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ABSTRACT

Subgrid sampling (SGS) has been increasingly integrated into hydraulic modelling to refine terrain representation without exces-

sively increasing computational demands. This study investigates the effects of SGS and nature-based solutions (NbS), focusing

on flow velocities, storage volumes and mass balance stability. Using a rain-on-grid TUFLOW model, we simulate a 1-in-30-year

flood event across different NbS interventions, including leaky dams, floodplain planting and bunds with floodable depressions.

Results demonstrate that higher SGS frequencies of 11 significantly enhance terrain resolution, improving the representation of
flow paths and floodplain activation. However, a lower SGS frequency of three introduces notable numerical artefacts, leading
to persistent negative cumulative volume errors and misrepresenting water retention within the system. NbS interventions gen-
erally minimise peak flow rates, with bunds and depressions (Option 3) proving the most effective, achieving a storage volume

increase of up to 162.83% compared to the baseline scenario. Mass balance assessments show that models without SGS overesti-

mate flood storage, potentially misguiding NbS implementation and compliance with flood storage regulations such as the UK

Reservoirs Act (1975).

1 | Introduction

Climate change is progressing rapidly and is characterised
by rising sea levels, retreating glaciers, changes in precipi-
tation patterns and a rise in extreme weather events (Calvin
et al. 2023; Miller and Hutchins 2017; Tao et al. 2004; Turner
and Annamalai 2012). The impacts of climate change, includ-
ing both short-term variability and long-term trends, highlight
the need for solutions that include mitigation and adaptation
(Owen 2020; Turek-Hankins et al. 2021). Adaptation efforts
focus on minimising vulnerability to natural hazards like floods
and strengthening the resilience of communities (Carter 2011;
Eriksen et al. 2015; Mertz et al. 2009; Owen 2020). Local flood
risk is influenced directly by hydroclimatic changes and by
factors such as land use changes and modifications to river

channels due to anthropogenic activities (Sietsma et al. 2021;
Werritty 2006).

Historically, flood management has relied on engineer-
ing solutions aimed at safeguarding infrastructure. Whilst
traditional flood management methods have effectively
protected infrastructure, they have adverse effects on the nat-
ural hydrological processes (Sorensen et al. 2016; Wilby and
Keenan 2012). These impacts include disrupted flow of water,
reduced groundwater recharge, habitat loss and impaired eco-
system services. Additionally, engineered defences, typically
designed to handle specific flood magnitudes, require contin-
uous updates to maintain effectiveness under evolving climate
conditions, leading to substantial economic costs (Chatterton
et al. 2013; Perry and Nawaz 2008). Consequently, there is a
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demand for adaptation strategies that use sustainable natural
resources and promote flood management practices to im-
prove resilience against the increasing frequency of extreme
weather events (Frame et al. 2020; Heller and Zavaleta 2009;
Wilby and Keenan 2012).

Nature-based solutions (NbS) offer a more sustainable ap-
proach by working with natural processes to mitigate flood
risks and enhance ecosystem health (Collins et al. 2023;
Schanze 2017; Ungvari and Kis 2022). NbS utilize the inherent
properties of landscapes—such as wetlands, forests and riv-
ers—to reduce flood impacts, enhance biodiversity, improve
water quality and strengthen long-term environmental health
(Gijsman et al. 2021; Huang et al. 2020; Lane 2017; Miiller
et al. 2021; Short et al. 2019; UNDRR and UNU-EHS 2023;
Van Coppenolle and Temmerman 2019). To fully understand
and quantify the flood reduction benefits of NbS, hydrolog-
ical and hydraulic modelling is used to analyse how NbS
implementation can reduce flood hazard and risk (Hankin
et al. 2020; Hill et al. 2023). However, the models often re-
quire high-resolution topographic, hydrological and meteoro-
logical data, alongside detailed information on both structural
and non-structural hydraulic elements of the river and flood-
plains (Allitt 2009; Cea and Costabile 2022; Novak 2018;
Teng et al. 2017). This demands substantial computational re-
sources, forcing modellers to compromise between high data
accuracy and manageable computation times (Guo et al. 2021;
Jodhani et al. 2023; Teng et al. 2017).

To address the challenge of computation time whilst main-
taining accuracy, several methods have been developed,
including the use of Graphical Processing Units (GPUs) to
accelerate computation, applying machine learning (ML)
techniques to improve prediction accuracy and reduce model
complexity and simplifying the representation of channels and
floodplains with 1D models and subgrid sampling (SGS) tech-
niques (Fernandez-Pato and Garcia-Navarro 2021; Hosseiny
et al. 2023; Hou et al. 2020; Liang et al. 2016; Mark et al. 2004;
Mosavi et al. 2018; Reshma et al. 2024; Rizeei et al. 2019;
Vojinovic and Tutulic 2009). Each approach helps balance
the need for detailed modelling against the practical limita-
tions of computational resources for effective implementation
and analysis of NbS. GPUs for simulations use parallel pro-
cessing to manage the high-resolution DEM efficiently, han-
dling extensive datasets without increasing computational
times. GPUs are efficient but a less popular option in prac-
tical engineering due to their cost and the high specification
of computational hardware required (Fernandez-Pato and
Garcia-Navarro 2021; Neal et al. 2012). Similarly, ML tech-
niques, such as Artificial Neural Networks, integrate with
hydraulic models to speed up processing times; however, the
effectiveness of ML models relies on the availability of substan-
tial, event-specific data, which is often lacking, thus limiting
their applicability (Grenier et al. 2024; Hosseiny et al. 2023;
Mosavi et al. 2018; Schmidt et al. 2020). Simplified hydraulic
models speed up calculations by omitting certain terms from
the shallow water equations, expediting the computational
process significantly compared to more comprehensive 2D
models (Ghimire et al. 2014; Horritt and Bates 2002; Hunter
et al. 2008; Lin et al. 2005). Although a simplified approxi-
mation of the equation in models reduces processing time, it

