites which also acts to reduce
runoff especially if planted cross slope. Grazing management includes reduced stocking
intensity and grazed forests (without resulting in loss of groundcover) which act to reduce
compaction and reduce rainfall runoff. Grassland management in the form of reduced
mowing height or intensity for sown/permanent grasslands which can slow the flow of runoff.
Soil tillage management, including strip tillage, no tillage and reduced tillage on cropland and
sown grasslands acts to reduce runoff, soil erosion and nutrient losses, by increasing soil
water storage capacity. Soil management with biochar, whereby the application of biochar
can increase the soil water storage capacity of soils. Retention/detention basins or areas,
which can be incorporated with urban, agricultural or forestry, act to take water out of the
system during flooding, thereby reducing the flood peak.
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According to the objectives literature was also sought on the effect of landscape locations on
basin hydrology. Certain landscape features have a greater potential to influence basin
hydrology and this impact that different landscape features have on hydrology was assessed
according to the following themes: Proximity to river or stream, this matters most for
retention/detention as it is necessary for a connection with the riparian zone. Location in the
basin, several studies found that several smaller scale retention/ detention located in the
upstream/second order streams were optimal. Location in catchment, across the entirety of
the basin the majority of the study focuses on the midstream section. However, for the
tributary sub-basins the study area covers the entirety of the sub-basin. This is important for
retention/detention locaton as r ai nf all doesn’t al ways fall ev
retention/detention basins are most effective when located (where safe) close to the urban
areas or sensitive infrastructure to take advantage of the local effect, but smaller retention in
the headwaters is often more effective to reduce the flood peak across the whole basin. The
location along the slope is also very important, because of slope hydrology the hilltops are
often sources of runoff and subsurface flow while the lower and toe slopes are most often the
sites that receive the majority of the subsurface flow. Slope percentage also has a major
impact on runoff and a simple explanation is that the greater the slope the higher velocity the
runoff. The topographic wetness index is calculated based on slope characteristics to
illustrate preferential sites for water accumulation and flow, this tool can be used as a guide
for strategic placement of green-blue interventions.

A spatial analysis was undertaken to identify the best placement of green-blue interventions.
Interventions were shown on the same maps where possible to demonstrate that the
interventions could work together and in this way have greater impact by operating through a
variety of mechanisms such as creating greater surface roughness to slow the flow of water,
creating a higher canopy mass to intercept rainfall in the leaves and bark, creating better soil
conditions for soil moisture storage and by taking water out of the system to reduce the flood
peak. Tentative recommendations were given on each of the river and tributary sub-
catchments. For the Wupper in the study area there are some locations that appear to be
suitable, based on the analysis criteria, for mixed-use retention or detention for fluvial
flooding purposes. This is also the case along the Olbach and the Weimbach however
retention / detention in this case would be more likely for flash flood events. Along the
Leimbach there are areas with slope greater than 30%, that would benefit from revegetation
to slow the flow and improve the soil water infiltration capacity of the soil. Along the Dhiinn
River in Leverkusen there appear to be locations that may have potential for mixed-use
retention/detention that would reduce the flood impact to Schlebusch. There are also
extensive agricultural fields along the Dhiinn that are affected by storm water ponding during
convective storms which could benefit from strip tillage and/or reduced tillage to minimise the
occurrence of bare soils and improve soil bulk density. The heavy rainfall hazard map shows
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that the Scherfbach system carries a lot of water during storms and there are potential
locations that would be suitable for mixed-use retention/detention at the level of second and
third order stream sections. Multiple small retention/detention at these locations could
provide basin wide flood coverage if paired with similar sites within the basin. There are also
agricultural sites along the riparian zone in the Scherfbach with a slope greater than 30%,
and revegetation of these areas would be highly effective at reducing runoff. The majority of
the former coniferous sites are located along the Scherfbach and between the Scherfbach
and the Dhiinn that provide a valuable opportunity for reforestation with a variety of native
broad leaf species. Broadleaf forests have a higher capacity to intercept rainfall during
storms than the former coniferous plantations and offer many more opportunities for
biodiversity enhancement in the catchment.

In addition to the spatial analysis maps, an implementation guide for green-blue interventions
in the Wupper Basin was developed. The guide is an easy-to-follow summary of the high
potential landcover and land use sites and priority locations for green-blue interventions
which together have the best chance of increasing interception and infiltration and reducing
runoff and flooding. The guide also provides a description of the mechanisms at work,
species options and potential co-benefits.

6.1. Outlook and recommendations

As already mentioned, this work can be considered a preliminary assessment of the potential
for a number of green-blue interventions to reduce meteorological hazards in the study area.
This work sets a baseline and provides a guide for more in-depth investigation. The
importance of landscape hydrology along with landcover and land use must be considered
when green-blue infrastructure is designed, or green-blue interventions planned and
hopefully this report has demonstrated the importance of this combination.

There are many aspects of the spatial analysis in this study that need to be refined and
ground-truthed. If more accurate data is available than the same spatial analysis techniques
could be used, with a more refined outcome. Data such as aquifer and groundwater details,
underlying geology, more specific soil characteristics and sensitive infrastructure details
would be highly valuable in planning floodwater retention or detention locations. Further work
could also be done to estimate the economic cost of mixed-use retention in the Wupper
Basin as this may result in a win-win outcome for the municipalities and the farmers. The
potential impact of pollution from flood water would also need to be investigated, including
the potential for micro-plastic pollution. There is also a lot more work that could be done on
species selection for shelterbelt/hedgerows, buffer strips/coppice intercropping and
reforestation of the former coniferous plantations. This work could be carried out in
consultation with foresters, farmers, botanists and ecologists. The literature suggests that
there has been a lot of forest degradation over the past few hundred years in the Wupper
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Basin, and the implementation of green-blue infrastructure could also improve forest species
diversity along with that of birds, insects and small mammals.

Modelling studies also need to be carried out to further this work. The Wupperverband would
have already carried out many hydrology studies, it would be interesting now to combine
those with soil function models and vegetation models, to get an understanding of how the
hydrology of the basin is impacted by soil, livestock and vegetation management. Modelling
could also be used to evaluate the most successful and cost-effective combinations of urban
and rural/agricultural green-blue infrastructure interventions.

Lastly this study did not include any legal or land administration investigations, this would
also be a necessary step for any further planning for green-blue interventions, along with a
cost benefit analysis.
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Appendix 1: Green-Blue Intervention Toolbox

Green-Blue Intervention Toolbox

Green-Blue Author Landcover & land | Soil Slope / M.A.S.L; Catchment
infrastructure or use aspect Precipitation area size
intervention Location of (mmly);

study Flow velocity
Landcover impact on infiltration, runoff & flooding
Old growth broadleaf | Archer et al. 1&2. 500/180- Cambisols 1. 0-0.5% 1. 250m OD 0.5km? Soil infiltration / Field saturated | Saturated hydraulic
mixed and Pine 2013 year-old Mixed on the 2. 0-10% 2.240m OD permeability for hydraulic conductivity measured to
Forests aged 45 forests (Beech, slopes 3.5-22% 3. 230-210m OD rainfall storage conductivity 0.15cm and 0.25cm with
years paired with Blackthorne, 4.0-2% 4.197m OD under different and runoff that | constant head well
grazing land along Scottish Oak, Birch & Fluvisols on land uses and contributes to permeameter and statistical
various hillslope Borders UK conifer), the Rainfall: No Info slope to reduce flooding analysis
positions and 3. Pine floodplain flooding
floodplain to assess plantation,

soil permeability

4. Willow forest
all paired with
grassland

pasture

~—cwoxm

Willow forest on the floodplain shows extremely poor hydraulic conductivity (8mm/h)

Hydraulic conductivity under 180- & 500-year-old broadleaf forest is 6 and 5 times higher than neighbouring 250-year-old pasture areas on the same soils

Below 0.15cm soil depth median hydraulic conductivity in the Broadleaf forest decreased by 6 times which could mean that there is subsurface storm flow

Median hydraulic conductivity (174mm/h & 119mm/h) of 500- & 180-year-old broadleaf forests exceed infiltration rate of 1 in 100-year storm event (68mm/h) due to thick organic layer and
coarse roots (>20mm) providing flow conduits

45-year-old Pine forest median recorded hydraulic conductivity of 42mm/h which is less than the 1 in 50 year storm infiltration (56.4mm/h) and just over 1 in 10 year (36.3mm/h) perhaps due to
illuviation of organic colloids causing soil repellence from pine residue

Hydraulic properties | Chandler etal. | Sycamore forest | Leptic No info 140-205 m.a.s.I Experimental Factors inhibiting | Field saturated | Hydraulic conductivity taken
of topsoil under 2018 (grazed and podzols or field site surface runoff in | hydraulic from small single ring
broadleaf and ungrazed), Scots | cambisols soils under conductivity infiltrometers and the
conifer forests and Glensaugh pine forest Rainfall: 1168 different forest pressure infiltrometer and
different forest land Scotland (grazed and mm/y types and land results statistically analysed
uses were ungrazed), and use
investigated grazed pasture

Field saturated hydraulic conductivity (mm/s)
R| Scots pine ungrazed forest 20.65 Sycamore ungrazed forest 6.32 Grazed pasture 0.53

e | Scots pine grazed forest

0.32

Sycamore grazed forest

0.40
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Green-Blue Intervention Toolbox

Green-Blue Author Landcover & land | Soil Slope / M.A.S.L; Catchment
infrastructure or use aspect Precipitation area size
intervention Location of (mmly);
study Flow velocity
ulUndi sturbed forest has the capacity t o nranoffgeneratgd furthedup theehilldoper f a c e

Scots pine and Sycamore trees. The choice of tree species may therefore be less important than forest land use for mitigatin

runof f

t | Although different tree species can create large differences in soil hydraulic properties, the influence of land use can mask the influence of trees given the similarity of the grazed forest under

the effects of surface runoff.

but

also to soa

Hydraulic properties | Gonzalez- Broadleaf forest Sandy loam, | Slope 162-917 m.a.s.l 150km? Factors inhibiting | Hydraulic Samples from 20 locations,
of topsoil under Sosa et al. Conifer forest silty clay mostly surface runoff in | properties of were tested for soil texture,
broadleaf forest, 2010 Small woods loam >10% Rainfall: 800 soils under topsoil and dry bulk density and
conifer forest, Permanent mm/y different land impact on infiltration using single ring
pasture and various | Yzeron pasture use runoff and mini-disk infiltrometers
crops were catchment Improved pasture and results statistically
investigated France Orchards analysed

