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ABSTRACT
While natural flood management (NFM) as a flood mitigation strategy is becoming widely used, there remains a lack of evidence 
regarding the effectiveness of different NFM scenarios under high flow events. To demonstrate how different types and extents 
of NFM interventions interact to flood peaks at larger catchment scales, combined scenarios of existing NFM interventions and 
an ideal maximum woodland scenario were modelled in the Upper Aire, northern England, using a coupled model that inte-
grates Spatially Distributed TOPMODEL (SD-TOPMODEL) with a 2D hydrodynamic model (Flood Modeller 2D) at an 81.4 km2 
catchment. The coupled model exhibited a strong fit with observed data (NSE up to 0.95), effectively capturing flood peaks and 
peak shapes. Leaky dams were found to be more effective at delaying flood peaks with mean values ranging from 8.6 to 60 min 
than reducing peak discharge (mean values ranging from 0.53% to 1.84%), though these effects were inversely proportional and 
influenced by tributary characteristics such as channel gradient. Simulations applying multiple NFM interventions consistently 
demonstrated positive flood mitigation impacts, including reduced peak discharge up to 2.59% and delayed peaks up to 30 min, 
while inundation depths reduced by 0.5 m in most areas, with inundation extent reduction at critical points in an urban area. 
The study demonstrated the utility of the coupled model for evaluating NFM strategies while emphasising the need for further 
validation and exploration of systematic interventions at larger catchment scales. By providing insights into the interactions be-
tween NFM interventions and catchment characteristics, this research contributes to the optimisation of flood risk management 
strategies and informs future policy development.

1   |   Introduction

The number of studies related to nature-based solutions (NBSs) 
has grown rapidly over the last decade, including a large num-
ber of natural flood management (NFM)-related studies (Thaler 
et al. 2023; Zhu et al. 2024). NFM, as a subset of NBS, attempts 
to work with natural processes to reduce flood risks (Iacob 
et al. 2014; Dadson et al. 2017) and currently requires a shift from 
pursuing localised flood mitigation effects to catchment-wide 

flood management strategies (Lane 2017; Wilkinson et al. 2019; 
Bark et al. 2021; Black et al. 2021; Carter et al. 2024; Lalonde 
et al. 2024; Zhu et al. 2024). Leaky dams, riparian buffer strips 
and land and soil management are often utilised as NFM inter-
ventions to achieve flood mitigation. Leaky dams reduce flow 
velocity in the channels and increase upstream and adjacent 
channel overflow to the floodplain (Kitts  2010; Thomas and 
Nisbet 2012; Addy and Wilkinson 2019; Grabowski et al. 2019; 
Hankin et al. 2020; Norbury et al. 2021; Follett and Hankin 2022; 
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van Leeuwen et  al.  2024). Expandable field storage alongside 
riparian buffer strips increases surface and subsurface storage 
capacity with greater surface roughness in the floodplain and of-
fline storage (Metcalfe et al. 2017, 2018; Keys et al. 2018; Hankin 
et al. 2019; Beven et al. 2022; Lockwood et al. 2022). NFM in-
terventions based on land and soil management can slow the 
rainfall-runoff response process in the catchment by increas-
ing infiltration rates and soil water storage capacity (Marshall 
et al. 2014; Dixon et al. 2016; Gao et al. 2016; Bond et al. 2022; 
Monger et al. 2024; Zhu et al. 2025). Evidence shows that inter-
ventions like woodland planting, peatland restoration and soil 
aeration can reduce overland flow and delay peaks by improving 
soil water retention and surface roughness (Archer et al. 2013; 
Gao et al. 2016; Alaoui et al. 2018; Shuttleworth et al. 2019; Bond 
et al. 2020; Goudarzi et al. 2021, 2024; Zhu et al. 2025). Research 
suggests that the implementation of multiple NFM interven-
tions in a catchment has the potential to enhance flood miti-
gation effectiveness; however, the interactions and impacts of 
different types of interventions remain uncertain (Ramsbottom 
et  al.  2019; Ferreira et  al.  2020; Nicholson et  al.  2020; Black 
et al. 2021; Carter et al. 2024; Zhu et al. 2024, 2025). The effec-
tiveness of flood mitigation has not been consistently improved 
by the deployment of multiple interventions across all study 
catchments, suggesting that factors such as catchment scale, 
spatial extent and the location of interventions play a signifi-
cant role (Dixon et al. 2016; Kay et al. 2019; Barnsley et al. 2021; 
Black et al. 2021; Kingsbury-Smith et al. 2023). These findings 
highlight a critical need to better understand the impacts of a 
network of multiple NFM interventions on flood risks at the 
catchment scale.

NFM interventions designed to reduce peak flows by altering 
soil properties and surface roughness properties have been suc-
cessfully modelled in SD-TOPMODEL (Gao et  al.  2016; Bond 
et al. 2022; Monger et al. 2024; Zhu et al. 2025). A subsequent 
step entails expanding this modelling framework to include 
surface structures introduced by NFM interventions within 
river channels and floodplains (Metcalfe et  al.  2017; Hankin 
et  al.  2021; Senior et  al.  2022; Barnes et  al.  2023; Villamizar 
et al. 2024). The integration of a coupled hydrological and hydro-
dynamic model could offer a robust approach for encompassing 
all types of NFM interventions (Hankin et  al.  2019; Ferguson 
and Fenner 2020). This coupled approach also presents poten-
tial benefits for scaling up to larger catchments and enhancing 
flood-related outputs, including inundation extents and depths 
(Hill et al. 2023).

Both physical experiments and modelling studies have demon-
strated that increasing the number of NFM interventions within 
small tributaries can enhance peak flow reduction (Thomas 
and Nisbet 2012; Hankin et al. 2020; Follett et al. 2021, 2024; 
Follett and Hankin  2022), but their efficacy is constrained 
by factors such as the location and physical properties of fea-
tures such as leaky dams, as well as the characteristics of the 
tributary and its contribution to the overall catchment hydrol-
ogy (Hankin et al. 2020; Black et al. 2021; Norbury et al. 2021; 
Follett and Hankin 2022; van Leeuwen et al.  2024). A combi-
nation of geometric structure and roughness adjustments has 
been used to represent leaky dams within stream networks 
in one-dimensional (1D) and two-dimensional (2D) hydrody-
namic models (Addy and Wilkinson 2019; Leakey et al.  2020; 

Follett and Hankin 2022; Senior et al. 2022; Barnes et al. 2023; 
Villamizar et al. 2024). However, uncertainties remain regard-
ing the effectiveness of leaky dams under varying hydrological 
scenarios, necessitating further investigation. A notable gap in 
the existing literature is the limited evidence on the combined or 
cross-scale impacts of leaky dams and other NFM interventions 
at the catchment scale, particularly, for areas larger than 50 km2 
(Metcalfe et al. 2017; Barnes et al. 2023; Zhu et al. 2024).

This study aims to evaluate the effectiveness of multiple NFM 
interventions at a catchment scale larger than 50 km2 using a 
coupled hydrological–hydrodynamic modelling approach. To 
achieve this, SD-TOPMODEL was coupled with Flood Modeller 
2D to simulate responses in an 81.4 km2 catchment. This coupled 
modelling approach enables the simultaneous and independent 
representation of various NFM intervention types (woodland 
planting, hedgerow planting, soil aeration, leaky dams and ri-
parian fencing and buffer strips) within a catchment, facilitat-
ing the simulation of different intervention combinations and 
idealised scenarios. It also addresses a key gap in modelling 
the integrated impacts of multiple NFM interventions at larger 
catchment scales. As the first coupling of SD-TOPMODEL and 
Flood Modeller 2D, this study also compares the performance 
and outputs of the two models to demonstrate the feasibility 
and reliability of the coupling process, as well as to identify 
any uncertainties it may introduce. The findings of this study 
offer novel insights into the variability of NFM intervention 
effectiveness across tributaries and under different flood event 
characteristics, as well as the implications for scaling these in-
terventions from tributary to catchment levels. Furthermore, 
the study explores the interplay between flood peak delay, peak 
discharge reduction and inundation extent, highlighting limita-
tions at broader scales and emphasising the need for further re-
search to design effective catchment-scale NFM schemes.

