
 

 

Restoration of Blanket bogs; flood risk 

reduction and other ecosystem benefits 

 

Annex 6. Flood risk modelling 

 

Dave Milledge3, