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ABSTRACT 

The wider benefits of Natural Flood Management (NFM) are increasingly used to engage local stakeholders and justify physical implementation. Previous studies have highlighted the potential for upstream NFM interventions to contribute to water level management strategies by mitigating downstream water levels and promoting free discharge at surface drainage outfalls from urban areas. This study extends the scope of this possible benefit by examining the potential for upstream NFM interventions to desynchronise rural and urban responses under various storm tracks, thereby improving the performance of downstream surface drainage networks. 
The methodology uses a coupled modelling approach (consisting of Dynamic TOPMODEL, HEC-RAS and Infoworks ICM). Five design events, each applied with eight different storm tracks, are used to evaluate how a catchment-scale NFM in the upper Calder might influence performance of surface drainage in the downstream town of Todmorden. 
The results suggest that all the considered storm tracks had substantial influence on whether urban rainfall occurs during the period when outfalls are inundated. 
While upstream NFM interventions create modest flow attenuation, slight delay in rural response can significantly improve drainage performance and reduce instances of nuisance flooding. 
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1 INTRODUCTION 
	The term ‘Natural Flood Management’ (NFM) encompasses a wide range of interventions that promote (or restore) natural hydrological processes in the rural areas of a catchment with the traditional aim of managing sources and pathways of floodwaters (Collentine and Futter, 2016; Holstead et al., 2017). Interventions do this by promoting infiltration, managing overland conveyance and creating lowlands storage (Pitt, 2008; Dadson et al., 2017). Intervention types are varied and include: afforestation, moorland restoration, floodplain reconnection and creation of offline ponds (Environment Agency, 2017). The evidence base for the effectiveness of catchment-scale impacts remains nascent (Dadson et al., 2017), particularly in catchments greater than 10km2 (Archer, Climent-Soler and Holman, 2010). Nevertheless, it is generally acknowledged that such techniques have the potential to widen the scope of traditional flood risk management (Bracken et al., 2016; Norbury, Shaw and Jones, 2018). 
		Indeed, Lane (2017) argues that less emphasis should be placed on NFM’s ability to prevent fluvial flooding, with the installation of interventions being justified using other forms of derived benefit. These ‘multiple benefits’ (although dependent on intervention type) include potential improvements for: (i) channel sediment quality (Janes et al., 2017), (ii) aquatic biodiversity (Thompson et al., 2018), (iii) reducing soil nutrient losses (Wilkinson et al., 2014), (iv) eco-system services (Iacob et al., 2014) and (v) wider societal benefits (Teal and Peterson, 2005). Wingfield et al. (2019) argue that by incorporating these multidisciplinary benefits into the implementation of NFM, there is wider stakeholder involvement and greater opportunity for delivering NFM within a flood risk management strategy. 
	To this end, Ferguson and Fenner (2020) evaluated the possibility for a largely unrecognised benefit from NFM – whether, by moderating river levels in downstream water courses, interventions could improve free discharge from urban surface drainage systems. In this way, interventions were evaluated on their ability to contribute to a water level management strategy, rather than on their effectiveness in preventing fluvial flooding. Ferguson and Fenner (in press) used a modelled case study to evaluate the possibility that upstream interventions in the Calder Valley (a combination of catchment-scale tree planting and in-channel woody debris) might improve the performance of several surface drainage systems in the downstream town of Todmorden. This study was carried out in partnership with Yorkshire Water (the local water company). In general, results from the study suggested that ‘slowing the flow’ created a modest benefit for downstream urban drainage systems, although this was dependent on several complex symbiotic factors. One of these, which is the focus of this paper, was the degree of synchronisation between rural and urban responses in the downstream receiving watercourse. Given the much flashier urban response, this is largely dependent on the relative timing between urban rainfall falling in the rural and urban environments. 
	This study extends the work conducted in Ferguson and Fenner (in press) by using the case study to investigate whether upstream NFM interventions can mitigate downstream water levels to enhance urban drainage performance under different storm tracks. 