2   |   Data and Sources

2.1   |   Study Sites

The Upper Aire catchment draining to Gargrave covers 81.4 km2 
with elevation ranging from 572 to 105 m (Figure 1). The mean 
annual precipitation at Malham Tarn station (54°06′00″ N, 
02°09′49″ W) for 1991–2020 was 1587 mm, with monthly mean 
totals ranging from 90.9 to 181.3 mm, with typically less rain-
fall in spring and summer and more in autumn and winter (Met 
Office 2024). The headwaters are formed of many small, den-
dritic streams. The dominant soils are characterised by very 
shallow or slowly permeable loamy soils (LandIS 2016). The pre-
dominant land cover in the catchment is improved grassland, 
followed by calcareous grassland, acid grassland, heather grass-
land and woodland. The woodland consists of both broadleaf and 
coniferous woodland, which contributes to instream wood in-
puts and the source of materials for artificial woody dams in the 
catchment (Grabowski et al. 2019; Hankin et al. 2020). Several 
streams within the catchment are documented to have leaky 
dam installations to slow the overland flows (Yorkshire Wildlife 
Trust 2022). For modelling purposes, four sub-catchments were 
delineated based on the locations of these leaky dams (Figure 1). 
The sub-catchments extend from headwaters to the seventh or 
eighth stream order (Strahler 1957) at their confluences. Each 
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FIGURE 1    |     Legend on next page.
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sub-catchment joins the main channel of the River Aire, pro-
viding a logical framework for coupling steps in the modelling 
process. To understand the impacts of leaky dams on overland 
flow, the coupled model was individually simulated on the four 
sub-catchments. In addition to leaky dams, woodland planting, 
hedge planting and soil aeration, multiple riparian fencing and 
buffer strips have been applied in the catchment as NFM in-
terventions for flood mitigation since 2017 (Yorkshire Wildlife 
Trust 2022) (Figure 1).

2.2   |   Data Sources

Elevation data for the catchments were obtained from the 
Ordnance Survey Terrain 5 m digital terrain model (DTM) 
(Ordnance Survey 2022). The stream catchment area (Table 1) 
and boundaries were obtained from the Flood Estimation 
Handbook (FEH) (Rowland et al. 2017). The number and loca-
tions of leaky dams applied in each tributary catchment were 
determined using data provided by Yorkshire Wildlife Trust, 
relating to locations where dams have already been installed 
as part of NFM interventions. For rainfall data, the study used 
15-min measured precipitation (mm) from the Malham Tarn 
station, which is situated near a natural lake at the headwaters 
of River Aire (station number 73422; Figure 1b) (Environment 
Agency 2022). The 15-min observed river flow data (m3/s) was 
used for model calibration and validation from the Gargrave sta-
tion (53°58′54″ N, 02°05′49″ W, station number F1508) during 
2012–2022 (Figure  1) (Environment Agency  2022). Gargrave 
gauging station is located on the main channel of the River Aire, 
with a stage datum of 104.8 mAOD.

In this study, land cover inputs derived from the UKCEH (2015) 
land cover map served as the baseline layer for all coupled model 
simulations. Based on the land cover map, multiple NFM inter-
ventions known to have been applied in the study catchment 
were selected, including woodland planting, hedge planting, 
soil aeration, leaky dams and riparian buffer strips (Figure 1c). 
To investigate the impacts that potential NFM opportunities 
and expanded NFM implementation within the catchment 
may have on flood mitigation, the study generated a potential 

woodland map (Figure SI.5) by incorporating the Environment 
Agency's Working with Natural Processes (WWNP) dataset 
(Environment Agency 2024a). It provided all potential locations 
within the catchment which could be covered by woodland 
(66.86% of the catchment area).

2.3   |   High Flow Events

To model the potential impacts of NFM interventions during 
different characteristic flood events, a range of high flow pe-
riods was determined from rainfall and discharge data. These 
high-flow periods were selected to represent flood events for 
modelling before and after NFM implementation or other sce-
narios. High flow events were permitted to be single or multi-
peaked for diversity. Discrete events were identified from 
observed river flow and precipitation time series using a sim-
ilar rules-based methodology to Deasy et  al.  (2009) and van 
Leeuwen et al.  (2024). Peak over threshold (POT) and annual 
maximum (AMAX) series of discharge data (National River 
Flow Archive 2024) from an Environment Agency maintained 
flow gauging station at Armley gauging station (in the city of 
Leeds; Figure  1b) on the River Aire, which is downstream of 
Gargrave, were used to identify periods of high flow events rel-
evant to urban flood risks. Flow events were selected using the 
POT method in extreme value analysis (EVA) (Leadbetter 1991). 
The Python package ‘pyextremes’ (https://​georg​ebv.​github.​io/​
pyext​remes/​​) was utilised as a filtering tool for screening dis-
crete high flow events. A functional generalisation of the gen-
eralised Pareto distribution and generalised extreme value 
distribution (de Fondeville and Davison 2022) was employed in 
the package to define threshold exceedances as 40 m3/s. Fifteen 
discrete flood events were initially identified, each exceeding 
the discharge threshold and having a time interval of more than 
7 days since the preceding rainfall event. Among them, seven 
storm events which occurred in different months were chosen 
with rainfall durations of 16–60 h with between 1 and > 200-
year return periods for the coupled modelling (Table 2).

The high flow events were categorised according to event char-
acteristics for two attributes: wet or dry antecedent conditions 

FIGURE 1    |    Study site: (a) location of study catchment in the United Kingdom; (b) Aire and Calder catchment; (c) study area upstream of Gargrave 
gauging station, Upper Aire Catchment, North Yorkshire, UK. Location of NFM interventions in the study area and the Environment Agency op-
erated rainfall station and gauging stations. The inset (d) shows the location of four modelled streams with leaky dams in the research catchment.

TABLE 1    |    Leaky dam tributary catchment characteristics.

Tributary

Highest 
elevation 

(m)

Lowest 
elevation 

(m)
Catchment 
area (km2)

Average 
channel 
gradient 

(m/m)

Number of 
leaky dams 

applied

Number 
of points 
used for 
coupling

Final 
stream 
order

1 274 159 1.13 0.037 35 4 8

2 302 181 0.79 0.024 35 2 7

3 379 201 2.89 0.034 125 4 7

4 513 247 1.16 0.023 33 1 7
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and single or multi-peaked. The wet and dry conditions in the 
catchment prior to the event were determined by the precip-
itation time series from Malham Tarn station and from soil 
moisture reports (COSMOS-UK  2020) and the Hydrological 
Summary for the UK (UKCEH 2012–2020). The observed flow 
rates from the Gargrave gauge were used to determine whether 
the event was single or multi-peaked.

