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ABSTRACT

The desire to promote Natural Flood Management (NFM) has not yet been matched by implementation. In part, this reflects the
lack of scientific evidence regarding the ability of NFM measures to contribute to risk reduction at the national scale. Broad scale
understanding, as exemplified for Great Britain in this paper, is necessary evidence for policy development and a prerequisite
for implementation at scale. This does not imply a lack of confidence in the wider benefits that NFM provide (for biodiversity,
carbon sequestration, well-being and many others), but without credible quantified flood risk reduction evidence, progress has
been slow. This paper integrates national-scale hydrological models (using SHETRAN and HBV-TYN) and fluvial flood risk
analysis (using the Future Flood Explorer, FFE) to quantify the flood risk reduction benefits of NFM across Great Britain under
conditions of future climate and socio-economic change. An optimisation of these benefits is presented considering alternative
NFM policy ambitions and other demands on land (urban development, agriculture, and biodiversity). The findings suggest NFM
has the potential to make a significant contribution to national flood risk reduction when implemented as part of a portfolio of
measures. An optimisation through to 2100 suggests investment in NFM achieves a benefit-to-cost ratio of ~3 to 5 (based on the
reduction in Expected Annual Damage (EAD) to residential properties alone). By the 2050s, this equates to an ~£80 m reduction
in EAD under a scenario of low population growth and a 2°C rise in global warming by 2100. This increases to £110m given a
scenario of high population growth and a 4°C rise. Assuming current levels of adaptation continue in all other aspects of flood
risk management, this represents ~9%-13% of the reduction in EAD achieved by the portfolio as a whole. By the 2080s, the con-
tribution of NFM to risk reduction increases to ~£110 and ~£145m under these two scenarios. These figures are based on the
reduction in EAD to residential properties alone, and do not include the substantial co-benefits that would also accrue.

1 | Introduction et al. 2025). Recognising that NbS provides simultaneous ben-

efits for both people and nature, Natural Flood Management
In recent years, Nature-based Solutions (NbS) have emerged (NFM) aligns with this objective (e.g., Environment
as central to Sustainable Development (e.g., Seddon et al. 2021; Agency 2018, 2025). Echoing similar international approaches
UNEA 2022) and for fluvial flood management (Howarth like Engineering with Nature (Bridges et al. 2014), NFM in
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the UK includes methods such as restoring functional flood-
plains, enhancing soil infiltration, and modifying surface
vegetation to increase roughness (Nicholson et al. 2020; Black
et al. 2021; Cooper et al. 2021; Quinn et al. 2022). In all its
forms, NFM strives to work with natural processes to ‘slow
the flow’ (WWF 2007) and maintain the dynamic stability of
landscapes essential for healthy ecosystems while providing
wider benefits (e.g., Sayers et al. 2025).

The notion of resilience is increasingly positioned at the heart
of flood risk management (FRM), recognising that ‘resilience’
is not the same as ‘protection’ (HM Government 2016). This re-
inforces the sentiment that to succeed as a society, we need to
‘learn to manage risk and not simply seek to avoid it’ (Walport
and Craig 2014). This context is crucial in promoting NFM,
given that NFM does not directly equate to conventional ‘flood
protection’ but contributes to the management of flood risk
and simultaneously other societal goals (e.g., Evans et al. 2004;
Sayers et al. 2013).

The heuristics of this narrative are well established and re-
flected in framing natural capital assets and the value they
provide. However, measures to compare interventions, such
as costs and benefits calculations, are important in making
policy decisions (Brown et al. 2018) and quantified evidence
on the national-scale opportunity NFM affords remains elu-
sive. In the absence of quantified evidence, progress towards
implementation remains sporadic (e.g., Wells et al. 2020). Pilot
schemes (e.g., Defra 2022) and FRM plans that seek to embed
NFM alongside other measures (e.g., Jenkins et al. 2025) con-
tinue to gather pace.

The lack of national-scale evidence on the flood risk reduction
afforded by NFM continues to act as a brake on uptake. This
in turn limits our ability to transform FRM from an approach
that embeds a ‘bias to build’ flood defences to one that promotes
FRM as a multiple objective endeavour supporting Sustainable
Development (e.g., Sayers et al. 2014, 2025). This paper ad-
dresses this important knowledge gap with a focus on fluvial
flood risk in Great Britain. For the first time, the national scale
flood risk reduction benefits of NFM across Great Britain under
conditions of future change are presented. By focusing exclu-
sively on NFM's role in economic flood risk reduction to resi-
dential properties, this paper deliberately excludes quantitative
consideration of wider benefits such as biodiversity, carbon se-
questration, and well-being. While these additional benefits are
central to the philosophy of NFM, they are not considered here
to maintain a clear focus on fluvial flood risk. If included, these
additional benefits would add significantly to the case for imple-
mentation (Morris et al. 2024).

2 | Method

Flood risk responds to multiple drivers varying in space and
time. This includes the existing pattern of land use and flood
management measures but also climate change and develop-
ment pressures. NFM will seldom be a complete solution in re-
sponse to these risks but instead form part of a broader portfolio
of measures that in combination seek to manage flood risk (e.g.,
Evans et al. 2004; Sayers et al. 2014). Equally, FRM choices are

always influenced by, and influence, other sectors and their pri-
orities. Any credible assessment of the benefits of NFM needs
to reflect these interactions. This is made difficult because of
the continued challenges in representing the detail of any sin-
gle NFM intervention on hydrological response (e.g., Dadson
et al. 2017), the interactions between NFM and other measures
within a portfolio of FRM measures, and the relative priority
given to NFM and other land use demands. These difficulties
are compounded when attempting to do so in the context of mul-
tiple future scenarios (e.g., Sayers et al. 2016).

The method developed here addresses these challenges and pro-
vides new insight into the role NFM may play in managing fu-
ture fluvial flood risk as part of a national adaptation portfolio.
To do so, a series of NFM implementation scenarios for Great
Britain are developed that reflect four levels of policy ambition
(maximum, high, moderate and low). These are developed based
on consideration of not only the physical suitability of a catch-
ment for NFM but also competing land use demands (such as
urban development, biodiversity (conservation and restoration),
and agricultural production). Two national scale hydrological
models (SHETRAN and HBV-TYN) are used to assess the hy-
drological changes of the NFM implementation scenarios under
different population growth and climate change futures (details
are given in the ‘Representation within the assessment of flood
risk’ section). The influence of NFM measures on flood flows
is translated to a change in flood risk (using the Future Flood
Explorer, FFE) and combined with an estimate of the whole-
life implementation cost to support a spatial optimisation of
the return on investment in NFM through to the 2080s (using
the Adaptation Explorer). The FFE and associated Adaptation
Explorer toolset have been developed to provide an emulation
of the national flood risk system (sources, pathways, and recep-
tors) that faithfully reflects present day hazard, exposure and
vulnerability data from across Great Britain (Sayers et al. 2015,
2020, 2022). The structure of the emulation has been specifically
designed to enable a credible exploration of how present-day
flood risk may change under a range of alternative climate and
socioeconomic projections, and how effective different adapta-
tion policies may be in offsetting these changes. The workflow is
summarised in Figure 1 and discussed in detail below.