Cropland

Small woods:
Broadleaf forest

Orchard

~—cwoxm

Permanent pasture

1.50; 65.0; 5.77; 1058
1.32; 88.8; 4.86; 676

0.51; 61.3; 3.15; 969
0.40; 28.3; 3.62; 1472

Saturated hydraulic conductivity (mm/s); Organic matter (g/kg); Sorptivity (mm/s); Dry bulk density (kg/m):

Conifer forest

Cropland

Cultivated pasture
Forest clearing

0.23; 84.5; 1.50; 84.5
0.13-0.28; 18.2-19.5; 0.84-2.80; 1411-1549

0.11; 35.6; 1.64; 1269

0.05; 51.00; 1.16; 1180

Factors inhibiting surface runoff are highest in small and broadleaf forest and lowest in forest clearing and croplands

Impact of different Himannetal. | T Frankelbach - | 1 Haplic Upper & 210-430 m.a.s.| | { Frankelbach | Rainfall runoff Runoff Rainfall simulation at field
forests and soils on 2011 30% forest /Stagnic Upper -Mid | 400-650 m.a.s.| (5km?) from the surface | coefficientand | sites, deflector plates fitted at
runoff and flooding (Alder, Beech, Cambisols | (9-1 2 - ) 1 Holzbach and subsurface runoff type different depths and
2 low mountain Oak, Douglas Mid (10- Rainfall: (4.2km2) collected for measuring and
catchments in Fir stands) & 1 Haplic 15-) 700-800 mm/y statistical analysis of the
Rhineland- 70% pasture / /Stagnic 950-1200 mm/y results to produce runoff
Palatinate, cropping Cambisols | Lower-mid coefficient
Germany 1 Holzbach — and (9-°)
100% forest Podzoles
(Beech and
Spruce
stands)

cwom

1 year old afforestation with Adler
30 y afforestation, Beech/Oak/Hornbeam (RC) 11.6% (OF) 21.1% (SSF) 70.9% (dSSF) 8.8%
Mature deciduous forest, Oak/Hornbeam (RC) 17.3% (OF) 1.4% (SSF) 73.3% (dSSF) 25.3%

40 y old Douglas Fir Forest (RC) 5.6% (OF) 47.5% (SSF) 48.% (dSSF) 3.8%

(RC) 20%

(OF) 0% (SSF) 93.2%

Frankelbach: Runoff coefficient; Flow overland/subsurface/deep subsurface:

(dSSF) 6.8%

Holzbach: Runoff coefficient; Flow subsurface/deep subsurface:

Mature Beech forest (upper slope)
Mature Spruce forest (upper slope)
Mature Spruce forest (upper mid-slope (RC) 0.0%
Beech forest (upper mid-slope)

(RC) 1.9% (SSF) 22%
(RC) 0.6% (SSF) 100% Mature

(RC) 3.7% (SSF) 59% (dSSF) 40.6%

(dSSF) 78%
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Green-Blue Author Landcover & land | Soil Slope / M.A.S.L; Catchment
infrastructure or use aspect Precipitation area size
intervention Location of (mmly);

study Flow velocity

| | Mature Douglas Fir Forest
t | Cropland after seed sowing

(RC) 5.5% (OF) 0%
(RC) 16.0% (OF) 75%

(SSF) 100%
(SSF) 25%

Mature Beech forest (lower mid-slope) (RC) 0.2% (SSF) 100%

Higher runoff coefficients in Beech forest compared to Spruce could be explained by more extensive root development and higher biological activity

Soils under afforested stands can retain soil compaction issues from previous agricultural land use for many years as evidenced with the 30 year old afforested site

Different land use
types in Temperate,
Mediterranean, cold
climates

Maetens et al.
2012

Temperate,
Mediterranean
and cold climate
areas

Forest (natural
or plantation),
cropland,
rangeland,
grassland,
vineyards,
orchards,
shrubland etc.

Various

Various

No Info.

Various

Runoff, runoff
coefficient and
soil loss for each
landuse type

Rainfall runoff

Comparison of 213
publications on Runoff,
runoff coefficient and soil
loss

~—cwoxm

The length of the experimental plot had increasingly negative correlation to runoff for forest landuse

Significant differences occur in frequency distribution of runoff between precipitation when annual rainfall is 250-500mm com

On average across all climates forests have the lowest annual runoff (13.9mm/y) and runoff coefficient (2.9%) compared to other land uses

pared to 500-750mm

Forests in temperate climates have higher mean runoff (28.7mm/y) and runoff coefficient (3.3%) than forests in Mediterranean climates (9.6mm/y; 2.8%), Authors suggest possible reasons
including soil characteristics and positive correlation of rainfall to vegetation. The high values may also be a larger range and outliers, as the median runoff and runoff coefficient is lower
(2.0mm/y & 0.9%) in temperate forests compared to Mediterranean (4.6mm/y & 1.6%)

All other land use types (cropland, rangeland, tree crops, shrubland, vineyards, grassland etc) had lower runoff and runoff coefficient in temperate climate compared to Mediterranean

Impact of mature Monger et al. Semi natural Umbrisol Pasture Pasture Pasture Broadleaf forests | Specific peak 9 similar sized catchments
broadleaf forests 2022b mixed broadleaf and Histosol | 4.6-2 0 . 2| 260-390 m.a.s. 0.08-0.14km? interception, soil | discharge, with different landcovers
and pasture in small woodland (Oak, S-SE-SW Forest Forest infiltration and peak runoff monitored for soil properties,
catchments on Lake District Ash, Alder, Birch, Forest 270-310 m.a.s.| 0.03-0.06 km? | storage of water | (coefficient), rainfall, storm events and
flooding National Park, Hazel) & 17.7-2 4 - to reduce flood volume runoff | stream discharge. Data

UK unimproved N-NW Rainfall: peaks (coefficient), statistically analysed and

pastures 1779mmly time to flow compared across forest and
response pasture land uses
R| Hydraulic conductivity of topsoil is 11-20% higher in Woodland catchments
e
s | Peak discharge response to storms (>20mm/day) 23-60% lower in Woodland catchments compared to grazing catchments
u
Peak runoff response to storms 30-60% lower in woodland catchments compared to grazing catchments
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Green-Blue Author Landcover & land | Soil Slope / M.A.S.L; Catchment
infrastructure or use aspect Precipitation area size
intervention Location of (mmly);

study Flow velocity

I
t | Runoff volume response to storms 21-35% lower in woodland catchments compared to grazing catchments

Average response time from storm to flow 14-50% slower in woodland catchments compared to grazing catchments

For larger storms (>1.5 year return period) peak runoff was 48-58% lower in woodland catchments compared to grazing catchments, and volume 26-41% lower in woodland catchments

Reestablishment of Murphy et al. Reforested Podzolic and | 2x Valley 250-319m Entire Reforested Flash floods Samples and cores taken at
woodland along 2021 woodlands gley bottom catchment catchments each of the sites. Saturated
slopes and valley (Sessile & sites 900km? ability to improve soil conductivity measured
bottom of flash-flood | Dartmoor European Oak/ site slope Rainfall: No Info soil hydrological with single ring infiltrometer.
prone catchment National Park, | Ash dominated) of 7o functioning Samples analysed for soll
Southwest UK | aged 7-15 years site slope water infiltration, soil
paired with 9. 1- compaction and soil organic
grazed pastures matter content
R| In % catchment pairings the mean soil infiltration rate was 1-3 times higher in forest soils (all forest soils on average 1.8 higher) compared to pasture soils
e
s | The sites recording 3 times higher infiltration after 10 years of reforestation were from both a bottom (gley soil) under European and Sessile Oak plantings and sloping catchment (podzol soil)
u | under Oak and Ash plantings, indicating that reforestation can improve runoff/flood response in both situations
I
t | Largest physical difference between forest and pasture soils was soil compaction (4/4 pairings) and best reflects best the soil water infiltration results indicating a large influence on infiltration
Lowest infiltration rate of the 4 forest sites was also the site with highest previous grazing intensity and demonstrates the impact of prior land use even after 15 years of reforestation
Comparison of runoff | Nordmann et 1.Spruce-Beech Brown 1. 21-|1.565m.asl 13.4 km? Soil water Heavy rainfall Large scale irrigation rain
generation in Beech- | al. 2009 2.Beech-Spruce Earths (from | 2. 21| 2.565m.a.s.| storage capacity | events system to mimic heavy
Spruce, Beech- 3.Spruce only hard clay 3. 21-|3.570m.asl and subsurface rainfall and collection and
Sycamore and Nordhalben 4.Beech- and silt 431+ N 4.565m.a.s.l runoff in forested measurement of runoff.
Spruce dominated Bavaria, Sycamore slates) 5. 28 <[ Allupper mid catchments
forests Germany 5. Beech- 6. 24-|555masl
Sycamore 6. 550 m.a.s.|
(already damp) Both mid slope
6.Spruce only
(ground fresh) Rainfall:
1025mmly
Irrigation 1 Irrigation 2 Irrigation 3 Irrigation 1 Irrigation 2 Irrigation 3
1. (Runoff Coefficient) 0 15 12 4. (Runoff Coefficient) 0 35 16.5
2. (Runoff Coefficient) 0 3.5 13 5. (Runoff Coefficient) 375 84 83
3. (Runoff Coefficient) 0.2 9.5 175 6. (Runoff Coefficient) 0 245 30
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Green-Blue Author Landcover & land | Soil Slope / M.A.S.L; Catchment
infrastructure or use aspect Precipitation area size
intervention Location of (mmly);
study Flow velocity
R| Spruce stand (3) 70 years old is the only dry site to produce runoff in the first irrigation after 2hours 24minutes, possibly due to high rock content in soil, however Spruce stand (6) 93 years old
e | also produced very high runoff following the second and third irrigations
s
u | Spruce-Beech & Beech-Spruce stands (1&2) 103 years old were overall best in terms of total volume of runoff/water retained
I
t

occur

All subsurface water flows were observed between 0.6 m to 1.5 m below the ground surface

Beech-Sycamore stand (4) 70 years old showed best water retention even though soil had high rock content, taking 7 hours to react to the third irrigation, however runoff volume at that stage
exceeds that of the mixed Beech and Spruce stands possibly due to a higher propensity of macro-pores that store water, but once full-up lead to runoff

Runoff from the pre-wet stand (5) 88 years old exceeded all others at each irrigation stage, potentially also because of the deep rooting Sycamore providing pathways for preferential flow to

Broadleaf, mixed
and coniferous tree
forests impact on
flooding

Tembata et al.
2020

China

Broadleaf,
mixed and
coniferous tree
forests

Various

No Info.

No Info.