3   |   Coupling Models

3.1   |   SD-TOPMODEL

SD-TOPMODEL, as a spatially distributed hydrological model 
(Gao et al. 2015), was used to represent and simulate land cover 
types and existing NFM interventions impacting soil hydrologi-
cal functions and surface roughness at a catchment scale (Bond 
et al. 2022; Monger et al. 2024; Zhu et al. 2025). Three key pa-
rameters are employed in SD-TOPMODEL to represent these 
physical properties: overland flow velocity, Kv which equals 1/n 
where n is the surface roughness; soil hydraulic conductivity 
Ks; and soil active water storage depth m. The grid-based run-
off outputs from SD-TOPMODEL at each 15-min timestep, gen-
erated by simulating land cover data and three existing NFM 
interventions in the catchments (woodland planting, hedgerow 
planting and soil aeration) (Figure 1c), were utilised as inputs 
for the coupled model in this study. Both parameter inputs and 
model outputs were grid-based and maintained a consistent res-
olution of 5 m, aligning with the spatially distributed framework 
of SD-TOPMODEL.

3.2   |   Coupling Processes

After SD-TOPMODEL has completed the simulation of the en-
tire study catchment, the sum of subsurface and surface run-
off for each timestep in each 5 m grid can be obtained. The 
outputs include modelled runoff results from the land cover 
model, the combination of woodland planting, hedge planting 
and soil aeration (Figure  1c) and the wider catchment wood-
land (Figure  SI.5). Most rainfall-runoff and infiltration pro-
cesses occur within the sub-catchments and are predominantly 
driven by surface runoff after convergence to the main channel. 
Consequently, the flow entering the main channel is assumed 
to be the sum of subsurface and surface runoff from these sub-
catchments. This total runoff is then used as input to Flood 
Modeller. This process gives the opportunity to externally one-
way couple SD-TOPMODEL and the hydrodynamic model at 
the same catchment scale. Then, the coupled model is used to 
simulate surface flows in the leaky dam sub-catchments and the 
main river channel (stream order from 7 up to 10 in the catch-
ment) with its floodplain (Figure SI.2).

3.3   |   Flood Modeller and Coupled Model

All model runs with Flood Modeller (version 7.0, Jacobs) used 
the alternating direction implicit (ADI) solver for 2D modelling, 
which computes flow depths and discharges using a method 
based on the 2D Saint-Venant equations (Jacobs  2022a). The 
ADI solver has more efficient computation of backwater effects 

and better accuracy for mixed flow regimes, such as adding 
new 1D hydraulic structures (Jacobs 2022b). The coupled model 
was run with 1 second (s) timesteps and 5 m grid size with the 
same DTM elevation data as used in SD-TOPMODEL. The 
model parameters were set to default values except for the sur-
face roughness parameter for the coupled model running area 
(Figure SI.2). The leaky dams were added into the 2D model by 
creating fully integrated simulations linking 2D components 
with embedded 1D orifice structures (Jacobs 2022c). The leaky 
dam sub-catchments are shown in Figure 1d. The active area for 
the coupled model to Gargrave, including the main channel and 
its floodplain, was defined using elevation data from the DTM. 
This area spans from the lowest elevation of the river channel 
to an elevation increase of 15–20 m on both sides of the channel 
(details of coupling method in S1).

The same SD-TOPMODEL framework as described in 
Zhu et  al.  (2025) was utilised for the coupling process. The 
rainfall-runoff process was conducted using the spatial dis-
tribution of soil properties and hydrological functions within 
SD-TOPMODEL. A sensitivity test for parameterisation for 
land cover and NFM interventions was undertaken for SD-
TOPMODEL (Zhu et  al.  2025). Spatially distributed, grid-
based runoff maps (5 m grid size) for each 15-min timestep 
were produced. To ensure the validity of these runoff maps, a 
set of points was strategically selected at river junctions across 
the catchment. By systematically assessing the outputs from 
these selected grids, a representative grid for each junction 
was identified for subsequent point-to-point coupling proce-
dures. The methodology for this selection process is depicted 
schematically in Figure  2a. In this schematic representation 
of the river catchment, blue arrows indicate tributary flows 
modelled within SD-TOPMODEL, while red arrows denote the 
surface flows of the main channel and its floodplain area sim-
ulated by Flood Modeller. The coupling boundaries between 
the two models were established at the river junctions, specifi-
cally where tributaries converge with the main channel, as de-
noted by the orange crosses in Figure 2a. The actual coupled 
model domain (covering 90.4% of the study catchment) with 
linked locations is illustrated in S1. At these junction points, 
the coupling section was executed (Figure  2b), wherein the 
time series runoff was extracted from the corresponding grids 
in the runoff maps. These time series data were subsequently 
used as input flow for Flood Modeller. The inflows, along with 
elevation data, were incorporated into the coupled model and 
after the addition of surface roughness changes (Table 3), the 
final configuration of the coupled model in Flood Modeller 
was completed.

3.4   |   Model Calibration and Validation

3.4.1   |   Calibration of Manning's n Roughness 
Coefficients

The coupled model calibration utilised the surface rough-
ness parameter range (Manning's n roughness coefficient) as 
defined by Chow  (1959). The calibration range for the active 
areas (0.035–0.060) corresponded to the classification of flood-
plains with ‘light brush and trees in winter’ as the entire area 
was covered by improved grassland. For the river channel, the 
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FIGURE 2    |     Legend on next page.
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calibration range (0.030–0.040) reflected ‘full stage, no rifts or 
deep pools, with stones and weeds’ channel conditions, similar 
to the settings in Stamataki and Kjeldsen (2021). The baseline 
model (no NFM scenario) of the coupled model only reflects 
the land cover maps, which includes these two settings in 
Manning's n values. The baseline model was calibrated based 
on the 2015 Land Cover Map, then calibrated and validated with 
Events 1 and 3 occurring in 2015 before NFM was implemented, 
which may not fully reflect the actual conditions in 2012 and 
2019–2020. This discrepancy may introduce some degree of un-
certainty in the model's performance for these time periods. The 
model with NFM interventions was calibrated and validated 
with Events 4–7 occurring in 2019 and 2020 after NFM imple-
mentation (Table 2).

The goodness-of-fit metrics were computed from the coupled 
model results of the no NFM scenario and observed data across 
seven events and were used to evaluate model calibration within 
these specified ranges (S3). The final calibrated Manning's n val-
ues that achieve the best metrics for all seven events are shown 
in Table 3.

3.4.2   |   Using Manning's n Roughness Coefficients to 
Represent NFM Interventions

Among NFM scenarios presented in Table  3, improved grass-
land and riparian buffer strips represented by changes in 
Manning's n values were incorporated into the baseline model. 
For the riparian buffer strips and riparian woodland, the cal-
ibration range (0.10–0.16) was applied, corresponding to the 

‘heavy stand of timber, a few down trees, litter undergrowth, 
with flood stage reaching branches’ floodplain conditions. In 
the leaky dam sub-catchments, the predominant land cover is 
a mixture of grassland and woodland. For simplicity in the cou-
pled model, a lumped roughness parameter was applied as a de-
fault value for the sub-catchments. The Manning's n roughness 
coefficient was set at an intermediate value of 0.10 between the 
calibrated values of the improved grassland (0.05) and the ripar-
ian woodland (0.15).