2 METHODOLOGY
Case study catchment description
	The upper reaches of the Calder river drain to the Yorkshire town of Todmorden, forming a catchment area of approximately  (see Figure 1). The catchment is characterised by steep-sided valleys which cut into high moorland (Calderdale Council, 2018). Like much of the UK’s uplands, the catchment has a history of overgrazing which has caused the moorland to recede and be replaced with large areas of grassland. The flat-floored valley contains several urban areas as well as major road and rail links that cross the Pennines. According to the British Geological Survey (BGS), the catchment valley is predominantly formed by layers of sandstone, siltstone and mudstone – in the uplands there are small areas of superficial peat deposits. The catchment has predominantly shallow soil layers (less than 1m deep), although there are deeper areas along the valley bottom. 
	In the last decade, the largest flooding event in the Calderdale Valley was in December 2015 when (mostly fluvial) flooding impacted 3500 households (Environment Agency, 2019). However, the area has been subject to frequent smaller events (over 16 since 2001) resulting from various mechanisms including canal, reservoir and surface flooding.
	 In March 2019 flooding impacted 20 properties in Todmorden, as well as closing both the rail and road links (Calderdale Metropolitan Borough Council, 2019). In February 2020, approximately 500 homes and 400 businesses in the downstream towns of Hebden Bridge and Mytholmroyd were impacted by fluvial flooding (BBC News, 2020). Surface flooding occurred in Todmorden, with residents identifying surface runoff and poorly performing drainage as causes for domestic property flooding (Pidd, 2020). Indeed, the LLFA’s flood risk and drainage planning guidance particularly states that the high risk of surface flooding in Todmorden (created by the steep surrounding topography) is exacerbated by the issue of receiving watercourses submerging drainage outfalls and creating drainage surcharging (Calderdale Metropolitan Borough Council, 2018).
	The mostly combined drainage system in Todmorden connects to a treatment works downstream (towards Hebden Bridge). However, there are several discrete surface water systems in the town that drain directly to nearby watercourses. Four such systems discharge to a downstream reach of the River Calder and are shown (with contributing areas) in Figure 1. These systems, which drain primarily residential areas, have outfalls that are not flapped. 
Coupled Model Calibration
	In building on the modelling exercise conducted in Ferguson and Fenner (in press), this study uses the same constituent model constructions and calibration procedures. The coupled Dynamic TOPMODEL and HEC-RAS model was calibrated for a period from 07:00 on the 2nd October 2017 to 23.45 on the 3rd December 2017. This time period was chosen because it contains a significant peak (the second largest on recent record after the Boxing Day floods) but did not cause widespread fluvial flooding. This choice was made for two reasons. Firstly, the central focus of this study is not performance of NFM during fluvial flooding events. The focus is to evaluate potential impact during less severe events (with different storm tracks) on urban drainage performance. Secondly, the gauge’s primary purpose is to inform flood warning systems so the Environment Agency (EA) has no spot flow records. A constructed rating curve (using Manning’s equation) was able to use in-channel geometrical and roughness data from an existing Environment Agency river model (with verification through visual inspection). 
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Figure 1. (a) Calder Catchment with hypothetical NFM scenario and overlaid variable rainfall grid (b) Demonstration of first three time steps of the eight different storm directions (c) downstream urban watercourse with contributing surface drainage
	Dynamic TOPMODEL is an established, semi-distributed hydrological model (Beven and Freer, 2001; Page et al., 2007; Metcalfe et al., 2017) and is used here to characterise the response from the wider catchment. The model is freely available as an R package in the CRAN repository[footnoteRef:1] and the structure and assumptions of this implementation are discussed in detail in Metcalfe, Beven and Freer (2015). The semi-distributed structure allows a representation of spatially varying rainfall, while still retaining high computational and parametric efficiency.  [1:  https://CRAN.R-project.org/package=dynatopmodel] 