2.1 | Exogenous Pressures

Climate change and socio-economic development are considered
here as external pressures not influenced by flood management
choices. However, NFM at scale has the potential to significantly
contribute to carbon sequestration and climate mitigation (e.g.,
Environment Agency 2022). This paper focuses on climate adap-
tation and the role NFM plays in flood risk reduction.

2.11 | Climate Projections

Two climate scenarios are considered: a 2°C and 4°C rise in
Global-Mean-Surface-Temperature (GMST) from pre-industrial
times by 2100. A two-step approach determines the change
in peak fluvial flows. The ability of NFM to moderate these
changes is modelled using two national scale hydrological mod-
els (see later). Each model has been driven by the same UKCP18

2 of 21

Journal of Flood Risk Management, 2025

95UB01 7 SUOLULLOD A1 3[cedt [dde au Aq pauenob 8.2 SaoiLe O ‘SN J0 S3|NJ 10) ARIqITaUIIUQ AB]IM UO (SUO T PUOO-PUR-SLLIBY WD A3 1M A TRIq 1[BU 1 UO//STIY) SUONIPUOD PUe SWLB | 8U) 39S *[6Z02/TT/0T] Uo AkldiaulluO 48|11 ‘ABojoIpAH % AB0J093 104 8.11UsD NN Aq TSTOL 'S4 I/TTTT 0T/I0pALIOY A8 ]I AReiq 1 puljuD//:SANY WO1J Papeo|uMod *t ‘SZ0Z ‘X8TEESLT



/ o \\ /f A Catchment-scale responses \
Climate Agricultural siic . \
® pediections N et | and opportunities T
= (2 and 4°C rise in potential
o Global Mean CEE— HManagement
3 potential
@ Surface T z Portfolio of
‘5_ Temperature since Blodlve.rsny measures & J
P pre-industrial times — conse;vaﬂ:n gnc iz including
= by 2100) r:; r:“':ln EalchunentERKESS alternative NFM
9 L __ policy ambitions Other Flood Risk
(] Management
bob (  Shared socio- ) ( ) measures
x economic il (excluding NFM)
w lays development =
demand:
\ L (SSP4 and 2) y k emands ) /
Hydrological
response
(simulations using two
models, HBV and
SHETRAN)
:  CE——
Repeat foreach climate and socio- ] Fboc.l rlslr(‘ererponse Rep:aNt;;r
i e (using t uture each N
Flood Explorer) ambition
v
Optimisati f NFM 5
P I?:::s;:e?ﬂ Adaptation
(using the Adaptation f co§t
Explorer) unctions

P

FIGURE1 | Analysis framework—Workflow of scenarios and models used to assess the NFM flood risk reduction benefits and investment costs.

Regional Climate Model (RCM) ensembles (Murphy et al. 2018),
as detailed by (Smith et al. 2024a, 2024b). The RCMs provide
continuous daily timeseries of meteorological variables at a
12km spatial resolution to provide a spatially coherent assess-
ment of the change in river flows under a range of future land
use assumptions as discussed later in this paper.

2.1.2 | Population Change

Two of the five UK-scale Shared Socio-economic Pathways (UK-
SSPs) (Cambridge Econometrics 2019) are used to determine fu-
ture population growth and, by extension, urban development
through to the 2080s. They are:

« UK-SSP2 (middle of the road): This scenario assumes a
continuation of current trends without significant change.
The UK's population is projected to increase from around
64.2 million (today, defined here as 2019) to 76.6 million
by 2050, and 83.2 million by 2080. The growing popula-
tion and development tend result in increasingly dense
cities.

» UK-SSP4 (inequality): This scenario reflects a future with
increased social and economic inequalities. The UK's popu-
lation is expected to reach 71 million by 2050, then decline
to 68.8 million by 2080. The development distribution is
more disparate than in SSP2, reflecting increasing inequal-
ity across the UK in terms of investment and economic
opportunity, with an increasing divide between wealthier

and poorer regions. Development remains focused in and
around densely populated urban areas.

The UK-SSP provides Local Authority scale population growth
projections and is used here as the driver of residential develop-
ment (Figure 2).

2.2 | Competing Land Use Demands

NFM often competes for land with urban development and
agriculture. Conservation and restoration also require land,
sometimes in collaboration with NFM but not always. To un-
derstand these competing demands high-resolution spatial
projections for each are combined with a spatial understand-
ing of suitability for NFM measures to create a set of coher-
ent catchment development futures that prioritize NFM to a
greater or lesser extent. These high-resolution projections of
competing demands on land and how they are used to cre-
ate alternative land-use futures (that reflect different scales of
NFM policy ambition) are discussed below.

2.2.1 | Urban Demand—Land for Residential
Development

New development is assumed to be needed when the popula-
tion is projected to increase. The spatial distribution of that
development will respond to local ‘attractors’ (such as proxim-
ity to transport hubs) and ‘constraints’ (such as the protection
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FIGURE2 | Presentand future variation in population. Left: Present-day distribution of population by local authority. Right top: Additional

people per hectare by Local Authority—Shared Socio-economic Pathway 2 for (a) 2050s and (b) 2080s. Right bottom: Additional people per hectare
by Local Authority—Shared Socio-economic Pathway 4 for (a) 2050s and (b) 2080s. Source: After Cambridge Econometrics 2019.

of greenspace or floodplain development planning controls) of
development. Both are included here within the coupled multi-
criteria evaluation and cellular-automata Urban Development
Model (UDM, Ford et al. 2019; Lomax et al. 2022) to down-
scale the population projections at a Local Authority District
(LAD) scale associated with SSP2 and SSP4 to spatial patterns
of development (using policies consistent with the SSP narra-
tives). The UDM is run twice for each population projection,
firstly assuming development is unconstrained by flood-
plain, and secondly assuming the floodplain (defined by the
1in100 year undefended event) is avoided. These results are
then combined within the FFE to reflect realistic floodplain
development policies (as defined by Sayers et al. 2020). This
enables the significant differences in floodplain development
contexts across Local Authorities to be considered. For exam-
ple, the City of Hull lies in the floodplain of the Humber, and
hence future development (as in the past) is likely to be in the
floodplain. Other Local Authorities have a much greater op-
portunity to avoid the floodplain, with less than 10% of new
developments in recent years taking place in the floodplain.
This combination of the UDM and FFE results in a high-
resolution (100 m grid) spatial distribution of future residen-
tial development under each of the SSP scenarios (Figure 3).

We note that not all UK SSPs suggest an increase in population
from present day; some suggest a significant decrease for some
LADs. Trends other than population may also lead to reduced

demand for housing (such as occupancy rates). The opportunity
provided for reclassifying land in response to a reducing popu-
lation is, however excluded here. Expansion of non-residential
property and municipal service infrastructure (rail, roads,
power, schools, etc.) is also excluded.