The friction conditions in the leaky dam implementation area 
can vary. Studies have shown that the Manning's n roughness 
coefficient of the leaky dam area is influenced by factors such 
as the density of leaky dam placement, the material and po-
sitioning of the leaky dam, streambed morphology and flow 
conditions (Wilcox and Wohl 2006; Shields and Alonso 2012; 
Turcotte et al. 2015; Addy and Wilkinson 2019). Given that the 
channel characteristics of the four leaky dam tributaries were 
very similar (Table 1) and the leaky dams were implemented 
by the Yorkshire Wildlife Trust according to the same material 
and engineered structure, factors other than flow conditions 
and topography were assumed to have negligible differences 
in these tributary catchments. During high flow events, 
the flow conditions at leaky dams rapidly transition from 
the rising limb of unsteady flow to steady overflow (Leakey 
et al. 2020). Resistance during water level rise was found to 
be two to three times higher than that after inundation, lead-
ing to afflux, adjacent floodplain connections and backwater 
rise during the rising phase (Shields and Alonso  2012; Keys 
et al. 2018; Follett et al. 2021). Consequently, Manning's n val-
ues during this process must increase significantly to account 

FIGURE 2    |    (a) Schematic view of coupling SD-TOPMODEL to Flood Modeller 2D in the catchment (blue arrows represents hydrological flow, 
red arrows stand for hydrodynamic flow and the orange crosses are the schematic coupling points) and (b) coupled model structure: the smaller 
rectangles indicate two required inputs in each model, dashed ellipses depict model parameters and hexagons represent data used for coupling. All 
components are interconnected through the coupling module.

TABLE 3    |    Manning's n roughness values used in modelling scenarios (applied in Flood Modeller 2D).

Scenario Description

Manning's n roughness 
coefficients in the coupled 

model (Chow 1959)

No NFM The catchment with land cover 0.05 (default as improved grassland)
0.03 (river channel)

NFM—leaky dams and riparian 
buffer strips

The catchment with land cover, a total of 228 
leaky dams and riparian buffer strips applied

0.05 (default as improved grassland)
0.03 (river channel)

1.00 (area of leaky dams)
0.15 (riparian buffer strips)

NFM combination The catchment with land cover and all NFM 
interventions (NFM interventions include 

woodland planting, hedgerow planting, soil 
aeration, riparian buffer strips and leaky dams)

0.05 (default as improved grassland)
0.03 (river channel)

1.00 (area of leaky dams)
0.15 (riparian buffer strips)

Wider catchment woodland The catchment with land cover and wider 
catchment woodland scenario (woodland 

covered 66.9% area of the catchment) 
(Environment Agency 2024a) (Figure SI.3)

0.1 (default as sub-catchments)
0.03 (river channel)

0.15 (riparian woodland)
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for the added water resistance and drag forces induced by the 
leaky dams. The range of Manning's n values was informed 
by field measurements conducted by Kitts (2010) in the New 
Forest, England and Curran and Wohl (2003) in Washington 
State, USA. For similar coarse gravel bed conditions, the mean 
Manning's n values were 0.60 for step-pool and steep streams 
(representative of Washington streams) and 1.42 for mean-
dering and gentle streams (New Forest, UK) under overflow. 
Based on these findings, the calibration range for the model 
was set between 0.60 and 1.50, with parameter values selected 
at intervals of 0.10. For simplicity, only one decimal place was 
retained. Ultimately, the model was calibrated to a final value 
of 1.0. In addition, to represent the geometric alterations to 
stream channels caused by leaky dams, each structure was 
modelled using a 1D orifice element within the hydrodynamic 
framework, similar to the settings in Leakey et al. (2020) and 
Senior et al. (2022).

3.4.3   |   Model Validation

The validation of the model was conducted by comparing its out-
put to historic flood records as well as observed hydrographs. 
Historic flood records were sourced from the Environment 
Agency's post-flood emergency oblique aerial photography 
(Environment Agency  2024b) and historic flood outlines 
(Environment Agency  2024c), which were only available for 
Event 3 (beginning on 25 December 2015) and Event 7 (begin-
ning on 15 Febreuary 2020). Traces of inundation were shown 
in the aerial photographs and the area of inundation was de-
termined based on geographic location and reference objects 
(roads, bridges and buildings). The flood inundation extents 
from these records were extracted and compared with the mod-
elled inundation extents (Figure  3). The modelled inundation 
extents within the active area of the coupled model covered all 
historic records, indicating that the model performance is viable 
and accurate.

3.5   |   Modelling Scenarios

A total of four scenarios were tested in the coupled model 
(Table 3). All scenarios required parameter adjustments within 
the coupled model to simulate these nature-based interventions. 
These adjustments involved modifications to both the param-
eters and settings in Flood Modeller. Additionally, some sce-
narios incorporated land cover changes and three soil and land 
use interventions, which required corresponding parameter 

modifications in SD-TOPMODEL. These parameters in SD-
TOPMODEL were calibrated and validated as described in Zhu 
et al. (2025), while parameterisation in Flood Modeller was de-
scribed in Section 3.4 in this study.

3.5.1   |   Leaky Dams and Riparian Buffer 
Strips Scenarios

A total of 228 leaky dams and riparian buffer strips were im-
plemented in the catchment. This scenario was applied upon 
the land cover maps, requiring adjustments to Manning's n 
roughness coefficients in the coupled model to represent these 
interventions. Given that the cumulative flow mitigation ef-
fects of a large number of leaky dams were modelled at the 
catchment scale, minor differences between individual leaky 
dams were disregarded and a uniform representation was 
used in the coupled model, as illustrated in the schematic 
(Figure 4). Embedded 1D orifice structures, along with adjust-
ments to the Manning's n roughness coefficients, were used to 
represent leaky dams in Flood Modeller 2D (Jacobs 2022b). As 
shown in the structure schematic (Figure 4), partial channel 
blockages were placed at each leaky dam cross section, leaving 
a gap (0.1–0.3 m depending on maximum elevation differences 
in the DTM before and after the dam) under the blockage to 
allow low flows to pass through. Elevation adjustments have 
been applied to each leaky dam to avoid overestimated back 
flows. With a grid size of 5 m, the model set the width of 
all leaky dams to 5 m and the top height of each leaky dam 
matched the height of the channel sides. The characteristics 
of the tributary catchments and the number of leaky dams are 
detailed in Table 1, with the average channel gradients of the 
four tributaries being similar, allowing for consistent height 
and roughness settings for all leaky dams.

3.5.2   |   Land Cover, NFM Interventions and Potential 
Woodland Scenarios

Scenarios requiring parameter adjustments in each model in-
clude no NFM, NFM combination and wider catchment wood-
land scenarios (Table 3). The no NFM scenario was represented 
by land cover maps within the catchment, with parameters rep-
resenting topsoil properties and surface roughness applied only 
in SD-TOPMODEL (Table 4). The calibrated surface roughness 
parameters for the active areas in Flood Modeller were set as 
default as this area was recognised as improved grassland in the 
land cover maps. In this case, the default Manning's n roughness 

FIGURE 3    |    Model validation with historic flood records.
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coefficient was used for the area and a reduced value was set as 
the river channel (Table 3).

The NFM combination scenario incorporated leaky dams 
and riparian buffer strips to the no NFM scenario, along with 
other NFM interventions in the catchment such as woodland 
planting, hedgerow planting and soil aeration modelled in SD-
TOPMODEL. The setup for leaky dams and riparian buffer strips 
followed Table 3, while other interventions were consistent with 
all NFM scenarios described being used within SD-TOPMODEL 
in Table 4. The wider catchment woodland scenarios were based 
on the Catchment Woodland Potential map from Environment 
Agency, which used the same parameter settings as the NFM 
intervention woodland planting (new woodland) in SD-
TOPMODEL. In Flood Modeller, the potential woodland in the 
active area applied the same Manning's n roughness coefficient 

as riparian buffer strips. Thus, all scenarios were fully imple-
mented in the coupled model.