Rainfall:

Various

Different types
of forest impact
on flood
frequency

Flood
frequency

Satellite data observation,
observed flood and gridded
rainfall data added to Cox
proportional distribution and
Weibull models to estimate
forest/flood relationship

~—cwolmg

Model outcomes indicate that an increase in the area of broadleaf and mixed forests can reduce flood frequency (-0.01 to -0.74 & -0.008 to -0.064), but results for coniferous forests were both
positive (increased flooding) and negative (reduced flooding) were very small (+0.011 to -0.003) and were not statistically significant

Model coefficient outcomes for broadleaf forests were larger (negative) than that of mixed forests, indicating that broadleaf forests had greater impact

In temperate regions mixed forests the coefficient remained negative and statistically significant but the coefficient for broadleaf forests is no long statistically significant

Deforestation, reforestation and afforestation impact on basin infiltration, runoff & flooding

Combines 4 long-
term (3 paired)
studies to evaluate
flood mitigation and
return period
impacts of forests

Bathurst et al.
2020

Temperate UK,
NZ,

Us &

Chile

Forested vs
grassland or
cleared

No Info

No Info

275-330 m.a.s.|
460-680 m.a.s.|
439-1080 m.a.s.|
35-225 m.a.s.|
Rainfall:
1672mmly
1330mmly
2300mmly
2576mmly

150ha
310ha
101ha
34ha

Forest vs no
grassland or
cleared
landcover impact
on flood peak
and return
periods

Small, medium
and very large
flooding
events

Data series:

UK 1967-present

NZ 1980-2013

US 1955-1988

Chile 1997-2018

Observed data from each
study used to chronologically
pair peak discharges and
create flood frequency
curves
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Green-Blue Author Landcover & land | Soil Slope / M.A.S.L; Catchment
infrastructure or use aspect Precipitation area size
intervention Location of (mmly);
study Flow velocity
R| In paired studies the catchment where forest is removed shows significant increase (>50%) in peak discharge during low to moderate flooding events — although vegetation cover has no impact
e | if soil moisture conditions (soil depth a factor in this) are high prior to the event
S
u | Forest/lack of forest does not impact peak flows during very large events
I
t | Frequency of return periods for small to medium floods is reduced in forested catchments compared to cleared catchments

Forest/lack of forest does not impact return periods of very large events

Upland afforestation | Birkinshaw et Afforestation of Peat & peaty | No info. Uplands - 1.5km? Forest growth Fluvial Study years: 1966 to 1996

—impact on al. 2014 moorland with gley over Headwaters of stages impact

catchment hydrology | & conifer (Sitka clay River Irthing peak flows Weir & gauge discharge
UKEA, n.d. spruce) differently measurements
Coalburn, Rainfall: 1400 Shetran model used for
northern mm/y comparison of tree height
England and discharge changes

R| Deep ploughing in advance of tree planting increased annual flow by 50-100mm in annual streamflow

e

s | Afforestation with trees at maturity reduces annual streamflow by 250-300mm compared to original grassland and by 350mm compared to ploughing at tree planting

u

| | Modelling suggests that the impact on discharge is due to rainfall interception by tree canopy (growing from 22% in 93-96 to 32% in 2006-11 as the forest matured)

t

R

e | Modelling to remove climate variability (increasing annual average rainfall) suggests a 10-15% reduction of peak flows due to forest growth.

S

u | Overall impact was reduced with increased event size ie. at 1/100 year event all impact was lost.

I

t | Deep ploughing in advance of tree planting increased peak flows (15-20%) and increased velocity by 1/3.

Afforestation/reforest | Ferguson and Currently 62% No info Forests 254 m.a.s.| 48 km? Afforestation/refo | Storms and dynamic TOPMODEL and

ation of grassland Fenner 2020 grassland, 24% (Forests modelled restation and flash flooding HEC-RAS models run to test

slopes and cropland/pasture | modelled on | on areas of | Rainfall: No wood debris from runoff rural catchment response

placement of in- and 8% forest free draining/ | 10-3 0 - annual placement and Infoworks ICM model

channel woody Dorset, UK slowly slopes information impact flooding run for urban response to

debris (50m from permeable in downstream flood intervention

infrastructure) sails) urban centre
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Green-Blue Author Landcover & land | Soil Slope / M.A.S.L; Catchment
infrastructure or use aspect Precipitation area size
intervention Location of (mmly);

study Flow velocity

period of downstream inundation of urban area by 1 hour.

R| Forest and woody debris reduced peak of 1/10 year storm by 57% and reduce the period of downstream inundation of urban area by 3.75 hours. Forest and woody debris reduced peak of 1/33
e | year storm by 49% but may increase the period of downstream inundation of urban area by 0.5 hours. Forest and woody debris reduced peak of 1/100 year storm by 35% but may increase the
s
u
I

Afforestation/reforestation alone reduces peak flooding of 1/10 year storm by 42.5%, 1/20 year storm by 30%, 1/33 year storm by 25%, 1/50 year storm by 20% and 1/100 year storm by 15%

Fir/Spruce forest Guillemette et Basalm Fir, Basal til 14-19% Rainfall: 122ha & Plantation Peak Flow Observed data (hourly
harvest impact on al. 2005 White Spruce 1416 mmly 394ha harvest has discharge from v-notch
discharge Black Spruce Snowfall: 465 mmly small impact on weirs) and multivariate linear
Canada 80km White Birch Southeas flooding model evaluation
Full basin north of Quebec t
City
R| Maximum impact was measured as 63% increase on peak flow - at the stage when 61% of the forest catchment had been harvested
e
s | After five years and 85% of the total basin area was harvested the maximum increase on peak flow remained at 57%
u
| | Harvesting from 61 to 85% of basin 7A, in the upper areas of the southern part of the watershed, did not cause a higher increase in bank-full peak flows
t

Modelled
afforestation of
catchment to
investigate impact
on peak flows

lacob et al.
2017

Northeast
Scotland

Cropland,
improved and
unimproved
pasture, conifer
forest and
heathlands

Cambisol &
Podsols

No Info.

100-617 m.a.s.|

72km?

Modelling higher
forest cover
impact on flood
peaks

Fluvial

Distributed hydrological
model (WaSIMETH)
calibrated with observed
data

4 scenarios (2x47% forest,
2x30% forest) & baseline
(26% forest) modelled

~—cwnoxm

Full catchment afforestation impact on extreme high flows was 30% reduction and impact on high flows was 60% reduction

Sensitivity testing shows that coniferous forests have superior ability to reduce peak flows during the winter season compared to broadleaf forests

Peak flow reduction was greater when forests replaced farmland in the lowlands (10% increase of forest resulted in 8% peak reduction by conifer forest and 1% by broadleaf forest) compared to
highlands (10% increase of forest resulted in 5% peak reduction by conifer forest and 0.5% by broadleaf forest)

75% (&50%) afforestation by coniferous forest impacts (decreases) low flows in summer by 50% (25%) in comparison broadleaf afforestation reduces flows by 40% (4%)

Reforestation of Lépez-Moreno | Recolonisation of | No info. South Below 1600 No info. Impact of Fluvial Study years: 1955 to 1995
farmland impact on et al. 2006 former farmland facing m.a.s.| reforrestationof

flood frequency and with evergreen (north former farmland Observed data from rainfall
magnitude broadleaf facing Rainfall: and gauging stations
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Green-Blue Author Landcover & land | Soil Slope / M.A.S.L; Catchment
infrastructure or use aspect Precipitation area size
intervention Location of (mmly);
study Flow velocity
Central trees/shrubs retains 600-2000 mmly on south facing
Pyrenees, and/or pine native slopes
Spain plantations forests)
R| Average number of annual events that are greater than 10 x mean discharge decreased by 0.03 events per year from 1959-1995 despite precipitation averages not decreasing
e
s | 1/5-year floods were reduced by 8-40%
u
| | 1/25-year floods reduced by 9-46%
t

Varying forest cover | Wahren et al. Varying forest Haplic/stagni | All 600-800 m.a.s.| | 6.8km? Modelling higher | Fluvial Observed data model

(35-99%) and forest | 2012 cover from 35% ¢ cambisols forest cover upscaled to generate

composition to spruce forest Rainfall: (99%) and catchment outcome

investigate impact Saxony, (actual) to 99% 900 mmly natural forest

on catchment Germany forest cover composition 3 scenarios modelled -

flooding Coniferous in results in greater 1 35% forest (Spruce, some
higher altitudes & peak flood Beech)
Deciduous in reduction 1 64% forest (no details)
lower altitudes 1 99% forest (Coniferous
(natural) (Silver Fir & Spruce) and

Deciduous (Beech and
Oak))

R| 99% forest cover results in flood peak reduction of between 7-70%

e | 64% forest cover results in flood peak reduction of between 3-46%

s

u | Positive results are due to interception and transpiration of trees (also evergreen of conifers), but when soil is already saturated pre- rain event (due to rainfall intensity or duration) there can be

| | little impact

t

The reforested/afforested area must be sufficiently in proportion with catchment size to make a reasonable difference in flood peak reduction
Reforestation/afforestation of headwater area has most impact on small-medium floods

Spruce/pine forest

harvest impact on
discharge

Xiao et al.
2022

Wales, Ireland,
England

3 sites

1 Wales -
Norway and
Sitka Spruce

9 Ireland -
Lodgepole
Pine

3 sites

1 Clay/peat/
mudstone

1 Blanket
bog

q Peat &
peaty gley

No info

No info

Rainfall:
2500mmly
Wales

2000 mmly
Ireland

1400 mm/y Uk

No info

Plantation
harvest impact
on flooding

Low flow and
high flow

20% (Wales), 60% (Ireland)
and 90% (UK) of the forests
were harvested

Results were compared to
adjacent control sites
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Green-Blue Author Landcover & land | Soil Slope / M.A.S.L; Catchment
infrastructure or use aspect Precipitation area size
intervention Location of (mmly);
study Flow velocity
1 Uk - Sitka Runoff/streamflow data
Spruce collected via flumes every 5-
15 minutes

R
e | Baseflows in the basins increased at all sites after forest harvest; 8% increase at site with 20% forest removed and 41% increase at site with 90% tree removal
s
u | Impact of forest harvest on high flows not statistically different to control sites; conclusion that if deforestation has little impact on increasing peak flows that afforestation will have little impact on
I | reducing peak flows, likely due to the reduced effectiveness of interception during heavy rainfall
t
Rainfall interception - effectiveness of different forest types
Comparison of Barbier et al. 1 Beech N/A N/A Data assembled Various Rainfall Rainfall to Observed data from 28
temperate forests 2009 (deciduous), from range of interception, potential runoff | studies on interception,
species impact on 1 Douglas Fir studies based in throughflow and | in forested throughflow and stemflow
interception, Temperate (evergreen), temperate region stemflow regions reviewed. Data from 50+
throughflow and regions in Europe | q Spruce catchments year old forests used to
stemflow during and Northern (evergreen), model estimates for each
rainfall America 1 Larch Rainfall: 600mm/y category