2.2.2 | Agricultural Demand—Land to Maintain
Food Production

Maintaining national food security is increasingly a sig-
nificant influence within the debate on future land use
(Defra 2021). Climate change influences both temperature
and precipitation patterns and impacts the suitability for crop
growth and alters potential yields across the UK (Warren
et al. 2023). The results from the CropNet Wheat yield model
(Hayman et al. 2024) are used here to provide insights into
spatial variation in potential wheat yields (grown under rain-
fed conditions and subject to ideal agricultural management)
given climate-driven changes in key meteorological inputs
(e.g., solar radiation, temperature, and precipitation). The
wheat results are used to produce a high-resolution spatial in-
dication (on a 1km grid) of where yields are likely to increase
and decrease in the future (Figure 4). The absolute increase
in yield is not important here. Instead, the direction of change
is used to determine where agricultural land may or may
not be suitable for conversion to NFM (see later). Although
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FIGURE 3 | Presentand future variation in urban development—Great Britain and to illustrate at a large scale the Thames basin.

individual crops may respond to climate change in different
ways, wheat is the UK's dominant arable crop by both area
and total production (Defra 2023), and its response is likely
to be an important indicator of the viability of many current
arable rotations. When the climatic suitability of many of the
UK's other major crops has been examined, many show a sim-
ilar north-south polarization in the impacts of climate change
(Redhead et al. 2025), such that the relative change in wheat
yield is likely to be a reasonable proxy for future agricultural
land priorities, outside of dramatic shifts in the type of crops
the UK grows (Redhead et al. 2025).

2.2.3 | Biodiversity Demand—Land to Respond to
Conservation and Restoration Priorities

Climate change has already impacted the geographical range of
many species (Warren et al. 2023). Across Great Britain, con-
tinued loss of species richness is projected due to the decline in
suitable climate space for insect pollinators, such as bees, wasps,
butterflies, moths, and hoverflies (Warren et al. 2018). The lo-
cation and size of refugia for terrestrial biodiversity (i.e., areas
which remain climatically suitable for most taxa), including
fungi, plants, invertebrates, and vertebrates, are also expected to
change (and decrease) - Warren et al. 2018. Securing the ‘right’
land for conservation and restoration will be central in seeking

to arrest the decrease in biodiversity. High-resolution spatial
projections of conservation and restoration suitability across
Great Britain under conditions of climate change are used to
influence the choices around NFM (see later). Each 1km grid
is assigned a qualitative score of 1 to 100 reflecting its potential
importance for conservation and restoration in each climate fu-
ture (Warren et al. 2023). The importance scores across GB are
ranked from the lowest to highest relative opportunities. These
results are then used to enable priority biodiversity land demand
to influence the choices around NFM (see later).

2.2.4 | Hydrological Suitability of the Catchment
for NFM

In some areas the opportunity to influence flood flows through
NFM is more limited than in others due to the geology and to-
pography of a catchment. This spatial variation is reflected
in the ‘NFM suitability’ maps developed by various national
agencies across Great Britain (e.g., based upon Environment
Agency 2015a; Scottish Environment Protection Agency 2014;
and recent updates from Natural Resources Wales 2022). These
assessments focus on the physical hydrological suitability for
storage (including riparian buffers) and afforestation (wood-
land) measures. The third UK Climate Change Risk Assessment
future flood projections (Sayers et al. 2020), integrated these
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Surface Temperature. Right: Given a 4°C rise in Global Mean Surface Temperature. Source: Image based on CropNet, Hayman et al. (2024).

data into the FFE and it is this data that is used here to provide
a map of the physical hydrological suitability for NFM on a 1km
grid, with each grid attributed with the percentage opportunity
for the creation of storage and the percentage opportunity for
woodland planting.

2.2.5 | Natural Flood Management—Land Use
Trade-Offs, Policy Ambitions, and Associated
Implementation Scenarios

Hydrological suitability of the catchment alone does not de-
termine the implementation of an NFM measure. The rel-
ative priority given to other land uses (as introduced above)
and varying levels of policy ambition for NFM used here to-
gether with considerations of hydrological suitability to deter-
mine four spatially explicit ‘NFM implementation scenarios’,
namely:

« NFM ‘Max ambition™ The ‘NFM Max’ scenario imple-
ments all woodland and storage as defined by the ‘NFM
suitability’ maps outside of existing and projected urban
areas. No consideration is given to agricultural or con-
servation/restoration priorities. Broader FRM policy, in-
cluding raising existing defences in response to climate
change, forecasting and warning, and take-up of property-
level measures, continue in a way that reflects current
adaptation policies (as set out in Sayers et al. 2020). The

only change is the enhanced focus on NFM. Innovative
hybrid interventions, for example, the creation of major
flood storage areas using a combination of built and nat-
ural infrastructure, are excluded for the purposes here.
Given this context, this ‘NFM Max Ambition’ represents a
reasonable upper bound to the NFM opportunity to man-
age fluvial flood risk.

NFM ‘High ambition” The second scenario implements all
woodland and storage opportunities (as in the NFM Max
scenario) but avoid areas where agricultural yields are
projected to increase (regardless of present-day agricul-
tural potential) in addition to existing and projected urban
areas.

NFM ‘Moderate ambition™ The third scenario adds a fur-
ther constraint to the NFM implementation by avoiding
all present-day Best and Most Versatile Land (BMV, Class
1), as well as lower-grade agricultural land (BMV Class 2
and 3) projected to experience stable or increasing yields.
Priority areas of conservation and restoration are also
avoided. This assumes conservation and restoration ac-
tivities are undertaken without accruing additional flood
management benefits. This is recognised as a conservative
simplification. Often such efforts are designed to reduce
flood flows, but this is not necessarily the case (e.g., the
recreation of permanent wetland areas may provide little
additional flood storage during larger events compared to
existing land use).
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« NFM ‘Low ambition™ The fourth scenario adapts the
‘Moderate Ambition” scenario to avoid all areas of the Best
and Most Versatile Land (Class 1 and 2) regardless of changes
in yield, as well as lower-grade agricultural land (BMV 3)
where yields are projected to be stable or increasing.

Each ‘NFM Implementation scenario’ is translated to a spatially
explicit description (on a 1km grid across Great Britain) that re-
flects the location and extent of land area converted to storage
(Figure 5) and woodland (Figure 6). The variation in scale of
NFM implementation between each level of ambition is signif-
icant, with the low ambition representing ~20% of the area of
the max ambition (Table 1), These spatial narratives are taken
forward to the assessment of flood risk (see later).

2.3 | Representation Within the Assessment
of Flood Risk

2.3.1 | Hydrological Influences of NFM Measures

Hydrological modelling plays a crucial role in understanding
how river catchments respond to change (He et al. 2013; Peel
and McMahon 2020; Kumar et al. 2023). Broadly, hydrological
models classify as empirical, conceptual, or physically based.
Here, one physically based, spatially distributed hydrological
model (SHETRAN, Abbott et al. 1986; Ewen et al. 2000) and one
spatially distributed conceptual model (HBV, Bergstrom 1992;

Lindstrom et al. 1997, with the version used here referred to as
HBV-TYN, He et al. 2022) are used to determine the changes
in fluvial floods in each future scenario. Both models represent
critical catchment processes, such as snowmelt, evapotranspira-
tion, infiltration, overland flow, interflow, etc.