4   |   Results

4.1   |   Coupled Model Performance for Various High 
Flow Events

The model performance of the calibrated coupled model was 
evaluated by goodness-of-fit metrics calculated between the 
no NFM scenario results and observed data (Table  5). The 
model demonstrates a good overall fit for all events except 
Event 2. For example, NSE, R2, VE and KGE were all greater 
than 0.6. Optimal values for each metric were achieved 
in Event 3, where RMSE and PBIAS were both close to 0, 
while  other  metrics approached 1. In contrast, Event 2 (oc-
curring in 2012) showed a poor fit for some metrics (e.g., NSE 
of −0.02 and R2 of −0.02), though wNSE, VE and KGE values 
improved (ranging between 0.4 and 0.5) due to their focus on 
flood peaks, even when the overall fit remains suboptimal. 
Events 4–7 (occurring between 2019 and 2020) also showed 
a lower fit compared to Events 1 and 3, which occurred in 
2015. This may be attributed to the baseline model's use of 
the 2015 land cover map, which may differ slightly from land 
cover in other years. Some NFM interventions had been im-
plemented in the catchment by 2019–2020, which are not in-
cluded in the baseline model (no NFM scenario) for simulation 
of Events 4–7.

Model performance is also affected by the characteristics of 
high-flow events. When catchment preconditions are dry, 
the lack of an infiltration simulation module in the coupled 
model results in less water loss in the simulation, especially 
compared to wet conditions. Events 2, 5, 6 and 7 are small 
to medium-sized flood events with return periods from 1 to 
20 years, with lower peak discharge than more extreme events 
(return periods from 50 to > 200 years). The receding limbs of 
these small peaks are more affected by infiltration processes. 

FIGURE 4    |    The leaky dams and riparian buffer strips implemented in Tributary 4 (photo on 29 March 2022), schematic stream channel and 
cross-section of a 1D structure in the hydrodynamic model.

TABLE 4    |    Calibrated parameter multiplier settings in SD-
TOPMODEL for land cover types and NFM interventions.

Land cover class

Parameter multipliers

m (m) kv (−) ks (m/h)

Broadleaf woodland 0.0135 22.5 800

Coniferous woodland 0.0135 22.5 400

Improved grassland 
(baseline)

0.009 30 100

Calcareous grassland 0.009 24 300

Acid grassland 0.009 24 300

NFM interventions

Hedgerow 0.009 15 1000

Woodland (new 
planted)

0.0135 18 250

Soil aeration 0.0135 30 400

Source: Zhu et al. (2025).
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This effect is more pronounced in Event 2, which has lower 
flow and multiple flood peaks. While the discharge and tim-
ing of flood peaks are well-matched in the hydrographs of 
model results, the peak recession process diverges from ob-
served data. This discrepancy is also evident in goodness-of-fit 
metrics but does not compromise the accuracy of the model in 
simulating peak times and other high flow peaks. Therefore, 
the characteristics of the coupled model allow it to accomplish 
a good fit for extreme flood events with return periods greater 
than 50 years and to ensure the modelling accuracy of flood 
peak discharge and timing for small to medium flood events 
(1–20 years of return period).

4.2   |   Flood Mitigation Impacts of NFM Scenarios

4.2.1   |   Impacts of Leaky Dams on Tributaries

Because the four sub-catchments are all upland, they share 
similar soil and landscape characteristics, though other charac-
teristics differ, as shown in Table  1. However, integrating the 
simulation results for the seven events revealed notable differ-
ences among the tributaries. The effects on peak delay and peak 
discharge reduction were inversely proportional among the 
four tributaries; in one tributary, a higher delay time was often 
coupled with a smaller peak discharge reduction (Figure  5). 
For example, in Tributary 2, results showed effective peak de-
lays ranging from 30 to 75 min across seven events, alongside 
increased peak discharge for all but one event. Similar inverse 
effects appeared in the other three tributaries, although not as 
markedly as in Tributary 2. In contrast, differences between 
events within the same tributary were minimal, shown as outli-
ers in Figure 5 with only five outliers present overall. In general, 
leaky dams resulted in peak delays in all four tributaries, with 
mean values ranging from 8.6 to 60 min; except for Tributary 1, 
which had a greater reduction in peak discharge (mean 1.84%) 
and the other three tributaries, which had subtle reductions 
(mean values ranging from 0.53% to 0.63%). Therefore, the peak 
delay effect of leaky dams is greater than the effect on flood peak 
reduction.

4.2.2   |   Catchment-Scale NFM Scenario Impacts on 
Flood Peaks

The flood mitigation effects across three NFM scenarios were 
evaluated by comparing the percentage of peak discharge re-
duction and the time lag between flood peaks relative to the no 
NFM scenario (Figure 6). All scenarios demonstrated positive 
flood mitigation impacts, yet differences were observed across 
various high-flow events and NFM scenarios.

Among the events, Event 1 exhibited the highest peak reduc-
tion percentages across all scenarios, while Events 2 and 5 
showed small flood reductions (> 1%) and Events 3, 4, 6 7 expe-
rienced only minimal peak reductions (< 0.5%). Notably, peak 
delay impacts did not always correspond to peak reductions 
in certain events. For example, Events 4 and 6 displayed flood 
delays of up to 15 min despite minimal peak reductions, while 
Events 1 and 5 achieved greater peak reductions with compa-
rable or smaller peak delays in NFM (leaky dams and riparian 
buffer strips) and NFM combination scenarios. These varia-
tions in flood peak behaviour are also depicted in the hydro-
graphs (Figure 7). These differences between events are likely 
influenced by specific event characteristics. For instance, two 
of the seven high flow events, extreme Events 3 (with a re-
turn period exceeding 200 years) and 4 (with a return period 
of 100 years) both showed flood reduction effects of less than 
a 0.5%. However, this pattern did not hold for Events 6 and 
7, both with 20-year return periods, which experienced high 
average rainfall intensities that may have diminished flood 
mitigation effects in the modelling results. This feature was 
similarly reflected in the peak delay results: Events 3, 5 and 
7 showed no delays for NFM (leaky dams and riparian buffer 
strips) and NFM combination scenarios.

While the pattern of differences between events remained con-
sistent across scenarios, there were subtle variations in event 
responses between scenarios. The hydrographs indicated that 
the runoff results for the NFM (leaky dams and riparian buf-
fer strips) scenario and NFM combination scenario were very 
similar, with only minor non-overlapping peaks. This was 

TABLE 5    |    Goodness-of-fit metrics for coupled model results (no NFM) with calibrated Manning's n values (Table 3) applied across seven events 
(Metrics' attributes in Table SI.1).

Event 1 Event 2 Event 3 Event 4 Event 5 Event 6 Event 7

RMSE 6.95 8.56 4.74 9.53 7.9 9.54 9.78

PBIAS % 18.10 57.30 −0.30 −10.70 37.30 30.20 31.20

NSE 0.81 −0.02 0.95 0.83 0.61 0.68 0.67

wNSE 0.89 0.49 0.94 0.81 0.69 0.59 0.75

d 0.94 0.79 0.99 0.95 0.92 0.94 0.92

r 0.94 0.9 0.98 0.94 0.96 0.99 0.97

R2 0.81 −0.02 0.95 0.83 0.61 0.68 0.67

VE 0.69 0.41 0.91 0.81 0.62 0.70 0.69

KGE 0.71 0.42 0.97 0.74 0.6 0.65 0.68
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consistent, as shown in Figure 6, where the percentage of peak 
reduction increased in the NFM combination scenario except 
for Events 1 and 2, with only Event 2 showing an increase in 
peak delay time.