	The model was based on OS Terrain’s 5m resolution Digital Terrain Model (DTM), with hydrologically similar areas – often termed ‘Hydrological Response Units’ (HRUs) – being primarily defined by the theoretical wetness index (TWI) (Quinn, Beven and Lamb, 1995). The subsequent tree planting and grid squares for spatially varying rainfall were also incorporated into this discretisation. The hydrologically similar areas were then characterised using random sampling of ranges (given in Table 1) to create approximately 5000 parameter sets. These ranges were informed by the other Dynamic TOPMODEL calibrations in the literature (Freer et al., 2004; Page et al., 2007; Younger, Freer and Beven, 2009; Metcalfe et al., 2017, 2018) and consideration of catchment characteristics. Other parameter values and model structures (including the assumption of exponential decline in soil conductivity) were run as defaults. The resultant simulations (run with a 15 minute time step to match the raw rainfall and level data) were ranked based on (1) the Nash Sutcliffe Efficiency (NSE) and (2) their replication of the peak magnitude. A single, ‘best’ parameter set was carried forward (as in Metcalfe et al. (2018)) and values are given in Table 1.
	In Dynamic TOPMODEL, horizontal flux between the HRUs is computed using a flow distribution matrix (created through topographic analysis using the M8 multiple flow directional algorithm) and by assuming the hydraulic gradient is equal to the topographic slope (Hankin et al., 2017). These routed fluxes provide input for the river network (traditionally treated as a single HRU). In the CRAN implementation, the channel flow is routed to the catchment outlet using a simple ‘time-delay histogram’ which proportions all flow entering the channel (based on the geographical layout of the river network). This treatment of channel flow has been shown to offer a reasonable approximation in smaller catchments (Beven, 1979) and minimises computational complexity. However, this methodology uses HEC-RAS’s 2D solver to route channel flows (for reasons explained below). 
	The Hydrologic Engineering Center’s River Analysis System (HEC-RAS) is a freely available, established tool from the US Army Corps of Engineers[footnoteRef:2] that has been used for multiple purposes (Haghiabi and Zaredehdasht, 2012; Kumar et al., 2017; Teng et al., 2017). Dynamic TOPMODEL and HEC-RAS are coupled similarly to the method described in Hankin et al. (2019). This study characterises flows across OS Terrain’s 5m resolution DTM using the 2D solver (which uses an implicit finite volume method) to solve the diffusive wave equation (with a time step of 15 seconds and an approximate cell resolution of 30m). Individual HRU’s are used to create lateral inputs for each river reach in the hydraulic model. Admittedly, the 5m DTM is too coarse a resolution to properly capture channel morphology. However, care was taken to ensure resultant flow paths followed those indicated by  [2:  https://www.hec.usace.army.mil/software/hec-ras/downloads.aspx] 

	
Table 1. Dynamic TOPMODEL parameters, final value from calibration process and scale factor applied to represent tree planting intervention (derived from Hankin et al. (2017))
	
	DESCRIPTION
	UNITS
	SAMPLING RANGE
	CALIBRATED VALUE (2 S.F.)
	NFM SCALE FACTOR

	
	
	
	
	
	

	
	Lateral saturated transmissivity
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	Form of exponential decline in conductivity
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	Initial root zone storage
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	Maximum root zone storage
	
	
	
	

	
	Unsaturated zone time delay
	
	
	
	

	
	Overland flow routing velocity
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Figure 2. Comparison of the observed flows (using constructed rating curve) and calibrated output from coupled Dynamic TOPMODEL and HEC-RAS model 

the OS MasterMap Water network. To this end, two downstream culverted reaches were ‘burnt’ into the DEM (a technique discussed in Getirana, Bonnet and Martinez (2009) and Schwanghart et al. (2013)). The HEC-RAS model was calibrated by altering the global Manning’s roughness value between 0.025 and 0.04 (at 0.001 increments), with a final value of 0.032 giving the best fitting model. Given the purpose of this study to model whole catchment response, along with the paucity of geometric and roughness data (to inform a 1D model) and desire to contain computational times, use of the 5m resolution DTM was deemed a pragmatic methodological choice.
	 A comparison of the coupled model output and the observed flows across the calibration period is given in Figure 2. The three largest peak magnitudes are well replicated, as is the flashiness of the response. However, several events are not picked up by the model and the base flows are under-predicted. The overall NSE of the simulation was 0.83 and deemed an acceptable approximation of the catchment response with which to evaluate the impact of NFM on downstream drainage functionality.
	Coupling of HEC-RAS and Dynamic TOPMODEL had several benefits. Firstly, this allowed justified representation of the in-channel woody debris (a subsequent NFM intervention – see below). Secondly, the coupled model – which was calibrated for a gauge downstream of the urban drainage outfalls (marked as LG1 on Figure 1) – enabled input into Yorkshire Water’s Infoworks ICM drainage model to be provided by an upstream section within the HEC-RAS model.
	This drainage model incorporates both Yorkshire Water’s calibrated drainage model and an Environment Agency river model. This allowed an integrated numerical replication of water levels in the receiving watercourse preventing discharge from the four surface drainage systems (shown in Figure 1) and their consequent performance. In the combined Infoworks model, the four outfalls were 0.2m, 1.2m, 0.6m and 0.25m (moving downstream) above the channel bed.  It was assumed that once the receiving watercourse rose above the outfall invert level, discharge from the urban system was prevented. This is a conservative assumption, given a small amount of water will still escape the systems as the river level rises through the outfall’s height (~30cm). 