compromises the granularity of data, such as flow velocities
critical for accurate flood hazard mapping.

In contrast, SGS techniques offer a balanced approach that
retains high-resolution detail without the substantial com-
putational overhead of full-scale models (Begmohammadi
et al. 2024; Casulli 2019; Neal et al. 2012). SGS methods refine
the modelling within larger grid cells, capturing essential topo-
graphical details for accurate hydrodynamic modelling. This
process of refinement makes them suited for detailed flood
risk modelling where precision is key, but resource constraints
limit the feasibility of high-resolution modelling. This feature
is now widespread in software packages such as HEC-RAS,
LISFLOOD-FP and TUFLOW (Bryant et al. 2023; Huxley and
Syme 2020; Neal et al. 2012; Reshma et al. 2024).

Several studies have explored the application of SGS in flood
modelling, covering a range of topics from real-time urban
flood simulation and integration of topographic effects in urban
settings to coupling hillslope hydrology with hydraulic mod-
els for watershed management (Hankin et al. 2020; Reshma
et al. 2024). Specialised models for large-scale storm surges
and detailed inundation mapping during significant events
like Hurricane Sandy have also been developed (Loftis 2014;
Woodruffet al. 2023). NbS strategies, such as wetland restoration
or green infrastructure implementation, require nuanced con-
sideration of the hydrology of the area. Integrating SGS into NbS
modelling enhances spatial detail, improves predictive accuracy
and supports better decision-making in flood risk management.
By refining terrain representation, SGS allows NbS interven-
tions to optimise flood mitigation (Kitts et al. 2020; Néelz and
Pender 2007). Whilst SGS has been widely applied in urban and
riverine flood modelling (Li et al. 2023; Neal et al. 2012; Rizeei
et al. 2019), its impact on NbS performance remains underex-
plored. This study addresses this gap by demonstrating how
hydrodynamic modelling can be applied to evaluate NbS inter-
ventions, ensuring their effectiveness particularly in flood risk
contexts.

This study focuses on the village of Riseley (UK), a flood-prone
area that serves as an ideal case study. Three NbS strategies—
leaky dams, riparian plantings and offline storage are—tested
under four SGS frequencies to quantify their effects on runoff
reduction, volume storage and peak flow attenuation. These
NbS measures are selected for their dual role in enhancing river
morphology and providing sustainable flood relief (Ferguson
and Fenner 2020; O'Donnell et al. 2019). The key objectives of
this study are:

« To evaluate the impact of SGS resolution on NbS perfor-
mance in flood modelling.

« To compare different NbS strategies under varying SGS
frequencies.

» To assess the broader implications of SGS refinement in
NbS implementation for flood resilience.

This research advances the understanding of how SGS influ-
ences NbS modelling accuracy and effectiveness, helping bridge
the gap between hydrodynamic modelling and practical flood
risk management.
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2 | Methods
2.1 | Study Area

The study area is the catchment containing the village of Riseley
(Figure 1), located in Bedfordshire (UK). The village has a long
history of flooding during the winter due to intense and pro-
longed rainfall on saturated ground, causing rapid and high run-
off volumes. Properties have often reported flooding from water
overtopping Riseley Brook; in December 2020, there was stand-
ing water up to 500 mm deep on the ground floor of some prop-
erties (Bedford Borough Council 2021). The banks of the Riseley
Brook also partially collapsed, and High Street in Riseley became
impassable. Infrastructure located to the south of High Street and
outside the river flood zones was impacted by overland surface
water flow during this event. The Flood Risk from Surface Water
Mapping indicated that overland flow routes formed in the fields
to the south, encroaching on the property and surrounding areas
(Environment Agency 2019). Several ditches originating in these
fields discharge into Riseley Brook to the southwest of the af-
fected properties (Balboni and Tandy 2021). Whilst some ditches
are culverted beneath the road, others overtop onto High Street,
following the topography towards Riseley Brook. High river lev-
els in the Brook prevented these ditches from discharging freely,
causing water to back up. Table 1 provides a brief overview of the
notable flood events in the village.

The site selection for implementing NbS options, as highlighted
in Figure 1, is strategically justified for several reasons related to
the characteristics of Riseley Brook and the surrounding area.
Firstly, the chosen NbS site is positioned immediately upstream
of the village, so this location is ideal for interventions to re-
duce flood risk downstream. By implementing NbS measures

TABLE1 | Historicflood events in Riseley Village (Bedford Borough
Council 2021).