(deciduous Europe to

and 2500mm/y N

evergreen) America

and

9 Pine

(evergreen)
R| Growing period Annual
e | Broadleaves: throughfall 70.6%; stemflow 6.3%; interception 23.1% Broadleaves: throughfall 76.3%; stemflow 6.9%; interception 17.7%
s | Conifers: throughfall 63.8%; stemflow 2.2%; interception 31.4% Conifers: throughfall 64.5%; stemflow 4.1%,; interception 28.7%
u | Deciduous: throughfall 70.6%; stemflow 5.4%,; interception 23.6% Deciduous: throughfall 76.6%; stemflow 5.7%; interception 17.8%
| | Evergreens: throughfall 62.3%; stemflow 2.5%; interception 33.1% Evergreens: throughfall 62.6%; stemflow 4.5%,; interception 30.7%
t

structure of conifers may explain this

Throughfall decreased by 8.8% with each successional group from pioneer to late-successional species

Throughfall and stemflow is lower for the evergreen species both during the deciduous growing season and on an annual basis, and interception higher. Leaf area index and/or fascicled leaf

Storage of Keim et al. 2006 Broadleaved N/A N/A N/A N/A Rainfall storage | Rainfall of Rainfall simulation within

rainwater on leaf and needleaved on leaf biomass | different laboratory, sample analysis

and branch N/A forest/ shrub allows for intensities and modelled extension of
species from rainfall intensity
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Green-Blue Author Landcover & land | Soil Slope / M.A.S.L; Catchment
infrastructure or use aspect Precipitation area size
intervention Location of (mmly);
study Flow velocity
Northern interception via
America evaporation
R| Needle leaf species store more rainfall per leaf area than broadleaf species, up to 0.775 mm at 400mm/h rainfall intensity (Hemlock) compared to 0.35mm (Bramble)
e
s | Broadleaf species store more rainfall per leaf biomass than needleaf species, up to 11.5 g/g at 400mm/h rainfall intensity (Maple) compared to 3.5 g/g (Hemlock)
u
| | Broadleaf species store more rainfall per total biomass than needleaf species, up to 4.5 g/g at 400mm/h rainfall intensity (Bramble) compared to 2.25 g/g (Hemlock)
t
Although all storage decreased as rainfall intensity increased, models indicate that broadleaf species demonstrate higher linearity as rainfall intensity increases, storing less than needle leaf
species under low rainfall but more than needle leaf species under higher rainfall intensities

Interception, Kramer & 1 Beech Luvisols Northeast 290-370 m.a.s.| N/A Ability of forests | Summer Observed data with rainfall
throughfall and Holscher 2009 dominated facing of different storms and and stemflow captured in
stemflow in forests forests, Rainfall: diversities to year round and compared to gross
of different Thuringia Central | q Beech mixed 544-662 mmly intercept rainfall | rainfall rainfall captured in nearby
diversity levels Germany with Lime, in summer grass meadow and
Ash, Birch & storms statistically assessed. Leaf
Sycamore area index calculated from
samples.
Throughfall increased with increasing forest diversity
Beech dominated forests recorded similar throughfall across different intensities of summer rainfall
R
e | Stemflow decreased with increasing forest diversity
S
u | Beech dominated forests recorded highest stemflow percentages
I
t | Interception was lower in winter than summer despite higher intensity rainfall occurring in summer
Interception differences between forests of differing species diversity was low, where Beech may intercept more rainfall on leaves due to heterogenous crown coverage, more diverse forests
may intercept more on the range of different woody branches and trunks
Interception loss Kdhler et al. 4 Norway Nutrient poor | North 420-1060 m.a.s.| N/A Spruce Summer Observed data, precipitation
and throughfall in 2015 Spruce forests cambisols facing forest/plantation | /Autumn funnels collected gross
Norway Spruce (to 260 years contribution to rainfall precipitation and throughfall
plantations at Harz mountains old) at higher Rainfall: 582- Interception loss under forest story. Cloud
different elevations | Germany elevations and 1 1814mmly during rainfall water deposition as
Spruce calculated by the
plantation (100
year old) at
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Green-Blue Author Landcover & land | Soil Slope / M.A.S.L; Catchment
infrastructure or use aspect Precipitation area size
intervention Location of (mmly);
study Flow velocity

lowest m.a.s.l. canopy water balance

All single model. Results statistically

species with no analysed.

shrub

understory.
R| Interception losses to gross precipitation increases with decreasing elevation: 44% intercepted at 420 m.a.s.l; 39% at 590 m.a.s.l; 29% at 790 m.a.s.l; 24% at 1020 m.a.s.l; 9% at 1060 m.a.s.
e
s | Higher forest stands gain water additional to gross precipitation through cloud water deposition, increasing with elevation with 2mm added at 420 m.a.s.l; 10mm at 590 m.a.s.l; 65mm at 790
u| m.a.s.l; 195mm at 1020 m.a.s.l & 162mm at 1060 m.a.s.|
I
t | As a result throughfall accounts for 56% of gross rainfall at 420 m.a.s.l and 113% at 1020 m.a.s.|
Rainfall Llorens & Mediterranean N/A N/A Various N/A Rainfall Review of 90 studies on
interception and Domingo 2007 forests of trees interception and rainfall partitioning carried
throughfall and shrubland Rainfall: 228 throughfall in out in the European
properties of European mm/y to 2027 Mediterranean Mediterranean on 29
Mediterranean Mediterranean mm/y climate different tree and shrub

forest species

species

Interception highest for Austrian Pine (52.5%) and Turkey Oak (67.5%)

R| Sessile Oak, Turkey Oak, Maritime Pine and Pyrenean Oak have highest throughfall (85%-88% of rainfall)

Mean throughfall for shrubs was lower but with a higher variation and increased with increasing rainfall intensity

e

s | Lowest throughfall recorded for Stone Pine, Aleppo Pine, Silver Fir, Evergreen Oak and European Beech at 69.9%-72.8% of rainfall
u

I

t

Highest stemflow was for Austrian Pine (12%) and Turkey Oak (6.8%) and lowest for Norway Spruce, Pyrenean Oak and Scotts Pine

Analysing conditions | Page et al. Forests (data N/A N/A Data assembled | Various Rainfall Large rainfall Data from 18 studies on wet

that enhance wet 2020 from evergreen from range of interception events >50mm | canopy evaporation studies

canopy evaporation and deciduous studies based in during large per day from temperate regions

during large rainfall various forests combined temperate rainfall events collated and analysed using

events — majority region the Penman—Monteith
evergreen) catchments equation.

cw o

Interception loss from temperate forests range between 2-38% of gross rainfall during high rainfall events

Interception losses up to 40mm per day are observed from temperate forests during high rainfall events (>50mm)
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ative humidity must be <97.5% and aerodynamic resistance needs to be <2sm to enhance vapour

Green-Blue Author Landcover & land | Soil Slope / M.A.S.L; Catchment
infrastructure or use aspect Precipitation area size
intervention Location of (mmly);

study Flow velocity
| | To enable the highest interception loss during high rainfall, atmospheric conditions of rel
t | transport
Canopy water Pypker et al. 1 Young No Info. No Info. 368 m.a.s.| N/A
storage, 2005 Douglas Fir
interception and forest (25 year Rainfall: 2500
throughfall of old) mm/y

young (25 year
old) Douglas Fir
and old growth
(>450 year old)
forests compared

Washington USA

1 Old growth
Douglas Fir
and Hemlock
forest (>450
year old)

Comparison of
canopy water
storage,
interception and
throughfall of 25
year old and
>450 year old
forests

Storm
througfall

Observed rainfall/storm data
captured in tipping buckets
for Spring, Summer &
Autumn for intensities of
10mm to 198mm. Stemflow
not measured and assumed
low because of high bark
roughness. Data fitted to
Gash model to test variables
and predict outcomes

~—cwnwoxm

Throughfall during June-November was least in the young forest and 3.5 times larger in the old growth forest due to canopy gaps due to forest age and mixed species composition
Measured interception loss was similar in both young and old growth forests, modelled storms (10-100mm) predict a slightly higher interception loss in old growth forests

Canopy water storage capacity is almost double for the old growth forest compared to the young forest even though leaf area index are similar because of a higher species composition and
storey mix in the old growth forest

Loss of older needles during the Autumn period impacts Spruce forest throughfall — this occurred for both young and old growth forests but impact is more pronounced for old growth forest in
terms of canopy water storage capacity

Modelling suggests that the young forest has higher interception (due to lower throughfall) during lower intensity storms, and old growth forests have higher interception loss during higher
intensity storms due to their higher canopy water storage capacity and throughfall onto a variety of species with varying canopy heights

Shelterbelt/hedgerows and buffer strips in agriculture - impact on infiltration & runoff

Buffer strips around
cropland impact on
runoff and impact on
crop yield and

quality

Borin et al.
2010

Veneto, North
Eastern Italy

6m wide buffer
strip of 2x rows
London
Sycamore and
European
cranberry bush
and crops of
maize, soyabean
and sugar beet

No Info.

1.8%

No Info.

6 m.a.s.|

No Info.

Impact of buffer
strips around
cropland on
surface and sub-
surface runoff

Rainfall and
runoff
reduction

cw o

A young (planted 1998 measured 2002) hedgerow/buffer strip of sycamore and cranberry bush reduced total runoff by 78% compared to cropland with no buffer strip

A twenty year old hedgerow/buffer strip (single tree strip and grass 4m wide) on cropland reduced runoff by 37% compared to cropland with no buffer strip
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Green-Blue Author Landcover & land | Soil Slope / M.A.S.L; Catchment
infrastructure or use aspect Precipitation area size
intervention Location of (mmly);

study Flow velocity

t

| | Additional benefits include reduced Nitrogen and Phosphorous losses by 12.8kg/ha and 80% respectively

Yield losses occurred for soyabean and maize to within 2m of the hedgerow after which yield increase normalised rapidly, however, in sugar beet crops losses were 20% more and continued to
7m out from the hedgerow

Tree shelterbelt Carroll et al. Birch, Alder, Cambic No info. 150-400 m.a.s.I | No Info. Water infiltration | Rainfall and Observed data collected
placement in grazing | 2004 Blackthorne, stagnogleys and storage runoff from single ring infiltrometer
pasture impact on Oak, Ash capacity of soils | reduction to 10cm depth
soil infiltration Nant Pontbren, | plantings of 2, 6 stagnogleyic Rainfall:
capacity Wales, UK and 7 years old, brown earths 800mml/y
compared to
grassland
pastures
R| Highest infiltration rate 62cm/h measured within the shelterbelt and lowest under grazed pasture 1cm/h
e
s | 1m out from the shelterbelt boundary fence, infiltration under grazed pasture increases to around 12cm/h
u
| | Difference between shelterbelt tree age increase with age of tree plantings, mean of around 17cm/h at 2 years of age, 67cm/h at 6 years of age and around 82cm/h at 7 years of age

Tree shelterbelt
placement and
location relative to
slope in pastureland
impact on overland
flow runoff and
drainage

Jackson et al.
2008

Nant Pontbren,
Wales, UK

12% of landcover
modelled as
shelterbelt and
88% as grazed
pasture

N/A

1:20

170-425 m.a.s.|

Rainfall:
1200 mm/y

12.5 km?