Interventions
	The major events described earlier have prompted a significant uptake in Natural Flood Management interventions across the wider upper Calderdale area. A high profile project in a catchment adjacent to the case study watershed aims to plant 200,000 trees across the next 10 years as part of interventions across approximately 40 hectares. The lead local flood authority – Calderdale Council – is one of only two LLFAs nationally currently employing an NFM project officer and is currently co-ordinating a £1m grant for local landowners to implement NFM interventions. This scheme has created woody debris dams, runoff attenuation features and local afforestation.
	While there is precedent for interventions in the case study area, there are no known ongoing implementation projects. Therefore, this study uses an entirely hypothetical intervention scenario (which was used in (Ferguson and Fenner, in press)). This scenario is a catchment-scale scale ‘max-NFM’ scenario consisting of two interventions – cross slope tree planting and in-channel woody debris (extents shown in Figure 1). Desk and walkover studies were used to inform a decision to model tree planting across all grassland areas with slopes between 10 and 30% (and amounts to 23% of the total catchment area). The tree planting was represented through parameter scaling in Dynamic TOPMODEL (shown in Table 1 and derived from Hankin et al. (2017)). These parameter shifts reflect an increase in shallow soil transmissivity, a decreased overland flow celerity and a slightly drier antecedent soil condition. 
	The hypothetical in-channel woody debris intervention was applied along rural river reaches with less than 40% slope and were further than 50m upstream from any infrastructure. There have been numerous studies that have investigated how similar interventions might be represented in hydraulic models (Thomas and Nisbet, 2012; Leakey et al., 2020). However, this study simply uses an increase of the Manning’s n roughness value to 0.1 in the HEC-RAS model along the identified reaches (following other studies (Thomas and Nisbet, 2007; Odoni and Lane, 2010; Dixon et al., 2016)). 
	The authors acknowledge this deterministic representation of upstream NFM interventions incorporates significant uncertainty into the methodology. Representative parameterisation and parameter shifts used to numerically replicate physical NFM interventions is a current focus of the wider academic field (Dadson et al., 2017). The representation here uses generic values informed by other studies (based in other catchments with different hydrological conditions) and makes no account for degree of maturity or failure. However, the purpose of this paper is to use an idealised case study to investigate the potential for indicative evidence supporting upstream NFM interventions promoting drainage performance under a range of different storm tracks.  Given this specific objective, the creation of upstream attenuation in this manner, although uncertain, is considered appropriate for this methodology. 

Variable Rainfall Input
	Studies have shown spatial variation in rainfall across catchments can influence downstream response to both a significant extent (Zoccatelli et al., 2010) and to a lesser degree (Adams, Western and Seed, 2012; Tarolli et al., 2013). It has been suggested influence is dependent on the scale of the catchment and rainfall event (Nikolopoulos et al., 2014; Weijian et al., 2015). At hillslope and small catchment scale, with less dampening of the hydrological response, studies have highlighted the potential influence of spatially-varying rainfall (Faurès et al., 1995; Gires et al., 2012; Terink et al., 2018).
	It was hypothesised that the flashy response from the small case study catchment could be influenced by different storm tracks. After calibration, five different design events (10, 20, 30, 50 and 100 year return periods) were run through the calibrated model. Each design event was applied with eight different storm directions (shown in Figure 1) with extents spanning the whole watershed.  The variable rainfall was applied using a simple grid square method, with a resolution of 1km. The squares (incorporated into the original Dynamic TOPMODEL discretisation) each received an individual rainfall input. The movement of the design events (each five hours long) was represented by lagging the storm profile for different squares in such a way the storm front moved from square to square with the model’s 15 minute time step. This roughly equates to a storm speed of 1.1m/s, which is about as low as could be expected in the UK (Marshall, 1980; Watts and Calver, 1991). For every storm direction, each grid square sees the same profile (albeit at different times), meaning the total volume of water entering the catchment remains constant. Across the eight storm directions, the rainfall input for the urban drainage model is the profile of the highlighted grid square in Figure 1.
	It is acknowledged that this is a highly idealised representation of spatially-varying design rainfall. It does not allow for factors including: (i) different (and varying) storm track velocities (discussed in (Nikolopoulos et al., 2014))  (i) non-linear storm tracks (iii) different (and varying) storm extents and  (iv) topography influences (discussed in (Buytaert et al., 2006)). However, given these numerous potential degrees of freedom, this method was deemed suitable for the scope of this study to investigate the interaction between rural and urban responses.  
3 RESULTS
			 