Date Event

1968 Summer flood event

1987 Winter flood event

1992 Flooding of 800 mm in the
autumn in the high street

1998 Spring floods

2001-2002 Winter flooding across

two consecutive years

2020 Winter floods made the
high street impassable

2023 High water levels and partial
flooding through the village

Legend

[ site Location
Model Extent

- Watercourse

— Flow Direction

Land Use Classification

Il Road

I Houses

[ standing water

[ Brush/Forest

[] Default Crop/ Land use

0 750 1,500 m
e S|

Riseley ViIIage.

London

FIGURE1 | (A)Location of Risely Village, the extent of the study area and the NbS site within the model extent and (B) types of land use in the

study area.
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upstream, the site can effectively moderate the flow of water en-
tering Riseley Village, thereby mitigating the risk of flooding in
populated areas.

Additionally, Riseley Brook flows west to east through the site,
entering viaa culvert under Riseley Road near Knotting Lane and
exiting near the High Street intersection; hence, the site along
this flow path allows for strategic placement of NbS measures
to slow down and store floodwaters. The topographical features
of the site are conducive to a range of NbS interventions. The
river channel is deeply incised at both the western and eastern
ends, shallower in the centre and deepens again before exiting.
This varied topography offers opportunities for implementing
different NbS tailored to the specific channel characteristics,
such as creating pools and riffles in the shallower sections to en-
hance water retention and slow the flow. Additionally, the pres-
ence of three field drains feeding into Riseley Brook within this
area presents additional opportunities for flood management.
Managing these drains through NbS options can help control
the flow of water entering Riseley Brook, reducing the volume
and speed of runoff during heavy rainfall events.

2.2 | Model Description
2.2.1 | Build Type

The approach was a rain-on-grid model built within ESTRY
TUFLOW. Reviewing the Environment Agency (EA) surface
water modelling shows that the village of Riseley has a greater
risk of surface water flooding than fluvial flooding; hence,
capturing this rain-on-grid modelling was deemed appropri-
ate. Most of the models, including major flow channels and
culverts, are represented in 2D. The TUFLOW Engine version
TUFLOW.2023-03-AA (released March 2023) was used for
modelling. Figure 1 shows the modelled extent, including the
study area where various NbS measures will be implemented,
the village of Riseley and all contributing hydrological catch-
ment areas. The model outflow is set to an unnamed road
culvert downstream of Riseley. The total catchment area is
16.16 km?2.

EA-available LiDAR digital terrain models (DTM) were used
for model topography at a 1-m resolution. The catchment in-
cludes a network of field drains and smaller channels, often
culverted under farm tracks and roadways. Manual adjust-
ments were made to ensure flows pass through these culverts,
following the procedure for surface water modelling outlined
by the Environment Agency (Environment Agency 2019). This
procedure involves using shape files in TUFLOW to smooth
over roadways and maintain flow path slopes. Figure 1B shows
land uses within the catchment and is instrumental in setting
the roughness and infiltration parameters of the model. The
assigned values are presented in Table 2. Houses were repre-
sented using variable roughness to mimic the impact of low-
flow drainage systems around the buildings and the inability
of the systems to deal with incoming flows as water depth in-
creases. Hence, for depth values <0.03m, a roughness of 0.02
is used, and for depths of >0.1m, a roughness value of 1 is
used; for depths between 0.03 and 1 m, values are interpolated
by TUFLOW.

TABLE 2 | Roughness coefficient and infiltration losses applied to
the 2D model.

Infiltration
(initial losses/
cumulative
Land use Roughness losses mm/h)
Default 0.05 0.2
cultivated, no
crop
Roads 0.022 0.2
Houses 0.03, 0.02, 0.10, 1.0 0.12
Standing water 0.03 0.2
Brush/forest 0.06 0.2

2.2.2 | Subgrid Sampling (SGS)

SGS, introduced in the February 2022 release of TUFLOW, im-
proves the ability of the model to use high-resolution LiDAR data,
even with grid cell sizes larger than the DTM (BMT 2020). This
feature integrates additional elevation points along the boundar-
ies of each TUFLOW grid cell, assigned from the DTM, allowing
for more refined flow paths than those defined by the grid size.
This enhancement improves the spatial accuracy of simulations
without increasing computational time. This study implemented
SGS with 3-, 7- and 11-point configurations on a 10-m grid size.

2.2.3 | Hydrology

This analysis uses a rain-on-grid model to include rainfall across
the entire modelled extent. This method assigns a specific rain-
fall hyetograph to each cell within the modelled area, ensuring
that rainfall intensity is uniformly distributed. Rainfall fre-
quency and depth data for the catchment were obtained from
the Flood Estimation Handbook (FEH) Web Service, utilis-
ing the latest FEH22 rainfall depth duration frequency model
(Vesuviano 2022). Additionally, FEH Catchment descriptors
were critical for defining catchment characteristics and were
sourced from the FEH Web Service. The critical storm duration
for the catchment is 11.6h, rounded to 12h; this duration was
calculated using Equation (1) established by the Flood Studies
Report (FSR)/FEH (Kjeldsen 2007)

@

D= Tp(1+ SAAR)

1000

where D is the design storm duration, Tp is the catchment time
to peak and SAAR is the standard average annual rainfall.