To enable comparison and credibly capture model structure
uncertainties, both models use the same CAMELS-GB catch-
ments (Coxon et al. 2020), the same spatial definition of NFM
measures and development on the same 1km grid, and the same
meteorological forcings. Three of the CAMELS-GB catchments
were excluded due to them being either a single cell or having
a diagonal channel flow direction that cannot be modelled by
SHETRAN. To maintain consistency, HBV-TYN also excluded
them. This allows comparisons between the results of the two
models. SHETRAN spatial resolution: 1x1km for catchments
<2000km?, otherwise 5x5km. HBV-TYN uses 1x1 km for
all CAMELS-GB catchments. Both models use the 1990-1999
discharge data for calibration and the 2000-2009 discharge
data for validation with comparable results obtained compared
with other models using the same datasets (Lane et al. 2019).
Although the spatial description of each future is common
across both models, each represents the associated NFM mea-
sures differently as outlined below (and described in detail in
Smith et al. 2024a; Smith et al. 2024b).

2.3.1.1 | Characterising Woodland Measures. Wood-
land as an NFM measure involves establishing woodland on
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and peatland
opportunity
within each
catchment
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FIGURE 6 | Natural flood management—Spatial variation in woodland opportunities by river catchment. Left: Low ambition scenario. Middle:

Moderate ambition scenario. Right: Max ambition. The legend refers to the relative NFM woodland opportunity (by area) in each catchment area.

The legend reflects the lowest to highest relative opportunities established by aggregating the areas of opportunity to a 1km grid under the Max am-

bition assumption and determining the lowest 20 percentile (Relatively very low), 21-40 (Relatively low), 41-60 (Average), 61-80 (Relatively high),

and above 80 (Relatively very high) percentile values. The same values are then applied to all levels of NFM ambition to enable visual comparison.

High ambition is not shown.

TABLE 1 | Summary comparison of the scale of NFM measures
within each level of ambition.

Storage measures

Max High  Moderate Low
Area (km?) 4284 2126 1420 711
Percentage of max 50% 33% 17%

Woodland and Peatland restoration

Max  High Moderate Low

Area (km?) 75,350 46,237 31,060 15,683

Percentage of max 61% 41% 21%

land not currently used for this purpose. Woodland is a legiti-
mate NFM measure as trees tend to use more water than shorter
types of vegetation, and hence have the potential to reduce
run-off and by extension river flow. This is mainly due to
the increased interception of rainwater by their aerodynami-
cally rougher canopies (Nisbet 2005). Large-scale hydrological
models typically represent woodland measures by modifying
interception, infiltration, and/or roughness to simulate land use
changes like afforestation. Here, these techniques are applied as
follows:

+ SHETRAN: In SHETRAN, the main change in evapotrans-
piration in woodland is considered by increasing intercepted

evaporation due to the taller canopy height, which promotes
more turbulent airflows. The increase matches the fraction
of woodland cover added under each NFM scenario for each
1km grid cell. For instance, a 100% increase in woodland
cover results in a 100% rise in potential intercepted evapo-
ration; a 50% increase corresponds to a 50% rise. However,
the actual intercepted evaporation depends on water avail-
ability at any given time and is typically lower than the po-
tential increase. The approach has been validated on data
from research at Plynlimon and Coalburn in the UK, which
compares evapotranspiration from grassland and mature
coniferous forest (Marc and Robinson 2007; Birkinshaw
et al. 2014).

« HBV-TYN: Woodland was expressed as a percentage
within each 1km grid cell. Increase of woodland increases
the interception amount and the roughness of the surface.
The interception increase was implemented in the same
way as described above for SHETRAN. The increase in the
surface roughness is represented by linearly reducing the
overland flow recession coefficient by the increase in the
woodland.

2.3.1.2 | Characterising Storage Measures. There
are several NFM measures that can be used to add storage. This
includes temporary attenuation ponds, reconnecting floodplain
storage, riparian vegetation, and meanders. Temporary attenua-
tion ponds make up 69% of all NFM measures in the UK (Quinn
et al. 2022). These allow flood water to be temporarily stored,
with the stored water then gradually released through the leaky
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FIGURE 7 | Natural flood management representation of storage measures. Left: The stored volume is based on a maximum depth and an area

that reflects the percentage opportunity locally defined by the NFM ambition. Right: The residence time of the storage corresponds to that found by

Metcalfe et al. (2018) and if the volume of water in the cell exceeds that a standard roughness coefficient is applied.

barrier when the flood wave has passed, so there is then storage
available for the next rainfall event. Within both models NFM
measures are accounted for by allowing specific volumes of sur-
face water to be stored in each model cell (Metcalfe et al. 2018).
Within each cell, a ‘threshold volume’ is assigned according
to the NFM scenario to represent the process of a pond filling
and storing water during a rainfall event and then, once filled,
allowing the excess water to flow through or out of the cell as
it would if the pond were not there. An upper bound threshold
volume of 100,000m? is assigned to align an extensive recon-
nected floodplain storage equivalent to a depth of 0.2m across
the cell or a large attenuation pond. This upper bound is then
modified according to the fraction of additional storage speci-
fied for the 1km grid cell. If a 1km grid cell has 100% storage
specified within a given NFM scenario, the total storage volume
equals 100,000 m?* a 50% storage means the total storage volume
is 50,000m?. These large values are however usual. In the NFM
max ambition scenario, 3.75% of cells have a storage volume
between 10,000 and 100,000 m? with 0.2% of the 1km cells hav-
ing a potential storage volume between 50,000 and 100,000 m?3.
Stored water is then released slowly via surface runoff (which
corresponds to a pipe or a leaky barrier, Figure 7) or via infil-
tration. In SHETRAN, we mimic this process by reducing
the overland flow Strickler coefficient (the inverse of Man-
ning's roughness coefficient) from 2.0 (m'/3/s) to 0.2 (m!/3/s)
until the required specific volume of surface water is stored in
the cell. Beyond this volume, water is routed through the cell
using the original Strickler coefficient. In HBV-TYN, additional
storage increases the roughness of the surface and the storage
capacity, whichisrepresented through linearly reducing the over-
land flow and interflow recession coefficients by the increase in
the storage. This approach, in both models, applies the increased
roughness to the whole cell, scaling the depth threshold to gen-
erate the desired storage volume.

2.3.2 | Influence of Urban Development on Exposure
and Run-Off

The urban development projections (introduced earlier) are used
to modify the residential exposure within the FFE. To provide
a focus on NFM catchment-based measures (rather than urban
NFM) it is assumed the new development takes place using good
practice sustainable urban drainage methods and hence the pre-
development run-off remains unchanged. In reality, the inter-
action between NFM measures and the management of surface
water flows (through Sustainable Urban Drainage, SuDs, and

conventional piped drainage) is complex (e.g., Sayers et al. 2022)
and future research (beyond the scope here) will be necessary to
take these interactions into account.

2.3.3 | Influence of Climate Change

Each hydrological model is driven by the same climate model
outputs. In both, the UKCP18 future climate scenarios (Lowe
et al. 2018) are run for each of the 668 catchments for the period
1980-2080. Simulation results are presented in terms of changes
from the baseline period using each of the 12 RCMs to provide
a credible view of potential flow changes in response to NFM
under conditions of climate change. These results are used to
determine the change in the return period flows for the differ-
ent warming levels and associated NFM ambition levels (as de-
scribed for SHETRAN in Smith et al. 2024a; Smith et al. 2024b).
The urban development and the climate change simulations
were run for each RCM for the entire period from 1980 to 2080
in the absence of NFM measures to provide a comparative hy-
drological response assuming ‘no NFM adaptation’ (Table 2).
These results are used later in this paper as the counterfactual
against which risk reduction achieved by implementing NFM is
compared.