	After calibration, the five design events (each with eight different storm directions) were run through the coupled model. These are referred to as the ‘baseline’ cases. The same cases were then run through the coupled model with the upstream interventions described above – termed the ‘NFM scenario’. 
	The different storm directions in the baseline events created small changes to the peak of the modelled catchment response. As the catchment drains towards the southeast, a storm from this direction might have been assumed to produce the quickest response. However, the southeast and southwest directions produced the latest peak across all five storm intensities. In fact, the south storm consistently generated the earliest peak (arriving up to 0.75 hours earlier). Figure 1 shows that during the southeast event, eight grid squares are receiving rainfall after three time steps – this compares with the south event which is engaging 22 squares within the same period. This would suggest that the catchment shape is a dominant factor in determining concentration time, as this dictates how much water enters the catchment in the early time steps. The peak magnitudes also vary with storm direction, but are not consistent through different storm intensities (e.g. the northeast storm does not consistently produce the highest peak magnitude). This variation, although not significant, grows with the increase in storm intensity – the 10 year peaks are all within 1.7% of each other, while for the 100 year event this range increases to 5.3%. This variation could result from the increased intensity of rainfall making the downstream hydrograph more contingent on spatial and temporal variations in sub-catchment response.
	In terms of flow attenuation, the NFM scenario had impact on the most frequent (10 year) storm – reducing and delaying peak magnitudes by an average of 14.9% and 47 minutes. The impacts on downstream flow steadily diminished with increasing storm severity and the average peak reduction and delay during the 100 year storms drop to 7.7% and 13 minutes. Across the different storm severities there was no strong correlation between the storm’s direction and downstream impact from the NFM scenario. This could be because the intervention’s impact on the dispersive response of the catchment’s hydrological system varies with event severity.  
	Admittedly, these flow reductions are modest – especially given the scale of the upstream intervention. However, these attenuations in flow have translated to changes in the water level regime at each of the four downstream urban outfalls. Figure 3 compares these periods of outfall inundation (for both the baseline case and the upstream NFM scenario) with the urban rainfall profile for each of the different storm directions. 
	The first thing to note is that only Outfall 1 was inundated by the baseline 10 year storms. This was just for a short period – a maximum of 0.5 hours – which is subsequently removed in the NFM scenario. During the 20 year events, inundation occurs earlier and is more significant. Across all directions, outfall 1 is submerged for the longest period (up to 2.75 hours), but Outfalls 3 and 4 also become inundated by the higher flows. The attenuation from upstream NFM is no longer sufficient to remove inundation in any storm direction, but does both delay and reduce these periods. Interestingly, for the 20 year events Outfall 3 sees the greatest improvements (despite not being inundated at all during the 10 year event). This is because the peak reduction from upstream NFM, although modest (average of 13.3% across all storm directions), is sufficient to significantly reduce the time that the water levels are above the outfall (by up to 75%). Complex inter-dependencies between event magnitude and outfall section geometry determine upstream NFM’s ability to influence inundation durations. 
	As storm severity increases to 30 year events, inundation periods increase still further and certain storm tracks (north, northwest and west) result in cases of rainfall falling on the urban environment while outfalls are submerged. The attenuation from the upstream NFM scenario means that this submersion is then avoided during the north and west directions. However, with the reduced attenuation of the hydrograph, outfalls do remain submerged for extended periods of time – a minimum of 3.25, 2.75 and 1.75 hours – at Outfalls 1, 3 and 4 respectively. 
	Water levels during the 50 year event are sufficient to inundate Outfall 2. The geometry of the outfall sections means that, despite peak magnitudes only being reduced by an average of 10.0%, the inundation period of this outfall is reduced by up to 50% (southwest direction). However, the same event severity inundates Outfall 1 for a minimum of 4 hours (and the NFM scenario only reduces this by 0.25 hours).  
	The 100 year event causes the earliest and longest inundation periods. The flashiness of the response also means that outfalls all become submerged at the same time.  The slight attenuation from the NFM scenario for the 100 year events typically delays inundation by 0.25 hours.    
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Figure 3. Comparing the urban rainfall profile with the inundation of drainage outfalls during the five design events across each of the eight different storm directions
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Figure 4. The response of surface drainage sub-systems to outfall inundation during the eight different directions of the 50 year event 