Drainflow and
overland flow
response to
shelterbelt
placement within
pasture land

Drainflow and
overland flow

in response to
rainfall

Three dimensional
hydrological model calibrated
with observed data

overland flow

—c »n o

R| Little change to drainflow (presumed subsurface flow) is found under grazed or tree shelterbelt simulations

t | Shelterbelts planted in strips parallel to downslope are less effective in reducing flood peaks with a 10% reduction simulated

Planted shelterbelt strips that are diagonal to downslope produce best reduction in overland flow, highest intensity flood peak flows reduced by 40% (highest intensity rainfall) and 60% of mean

Tree shelterbelt
placement in grazing
pasture impact on
soil infiltration
capacity and
overland flow

Marshall et al.
2009

Nant Pontbren,
Wales, UK

Field with grazed
pasture and
shelterbelt of
Birch, Oak,
Hazel, Ash and
Scotts Pine

Cambic
stagnogleys
and
stagnogleyic
brown earths

Average
12.5%
slope

East facing

279-317 m.a.s.|

Rainfall:
1501 mm/y

Whole
catchment 18
km?

Sub-
catchment 4
km?

Soil infiltration
capacity and
overland flow
contribution to
flooding

Surface and
subsurface
flow due to
landcover role
in flooding

Observed data, overland
flow and drain (? Subsurface
flow) collected via inserted
gutter and v-notch weirs and
tipping buckets
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Green-Blue Author Landcover & land | Soil Slope / M.A.S.L; Catchment
infrastructure or use aspect Precipitation area size
intervention Location of (mmly);
study Flow velocity
R| Soil under cross-slope shelterbelt has median saturated hydraulic conductivity of 8.34m/d and under grazed pasture 3.43 m/d
e
s | Soil water storage capacity in the A horizon under shelterbelt vegetation is 0.17cm3 per cm3 of soil compared to 0.09 cm3 per cm3 of soil under grazed pasture
u
| | Subsurface drainage is the major contributor to hillslope drainage (compared to overland flow) and overland flow occurs predominately when the soil surface is already saturated
t

Exclusion of grazing
and broadleaf tree
planting in former
pasture impact on
soil infiltration

Marshall et al.
2014

4 sites of pasture
grassland;
shelterbelt of
Alder, Ash, Birch,
Blackthorne,

Cambic
stagnogleys
and
stagnogleyic
brown earths

3.7-4.9°

Aspect - no
Info.

220-312 m.a.s.|

Rainfall:
1309-1338
mm/y

Whole
catchment 18
km?

Sail infiltration
capacity and
overland flow
contribution to
flooding

Surface and
subsurface
flow due to
landcover role
in flooding

Observed data collected via
surface runoff traps, v-notch
weirs, tipping bucket rain
gauges, neutron probes for
soil moisture, soil infiltration

capacity and Hazal, Cherry, via double ring infiltrometer,
overland flow Plumb & Rowan soil bulk density analysed
and control and vegetation assessed.

R| Two years after grazing exclusion, peak runoff on grazing excluded pasture site (compared to control) was reduced by 1.5 mm/h and runoff duration by around 1 hour
e
s | Two years after tree planting, peak runoff on shelterbelt site (compared to control) was reduced by 2 mm/h and runoff duration by around 45 minutes
u
| | Six years after tree planting, infiltration rates were more than doubled in each of the 4 shelterbelt sites compared to the 4 control sites with the maximum difference 8:1000 mm/h
t

Six years after tree planting infiltration rates were at least doubled in each of the 4 shelterbelt sites compared to the 4 grazing excluded sites, with a maximum difference 10:1000 mm/h
Agroforestry, Nerlich et al. Four rows of Clayey-loam | Low slope | 250 m.a.s.| No Info. Runoff and Torrential rain | Erosion pans embedded into
orchard, silvopasture | 2013 Sycamore, Wild nutrient (upto 25 L/m- | the soil connected to pipes
intercropping, buffer Cherry, Hybrid Trees Rainfall: Leaching 2), long rainfall | and accumulation barrels
strips, wind breaks, Karlsruhe- Walnut & short planted in 750 mmly generated from | periods (upto | measured from November
impact on soil Stupferich, rotation poplar north- agroforestry and | 3.5 L/h) and 2009 to April 2010
organic matter, Germany interplanted with south mono-cropping snowmelt
erosion and runoff winter barley and orientation

oats compared
with mono-
cropped barley
and oats

-~ —cwuwomy

Soil organic matter in 0-30cm horizon was higher in agroforestry system by 0.7%

Runoff from mono-cropped winter Barley and oats sewn land totalled 759L and runoff from agroforestry system totalled 79L, a difference of nearly 90%

Nitrogen and Phosphorus losses from runoff were lower in the agroforestry system (compared to mono-cropped site) by 25% and 70% respectively
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Green-Blue Author Landcover & land | Soil Slope / M.A.S.L; Catchment
infrastructure or use aspect Precipitation area size
intervention Location of (mmly);

study Flow velocity
Grazing and grassland management impact on infiltration & runoff
Relationship between | Meijles et al. Grazed grass Podzolic and | No Info. 340-480m No Info. Runoff pathways | Rainfall runoff | Runoff from animal paths
grazing animals, 2015 and heath ironpan caused by and flash measured by thin-plate weir,
stocking rates and stagnopodzo Rainfall: 2022 to higher stocking flooding overland flow captured by
runoff Dartmoor, UK | soils 2052mmly rates thin-plate weir fitted with a

gutter. Stocking rates
mapped. Rainfall totals
recorded via tipping bucket
and stream discharge
monitored from October
2006 to April 2007

~—cwnwoxm

Areas with higher stocking intensity respond to rainfall by producing runoff that flows to streams

First, water was observed flowing down animal tracks during rainfall and contributing to runoff that feeds to the streams

Second grasslands had higher stocking density and therefore higher bulk density and lower soil porosity, and were quicker than lower stocked areas to reach soil saturation and produced runoff

Impact of grazing Meyles et al. Grazing Peat, peaty North 290m — 450m 61 ha Grazing animal Rainfall runoff | Rainfall (tipping bucket), soil
animals on rainfall 2006 grassland gley and facing impact on from slopes moisture (domain
runoff from slopes consisting of: podzols 2100mm/y rainfall runoff on | contributingto | reflectometer and in soil),
Dartmoor, UK | 1 Bracken & slopes flood peak runoff and discharge
grass measured (fibreglass
1 Short grass trapezoidal Lothian flume),
1 Heather & soil samples analysed in
grass laboratory. Runoff plotted
1 Gorse and against soil moisture
grass
R| Bulk density and total soil porosity was higher under short grasses (more heavily grazed areas)
e
s | Soil water holding potential from 0-19cm was reduced under heavily grazed short grasses indicating that the time to saturation of the more heavily grazed sites is reached more quickly
u
I | Runoff occurs preferentially on areas where grasses are shorter and more heavily grazed compared to less heavily grazed areas
t
Overland flow Monger et al. Grazed grass & | Chromic 0.22to Rainfall: 88- N/A Rainfall runoff Flood peak Overland flow at each site
velocities in semi 2022a wood pasture, Endoleptic 0.24 231mm per month and runoff due to collected via flume and
grazed bracken Umbrisol radians velocity funnel, tracer dye injected to
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Green-Blue Author Landcover & land | Soil Slope / M.A.S.L; Catchment
infrastructure or use aspect Precipitation area size
intervention Location of (mmly);
study Flow velocity
natural woodland and | Cumbria, UK & wood pasture overland flow measure velocity, shipiro wilk
woodland pasture and un-grazed velocity statistical analysis and
seminatural T u k stegst
broadleaf
woodland
R| Mean bulk density: grass & wood pasture 0.63 g/cm?3; bracken & wood pasture 0.65 g/cm?; un-grazed woodland 0.51 g/cm?
e
s | Mean permeability: grass & wood pasture 3x 10->m/s; bracken & wood pasture 2.9x10* m/s; un-grazed woodland 2.28x10° m/s
u
| | Overland flow velocity: 3 L/m grass & wood pasture 0.011 m/s; bracken & wood pasture 0.008 m/s; un-grazed woodland 0.010 m/s
t | Overland flow velocity: 30 L/m grass & wood pasture 0.047 m/s; bracken & wood pasture 0.038 m/s; un-grazed woodland 0.043 m/s

Woodlands with closed canopy cover will have sparse understorey vegetation and lower surface roughness and higher overland flow velocity

Woodlands with open canopy combine the higher soil permeability typical of woodland soils in combination with the higher surface roughness associated with a denser understorey provided
grazing intensity is not too high

Contribution of grain, Pan et al. Grassland Loessal 2.5-50% Rainfall intensity: N/A Flow resistance | Overland flow | Laboratory simulation with

leaf, stem and litter of | 2016 (ryegrass) plots | loam 30-90mm/h in grassed simulated rainfall and dye

grass vegetation on and bare soll slopes tracer, using runoff plots with

slopes to overland Laboratory plots for control grass configuration grassed,

flow resistance simulation grassed with litter, grassed
with stems only etc.