2.4 | Optimising the Return on NFM Investment

To maximise the return on investing in NFM requires an as-
sessment of both costs (including capital and maintenance costs)
and benefits (defined here narrowly in terms of the reduction in
direct damage to residential properties). The approach to NFM
that delivers the highest benefit to cost ratio varies from location
to location. This reflects the spatial variation portfolio of FRM
measures that exist as well as the performance of the NFM. For
example, the benefit of an NFM measure will reflect the abil-
ity of NFM to influence the flow, the subsequent influence of
any change in flow on the downstream hazard, the influence
of that change on the performance of downstream flood de-
fences (where they exist), and change in exposure in response
to a change in the hazard (taking account of the spatial distri-
bution of residential properties). A spatially explicit economic
optimisation is adopted within the FFE to capture this system
scale interaction. that assumes a continuation of current levels
of adaptation associated with all measures other than NFM (as
detailed in the next section). The approach to determining and
optimising the contribution of NFM is described below.
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FIGURE 8 | The FFE tracks flow connectivity and river discharge
through the river network to determine the significance of flow reduc-
tions in one location on the downstream system. In doing so the effect of
a local change on river flow diminishes downstream as the flow reduc-
tion becomes an increasingly lower proportion of the river flow.

2.41 | Enabling Reductions in Flow Achieved in One
Location to Persist Through the Downstream Catchment

Flow reductions achieved by NFM accrue both locally (within
the area they are implemented) and persist through the down-
stream river network. The influence of local change on extreme
water levels diminishes downstream as the flow reduction be-
comes an increasingly lower proportion of the river flow. The
FFE tracks the connectivity and river discharge through the
river network. This understanding of upstream to downstream
connectivity enables the flow reduction achieved when NFM is
implemented in one sub-catchment to be propagated through
all downstream catchments. This enables the risk reductions
accrued at a given location to be appropriately attributed to
contributing NFM measures (including those implemented far
upstream). This connectivity within nested catchments is illus-
trated in Figure 8.

2.4.2 | Accruing Risk Reduction Benefits and Costs
Through the Catchment

Quantifying the reduction in ‘risk’ achieved by NFM mea-
sures is of course dependent on the choice of risk lens. Here we
describe risk through the lens of Expected Annual Damages
(EAD, based on direct property damage only). Focus on the
reduction in EAD is widely used to determine the worth-
whileness of an investment and hence aligns with the focus
here. In this context ‘risk’ is often driven by frequent events;

events over which NFM has the greatest influence (e.g., Sayers
et al. 2015; Dadson et al. 2017). To determine the change in
EAD, the FFE translates the change in flow (due to the com-
bined influence of upstream NFM measures, climate change,
and development) to a change in the economic damage using
a series of Impact Curves (constructed using the methods
set out in Sayers et al. 2015, 2020). These are manipulated
within the FFE to determine the change in EAD for each sub-
catchment across Great Britain (as defined by the catchment
sections of the UKCEH Integrated Hydrological Unit, Kral
et al. 2015). This enables the benefits associated with a given
NFM measure (either woodland or storage) both locally and
downstream to be readily accrued.

The associated costs of implementing NFM measures are also
accrued through the catchment using simplified cost func-
tions for woodland and storage measures reused from the
third Climate Change Risk Assessment (CCRA3) (Table 2).
These cost functions enable an indicative capital cost (asso-
ciated with the initial creation of the measure) and revenue
costs (of 5% of the capital cost) to be assessed. A further sim-
plification is made here by assuming costs are incurred from
year 1 (2025) through to year 10 and the benefits related to
storage measures are accrued from the year of the investment.
The benefits accrued from woodland measures are assumed to
be delayed for 10years from the year of investment, starting in
2035 onwards. This provides a basic adjustment to account for
the time taken for woodland measures to mature (recognising
this would vary depending on tree species and the detail of
the woodland restoration scheme). Although simplified, and
not appropriate for local project appraisal (as NFM costs are
always context specific, Environment Agency 2015b), this ap-
proach provides a useful first-pass national assessment that is
sensitive to the scale of the NFM ambition.

TABLE 2 | Cost functions—Woodland and storage natural flood
management measures.

Woodlands

Infiltration
and
roughness

based Lower Central Upper Units

Capital 0.2 0.37 0.53 £/m?

Revenue assumed 5% of the capital £/m?/year

expenditure

Storage

Storage ponds,
reconnections

etc Lower Central Upper Units

Capital 3.17 11.26 18.59 £/m?
Revenue assumed 5% of the capital expenditure  £/m?/year

Assuming storage provides an average depth of 0.2m

Note: Rates rebased to 2019 to be consistent with the baseline of the risk
reduction benefits. The cost estimates here are indicative and will vary in each
location.

Source: Based on Sayers et al. (2018).
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TABLE 3 | Discount rates used to estimate present value costs and
benefits.

Discount rate (%) Year from year 0

3.50% 0-30
3.00% 31-75
2.50% 76-125
2.00% 126-200
1.50% >201

Source: HM Treasury 2022.

2.4.3 | Determining the Spatial Variation in the Utility
of Investment

The costs of implementing and maintaining the NFM measures
vary by sub-catchment and so do the accumulated benefits of
those actions. The costs and benefits over the chosen appraisal
period (from 2025 to 2085) are then discounted using standard
discount rates set out by HM Treasury (Table 3).

The discounted stream of costs and benefits are used to esti-
mates the Net Present Value (NPV) associated with acting in any
sub-catchment to be estimated as follows:

2100 B,-C,
NPV = S

1500 (1+1)

where B,: Accumulated benefits in year ¢. C;: Costs in year ¢. r:
Discount rate. ¢: Time in years.

This process is repeated for each level of NFM ambition, cli-
mate, and development future. A ranking of the results (from
those sub-catchments and ambition levels that achieve the high-
est NPV to the lowest) reveals the preferred approach to NFM
within each sub-catchment across Great Britain (conditional on
a given climate and development future).

It is recognized that the selection of the discount rate can have
a material influence on the preferred investment approach. This
is especially the case when a long-term perspective is important,
as is the case under climate change where damages have the po-
tential to increase over time. This issue is not explored here, and
the standard rates are used directly.

2.4.4 | Placing NFM in the Context of a Portfolio
of Measures

It is widely accepted that flood risk is best managed through a
portfolio of measures (e.g., Sayers et al. 2014). A range of individ-
ual adaptation measures is typically used as part of this portfolio
that relate to the management of the sources and pathways of
the flood hazard, and the vulnerability of the exposed receptors
(using the source-pathway-receptor framework set out in Sayers
et al. 2002). This whole risk system framework is reflected
within the FFE enabling individual adaptations and their col-
lective performance to be assessed under conditions of change.
Within the FFE, the modelled changes in flow at each river

confluence (as determined from the HBV-TYN and SHETRAN
models) are translated to a change in the return period of in-
river water level (using the Flood Estimation Handbook (FEH)
statistical method (Kjeldsen et al. 2008) and catchment descrip-
tors from the most appropriate 50m FEH pixel, Kay et al. 2020,
a method detailed in Sayers et al. 2020). This in turn is used to
infer a change in the standard of protection provided by flood
defences and natural banks and hence the change in probabil-
ity of a flood occurring at a given location. Exposure and vul-
nerability measures, such as spatial planning, forecasting and
warning, and property level measures are also represented in
the FFE and act to reduce the impact should a flood occur. The
detail of the approaches used to represent these wider adapta-
tion measures is well covered by previous publications and is not
repeated here (Sayers et al. 2020, 2022).