The time to the peak was determined to be 7.15h using a
flood modeller REFH2. SAAR is taken directly from the FEH
Catchment Descriptors and equals 622 for the catchment.
Rainfall Storm Distribution is set to the FSR Summer profile,
which was chosen due to its higher peak intensities compared
to other seasonal profiles, aligning with the focus on assessing
the model under more severe storm conditions. Areal reduction
factor (ARF) converts the FEH-derived design rainfall into an

40f 15

Journal of Flood Risk Management, 2025

95UB0 17 SUOWILIOD BRI 8|G0 dde aU) Aq puenob a2 Sao1e VO ‘3N 0 Sa|N1 10} AReiq 17 8UIIUO AB]IM UO (SUOTIPLIOO-PUE-SUULS W00 4B I AeJq]1[pUIUO//STY) SUONIPUOD) PUE SWLS | aU) 95 *[GZ0Z/G0/TZ] U0 ArIgiTauliuo A81im Hed AISeAIUN OIY3R L Ad 29002 ETTTT OT/10pw00 Ao v Akeiq jpul|uo//Sdny Wo1 popeojumoq ‘Z ‘SZ0Z ‘X8TEES.T



areal rainfall (Kjeldsen 2007). This process replicates the non-
uniform rainfall over a catchment area. The ARF is calculated
using Equation (2) (Faulkner 1999; Kjeldsen 2007)

ARF =1-bD™" 2

where D is the duration in hours, and a and b are functions of
area A in km?2. Therefore, for a catchment area of 16.16km?2,
Equation (3) gives the ARF for 12h, yielding 0.96 ARF:

1 - 0.1056 * ((12)—0-387602) @

The modelling will focus on the lower-order rainfall of 1 in 30-
year events. The derived hyetograph for this event is presented
in Figure 2.

2.3 | NbS Development

NbS processes target rainfall events of lower magnitude and
higher frequency (Huang et al. 2020; Short et al. 2019). Three
options are developed and tested for this study (Table 3).

Option 1 involves installing leaky dams within the main river
channel, as shown in Figure 3. The dams are designed to slow
water flows, create pooling and elevate water levels, facilitating
the reconnection of the river with its floodplain (van Leeuwen
et al. 2024). Leaky dams feature a 100mm gap at the base to

Rainfall Depth Over Time

Rainfall Depth (mm)
o
®

0.2 1

0.0 4

0o 1 2 3 4 5 6
Time (hr)

FIGURE 2 | Hyetograph for a 1 in 30-year return period applied to
the model extent.

TABLE 3 | List of NBS techniques (UNDRR and UNU-EHS 2023).

accommodate low flows and ensure fish passage (Miiller
et al. 2021). Eight leaky dams are used, and the location of the
dams has been determined to ensure an even spread of storage,
to take advantage of in-channel pooling and to take advantage of
floodplain pooling. In TUFLOW, these interventions are mod-
elled as structures that partially block water flow, increasing the
likelihood of water spilling over the banks. Each barrier includes
a 1D “culvert” element representing the 100mm gap, matching
the width needed to handle the baseflow of the channel.

Option 2 uses a combination of leaky dams and riparian and flood-
plain planting. A total of six leaky dams are used and spaced along
the centre and lower portions of the NbS site. This option also uses
floodplain bunding to interrupt and slow floodplain flows and
floodplain planting. The schematisation of these features in the
model is shown in Figure 3. The land use within the site shows the
area already features significant vegetation along the riverbanks.
Additional plantings that extend from the riverbank to the edges
of the flood zone will enhance this existing vegetative growth. This
increase in woodland cover is designed to improve soil infiltration
capacities, reduce surface runoff and decelerate water flows across
the landscape (Frantzeskaki 2019; UNDRR and UNU-EHS 2023).
The enhanced vegetation cover stabilises the riverbanks and acts
as a natural buffer, absorbing excess water during flood events.
This newly introduced woodland has been represented in the hy-
draulic model as a new category of land use, with an associated
Manning's roughness value and infiltration mm/h value of 0.1 and
0.2, respectively.

Option 3 uses offline storage areas and is implemented through
low earthen bunds schematised across the floodplain and excavat-
ing floodable depression, as shown in Figure 3. The bunds act as
additional blockages, enhancing water retention and ponding up-
stream, thereby increasing the floodplain storage capacity during
peak flow events. The floodable depression (Figure 3) is contoured
to blend with the existing topography, with shallower side slopes
than a 1:3 gradient for stability and safety. The depression is engi-
neered to fill during flood events via a spillway that connects the
river channel to the depression, creating a temporary water stor-
age area.