R| For grassed plots the friction provided by grass decreases with increasing slope

e

s | Grass leaves provide the highest friction (52%), stems (32%), litter (16%) and grains (1%)

u

I | 80% of resistance comes from stems and leaves therefore grass cutting prior to a significant rainfall event or high frequency of cutting could significantly reduce the overland flow resistance

t

Soil management (conservation tillage / reduced tillage / strip tillage) impact on infiltration and runoff

Impact of mulch Klik and Agricultural Silt loam and | No Info. Rainfall: range N/A Runoff induced Rainfall runoff | Runoff collected in channels
tillage (crop residue Rosner 2020 crops of grain silty clay from 629 to 916 from rainfall on across 22 and collecting tanks.
remaining) and no and root crops loam mm/y agricultural years duration | Samples all taken from
tillage agricultural Vienna, fields summer cops. Data collected
crops on rainfall Austria from 1994 to 2018 and
runoff and erosion analysed in laboratory

over 22 years

R| On silt and loam soils mulch tillage reduced runoff by 25-55% and no till led to reduction of runoff by 49-60% compared to conventional tillage

e
s | On silty clay loam soils with high bulk density runoff increased by 12-21% under reduced tillage

111



Green-Blue Intervention Toolbox

Green-Blue Author Landcover & land | Soil Slope / M.A.S.L; Catchment
infrastructure or use aspect Precipitation area size
intervention Location of (mmly);

study Flow velocity

u | Soil loss on silty clay loam reduced by 38% under mulch tillage and by 65% by no tillage compared to conventional tillage

t | Soil loss on silt loam reduced by 74-88% under muich tillage and by 84-93% by no tillage compared to conventional tillage

SOC losses reduced under mulch tillage by 34-86 %; and by 58-89 % under no tillage compared to conventional tillage

Nitrogen and phosphorus losses under conventional tillage 13.3—-48.1 kg/h; mulch tillage 4.5-18.7 kg ha and under no tillage 1.6-9.4

Strip tillage impact on | Laufer et al. Agricultural Haplic 8.4% to No Info. No Info. Impact of runoff | Heavy rainfall Rainfall simulated over 2
runoff and soil loss on | 2016 fields growing Luvisol from | 13.8% under heavy of 24mm over | crop cycles via VeeJet
agricultural slopes sugar beet loess at all rainfall for three | 20 minutes 80/100) and runoff collected
compared to reduced | Bockshatft, four trial different tillage simulated at the end of each trial plot.
tillage and intensive Gieshigel, sites operations Soil loss and runoff
tillage Sailtheim calculated and statistically
Southern analysed
Germany
R| Cumulative surface runoff from 100% of rainfall applied under: intensive tillage 32%; under reduced tillage 15%; under strip tillage 3%
e
s | Rainfall runoff under reduced tillage was 55% lower than intensive tillage and 92% under strip tillage than in intensive tillage
u
| | Soil loss in reduced tillage was 85% lower than intensive tillage and in strip tillage soil loss was 98% lower than in intensive tillage
t
Strip tillage also has the benefit of increasing plant available water due to the reduction in rainfall runoff
Impact of Haag et al. 37% of landuse | Silty luvisols | No Info. Rainfall: 750mm/y | 195 km? 10, 20 and 50% | Flooding and LARSIM hydrological model
conservation tillage to | 2006 is tilled above Loess conversion of flash floods with additional infiltration
rainfall runoff and agricultural land agriculture to module
catchment flooding Glems River conservation
Catchment, tillage compared
Stuttgart to conventional
Germany tillage

w~—cwuoJpy

Conservation tillage (50% scenario) produces 1.4% reduction in peak discharge for 1 in 2 year return period storm, compared to conventional tillage

Conservation tillage (50% scenario) produces 1.6% reduction in peak discharge for 1 in 10 year return period storm, compared to conventional tillage
Conservation tillage (50% scenario) produces 1.7% reduction in peak discharge for 1 in 20 year return period storm, compared to conventional tillage
Conservation tillage (50% scenario) produces 1.8% reduction in peak discharge for 1 in 50 and 1 in 100 year return period storm, compared to conventional tillage

Floods generated by moderate long-lasting rainfall (<25mm/h) the effect of changing tillage practices is not noticeable, for short duration high precipitation events (flash floods) the reduced
runoff from conservation tillage is noticeable even if the change is over 10-50% of 37% landuse
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residue) on runoff
and soil loss in
cropland over 16
years

Green-Blue Author Landcover & land | Soil Slope / M.A.S.L; Catchment
infrastructure or use aspect Precipitation area size
intervention Location of (mmly);

study Flow velocity
Impacts of Madara’sz et al. | Cropland under | Luvisol (silty | 10% 150 m N/A
conservation tillage | 2021 maize, rape, loam from
(non inversion disc winter wheat loess) South west | Rainfall:
leaving 30% of soil Southwest and sunflower 700mm/y
surface with crop Hungary

Reduction in
rainfall runoff
and soil loss

Rainfall runoff,
low and high
intensity

Four plots, two of each under
conservation tillage and
ploughing. Runoff collected
in channels and collecting
tanks. Rainfall data collected
via automated
meteorological station.
Random forest modelling.

Impact of biochar
and N fertilizer
additions on soil
moisture, soil bulk
density and water
filled pore space

Horak et al.
2019

Slovakia

Barley, maize
and wheat crop
rotations

Haplic
Luvisol

R| Mean annual runoff from ploughed plots was 18 mm and conservation tillage plots 4mm

e
s | Mean soil loss from ploughed plots was 2.8 t/ha and conservation tillage plots 0.2 t/ha
u
I
t

No Info.

No Info.

Rainfall:
540mm/y

N/A

Earthworm activity in last two years of the experiment in ploughed plots was 55 worms/m and ploughed plots was 168 worms/m

Runoff reduced bi 75% across the iears of the eerriment and soil loss reduced bi 95% comiared to the ilouihed ilots, however weeds in the conservation tillaie EIOtS were a Eroblem

Improvement of
soil moisture
retention

Biochar of paper fibre sludge
and grain husks (10 & 20
t/ha) and N fertiliser added at
varying volumes to 9
different trial plots. Soil
samples taken, water
content and bulk density
calculated.

R
e
S
u
[

t

Soil temperature was not influenced by biochar application

A higher rate of water retention and bulk density was found when biochar was applied at a higher rate, regardless of N fertiliser rate

All plots that received biochar (with and without N fertilizer) resulted in increased soil moisture and lower bulk density across three years of the experiment

Addition of biochar
and compost to
dystric cambisol
soils under maize
crop

Liu et al. 2012

Brandenburg
Germany

Maize crop

Dystric
Cambisol

No Info.

No Info.

Rainfall: March
— Oct average
320mm

N/A

Improvement of
soil water
retention to
reduce runoff

Rainfall runoff

Biochar (charcoal 5, 10 and
20 Mg/ha) compost
(greenwaste & chopped
wood) and compost
(greenwaste & chopped
wood) added to agricultural
fields prior to maize crop.
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Green-Blue Author Landcover & land | Soil Slope / M.A.S.L; Catchment

infrastructure or use aspect Precipitation area size

intervention Location of (mmly);

study Flow velocity

Samples analysed in lab and
with statistical analysis

R| Compost with the highest biochar addition (20 Mg/ha) recorded 12% plant available water holding capacity and control (ho addition) recorded 6%

e

s | Total organic carbon (TOC) recorded in highest biochar-compost as 20 g/kg and in control 8 g

u

I | Nutrients N and K also highest in highest biochar-compost compared to control, N: 1.0 g kg compared to 0.5 g kg; K: 282 mg kg compared to 114 mg kg

t

Soil water retention
properties of
biochar enriched
soil

Xiao et al. 2016

Changwu,
Northern China

Maize crops

Cumuli-Ustic
Isohumosols
based on
loess

No Info.

1200m

Rainfall:
555mm/y

N/A

Soil water
holding
properties

Rainfall runoff

0, 10,20 & 30 t/ha of maize
straw biochar applied to four
plots 40% prior to crop 30%
after sowing over years
years. Soil sampling, lab
analysis and statistical
analysis of results

~—cwolmg

Soil permeability was also enhanced to 60 cm with the addition of biochar

Soil water content of soils treated with biochar were consistently higher than the control during the five days monitoring period after each rainfall event across the three years trial, maximum was
generally found in the 30 t/ha addition to a depth of 40 cm

Crop yield and water use efficiency were also enhanced by biochar 20 & 30 t/ha addition resulted in 10.2% and 14.2% higher crop yield and 9.4% and 12.3% water use efficiency respectively
compared to the control plot

Storm and flood water retention / detention areas & basins

Integrating flood
hazard scale into
site selection for
flood detention basin

Ahmadisharaf
et al. 2016

Tehran,
Iran

N/A

N/A

Highly
mountaino
us

N/A

43.7 km?2
made of
17 km? urban
26.7 km? rural

Tool to
determine best
placement of
flood detention
basins

1in 100 year
flood

Hydrologic-hydraulic
modelling, flood hazard
calculation, multi-criteria site
selection

~—cwolm

The flood hazard is scaled based on model outcome, start time, duration, height and discharge (highest hazards at midstream and most downstream site)

Site selection criteria — slope 0-5 (highest score),5-10,10-15 to >15; distance to channels 0-100 (highest score), 100-250m, 250-500m, 500-1000m; distance to social hotspots and highways
>5000m (highest score), 2000-5000m, 1000-2500m, <1000m; soil permeability (CN) 65-70 (some but not high permeability highest score), 70-75, 75-80, 80-90 (very low permeability); land
acquisition open land/parks (highest score), urban areas, mountainous, residential/services

Comparison of small
retention pond
placement in the
catchment and

Ayalew et al.
2015

lowa, USA

Agricultural

N/A

Low slope

N/A
N/A

30 km?

Impact of
configuration
and size of
retention ponds

Flood peak

with probability
of exceedance
1t0 0.001 and

Mandelbrot-Viseck tree
generic river network.
Stochastic rainfall model is
used to generate 1,000 year
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Green-Blue Author Landcover & land | Soil Slope / M.A.S.L; Catchment
infrastructure or use aspect Precipitation area size
intervention Location of (mmly);
study Flow velocity
which is more Runoff (2 x small peak rainfall series. Rainfall data
effective at reducing coefficient:0.5m/ =300,000 m3; 1 x | discharge to is used in rainfall-runoff
flood peak and S large =600,000 50m3/s model to generate regulated
return Channel flow m?) on flood and unregulated streamflow
velocity:0.5m/s peak reduction series.
Hillslope
overland
flow:0.02m/s
Subsurface flow
velocity:0.005m/
S
R| Retention ponds set parallel in catchment can better reduce flood peaks with low-medium probability of exceedance (0.5 to 0.001 & max 4 m?/s at 0.1) than sequential ponds because they
e | regulate a wider area of rainfall and runoff
s
u | Ponds with higher storage capacity (or larger number) located upstream achieve higher reduction of low-medium exceedance floods (0.8 to 0.04 & max 15 m3/s) and same reduction of high
| | exceedance floods than retention built at deltaic or downstream locations (although this does not moderate against high rain in delta region)
t
Flood control benefits of retention ponds are mainly local and the impact reduces correspondingly further from the retention pond and as catchment size increases
Retention ponds also offer greater multi-event impact if upstream ponds have greater drainage capacity and are drained before downstream ponds following a flood

Retention ponds
situated from upper
to lower within the
catchment

Birkinshaw &
Krivtsov 2022

Edinburgh,
Scotland

Mix of forest,
rural and urban

Mixed thin
soils and
brown soils

No Info.