The FFE captures the benefits associated with each individual
measure within a portfolio of measures through a hierarchical
process of implementation. Here it is assumed NFM measures
are given priority over conventional build flood defences. Other,
non-structural, measures are implemented to manage the re-
sidual risk. This reflects the emerging rationale of using built
infrastructure to supplement the performance of natural infra-
structure and not vice versa (Sayers et al. 2025). The extent to
which these other measures are implemented is assumed to re-
flect a continuation of Current Level Adaptation (CLA) as previ-
ously defined (CCRA3, Sayers et al. 2020). The ‘portfolio benefit’
refers to the reduction in EAD achieved by this portfolio (includ-
ing the varying scale of NFM ambition) when compared to the
counterfactual of a low adaptation future (in which defences re-
main but are not raised with limited maintenance). The contri-
bution of NFM measures to risk reduction is then determined by
considering the change in risk as the hierarchy of measures are
progressively implemented within the FFE.

3 | Results

Changes in flood risk are assessed for 10 alternative futures.
Each future is defined by the scale of the NFM policy ambition,
climate change and population growth (Table 4). To focus on
the benefits of NFM flood risk, management policies (excluding
NFM), they are assumed to continue as in the recent past (as
defined by the continuation of Current Levels of Adaptation de-
fined by Sayers et al. 2020) and the changing risks are compared
to a counterfactual assuming no NFM measures are imple-
mented. At a national scale GMST and population growth can
be considered decoupled (Sayers et al. 2015). This assumption
is made here and underpins the rationale of linking the 2°C rise
in GMST with a lower population growth (SSP4) and a 4°C rise
in GMST with a higher population projection (SSP2). This helps
capture some of the uncertainty in the exogenous pressures (al-
though not all and the inclusion of additional combinations will
be a useful future extension).

3.1 | Ability of NFM to Reduce Fluvial Flows

SHETRAN and HBV-TYN suggest similar influences on
flood flows with a reduction of between 0% and 10% in the 3-
year return period. This compares well to (limited) available

Journal of Flood Risk Management, 2025

11 of 21

95UB01 7 SUOLULLOD A1 3[cedt [dde au Aq pauenob 8.2 SaoiLe O ‘SN J0 S3|NJ 10) ARIqITaUIIUQ AB]IM UO (SUO T PUOO-PUR-SLLIBY WD A3 1M A TRIq 1[BU 1 UO//STIY) SUONIPUOD PUe SWLB | 8U) 39S *[6Z02/TT/0T] Uo AkldiaulluO 48|11 ‘ABojoIpAH % AB0J093 104 8.11UsD NN Aq TSTOL 'S4 I/TTTT 0T/I0pALIOY A8 ]I AReiq 1 puljuD//:SANY WO1J Papeo|uMod *t ‘SZ0Z ‘X8TEESLT



TABLE 4 | Future scenario definitions.

Assumed approach

Climate change (rise

Shared socio-

to other flood risk in GMST since pre- economic pathway

NFM policy ambition management measures industrial times) (population growth) Future
No NFM (counterfactual) 2°C UK-SSP4 1
4°C UK-SSP2 2
‘Max’ 2°C UK-SSP4 3
4°C UK-SSP2 4
High (HBV-TYN only) Continuation of current 200 UK-SSP4 5

levels of adaptation (as

defined in Sayers et al. 2020) 4°C UK-SSP2 6
Moderate 2°C UK-SSP4 7
4°C UK-SSP2 8
Low (HBV-TYN only) 2°C UK-SSP4 9
4°C UK-SSP2 10

empirical evidence, representing an estimate that is a smaller
change than the 30% reduction in peak flows observed when
significant additional storage was added to the small (5.7 km?)
Belford catchment (Nicholson et al. 2020), but similar to
those reviewed in Roberts et al. (2023) that correspond to the
similar volumes of additional storage represented here. Both
models suggest an increase in the performance of NFM as cli-
mate change increases (Figure 9). There are some differences
between the models, with SHETRAN suggesting a slightly
higher effectiveness of NFM during very frequent events (1in3
year return period) than HBV-TYN, and vice versa at given
slightly more extreme events (1in25years). The similarity of
the comparison however suggests a robust agreement on the
ability of NFM to influence (reduce) flows, particularly in
more frequent events. Differences may reflect SHETRAN's
explicit simulation of groundwater and unsaturated zone
processes, which can enhance infiltration and storage under
warming, attenuating peak flows. HBV-TYN, in contrast, is
more responsive to surface runoff. Further work is needed to
assess how model structure influences hydrological responses
to climate change.

A spatial comparison of the influence of an ‘NFM Max’ on
the 1in10-year (using the ensemble mean outputs) highlights
influences of NFM between the models and by return period
(Figure 10). Both models project larger flow reductions in the
South and East, where baseline conditions are drier and rain-
fall intensities lower than in the wetter West and North. Under
warming, winter precipitation increases are smaller here, sum-
mer rainfall declines more sharply, and higher temperatures
drive greater evapotranspiration and soil moisture deficits, re-
ducing runoff generation. Consequently, these catchments be-
come more sensitive to antecedent moisture and less likely to
produce high flows. Lower extreme rainfall and the influence
of NFM on runoff coefficients make NFM measures relatively
more effective in these regions under climate change. Figure 10
also shows that SHETRAN produces larger reductions in flow
than HBV. These changes (and those assessed for all return pe-
riods through to 1in100years) are carried forward to the assess-
ment of risk below.

3.2 | Ability of NFM to Reduce Flood Risk

Figure 11 shows the reduction in fluvial EAD achieved for each
level of NFM ambition when implemented as part of a portfolio
of measures (with all other measures reflecting a continuation of
current levels of adaptation as defined by Sayers et al. 2020). The
reduction in EAD is shown to vary both spatially and with increas-
ing policy ambition. In some catchments, ‘Low ambition’ policies
are shown to yield large annual returns (> £1.5million), whereas
elsewhere, higher policy ambitions are needed to reduce EAD.
The influence of NFM on fluvial flows within the CAMELS-GB
catchment is assumed to persist to the coast with no further reduc-
tions. This enables the full benefit of the NFM measures within
these catchments, to be captured through to the river mouth.

Maps presented here show the benefit of the NFM measures
implemented within the CAMEL-GB catchments summed to
each Local Authority (2019). The results shown are based on the
HBV-TYN and FFE. Similar analysis has been undertaken with
SHERTRAN (Moderate and Max NFM scenarios only) and the
FFE but is not presented here. The analysis includes fluvial risks
only and excludes coastal and tidal influences.

The results indicate that NFM has the potential to contribute
significantly to flood risk reduction in many catchments. By the
2050s in some more rural catchments, with limited existing flood
defence infrastructure, NFM is projected to provide ~80% of the
benefits achieved by the portfolio (assuming a continuation of
current levels of adaptation in all other measures). In most catch-
ments, it is much less than this but remains significant (Figure 12).