In contrast, the wider catchment woodland scenario caused 
more marked changes across all seven events, as shown in 
Figure 6 and in the hydrographs in Figure 7. Peak reduction 
percentages and delay times increased compared to the other 
two scenarios, especially in Events 4, 6 and 7, which had only 
minor reductions in the other two scenarios. Increases were 
smaller for extreme Events 3, with only a minimal rise (from 
0.03% to 0.14%). The impact of the wider catchment woodland 
scenario on peak delays was also significant: all events showed 
notable increases in peak delay time of 30–60 min. This effect 
is clearly visible in the hydrographs for each event, where all 
rising limbs are flattened and slowed, resulting in delays for 
both single and multiple flood peaks. The increases in delay 
times did not vary greatly across events, suggesting minimal 
influence from event characteristics, except flood magnitude 
(return period). Overall, the NFM combination scenarios offer 
slightly improved flood mitigation than the NFM (leaky dams 
and riparian buffer strips) scenario, while the wider catch-
ment woodland scenario significantly enhanced flood mit-
igation compared to the other two scenarios. This indicates 
adding more intervention types in the catchment is not bene-
ficial for all events.

4.2.3   |   Impacts on Flood Inundation Extent and Depths

In addition to evaluating peak discharge reduction and peak 
delay times, the coupled model also produced inundation ex-
tent and depth results for each high flow event. Taking Event 
1 as an example, Figure 8 illustrates the maximum extent and 
depth of inundation near the downstream end of the study 
catchment (around Gargrave town) for this event under dif-
ferent NFM scenarios, which varied noticeably between 
scenarios.

Firstly, there are variations in the flood inundation extent. 
The NFM (leaky dams and riparian buffer strips) scenario ex-
hibited the smallest inundation area under the same rainfall 
conditions, closely followed by the NFM combination sce-
nario. Compared to the no NFM scenario, these two scenar-
ios resulted in reduced inundation at critical points, such as on 
roads on the edge of the reach (notably Skipton Road and High 
Street in Gargrave town centre) and overflow around the rail-
way and Priest Holme Bridge, both of which are highlighted in 
Figure  8a. These reductions in inundation extent are signifi-
cant improvements. However, the wider catchment woodland 
scenario increased the maximum extent of inundation by 4.4% 
of the coupled model area, which was reflected across all the 
demonstration areas in Figure 8. This expansion of the inunda-
tion was, particularly, pronounced in Gargrave town, including 
roads, green spaces and some residential areas. This outcome 

FIGURE 5    |    Impacts of leaky dam implementation on peak delay (minutes) and peak discharge reduction (%) in seven events grouped by four 
leaky dam tributaries (the triangle represents the mean value; the line is the median value).
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contradicts the findings that the wider catchment woodland 
scenario achieved greater peak discharge reduction and peak 
delay. The apparent contradiction arises because extensive tree 
planting in this scenario increases surface roughness in the 
catchment, thus slowing down the flow. These changes in run-
off may cause peak flow synchronisation. Also, the prolonged 

runoff process on the floodplain led to a higher number of wet 
cells in the coupled model area compared to the other three sce-
narios, as indicated by the model results. This suggests greater 
overland flow within the catchment, including overflow onto 
floodplains and channel perimeter, resulting in a larger inun-
dation extent.

FIGURE 6    |    Flood mitigation results from the coupled model by comparing NFM scenarios with the no NFM scenario. (a) Peak discharge reduc-
tion and (b) peak delay.
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FIGURE 7    |     Legend on next page.
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When comparing the maximum inundation depths, the re-
sults for the two NFM implementation scenarios and the no 
NFM scenario are generally similar, with differences of less 
than 0.5 m in most areas. This aligns with previous findings 
for peak discharge, where reductions due to NFM interven-
tions were not substantial. However, in the wider catchment 
woodland scenario, significant increases in maximum inun-
dation depth were observed across inundated areas. Distinct 
colour changes in Figure  8 highlight regions where inunda-
tion depth increased. This suggests that the NFM (leaky dams 
and riparian buffer strips) scenario and the NFM combination 
scenario effectively reduce critical inundation extents, but 
their impact on inundation depth is minimal. Conversely, the 
wider catchment woodland scenario may exacerbate potential 
flood risk due to increases in both maximum inundation ex-
tent and depth.

4.3   |   Assessing Model Performance of the Coupled 
Model in Comparison to SD-TOPMODEL

The hydrographs also included the results of the SD-TOPMODEL 
simulations (only the scenarios with land cover and all NFM in-
terventions were shown as no NFM and with NFM in Figure 7) 
to compare the performance of the coupled model with SD-
TOPMODEL. The hydrographs indicated that SD-TOPMODEL 
generally provided a better fit between simulated runoff and ob-
served data for most events (e.g., Events 1, 2, 3, 5 and 7), while 
overestimation of peak discharge occurred in Events 4 and 6. 
Notably, these overestimations were mitigated in the coupled 
model results. This pattern was consistent across all events but 
did not always result in a decrease; in some cases, the coupled 
model showed increased peak discharge. A distinguishing fea-
ture of the coupled model compared to SD-TOPMODEL was 

FIGURE 7    |    Hydrographs of peaks for seven events produced by the coupled model (no NFM, NFM—leaky dams and riparian buffer strips, NFM 
combination, wider catchment woodland scenarios) and SD-TOPMODEL (no NFM and NFM scenarios). Full hydrographs are in S2.

FIGURE 8    |    Coupled model outputs of maximum inundation extents and depths (m) among different scenarios (Event 1) for the large village of 
Gargrave. (a) No NFM scenario; (b) Leaky dams and riparian buffer strips scenario; (c) NFM combination scenario; (d) Wider catchment woodland 
scenario.
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its ability to flatten flood peaks and reduce hydrograph fluctua-
tions. For multi-peaked events, the second or subsequent peaks 
were often elevated. This behaviour is likely due to the coupled 
model's lack of an infiltration module in its computing mecha-
nism. Focusing on the localisation of the flood peaks, the cou-
pled model provided a better fit for peak shapes and discharge 
compared to SD-TOPMODEL. This was especially evident in the 
arrival time of peaks, where the coupled model results showed 
strong consistency with observed data.

In addition to the visual inspection of the hydrographs, goodness-
of-fit metrics were employed as statistical criteria to assess the 
baseline models of both the coupled model and SD-TOPMODEL 
for model accuracy. The box plot (Figure 9) illustrates the com-
parison between the coupled model and SD-TOPMODEL across 
nine goodness-of-fit metrics (S3), calculated from seven events 
under the no NFM scenario (land cover map applied only) and 
the observed data.

First, the model performance indices (d, KGE, r, VE, NSE, R2, 
wNSE) are compared: the results for d, NSE, R2 and wNSE are 
similar between the two models, with the coupled model hav-
ing slightly better NSE and R2 values than SD-TOPMODEL. 
For the Pearson correlation coefficient (r), the coupled model 
shows better performance. Conversely, SD-TOPMODEL 
slightly outperforms the coupled model in KGE and VE, 
though outliers representing over- and under-performance are 
observed in the coupled model results. Metrics such as NSE, 
R2 and d are lumped criteria, insensitive to the variability in 

the results, while KGE and VE are normalised by the average 
observation, leading to an underestimation of peak discharge 
(Althoff and Rodrigues  2021). The wNSE metric increases 
the weighting of the peak discharge to address the limitation 
of NSE (Hundecha and Bárdossy 2004). Pearson's r reflected 
the correlation between the modelled results and observed 
data, indicating that the trends are closely aligned. For error 
measures, the coupled model provides worse results than SD-
TOPMODEL in PBIAS, a metric normalised by the average of 
observed values. However, as RMSE assigns greater weight to 
larger errors and outliers, the coupled model achieves a lower 
RMSE value, indicating smaller absolute errors compared to 
SD-TOPMODEL.