2.4 | Output Processing

The results are evaluated using two sets of metrics: primary
and secondary. The primary metrics analyse the depth, velocity

NBS technique Description

Ecological benefits

Leaky dams

Offline storage areas

Riparian woodlands

Dams (logs or wooden structures) should be
installed across watercourses to slow water flow,
promote storage and enhance sediment deposition

Creating areas adjacent to rivers for temporary
floodwater storage during high flows reduces
flood peaks and provides additional storage

Planting trees along riverbanks to stabilise
banks, reduce erosion, increase water uptake,
provide shade and improve aquatic habitats

It creates diverse aquatic habitats,
promotes and supports fish spawning
and increases biodiversity

Enhances habitats, supports amphibians
and wading birds, promotes nutrient
cycling and reduces soil erosion

Improves water quality pollutants,
increases biodiversity and reduces
thermal stress on fish
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Option 1: Leaky dams

Option 3: Bunds and
Depressions

Legend

[ NbS Site Boundary
— Watercourse

NbS features
I Leaky dams
I Extended bunds
[ Low earthen bunds
[+ Floodplain planting
Floodable depressions

Amended DEM

67.98

55.4

0 100 200 m
L —

FIGURE 3 | Schematisation of Option 1, 2 and 3 NbS interventions within the model.

and flow rates. The secondary metric calculates the total vol-
ume of water stored within the NbS site during the simulated
flood events. The storage volume at the site was calculated using
the depth raster data obtained from the flood modelling results.
The depth raster files, which provide water depth at each grid
cell within the study area, were utilised. Only the cells within
the defined NbS site boundary were considered for the storage
volume calculation. A depth threshold of 0.1 m was applied to
exclude shallow depths that do not significantly contribute to
storage. For each relevant cell, the water volume was calculated
by multiplying the cell area by the maximum recorded water
depth; the volume for each cell was determined by Equation (4).

Volume = Cell Area X Depth 4)

The total storage volume at the NbS site was then obtained by
summing the volumes of all relevant cells within the site.

3 | Results and Discussion

The primary objective of the NbS measures in this study is to
enhance flood resilience by maximising flood storage whilst
minimising peak flow rates. This balance is crucial for ensur-
ing effective flood attenuation without causing excessive water
retention in areas where flooding is undesirable. Each NbS
measure is evaluated based on its ability to increase storage

capacity, reduce peak discharge and promote floodplain recon-
nection. The SGS is assessed in this context, examining how
different SGS configurations influence these outcomes. Hence,
these objectives frame the results to provide a clear basis for
interpreting which NbS strategies and SGS configurations are
most effective. Table 4 provides a summary of the scenarios
run and the naming convention which will be used to discuss
the results.

3.1 | Impact of SGS on Primary Metrics

The results indicate that the inundated area, velocity and
peak flow rate are the largest in scenarios where no SGS is
applied (denoted by 00). For instance, under the BSLN_00 sce-
nario compared to scenarios with SGS frequencies (BSLN_03,
BSLN_07 and BSLN_011) (Figure 4), higher SGS frequencies
consistently show lower inundated areas than BSLN_00. This
is because SGS refines the floodplain representation and re-
duces the extent of flooding, except within the channels.
Higher SGS values capture more detailed landscape features,
allowing the model to represent small channels, minor eleva-
tion changes and natural dams influencing water flow. For
instance, the BSLN_03 scenario shows a 46.25% reduction in
inundated areas compared to BSLN_00. However, the differ-
ences in regions inundated amongst BSLN_03, BSLN_07 and
BSLN_011 are relatively small.
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TABLE 4 | Summary list of simulation options and SGS sampling frequency.

Scenario name

NbS intervention

SGS configuration

BSLN_00
BSLN_03
BSLN_07
BSLN_011
OP1_LD_00
OP1_LD_03
OP2_LD_07
OP1_LD_011
OP2_FP_00
OP2_FP 03
OP2_FP 07
OP2_FP_011
OP3_BD_00
OP3_BD_03
OP3_BD_07
OP3_BD_011

Baseline (No NbS)

Leaky dams

Floodplain planting

Bunds and depressions

No SGS
SGS (3 points)
SGS (7 points)
SGS (11 points)

NoSGS
SGS (3 points)
SGS (7 points)
SGS (11 points)

NoSGS
SGS (3 points)
SGS (7 points)
SGS (11 points)

NoSGS
SGS (3 points)
SGS (7 points)
SGS (11 points)

FIGURE4 | Flood depth within Risely under the simulated SGS frequencies.
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FIGURE 5 | Velocity profiles at the outlet for each NbS option under different SGS frequencies.

The plots in Figure 5 illustrate the influence of SGS on ve-
locity distribution under different NbS scenarios. Higher SGS
frequencies (BSLN_07, BSLN_011) result in sharper veloc-
ity gradients due to improved representation of flow paths
and drainage networks. In contrast, lower-resolution terrain
(BSLN_00) leads to a more uniform velocity distribution, as
smaller-scale topographic variations are not captured, caus-
ing artificial water storage, slower movement and excessive .
floodplain diffusion.

BSLN_03 exhibits lower velocities than higher SGS scenarios.
This is likely due to the following:

1. Terrain smoothing effects reduce flow turbulence (Polcher
et al. 2023; Ryan et al. 2022).

2. Underrepresentation of small-scale dams and conduits
prevents an accurate depiction of terrain-induced velocity
fluctuations (Ryan et al. 2022).