3.3 | National Optimal Investment in NFM

The return on a single unit of investment tends to reduce as
more is invested (the law of diminishing returns). Investment
in NFM measures (and FRM more generally) is shown to re-
flect this principle, with the marginal return on investment
in NFM measures reducing as more is spent (Figure 13). The
economic optimum level of investment in NFM measures is
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FIGUREY9 | A comparison of the influence of NFM Max scenario on fluvial flows from SHETRAN and HBV-TYN. A comparison of the influence
of NFM Max scenario on the 1in3 year return period flows across all CAMELS-UK catchments for SHETRAN and HBV-TYN. The Boxplots show
the 25th, 50th and 75th quartiles of the data, with ‘whiskers’ stretching to the data point that is greatest or smallest but still within 1.5 times the
interquartile range from its respective upper or lower quartiles, and points representing values beyond this range. A comparison of the influence of
NFM Max scenario on the 1in25 year return period flows across all CAMELS-GB catchments for SHETRAN and HBV-TYN. The mean change, and
the X percentiles are shown.

represented by the combination of NFM actions that return = both cases under higher population growth population pro-
the maximum NPV across Great Britain. The results suggest  jections. This may be a function of the increased exposure
higher optimal returns are accrued under a 2°C future when  given higher population and the greater ability for NFM to ac-
compared to a 4°C future, with greater benefits accrued in commodate (and moderate) the increase in flow under a 2°C
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FIGURE 11 | Reduction in expected annual damage achieved by different levels of NFM ambition in the 2050s under a 2°C climate future and

low population growth (SSP4) future. Maps presented here show the benefit of the NFM measures implemented within the CAMEL-GB catch-
ments summed to each Local Authority (2019). The results shown are based on the HBV-TYN and FFE. Similar analysis has been undertaken with
SHERTRAN (Moderate and Max NFM scenarios only) and the FFE but is not presented here. The analysis includes fluvial risks only and excludes

coastal and tidal influences.

future compared to a 4°C climate future. Disaggregating these
drivers however remains an issue of continued exploration.
The positive case of investment in NFM measures is however
robust in both futures tested. In both significant investment
of between £550 and 775m (Value) is justified, achieving a
Benefit to Cost Ratio (BCR) of ~5 (Table 5). This is based solely
on benefits accrued through the reduction in direct property
damage. Inclusion of the wider benefits NFM provides would
significantly increase this estimate.

The chart presents the relationship between Present Value Cost
(to 2100) and the Net Present Value achieved (the difference
between Present Value Benefits and Costs). The results shown
represent the mean of the values achieved based on the two
hydrological models (SHETRAN and HBV-TYN). The figure
illustrates both the economic optimum investment (the invest-
ment that achieves the maximum NPV) and the law of dimin-
ishing returns as the NPV achieved reduces as the Present Value
investment increases. The results shown are for a 2°C rise in
GMST by 2100 and low population growth (SSP4), and a 4°C rise
in GMST by 2100 and high population growth (SSP2) are shown.

3.4 | Contribution of NFM to the Portfolio of FRM
Measures

Assuming the hierarchy of adaptation choice that prioritizes
NFM measures ahead of investment in built flood defenses
and the other non-structural FRM measures (such as property
level protection and flood forecasting and warning) the results

suggest NFM measures have the potential to contribute signifi-
cantly to the reduction in EAD (Figure 14).

4 | Discussion

The analysis presented highlights that there is a strong eco-
nomic case to invest in NFM based on fluvial flood risk reduc-
tion benefits alone, without recourse to arguments based on the
wider benefits NFM provides. As with all national scale analy-
ses, and in the context of the emerging understanding of the per-
formance of NFM measures. these issues, including important
caveats, are discussed below.

4.1 | A Strong Case for Increasing Investment
and Wider Take Up of NFM

NFM measures are shown to offer a significant contribution to
flood risk reduction when implemented as part of a portfolio of
measures. The benefits achieved are shown to be robust to cli-
mate change, suggesting NFM is likely to provide a ‘good’ choice
regardless of the climate future. Well-targeted investments in
NFM (based on optimizing the location and ambition of the
NFM measures taken) can play a significant role in managing
risk, with the analysis suggesting that by the 2050s, an optimal
approach to NFM would reduce the EAD (associated with direct
property damage only) by ~£75m (~£70m based on HBV-TYN
and £80m based on SHETRAN, respectively) given a 2°C and
low population growth (SSP4) future. This increases under 4°C
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pre-industrial times. Top left: Moderate NFM ambition, 2°C, low population growth future (SSP4). Top right: Moderate NFM ambition, 4°C, high
population growth future (SSP4). Bottom left: ‘Max’ NFM ambition, 2°C, low population growth future (SSP4). Bottom right: ‘Max’ NFM ambition,
4°C, high population growth future (SSP4). The results are based on SHETRAN and the FFE.
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Costs). The results shown represent the mean of the values achieved based on the two hydrological models (SHETRAN and HBV-TYN). The figure
illustrates both the economic optimum investment (the investment that achieves the maximum NPV) and the law of diminishing returns as the NPV
achieved reduces as the Present Value investment increases. The results shown are for 2°C rise in GMST by 2100 and low population growth (SSP4),
and 4°C rise in GMST by 2100 and high population growth (SSP2) are shown.

TABLE 5 | Economic optimal benefits of NFM across Great Britain.

Climate change (rise in GMST by 2100 from

pre-industry) 2°C 4°C
Development future SSP2 SSP4 SSP2 SSP4
Single criteria optimised Present Value investment (£)
Central 600,000,000 550,000,000 775,000,000 750,000,000
HBV 550,000,000 450,000,000 650,000,000 700,000,000
SHETRAN 650,000,000 650,000,000 900,000,000 800,000,000

Single criteria optimised Present Value benefit (£, reduction in Expected Annual Damage, residential direct)

Central 2,032,619,515 1,947,674,108 3,140,543,455 2,972,344,307
HBV 1,562,084,314 1,54,35,95,403 2,363,812,235 2,147,626,489
SHETRAN 2,503,154,715 2,351,752,812 3,917,274,675 3,797,062,125

Whole life Benefit Cost Ratio (residential flood risk reduction benefits only)

Central 3.3
HBV 2.8
SHETRAN 3.9

3.5 4.0 3.9
3.4 3.6 31
3.6 4.4 4.7

Note: Based on a contribution to Flood Risk Management assuming a continuation of Current Levels of Adaptation for all other aspects of the portfolio as defined in
Sayers et al. (2020). Bold values highlight a simple central estimates based on the results from two models.

and a high population growth (SSP2) future to ~£105-120 m, rep-
resenting between ~9% and 13% of the risk reduction achieved
by the portfolio of FRM measures (within NFM applied within
a broader portfolio that assumes all other adaptation measures
continue based on current levels of activity). By the 2080s the
contribution increases further to ~£110m in a 2°C and low pop-
ulation growth (SSP4) future and ~£145m under 4°C and high
population growth (SSP2) future. The relative contribution as

part of the portfolio remains similar (~11%-13%). The similarity
of the economic optimum investment based on both SHETRAN/
FFE and HBV-TYN/FFE improves confidence that the results
are robust. Most of these benefits are accrued through the mod-
ification of more frequent in-river water levels and the influence
NFM has on flood hazards in undefended downstream areas and
modifying the loads experienced by downstream defences (and
hence the chance of ultimate or serviceability limit state failure).
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optimal contribution determined using HBV-TYN/FEE and SHETRAN/FFE results. The error bars reflect the model uncertainty associated with
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undertaken to determine the contribution associated with the Low, Moderate, High and Max ambition. SHETRAN/FFE runs are only available for
the Moderate and Max NFM ambition scenarios and hence only the optimum, Max, and Moderate ambitions scenarios are shown.