150-486 m
Rainfall: N/A

Saturated
hydraulic
conductivity
Soils: 50 &
150m/d
Aquifer:1m/d
Overland Flow
Forest:1m*3/s
Grassland:4m3/
s

Urban:10 m%%3/s
Water:30m¥3/s

22.8 km2

Rainfall induced

Peak river
discharge

Modelled retention ponds
through Shetran a physically
based distributed model.
Storages modelled as 1 x
12,500m? % 3 x 2500 m? x
0.25, 1 and 4 Strickler
coefficient (large, medium
and small retention)

R| Outcome of modelling retention areas in the upper, mid and lower basin is that the upper pond generally reduces peak flow, the mid pond has no effect, and the lower pond increases peak flow
e | as the shorter time delay in outflow once the pond is full can coincide with the flood peaking in the lower catchment
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Green-Blue Author Landcover & land | Soil Slope / M.A.S.L; Catchment
infrastructure or use aspect Precipitation area size
intervention Location of (mmly);

study Flow velocity

u | When modelled for 10 rainfall events

t

the 12,500m? pond on headwaters in a larger non-

urban catchment re

duces the peak in 10/10 cases by average 0.67%; the upper 2500 m? pond reduces
| | the peak 7/10 times at 0.34% and the lower 2500 m? pond produces an increase 10/10 times at 0.16%; all ponds working together reduce peak flow 10/10 times by 0.82%

Review and Bell et al. 2020 | Various Various No Info. Various Various llluvial (rainfall Stormwater Comparison of modelling
comparison of runoff) and runoff and studies by analysing area
effectiveness of Various Fluvial (peak mitigated, reductions in
stormwater flow) reduction runoff and peak flow and
collection measures testing of environmental
(SCM) and factors that may influence
impervious surface the outcome, regression
cover (ISC) analysis in R.

e
s
u
I
t

With ISC mitigation, higher reductions in runoff and peak flow result from catchments with higher ISC before mitigation occurs

R| At equal implementation volumes SCMs reduce peak flows by a greater percentage than runoff reduction through increased infiltration because infiltration is limited by the percolation rate which
is influenced by soil properties and the footprint area

The performance of SCMs in reducing runoff volume and peak flows is limited during larger rainfall events and even if 100% of ISC is treated by SCMs the peak discharge will still be higher than
a fully impervious catchment due to storage limitations

Planning site
selection for
detention basin
using hydrology and
geomorpholoy

Bellu et al.
2016

Lima River
Catchment
Portugal

2.5% urban
23% cropland
34.5% forest

No
information

Mean
slope: 28%

30-1400 m.a.s.|

Rainfall: 1780
mm

Discharge: 3298

h m3/yr

1140 km?

Attenuation of
peak discharge

Runoff and
river flooding

Hydrological modelling, GIS
mapping, multi-criteria
analysis

~—cwolmg

Sub basins with highest contribution to flood discharge identified through hydrological modelling

Values: Slope: 0-5% (highest score), landuse: semi natural (highest score), minimised point source pollution (population density 1.7-3.3) used to map potential sites for detention basins

Because of the very high slope in this catchment, no easy solutions are found, authors suggest a centralised basin with very high dam wall, or multiple decentralised basin also with high dam
walls or extensive reforestation of catchment headwater area

Retention ponds and
urban permeability
improvements (low
impact) such as
permeable
pavements, green

Giacomoni et
al. 2014

Village Creek
Watershed,
Arlington USA

Changing Urban
(28 to 56%),
Industrial (stable
3%),
forest/wetland
(15 to 10%) &

rural/ agricultural

No Info.

No Info.

No Info.

Rainfall: No Info.

Catchment
370 km2wider
area

Comparison of
retention ponds
(14 x 194,000
m?) and (low
impact)
permeable
pavements etc.

Runoff capture
and peak flow
attenuation

for 1in 2-y
(107mm), 1in
10-Y (173mm)
and 1in 100-

Simulations using a CA land
cover change model, a
rainfall hydrologic model
(SWAT), a streamflow
hydraulic model (HEC-RAS)
to calculate Hydraulic
Footprint Residence (HFR)
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Green-Blue Author Landcover & land | Soil Slope / M.A.S.L; Catchment
infrastructure or use aspect Precipitation area size
intervention Location of (mmly);
study Flow velocity
roofs, rainwater (52 to 28%). 14 in relation to year (257mm) | to assess the area and
harvesting etc. ponds located current scenario | storms duration of inundation of a
along tributaries and increased streamflow segment during a
to the main development rainfall event.
stream
R| For 1 in 2-year storm, retention ponds perform better to reduce peak flow (19.8% reduction compared to 2.6% increase) but low impact solutions produce better HFR results as the retention
e | ponds act to extend the falling limb of the hydrograph as retained waters are released
S
u | For 1 in 10-year storm, retention ponds reduce peak flow by 8.5% (-7.3 m%/s) compared to 1.6% (+1.4 m3/s) increase of runoff by low impact solutions. HFR is better balanced by retention pond
| | scenario as the rising limb is lowered and the falling limb higher compared to the before change scenario, but the differences balance out
t
For 1 in 100-year storm, retention ponds reduce peak flow by 16.8% (-31.9 m3/s) compared to 2.5% (+4.8 m3/s) increase of runoff by low impact solutions. HFR result is similar to 1 in 10-year
storm hydrograph, however, the HFR is not suitable for comparisons at this scale because the reduction of the peak is most important

Small scale runoff Nicholson et Construction of No Info. No Info. 55-185 m.a.s.| 5.7 km? Ability of Flash floods Pond created with excavated

attenuation via al. 2019 downstream temporary material. Gauge

temporary storage earth bund along Rainfall: storage ponds to measurement of rainfall, river

ponds across Belford, flow lines to hold 738 mmly moderate flash height and pond storage.

hillslope pastureland | Northumberlan | 300-1000m?2 in floods as a result Pressure transducers to

d UK pastureland Flood flow of heavy rainfall measure stream stage. Pond

velocity Network Model to model
>5.5m3/s or impact of multiple ponds
3.5mm/h

R| The constructed pond (400m3) reduced peak flow of a November storm where around 26mm rainfall over 5 days, by 12%

e

s | During larger July (120 mm 3 day) and March (65 mm over 2 day) events the constructed pond fills prior to the peak streamflow

u

| | Modelling shows that the small scale ponds are better at attenuating flash floods as greater volume of storage is required to reduce peaks of slower and higher peaked floods

t

Modelling shows that a network of ponds (combined total 20,000 m? storage) could reduce peak flows (>3.5 mm/h) that impact downstream urban area by up to 30%

Retaining water in Salazar et al. T Mediterranean Cambisols - 12.3% 111-1030 m.a.s.l | 184 km? Water retention Flash flooding | Process-oriented distributed

the landscape with 2012 f Alpine & Poyo 17.9% 658-2638 m.a.s.| | 954 km? during flash rainfall-runoff models

micro-pond and {/Continental Catchment 6% 500-996 m.a.s.| | 621 km? flooding

small reservoirs, and | JPoyo, Spain catchments Fluvisol/Hist

the impact on TUpper lller, osol & Rainfall:

flooding Germany Cambisol/Le 450 mmly

fIKamp River, ptosol — 2000 mm/y
Austria Upper lller 900 mmly
Catchment
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Green-Blue Intervention Toolbox

Green-Blue Author Landcover & land | Soil Slope / M.A.S.L; Catchment
infrastructure or use aspect Precipitation area size
intervention Location of (mmly);
study Flow velocity
Podzol — Discharge:
Kamp River 0-300m3/s
Catchment
R| Small reservoirs were most effective at reducing flooding in the Poyo catchment, reducing peak discharge during small events by up to 12.8%
e
s | Micro-ponds (100m?3 x7,500 or 12 per km?) modelled to retain hillslope runoff were most effective at reducing flooding in the Kamp catchment, reducing peak discharge of small events by up to
ul 14%
I
t | This was the case for Kamp even with wet antecedent conditions, because the fraction of surface runoff is greater in the case of high soil moisture and more water drains into the micro-ponds
In the Upper lller micro-ponds modelled to retain hillslope runoff were more effective than small reservoirs, but the maximum impact on a small event is only 3.4%

Retention basins to
capture storm runoff

Smith et al.
2015

Baltimore
County, USA

Urban, forest
(deciduous,
evergreen,
mixed),
grassland &
wetlands.
Pervious land
area totals 48%

Silt loam

No Info.

No Info.

14.3km?

Impact of varying
the location of
retention ponds
throughout the
basin

Storm rainfall
runoff, the
highest 21
peak
discharges
from 2008 to
2012

Gridded Surface Subsurface
Hydrologic Analysis
(GSSHA) model, a gridded,
distributed, and physically
based hydrologic model
validated with observed
rainfall and streamflow data

R| Modelling retention basins on second order streams resulted in the most efficient reduction of storm runoff (1.03%) as opposed to placing basins on first (0.45%), or third (0.775%) order

e | streams. The reduced efficiency of the third order is due to the reduction in coverage of spatially diverse rainfall by concentrating retention in the smaller number of third order streams

s

u | The difference between retention basins and no retention basins had no measurable difference on peak discharge timing but reduced the flood peak magnitude by median 0.03 to 27.5% across
| | sub-basins

t

Small scale runoff Wilkinson et al. | Timber and earth | Shallow soils | No Info. 185 m.O.A.D 6 km? Runoff Rainfall Pond created with green oak
attenuation via 2010 ponds along attenuation by leading to (800-1000 m3), 3 further
temporary storage pasture hillslopes Rainfall: No Info micro-ponds overland flow ponds created from scraped

ponds across
hillslope pastureland

Belford, UK

Peak discharge:
2.1m%/s

along hillslope

soil created a storage of
approximately 2800 m3,
Rainfall, stream levels and
pond levels monitored and
analysed

cwom

On average the 800-1000 m3 capacity retention pond slowed pre-peak flow travel time from 19 to 22 minutes

The 4 ponds in total are estimated to be able to create a reduction in flood flow of 0.4m3/s or 8% of a 1 in 5-year event