Whilst SGS parameters allow water to flow between lower
points within a grid cell, an insufficient resolution fails to cap-
ture finer drainage variations, affecting the accuracy of velocity
predictions.

specific flow paths, reducing widespread floodplain storage and
increasing flow efficiency (Polcher et al. 2023; Sehili et al. 2014).
BSLN_011 exhibits the highest velocity increase, with a 16.85%
rise from BSLN_00.

Amongst the NbS interventions:

OP1_LD (leaky dams) slightly reduces velocity peaks, indi-
cating that these structures partially slow and disperse flow
energy. However, turbulence remains high in SGS scenar-
ios, suggesting they delay rather than fully dissipate flow
energy.

OP2_FP (floodplain planting) smooths velocity distribu-
tions, especially in SGS03 and SGS07, but higher SGS set-
tings still produce sharper peaks.

OP3_BD (bunds and depressions) exhibits the highest
velocity peaks, indicating temporary water retention fol-
lowed by dynamic release, leading to strong, localised flow
acceleration.

At higher SGS frequencies, post-peak velocities remain ele-
vated, suggesting that it is efficiently channelled downstream

once water is released. Table 5 and Figure 6 highlight that SGS

Higher SGS frequencies refine velocity distributions, simulating
more realistic flow acceleration and turbulence patterns. With
a more detailed terrain representation, water is directed into

increases peak flow rates across all scenarios compared to sce-
narios where no SGS is applied. For example, in the baseline sce-
nario (BSLN_00), peak flow increases from 9.22 to 17.65m?/s,
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TABLE 5 | Comparison of peak flow rates under different NbS options and SGS scenarios.
NbS option Scenario Peak flow rate (m3/s) Difference (%)
Baseline BSLN_00 9.22 —
BSLN_03 17.65 —
BSLN_07 19.03 —
BSLN_011 19.01 —
Option 1: Leaky dams OP1_LD_00 8.98 2.62
OP1_LD_03 17.28 2.09
OP1_LD_07 18.59 2.33
OP1_LD_011 18.55 2.41
Option 2: Floodplain planting OP2_FP_00 8.98 2.66
OP2_FP_03 17.23 2.39
OP2_FP_07 18.59 2.29
OP2_FP_011 18.57 2.36
Option 3: Bunds and depressions OP3_BD_00 8.31 9.91
OP3_BD_03 16.79 4.86
OP3_BD_07 18.48 291
OP3_BD_011 18.46 2.93

Baseline

Option 1 Leaky Dams

17.5 1

15.0 1

12.5 1

10.0 1

7.5 1

5.0 14

2.5 1

0.0 1

SGS Frequency
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= 03
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= 011

SGS Frequency
- 00
= 03
— 07
- 011

Option 2 Floodplain Planting

Option 3 Bunds and Depressions

Flow rate (m?¥/s)
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15.0 1

12.5 1
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FIGURE 6

Flow rate over time for different SGS configurations under baseline and NbS options.
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19.03 and 19.01m3/s under SGS frequencies 03, 07 and 011,
respectively. This is due to improved terrain resolution, which
reduces artificial flood storage and allows water to drain more
efficiently. Despite the increase in peak flows, NbS interven-
tions remain effective in attenuating flood peaks. OP3_BD
shows the most significant reduction, lowering peak flow by
9.91% under all SGS frequencies. For example, OP3_BD_00 re-
duces peak flow to 8.31m?/s, a 9.91% reduction from the base-
line. Even under OP3_BD_03, OP3_BD_07 and OP3_BD_011,
Option 3 maintains the lowest peak flow rates, confirming its
ability to divert water into offline storage areas and delay peak
flow arrival.

3.2 | SGS Performance and Model Stability

A key concern in applying SGS is whether observed changes
in model outputs, such as increased peak velocities and more
concentrated flow pathways, stem from improved terrain repre-
sentation or numerical artefacts. To investigate this, cumulative
volume errors across different SGS frequencies were analysed
(Figure 7). The results indicate that the lower SGS frequencies
exchange significantly higher volume errors over an extended
period, indicating that lower SGS frequencies may introduce
numerical inconsistencies due to terrain smoothing effects that
misrepresent small-scale flow features. The higher SGS fre-
quencies appear to converge on similar behaviours, implying a
minimum threshold beyond which additional refinement yields
diminishing returns. Further evidence comes from the velocity
profiles at the site outlet. The lower SGS frequencies (03) produce
underrepresented peak velocities and a more diffusive flood-
plain response. In contrast, SGS 07 and 011 capture sharper flow
acceleration, indicating that terrain representation, rather than
numerical instability, drives the observed changes in model
behaviour. Nonetheless, it remains essential to balance SGS re-
finement with computational efficiency and numerical stabil-
ity. Overly delicate SGS settings could lead to excessive velocity
fluctuations or artificial flow concentrations. The results indi-
cate that SGS 07 provides a suitable balance, effectively refining

terrain-driven flow paths without introducing excessive numer-
ical artefacts.