Overall, these assessment metrics demonstrate that the coupled 
model and SD-TOPMODEL exhibit comparable accuracy, with 
the coupled model outperforming SD-TOPMODEL in capturing 
flood peaks and peak rates. The coupled model does not simu-
late the receding limb as effectively as SD-TOPMODEL, which 
is reflected in several metrics normalised by means. The cou-
pled model provides better performance in metrics emphasising 
peaks and outliers.

4.4   |   Variations Between the Coupled Model 
and SD-TOPMODEL in Responses to NFM

The differences in discharge over time generated by the 
two models simulating the catchment with or without NFM 

FIGURE 9    |    Comparison of goodness-of-fit metrics calculated for seven events (no NFM scenario) between SD-TOPMODEL (SD-TM) and the 
coupled model.
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FIGURE 10    |     Legend on next page.
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interventions for each of the seven events are illustrated in 
Figure  10. These comparisons highlight how the coupled 
model maintains robustness in simulating NFM effectiveness 
while exhibiting distinct model characteristics. Additionally, 
they illustrate the models' performance under different high-
flow event characteristics. A consistent feature across all 
events was that the SD-TOPMODEL simulation under NFM 
scenarios increased total runoff during the period of the ris-
ing limb following rainfall onset compared with the no NFM 
scenario, whereas the coupled model generally showed a de-
crease. This difference arises because SD-TOPMODEL rep-
resents NFM interventions as increasing soil infiltration and 
water storage, resulting in a rapid increase in subsurface run-
off after rainfall onset along with a rapid increase in total run-
off in the final output of the model. This is a process that is not 
fully delivered in the coupled model. In contrast, the Flood 
Modeller part accounts for NFM interventions by increasing 
surface roughness, which could reduce runoff after rainfall 
onset. An exception occurred in Event 3, where intense and 
concentrated rainfall rendered increased surface roughness 
insufficient to reduce runoff effectively.

During the flood peak period, the timing and discharge of 
peak differences were broadly consistent between the two 
models, with similar reductions observed. However, some de-
viations were evident in specific events, likely influenced by 
event characteristics. For example, in Events 3 and 4, which 
were characterised by high-intensity continuous rainfall, the 
models exhibited asynchronous responses to NFM interven-
tions. In the hydrograph for Event 3 (Figure  7), prolonged 
high flow resulted in unsynchronised hydrograph shapes and 
NFM-induced variations between the models, driven by re-
duced fluctuations in the coupled model. Event 4, occurring 
under dry antecedent catchment conditions, revealed SD-
TOPMODEL's heightened sensitivity to high-intensity rainfall 
with the addition of NFM, producing substantial increases in 
total runoff. Conversely, the coupled model reduced runoff 
due to increased surface roughness. In other high-flow events, 
the NFM simulations by the two models were unaffected by 
multi-peaked floods or varying catchment conditions (wet 
or dry).

Thus, the coupled model demonstrated some divergence from 
SD-TOPMODEL under high-intensity rainfall events but re-
tained robustness and reliability in simulating NFM scenarios. 
It also provided robust insights into the impacts of NFM inter-
ventions on peak discharge and timing, affirming its suitability 
for NFM intervention modelling.

5   |   Discussion

Using the coupled model, all NFM interventions in the study 
catchment were integrated into the catchment-scale modelling 
framework, including detailed representations of leaky dams 

and other surface structural measures. This approach provides 
opportunities to evaluate the effectiveness of NFM interventions 
and assess their potential impacts on tributary synchronisation 
under various rainfall events and NFM scenarios at larger catch-
ment scales.

5.1   |   The Effectiveness of Leaky Dams by Scale

In this study, experimental comparisons were conducted using 
the coupled model to evaluate the effects of leaky dams in four 
tributaries before and after their implementation. Previous 
studies suggested that leaky dams were most effective for 
events with a return period less than 1.5 years, with dimin-
ishing peak reduction effectiveness as the return period in-
creases (Senior et al. 2022; van Leeuwen et al. 2024). However, 
no reduction in effectiveness with increasing return periods 
of events (from 1 to > 200 years) was observed in this study. 
While no significant differences in effectiveness were found 
across event characteristics, results varied between tributar-
ies. These variations showed no correlation with tributary 
catchment area or the number of leaky dam implementations, 
supporting findings from other modelling studies (Hankin 
et  al.  2020; Black et  al.  2021). Some studies suggested that 
these variations can be attributed to differences in dam physi-
cal properties, location and spacing distances and differences 
in geology and surface cover (Black et  al.  2021; Follett and 
Hankin 2022). However, these factors were treated as uniform 
in this modelling study. Thus, the differences were most likely 
influenced by varying average channel gradients among the 
tributaries, as identical leaky dams in steeper channel gradi-
ents generate greater upstream depth and backwater volume 
but lower backwater length, resulting in reduced effectiveness 
in delaying and reducing flood peaks (Hankin et  al.  2020; 
Follett and Hankin 2022; Follett et al. 2024).

Leaky dams were more effective at delaying flood peaks than 
reducing peak discharge, though these two effects were not syn-
chronised and inversely influenced each other. A previous mon-
itoring study observed that lag time increased with rising flood 
magnitudes until reaching bankfull discharge, beyond which 
the lag time either plateaued or decreased (Black et  al.  2021). 
Although leaky dams facilitate the availability of floodplain 
connectivity and expandable field storage during high flow 
events, the small storage capacity of these features may impede 
their downstream flood mitigation impacts at the (sub-) catch-
ment scale (Thomas and Nisbet  2012; Kay et  al.  2019; Hankin 
et al. 2020; Beven et al. 2022; van Leeuwen et al. 2024). The find-
ings of this study also support this, showing that both peak delay 
and peak reduction were less effective at the catchment scale 
compared to the tributary scale. All evidence points to the lim-
ited ability of leaky dams to delay and reduce flood peaks beyond 
the sub-catchment scale in which they are installed, but there is a 
lack of research on the flood mitigation potential of overflows on 
both sides of the overtopped dam. Further modelling is required 

FIGURE 10    |    The discharge differences between no NFM and with NFM in SD-TOPMODEL (SDTM) and the coupled model (positive values 
represent increases in discharge by using NFM discharge minus no NFM discharge and vice versa). Full details of the event hydrographs are shown 
in Figure SI.4.
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to explore the potential for utilising expandable field storage 
within tributaries to better understand the relationship between 
peak delay and peak reduction caused by leaky dams.

5.2   |   NFM Impacts on Peak Discharge and Flood 
Inundation

Most NFM modelling studies have concentrated on the impacts 
on peak discharge and timing within the flood hydrograph, with 
only limited attention given to the extent and depth of flood in-
undation (Lane 2017; Addy and Wilkinson 2019; Kay et al. 2019; 
Zhu et al. 2024). The coupled model utilised in this study offers 
detailed spatial-scale information, complementing hydrograph 
analyses and thus provides insightful scientific evidence for un-
derstanding the inundation impacts of NFM during high-flow 
events.

Some differences were observed between the outputs of SD-
TOPMODEL and the coupled model. These differences were not 
evident when comparing the peak mitigation effects of NFM in-
terventions, as both models achieved similar reductions in peak 
discharge and peak delays. However, discrepancies became ap-
parent in the hydrographs (Figure 10), suggesting that the cou-
pled model may have introduced additional uncertainty due to 
the increased complexity of the coupling process. Despite this, 
the coupled model offers valuable outputs of flood inundation 
depths and extents, which the hydrological model alone cannot 
provide. This distinction informs the targeted use of each model 
in NFM modelling. In upland catchments, where rainfall-runoff 
processes dominate, SD-TOPMODEL offers a more efficient 
modelling approach. Conversely, in scenarios involving surface 
structures, runoff convergence and floodplain inundation, the 
coupled model is more appropriate due to its ability to simulate 
flood inundation dynamics.