Figure 4 shows how the alterations in outfall inundation translate into changes in the performance of the wider drainage system. The figure concentrates on the eight different storm directions for the 50 year event. 
	The baseline events for the south, southeast and east directions cause no surcharging or flooding of any of the four sub-systems. Any subsequent NFM therefore has no effect on drainage performance. Figure 3 shows that these are the three events when the rural response inundates outfalls after the urban rainfall has occurred. As the storm direction moves away from the southeast quadrant, the baseline case has an increasingly detrimental impact on the drainage performance. The worst case is the northwest storm direction when outfall inundation causes 12.6m3, 4.5m3 and 10.6m3 of flooding from the systems above Outfalls 1, 2 and 4. However, delaying of the rural response through the NFM scenario reduces these volumes by 85%, 100% and 90% respectively. 
	 	From the data and similar figures for the other storm events (not shown here), several other points emerge. Despite the inundation of outfalls during the 10 and 20 year storms, none of the storm directions cause either surcharging or flooding of the urban system. The northwest storm direction creates the worst performing drainage for both the 30 and 100 year events (although in the former there is only 1.8m3 of flooding from the system above Outfall 1 which is then removed under the NFM scenario). In the 100 year event the flood volumes from the baseline northwest across all sub-systems are significant – 25.6m3, 9.8 m3, 89.5m3 and 31.6m3 from the systems above Outfalls 1, 2, 3 and 4 respectively. This compares with the southeast event which, while causing surcharging, causes no surface flooding. 





4 DISCUSSION

Figure 3 demonstrates that the majority of urban rainfall occurs before the rural response passes through the receiving watercourse. Despite this, the results suggest that the resultant performance of Todmorden’s surface drainage system is influenced by the degree of synchronisation between urban rainfall and heightened levels in the receiving watercourse. This varies according to several factors. The first is storm track. Storms from the north and west lead to synchronisation of urban rainfall and outfall inundation, which hinders drainage performance. Conversely, south and east storms result in the urban rainfall passing through the drainage system before outfalls are impeded. The second factor is storm intensity. Figure 3 shows that as storm intensity increases outfalls become submerged earlier. The resultant deterioration in drainage performance is compounded by the increased rainfall. Thirdly, the local geometry around each outfall plays a role. Lower ones are submerged earlier, increasing the probability of synchronisation between outfall inundation and urban rainfall. The influence of this factor diminishes with increased storm severity because the flashier response drowns different outfalls simultaneously. 
	Generally, by ‘slowing the flow’, the upstream NFM scenario improves drainage performance by de-synchronising urban rainfall and outfall inundation. NFM’s ability to do this varies with storm direction and storm intensity. As noted earlier, under certain storm tracks there is no outfall inundation, meaning impact from NFM on drainage performance is negligible. The same is true for frequent storms – despite interventions having their greatest flow attenuation. As storm severity increases, despite the diminished impact, NFM interventions are able to allow more water to escape from the surface drainage outfalls (under certain storm directions). This results in significant reductions in surface flood volume for very intense events. 
	Ferguson and Fenner (in press) noted that with these larger events comes increased risk of fluvial flooding. The Infoworks model suggested there would be out-of-bank flow in Todmorden (with and without the upstream NFM intervention) during all of the 100 year storm directions. This would supersede any impact from NFM on surface drainage performance. 
	It is worth nothing that in none of the different storm tracks has the upstream intervention had a detrimental impact by synchronising outfall inundation with urban rainfall. There are three cases when the slight attenuation of the 100 year event has prolonged the time an outfall is submerged (see Figure 3), but the small delay in inundation improves performance of the network in responding to the single event. However, this highlights the limitation of modelling the design storms with a single 'pulse' of rainfall. Although NFM has been successful in de-synchronizing a single event, the delay in outfall inundation may make the urban drainage system more vulnerable to further rainfall. Temporal patterns in urban rainfall could be an area of further study. 