4.2 | Local Credibility of the Analysis

The hydrological representation of the NFM measures here
is necessarily an approximation. No single measure is repre-
sented in detail. To do so remains an active area of research
not only in terms of large-scale models (as here) but also in
support of local analysis. The estimates of costs are broad-
scale and do not offer insights into any single NFM scheme.
Nonetheless these caveats do not detract from the thrust of
the analysis that brings together nationally calibrated hy-
drological models, the representation of NFM measures and
their performance, the influence of climate change and devel-
opment, and the assessment of risk in a meaningful way at a
national scale.

4.3 | The Assumed Portfolio of Measures

It is assumed here that the varying levels of NFM ambition
are implemented as part of a portfolio of measures, where all
other measures continue to be adapted in line with the Current
Level of Adaptation (CLA) scenario set out in CCRA3 (Sayers
et al. 2020). If significantly more investment is directed toward
conventional flood defences the contribution of NFM would
reduce, and it would increase if investment in conventional de-
fences reduced. Similar changing approaches to spatial planning
(either increasing or reducing the percentage of new properties
built in flood plain compared to the recent past) would influ-
ence the contribution of NFM. It is important to see the results
presented here as the contribution of NFM within this context.

4.4 | The Impact on the Risk Profile

Flood risk is presented here in terms of an EAD. EAD represents
an integration of probability and consequence across all possible
events. The estimate of EAD is biased toward the consequences
of frequently occurring events. Analysis of the hydrological re-
sponse of the NFM measures suggests that their influence is
greatest during frequent events and tends to zero with increas-
ing return period of the fluvial flood flow. This performance sig-
nature is reflected in the significant reduction in EAD observed
here. This does not however suggest the impact of NFM on more
extreme events is significant. This reinforces the importance of
‘designing for exceedance’ (Digman et al. 2014) and ensuring
FRM strategies are effective in managing residual risks will in-
evitably remain (Sayers et al. 2002).

4.5 | Long Term Performance

The performance of NFM measures changes autonomously
over time. This change in performance exhibits significant
hysteresis, with the preceding sequence of events (over days,
months or even years) influencing run-off and storage poten-
tial. NFM ‘assets’ also mature over time (trees grow and soil
structures change). The modelling chain presented here seeks
to capture these issues in simplified ways, but nonetheless
there remains a lack of theoretical and empirical understand-
ing of these changes (e.g., Sayers et al. 2014; Dadson et al. 2017;
Kay et al. 2019). No consideration is given here, for example, to
the viability of woodland planting under conditions of climate
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change (heat and water stress) or invasive species that may
influence performance over the longer term. Addressing these
knowledge gaps will be a pre-requisite in advancing the anal-
ysis presented here.

4.6 | Aligned Catchment Planning and Policy
Priorities

Developing a whole system response to managing flood risk,
including NFM, requires an understanding of the interactions
within, and beyond, FRM. The analysis here starts this narra-
tive by considering the influence of development choices, food
security (through the priority given to agricultural yield), and
biodiversity (through the priority given to conservation and res-
toration). Exploration of types of afforestation and water storage
that align with conservation and restoration would allow syn-
ergies with NFM to be explored and quantified. The approach
is however a first pass and more nuanced and wider-ranging
catchment planning processes will be needed to make strategic
progress towards more integrated landscape-scale planning and
management.

The National Flood and Coastal Erosion Risk Management
(FCERM) Strategy (Environment Agency 2020) identifies NFM
as an important part of the resilience framework that it sets out.
The third National Adaptation Programme (NAP3) published in
2023 also suggests wider action is needed to implement NFM
in relation to highways (i.e., integrating NFM into National
Highways' climate risk management plans) and land manage-
ment (i.e., supporting NFM implementation through environ-
mental land management schemes (ELMs)).

At the local level where these schemes are implemented,
Russell et al. (2024) have shown only 10 of the 152 Local FRM
Strategies in England include more than passing references
(or no references) to NFM (or similar). This limited progress
highlights the significant work to be done at the national and
local levels (in England at least) to integrate NFM as a central
component of FRM. To be successful, landowners will need
to be supported and encouraged to implement NFM on their
land. This will continue to require co-design and financial
support, but also reinforces the importance of the evidence
gap this paper responds to.

4.7 | NFM Delivers More Than Flood Risk
Reduction

Flood risk reduction benefits represent only one narrow focus
and ignore the numerous wider benefits of NFM. These in-
clude carbon sequestration, amenity, biodiversity, water re-
sources (including the potential to improve low flows) and
many others. As introduced earlier, the analysis here delib-
erately excludes these, but their inclusion, on balance, would
only add further to the positive case for NFM. There are also
potential disbenefits in terms of opportunity losses (prevent-
ing alternative development or productive uses) and in some
instances NFM may reduce low flows and negatively impact
water resources (e.g., Elliott and Giritharan 2023; Sayers
et al. 2025).

5 | Conclusion

Natural Flood Management seeks to work with natural processes
to restore the natural functions of rivers and aligns with this shift
in emphasis. The multiple benefits of doing so are well known and
intuitive, including biodiversity gains, amenity, carbon sequestra-
tion, but there is limited quantified understanding of the scale of
the contribution NFM could make to reducing fluvial flood risk
across Great Britain, and how this contribution many vary with
climate change. This paper, for the first time, projects national
scale NFM scenarios reflecting various policy ambitions and con-
sidering competing land use demands (urban development, agri-
culture and biodiversity demands) and presents an assessment of
the contribution of NFM to fluvial flood risk reduction.

The results of the analysis confirm NFM as a legitimate support-
ing measure in fluvial FRM. The use of two national-scale hy-
drological models (SHETRAN and HBV-TYN) to assess changes
in flood flows and the use of a flood risk system emulation to
translate these changes into a change in risk (using the FFE)
are shown to enable the benefits of NFM actions to be disaggre-
gated from the wider set of measures that form the overall FRM
portfolio.

The results show NFM robustly contributes to the FRM port-
folio under conditions of climate and socio-economic change,
suggesting that well-targeted investment in NFM measures
has the potential to significantly reduce overall flood risk.
The broad estimate of costs suggests implementing these
well-targeted actions would cost approximately £550-775m
through to the 2080s, equivalent to an annual spend of around
£20-30m.

The analysis presented is only a first step. There is potential for
future analysis to provide integrated insights into catchment de-
velopment (including interactions across the rural/urban inter-
face) and the best mixture of FRM measures, delivering wider
benefits for people and nature. Realising all these benefits, and
the broader opportunities NFM provides (not quantified here),
will require proactive strategic landscape-scale planning that
looks beyond flood management alone to develop aligned in-
vestment incentives that support sustainable outcomes for peo-
ple and nature.
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