3.3 | Impact of NbS Development

Across all development types (BSLN, OP3_BD, OP1_LD and
OP2_FP), the scenario with no SGS consistently results in the
highest storage volumes (Figure 8). The absence of SGS means
the model fails to capture finer-scale drainage pathways, which
could result in water being trapped in artificial depressions
rather than moving efficiently across the landscape. For exam-
ple, in the baseline scenario (BSLN):

» SGS 03: 58.08% reduction in stored volume compared to no
SGS settings.

¢« SGS 07: —50.07% reduction.
o SGS 11: —49.38% reduction.

This pattern is also evident in NbS interventions, where higher
SGS configurations result in lower storage volume estimates.
Under high SGS scenarios, water is distributed more efficiently
than artificially accumulates in modelled depressions. This
leads to overestimated flood storage volumes and unrealistic
water retention within the model. With higher SGS frequencies,
the artificial depressions are smoothed out, allowing water to
follow natural flow paths and drain more efficiently across the
floodplain. In models with no or low SGS frequency, the limited
terrain resolution can cause premature or excessive floodplain
inundation due to an inability to distinguish between channel-
ised and overbank flow. When higher SGS frequencies are used,
floodplain activation occurs only when natural overflow thresh-
olds are reached. This leads to a more realistic representation
of flood progression and storage. Amongst the NbS interven-
tions, OP3_BD consistently demonstrates the highest flood stor-
age capacity across all SGS settings. However, SGS refinement
significantly reduces estimated storage volume, with OP3_BD
storage decreasing from 49,208.14 to 32,192.77m? under SGS

Cumulative Volume Error Over Time for Different SGS Frequencies

SGS Frequency
or — 00
— (03
— 07
—~ 4F — 011
= ++++ |deal Volume Error
s
o2
()
£
=2
(=)
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FIGURE 7 | Cumulative volume error of the simulated SGS frequencies for the BSLN development scenario.
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FIGURE 8 | Storage volume for the baseline, each NbS Option and the SGS frequency configuration.

03. A similar trend is observed in OP1_LD and OP2_FP, where
storage volumes decline by approximately 40%-50% as SGS fre-
quency increases. This reduction is attributed to improved ter-
rain representation, which prevents artificial water retention
in modelled depressions. Whilst this does not imply that NbS
interventions are less effective, models without SGS may over-
estimate their retention capacities due to unresolved small-scale
drainage pathways. Higher SGS frequencies enable a more accu-
rate simulation of flood dynamics, reducing unrealistic ponding
and providing a more realistic assessment of NbS performance.

Based on the calculated storage volumes and peak flow rates:

« Option 3 consistently shows the highest stored volumes
across all scenarios (Figure 9) and a significant reduction
in peak flow rates, indicating its effectiveness in enhancing
local storage. The increases range from 105.72% to 162.83%
compared to the baseline condition.

« Option 1 shows considerable increases in storage volume,
ranging from 31.73% to 49.51% compared to the baseline
scenario.

+ Option 2 also shows significant storage capacity improve-
ments, with increases ranging from 30.54% to 47.90% com-
pared to the baseline scenario.

3.4 | Implications for Flood Risk Management

The findings from this study have significant implications
for flood risk management, particularly in terms of how SGS
influences flood modelling accuracy and the assessment of
NbS. As demonstrated, SGS significantly impacts flow veloc-
ity, floodplain storage and the effectiveness of NbS interven-
tions. Flood risk assessments relying on low-resolution terrain
models (No SGS) may misrepresent flood behaviour. This has

consequences for both flood mitigation planning and regulatory
compliance.

The results confirm that terrain resolution and flow path repre-
sentation critically affect predicted flood processes. In models
without SGS, the terrain is oversimplified, leading to artificial
floodwater retention and lower estimated velocities. This sug-
gests that relying solely on models with no SGS may underesti-
mate flood hazard intensity, resulting in poorly informed flood
mitigation strategies. By contrast, higher SGS frequencies (SGS
07, SGS 011) provide a more accurate representation of drainage
pathways, improving the prediction of floodwater movement
and peak discharge timing. This is particularly crucial in urban
planning and infrastructure resilience, where accurate flood ex-
tent and velocity estimates are essential for designing effective
flood defences.

The study highlights that NbS interventions (e.g., leaky dams,
floodplain planting and bunds and depressions) interact differ-
ently with flow conditions depending on SGS resolution. When
SGS is not applied, NbS measures appear to store significantly
more water than they likely do, leading to the overestimation of
their retention capacity. This could result in over-reliance on NbS
for flood mitigation, potentially underestimating residual flood
risks and insufficient downstream flood protection. Higher SGS
resolutions provide a more realistic assessment of NbS measures
function under different flood scenarios. For instance:

« Leaky dams (OP1_LD) help slow down peak flows. Still,
higher SGS frequencies reveal that flow turbulence and
post-peak velocity remain significant, meaning these
structures alone may not be sufficient for long-term flood
mitigation.

« Floodplain planting (OP2_FP) enhances roughness and
delays peak flows, but higher SGS settings suggest that its
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FIGURE9 | NbS option shows varying degrees of flood depth reduction within the site boundary compared to the baseline, with Option 3 show-

ing the most significant reduction.

impact on absolute storage capacity is less than previously
estimated under NoSGS scenarios.