Limitations
Aside from potential error in the primary data sources and constituent model parameterisations and structures, the methodology makes several key assumptions which introduce further uncertainties. 
	The study uses a highly idealised representation of storm intensity and track. In such a small catchment it was deemed reasonable to have a storm extent spanning the catchment length and travelling at a constant speed. However, it is recognised that different grids (in both resolution and positioning), different storm profiles and faster storm fronts will alter how the catchment responds and may affect the response of downstream drainage to outfall inundation. This could be an area for further study and refinement.
	The outcomes of this spatial tracking work need to be treated with caution. It is recognised that the temporal distribution of rainfall (across both single and multiple events) could influence: (i) the impact of the intervention (as discussed in Gao, Holden and Kirkby (2017)) and (ii) the downstream synchronicity of the rural and urban responses. Alongside this, the spatial distribution of the intervention (in relation to storm spatial and temporal pattern) play a significant role in determining the flow attenuation observed downstream.  
Certain methodological decisions were also made for pragmatic reasons – either to retain focus in the study’s scope or to contain the computational requirement. For instance, the calibration has used a single Dynamic TOPMODEL parameter set to characterise catchment response. This does not account for the equifinality principle (Beven, 2006) and the possibility that many different parameter sets will match the observed flows. Alongside this, interventions – in both Dynamic TOPMODEL and HEC-RAS – have been represented deterministically (see the discussion on this in the Interventions section). Retaining an ensemble of behavioural parameter sets, as well as evaluating the sensitivity of NFM representation, would have significantly expanded the computation requirement for a study whose primary purpose was to evaluate drainage performance under a series of highly idealised storms. Another example is the coarse 5m DTM informing the HEC-RAS which, while limiting computation time, will potentially alter flow lengths and concentration times. Similarly, assuming a single global roughness does not account for local variability and grows increasingly debatable in larger events, when out of bank flows travel through the wider riparian zone. 
Other uncertainties are incorporated through the loose coupling of the constituent models. For instance, lateral inputs to the HEC-RAS river model are not affected by channel’s the water level. There is, however, no suggestion that throttling within the Infoworks ICM drainage model has any impact on the upstream boundary input. A more significant source of error in the drainage model is the incorporation of the EA’s river model. Geometrical error at the outfall sections has the potential to significantly alter outfall inundation and subsequent drainage performance. 
Despite these limitations and sources of uncertainty, the methodology was deemed suitable for this idealized case study to examine indicatively whether upstream NFM interventions could have the potential to improve downstream drainage performance. 


5 CONCLUSIONS

The results suggest that storm track across the Calder valley impacts the inundation of Todmorden’s surface drainage outfalls. In the most frequent events, the rural response (resulting from any storm direction) is insufficient to drown outfalls for a prolonged period, thus drainage systems are able to continue discharging freely. As storm severity increases, extended periods of outfall inundation become more synchronised with urban rainfall and the role of the storm track becomes more acute. The resultant drainage performance during different 50 year events can vary between causing 26m3 of surface flooding (northwest direction) and having no detrimental impact at all (southeast). 

As the rural response is much slower, it only ever drowns outfalls during the latter stages of the urban rainfall. Therefore this could be mitigated by ‘slowing the flow’ using the upstream NFM scenario to improve drainage performance by desynchronising the urban and rural responses. This is because more surface water is allowed to escape the drainage network before outfall inundation. Benefit from the upstream NFM is greatest in the most adverse storm directions – reducing flood volumes by approximately 24m3 during the northwest 50 year event. However, in more intense events, fluvial flooding will become the dominant mechanism. 

All this suggests that there is a ‘window’ of events (defined by storm track as well as severity) where NFM could improve surface drainage performance and mitigate nuisance flooding in urban areas. The benefits are modest, especially given the scale of the upstream scenario hypothesised here, but could still help engage wider stakeholder and community support. The results indicate that both storm track and the attenuating impacts from upstream NFM could be relevant considerations within a local water level management strategy. 
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