By comparison of events before and after the pond creation, on average the 800-1000 m?3 capacity retention pond slowed peak flow travel time from 20 to 35 minutes
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Green-Blue Intervention Toolbox

Green-Blue Author Landcover & land | Soil Slope / M.A.S.L; Catchment
infrastructure or use aspect Precipitation area size
intervention Location of (mmly);
study Flow velocity
I
t
Effectiveness of Xing et al. New No Info. No Info. Rainfall: 2km? Optimum Rainfall events | Runoff simulation model
runoff storage and 2016 development with 539 mmly location of runoff | of 30mm, with SWMM based on a new
filtration pond layout urban and green storage and 50mm & development. Multiple
Northern China | areas filtration 80mm scenarios run for different
landcover/ rainfall events and for
structures different layouts with the
same runoff storage and
filtration features
R| In 30mm rainfall events the amount of runoff generated was attributed to the area of impervious vs runoff storage ponds and rainfall absorbing landcover
e
s | In 80mm rainfall events the area of impervious landcover is not a factor as the amount of runoff generated is as if all runoff storages and porous rural/urban features are full
u
I | The most effective placement of water retention ponds (to achieve 90% reduction of peak outflow) were, in a comparison of 16 sub-catchment areas (numbered from the top of the watershed
t | downstream), within two head sub-catchments; 1 (10% reduction), 2 (17% reduction) and mid-catchment 7 (11% reduction) a factor was also the greater length of the drainage conduits from
these retention ponds to the drainage network. Least effective was to place the retention ponds in the lower sub-catchments 16 (1% reduction), 15 (2% reduction) and 14 (2% reduction)
Waterlogging must also be considered when choosing the areas to implement runoff storages and porous rural/urban features

Location of intervention in catchment, along slope and impact on infiltration, runoff & flooding

Response time from | Aryal et al. N/A Assumed Convergent, | N/A Variable Subsurface flow | Rainfall to Numerical analysis of
hillslope saturation 2005 divergent, drainage time discharge hillslope response time for
to subsurface flow concave, divergent and convergent,
convex, and concave, convex and
planar planar hillslopes
R|Si mpl e equation to explain hill s;lwbeped=nHilslopeslength, K+ hydraulic conductivity, K=Ssloji, BGRegree| of comuality or convexity, CR = degree of
elconvergence, divergence or parallel, Agq = change in precipitation, smd = soil moi sture
s
u | Subsurface flow travel times for divergent hillslopes can be double (quicker) that of convergent slopes, but does not always occur in real world due to simplicity of the equation
I
t | Concave slopes often have faster travel times than that of convex or planar hillslopes, but does not always occur real world due to simplicity of the equation
Influence of slope Bachmair and 1 Grassland Cambisol Northwest | 340-585 m.a.s.| | 0.21 km? Subsurface flow | Rainfall runoff | Observed data collected via
soil and vegetation Weiler 2012 1 Coniferous facing and how water wells with water level
characteristics on forest Rainfall: moves through recorders, weather stations
subsurface flow Black Forest, 1 Mixed forest 970 mmly the soil and soil testing. Hillslope
Germany (Beech, Fir, characteristics analysed via
GIS. Statistical analysis and
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Green-Blue Intervention Toolbox

Green-Blue Author Landcover & land | Soil Slope / M.A.S.L; Catchment
infrastructure or use aspect Precipitation area size
intervention Location of (mmly);
study Flow velocity
Sycamore, modelling to determine the
Ash, Spruce) significance of variables.
R| Characteristics determined as highly influential controls of subsurface flow at all sites and events: soil hydraulic conductivity, profile curvature (convex/concave/linear parallel to slope), slope
e | degree and plan curvature (convex/concave/linear perpendicular to slope), in that order
s
u | Landcover characteristics that are determined as most influential: Percentage canopy cover and maximum throughfall percentage. Seasonally, these were found to be more important in the
| | summer period
t
Stemflow and the number of trees (in vicinity of measurement) were low indicators of subsurface flow
Review of natural Cooper et al. 1 Catchment Various Various Various Various Rainfall and Rainfall and Literature review
flood management 2021 forest runoff reduction runoff
research by 1 Cross-slope by forested
classifying forested Europe mainly forest landscapes
areas into catchment | the UK 1 Floodplain
coverage, Cross forest
slope, floodplain and {1 Riparian forest
riparian areas
R| On a catchment basis the removal of forest increases water yield, and the increase of forest reduces water yield, with the highest impact coming from conifer forests, however depending on
e | catchment specifics the results can vary depending on how much and the location of the forest cover or removal in the catchment
s
u | Multiple studies on cross-slope woodland in the form of shelterbelts used in combination with agricultural land (even with some coppice harvested) report reduction in runoff through improved
| | infiltration and soil drainage
t
Only around 10% of Europe’'s natural floodplain forests Ilingstaiésrshomthdt restoration af floddpldirfforestawotld t o ¢
decrease the flow rate and delay the flood peak, however, the magnitude of predicted impact varies
Riparian forests are thought to have most impact on flood peaks through increasing woody debris slowing the flow of water, although this can cause problems to downstream infrastructure so is
considered controversial. Riparian forests may work best in combination with river renaturing to restore meanders and further slow flows.
Characteristics that Graham Oak, Hickory, Dystrudepts | Asymetrica | No Info 7.9 ha Preferential flow | Storm induced | Observed data collected via
influence preferential | and Lin 2011 Hemlock and & Aquic | with can increase drainage soil moisture probes, rain
flow Pine Hapludults swales peak subsurface gauges and statistical
average Rainfall: stormflow analysis to determine
Pennsylvania sl ope |823mmly generation influences on out of
USA (4-42-) sequence response to
precipitation (deeper layer
South response to rainfall prior to
facing shallow layers)
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Green-Blue Intervention Toolbox

Green-Blue Author Landcover & land | Soil Slope / M.A.S.L; Catchment
infrastructure or use aspect Precipitation area size
intervention Location of (mmly);

study Flow velocity

~—cwaoxm

Leading controls on mid-slope preferential flow found to be high initial soil moisture and long duration of rainfall events

Preferential flows occurred at hilltop and planar hillslope sites most frequently when soils were dry before rainfall events, higher air temperatures and season. This is likely due to soil cracks and
hydrophobicity leading to preferential flow along lower soil horizons

For preferential flows to be detected at the valley and lower swales sites, soils were initially wet and rainfall tended to be of greater intensity, this likely means soils were sufficiently wet so that
flows were continuing down from the hillslopes above

Rainfall volume and
other environmental
conditions that lead
to subsurface runoff

Hr n étalr
2010
Uh!l "1 r sk

Czech Repulic

Currently
deforested &
used as
laboratory,
previously mixed
forest of Spruce,
Ash, Beech &
Reed grass

Dystric
Cambisol on
slopes (0.6-
0.9m) &
Histosol
along valley
bottom

No Info

822 m

Rainfall:
1400 mm/y

1.78 km?

Subsurface
runoff after
rainfall along
deforested slope

Runoff
produced by
storm rainfall

Observed rainfall collected
by tipping bucker rain gauge,
subsurface flow trenches
and tipping bucket
flowmeters, tensionmeters
for soil moisture. Data
statistically analysed and
fitted to models.

~—cwolmg

When rainfall is up to 60-70 mm subsurface runoff and discharge occurs no matter the initial soil moisture content observed

The statistically significant parameter defining subsurface flow and subsequently peak discharge is the initial saturation of the soil

When the rising and falling limbs of streamflow and subsurface flow are compared it demonstrates that soil has to reach threshold % saturation prior to streamflow and subsurface flow recedes
more quickly than streamflow

Hillslope profiles
uniform, convergent
and divergent
influence on
subsurface flow

Troch 2003

N/A

N/A

N/A

Convergen
t, divergent
& uniform

N/A

N/A

Convergent,
divergent,
uniform plan
form influence
on subsurface
flow

Rainfall runoff

Boussinesq equation is
reformulated

in terms of soil water storage
rather than water table
height

Convergent hillslopes drain more slowly than divergent hillslopes

Drainage from convergent slopes graphs as a bell-shaped curve

Drainage from divergent slopes displays higher early peak which flattens more quickly with shorter drainage time

Soil moisture
response to rainfall
along different
hillslope elevations

Zhu et al. 2014

Liyang County,
China

 Masson Pine
(hilltop)

i Tea plantation
(middle &
upper slope)

Dystric
Cambisol
<0.2m and
>1.5m at
base

30° down
to <15°

No Info.

Rainfall:
1100 mm/y

No Info.

Rainfall impact
on soil moisture

Rainfall small
(<10mm)
medium (10-
50mm) & large
(>50mm)

Observed data collected
through automatic soil
moisture monitors installed
under each different landuse
type and rain gauges
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Green-Blue Intervention Toolbox

Green-Blue Author Landcover & land | Soil Slope / M.A.S.L; Catchment
infrastructure or use aspect Precipitation area size
intervention Location of (mmly);
study Flow velocity
under varying land 1 Meadow West
use clover (lower facing
slope)

 Masson Pine
and Magnolia
forest (toe
slope)

mostly during
summer

installed to collect rainfall
data.

~—cwoxm

Lower and toe slope positions receive both sub and surface flows so maintenance of perennial vegetation at these areas can reduce runoff and nutrient loss

Soil moisture at the middle, upper and hilltop responded to different rainfall intensities in the same way, reflecting precipitation volume and intensity regardless of the vegetation landcover

Soil moisture at the lower slope under meadow clover also reflected the rainfall intensity but received greater moisture than cumulative precipitation, this was repeated for medium and large
rainfall events, indicating that the slope site received flow from other sites. During medium & high rainfall events soil moisture at 0.65m depths held more water than 0.6m depth indicating the
presence of subsurface flow

Soil moisture at the toe slope position with forest landcover recorded no response to the small rainfall events, at the medium event additional soil moisture was recorded at the 0.1-0.2m depths
but less than cumulative rainfall.

During large rainfall events soil moisture at the toe slope position with forest landcover responded differently depending on antecedent soil moisture. When initially dry, soil moisture at 0.1-0.2m
depths increased strongly but less than cumulative rainfall. When initially wet, soil moisture at lower depths 0.4m recorded higher soil moisture and sometimes greater than cumulative rainfall
indicating the presence of subsurface flow

122




Declaration in lieu of oath
By

Ali Cara Barrett

This is to confirm my master thesis was independently composed/authored by myself,
using solely the referred sources and support.

| additionally assert that this thesis has not been part of another examination process.

Leverkusen 05/05/2023 j i (/\)\

Place and Date Signature

123