« Bunds and depressions (OP3_BD) provide the highest stor-
age, yet when modelled with SGS, it becomes evident that
these features function more dynamically than expected,
with faster water release post-storage.

Integrating SGS-enhanced modelling into flood risk manage-
ment allows decision-makers to assess the effectiveness of NbS
more accurately and optimise their implementation within
catchment-scale flood mitigation strategies. One key regulatory
challenge identified is the discrepancy in storage volume esti-
mates between models with and without SGS. Higher SGS res-
olutions produce lower, more realistic storage volumes, which
may influence regulatory thresholds for flood storage classifica-
tion. In the UK, the Reservoirs Act (1975) applies to reservoirs
exceeding 10,000 m? of retained water, imposing strict safety reg-
ulations, inspections and maintenance requirements. The results
indicate that without SGS, NbS interventions exceed this regula-
tory threshold due to overestimated storage volumes. However,
when SGS is introduced, many NbS measures may fall below the
regulatory definition of a reservoir.

If hydraulic models do not incorporate SGS, NbS measures may be
incorrectly classified as reservoirs, subjecting them to unnecessary

regulatory oversight under the Reservoirs Act (1975). This could
lead to delayed approvals, increased engineering and monitoring
costs and administrative burdens, ultimately discouraging the
widespread adoption of NbS as a viable flood mitigation strategy.
Conversely, SGS-refined models ensure that only large-scale re-
tention features requiring regulation are classified as reservoirs,
avoiding unnecessary restrictions on NbS implementation. Since
NbS solutions such as bunds, depressions and floodplain plant-
ing offer cost-effective and environmentally sustainable flood
mitigation benefits, reducing regulatory barriers through SGS-
corrected models can accelerate their uptake. Additionally, relying
on low-resolution models that overestimate storage could result in
under-preparedness for extreme flood events, as actual retention
capacity may be lower than predicted. Therefore, ensuring regu-
latory frameworks account for SGS-based modelling refinements
will be essential for advancing NbS strategies whilst maintaining
regulatory compliance.

Whilst this study focused on a localised site, the findings have
broader implications for catchment-wide flood risk management.
NbS measures are most effective when implemented across a
larger watershed, gradually reducing runoff, slowing flows
and distributing floodwater storage throughout the landscape.
Integrating SGS-based modelling in larger-scale flood planning
could enhance decision-making in catchment-scale flood resil-
ience programmes. By accurately simulating how flow paths
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interact with different NbS interventions, planners can identify
optimal locations for interventions to maximise their cumula-
tive impact. Additionally, SGS-enabled models could support
climate adaptation strategies, ensuring that flood defences and
NbS solutions remain effective under future climate conditions,
where more intense rainfall events and higher runoff volumes
are expected. Whilst higher SGS frequencies improve flood
modelling accuracy, they also introduce higher computational
costs. This means that decision-makers must balance the need
for high-resolution simulations with practical constraints on
processing power and modelling efficiency. Fine-resolution SGS
settings (07, 011) for smaller urban catchments are ideal as they
provide accurate local flow predictions. However, in large-scale
catchments, coarser base grids combined with optimised SGS
settings (e.g., SGS 03 or SGS 07) may offer a practical compro-
mise, capturing key terrain features whilst maintaining compu-
tational efficiency.

4 | Conclusions

This study highlights the critical role of SGS in improving flood
modelling accuracy and NbS performance assessments. By re-
fining terrain representation, higher SGS frequencies (07, 011)
provide a more realistic depiction of flow paths, velocities and
storage capacities, leading to more reliable flood risk assess-
ments. However, this comes at the cost of increased computa-
tional demand. Option 3 (bunds and floodable depressions)
consistently demonstrated the highest flood storage potential,
reinforcing the effectiveness of NbS in mitigating peak flows
when strategically implemented.

From a policy and planning perspective, these findings stress the
need for regulatory frameworks and flood modelling guidelines
to integrate SGS as a standard practice. Without SGS, NbS stor-
age volumes may be overestimated, leading to misclassification
under reservoir regulations and potential dams to NbS adoption.
The study also highlights the trade-off between model accuracy
and computational feasibility, urging planners to strike a bal-
ance that ensures practical and data-driven flood management
strategies.

Finally, whilst this study focused on a localised site in Riseley,
NbS interventions are most effective when applied at a catch-
ment scale. Future research should also explore how integrat-
ing NbS across entire watersheds can enhance flood resilience
and improve floodplain connectivity. A key area for future re-
search is conducting a sensitivity analysis to assess how varia-
tions in SGS frequency, model grid resolution and NbS design
parameters influence flood modelling outcomes. Sensitivity
analysis would help determine how different SGS settings im-
pact peak flow estimates, storage capacity calculations and
flow velocities. Additionally, investigating the sensitivity of
NbS performance to factors such as soil infiltration rates, veg-
etation roughness and structural failure scenarios (e.g., partial
blockage of leaky dams) would enhance the predictive reliabil-
ity of flood models. Such an approach would strengthen confi-
dence in model predictions, improving flood risk management
decision-making and NbS planning at regional and national
scales.
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