This study reveals that under NFM scenarios, both inundation 
extent and depth decrease as peak discharge decreases. However, 
large-scale tree planting across the catchment, despite reducing 
peak discharge, increases inundation extent and depth. The 
effects of increased woodland on flood peaks remain debated, 
with evidence suggesting reduced effectiveness for larger flood 
events and in larger catchments (Xiao et al. 2022). This observa-
tion aligns with the results in Figure 6, where the reduction in 
flood peaks is smaller for extreme events such as Events 3 and 
4, which have return periods ≥ 100 years. Additionally, previous 
studies have concluded that woodland effectiveness is highly re-
lated to its desynchronisation of flood waves through the catch-
ment (Dixon et al. 2016; Dadson et al. 2017; Lane 2017; Metcalfe 
et al. 2018; Kingsbury-Smith et al. 2023).

The coupled model accounts for two critical effects caused by 
woodland: slowing the process of saturation-excess overland 
flow (Murphy et  al.  2020) and increasing surface roughness 
during the conveyance of overland flow across the catchment 
(Bond et al. 2020; Monger et al. 2022, 2024). A plausible explana-
tion for the model results is that these effects may inadvertently 
synchronise flood wave arrivals downstream under the ideal 
maximum woodland scenario. While upstream woodland re-
duces total runoff (as seen in hydrograph runoff reductions), de-
layed streamflow and overland flow may arrive simultaneously 

downstream, leading to a greater inundation extent and depth, 
particularly, in Gargrave town. This finding underscores the 
need to understand interactions between NFM interventions, 
as poorly coordinated designs within sub-catchments could re-
sult in unintended synchronisations (Blanc et al. 2012; Pattison 
et al. 2014; Dixon et al. 2016). Thus, it is strongly recommended 
that modelling is undertaken for all catchments where NFM in-
terventions are proposed to ensure effective planning mitigates 
such synchronicity risks and optimises spatial designs.

5.3   |   Benefits and Future Implications 
of the Coupled Model

Even though SD-TOPMODEL has enabled spatially distrib-
uted simulations at high resolutions (Gao et  al.  2015, 2017; 
Kingsbury-Smith et al. 2023), its outputs remain constrained 
by the TOPMODEL algorithm, which produces spatial-scaled, 
cumulative and conceptual results. These outputs are primar-
ily valid at river channels and their confluences and catch-
ment outflow boundaries, in alignment with hydrological 
principles. However, the model's outputs in accumulation 
areas, such as hillslopes, are stochastic and do not provide de-
tailed hydrological insights. The coupling of SD-TOPMODEL 
and Flood Modeller 2D enhances their capabilities by en-
abling the input of precise surface structural changes, such 
as leaky dams, into the model and by producing fully spatially 
distributed outputs.

The direct coupling of a hydrological and 2D hydrodynamic 
model at the same scale, as implemented in this study, is compu-
tationally more efficient than using a 2D hydrodynamic model 
alone to simulate surface runoff across the whole region (Shen 
et al. 2024). In the rainfall process, runoff flows through both 
the hydrological model and the 2D hydrodynamic model regions 
simultaneously. Using this direct coupling method synchronises 
the rainfall-runoff and surface convergence processes, allow-
ing the model to represent flooding dynamics more accurately 
(Brewer et al. 2018). Furthermore, goodness-of-fit metrics used 
to evaluate model performance demonstrate that the coupled 
model achieves high accuracy and performs, particularly, well 
in simulating flood events with high return periods. This im-
proved performance can be attributed to the computational 
mechanisms and default parameters inherent in Flood Modeller 
2D (Pinos and Timbe 2019). Thus, the coupled model effectively 
incorporates SD-TOPMODEL's operational mechanisms for soil 
property changes and rainfall-runoff processes, maintaining 
both accuracy and performance while providing enhanced spa-
tiotemporal outputs.

However, the coupled model faced certain limitations. One 
significant limitation was the representation of leaky dams, 
which was constrained by the model's 5 m resolution. This con-
straint required all leaky dams to be represented with a uniform 
width of 5 m, potentially overestimating or underestimating 
their real-world physical characteristics. Additionally, a com-
mon challenge in NFM modelling is the limited availability of 
post-implementation monitoring data for model validation (Hill 
et al. 2023). In this study, the inundation validation of the coupled 
model, which relied on historical flood records, demonstrated 
limited accuracy, thereby introducing potential uncertainties 
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into the model outputs. Thus, more empirical data from field 
measurements are needed to validate the model results.

The coupling method employed in this study was developed 
specifically for SD-TOPMODEL and requires further validation 
for its application across other hydrological and hydrodynamic 
models. Currently, the approach involves manually identify-
ing coupling points and extracting runoff data, which limits its 
scalability and efficiency. Future advancements could focus on 
developing automated processes through coding, incorporat-
ing necessary parameters to streamline the coupling workflow. 
Additionally, the next stage of research should aim to model 
systematic NFM interventions at a catchment scale, enabling 
simulations at larger scales (100–1000 km2) and across diverse 
catchments with varying characteristics. Such advancements 
will provide robust, numerical evidence to support NFM plan-
ning and inform future policy development.

6   |   Conclusions

This study used a coupled hydrological-hydrodynamic model 
to evaluate the effectiveness of multiple NFM interventions, 
including woodland planting, hedge planting, soil aeration, 
riparian buffer strips and leaky dams and their influence on 
flood peak delay, discharge reduction and inundation extents 
and depths for high flow events in a large-scale catchment 
(81.4 km2). The coupling approach between SD-TOPMODEL 
and Flood Modeller 2D demonstrated a good fit and reliable 
performance for both peak discharge and timing simulations. 
The study also revealed that leaky dams are more effective in 
delaying flood peaks than in reducing peak discharge in the 
tributary catchments and their impacts at the larger catchment 
scale are similar to that provided by the combination of all 
NFM interventions. While NFM scenarios consistently showed 
positive flood mitigation impacts with reductions in peak dis-
charge, inundation extent and depth, the maximum woodland 
scenario across the catchment unexpectedly increased inunda-
tion extent and depth due to the potential synchronisation of 
flood wave arrivals downstream and increased surface rough-
ness on floodplains. These results highlight the critical need 
for coordinated NFM planning to avoid unintended synchro-
nisation and optimise intervention effectiveness. While prac-
titioners may be keen to simply go ahead and apply NFM and 
land cover interventions based on anticipated ‘typical’ flood 
outcomes, catchment-by-catchment modelling is necessary to 
reduce the possibility of inadvertent impacts being realised. 
Such modelling has a cost implication for catchment planners, 
but ultimately this consists of a very small component of the 
overall cost of implementing an NFM scheme at scale and is 
trivial compared to the scale of costs associated with flood 
damage to properties and infrastructure. Overall, the coupling 
of SD-TOPMODEL with Flood Modeller 2D proved robust, of-
fering enhanced spatiotemporal inundation outputs and a valu-
able tool for modelling the impacts of NFM interventions on 
flood hazards in downstream towns and cities. It also enabled 
the precise incorporation of structural changes such as leaky 
dams and spatial changes such as land and soil management at 
a catchment scale larger than 50 km2, demonstrating its utility 
for integrated catchment-scale NFM modelling.
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and their associated attribute. 
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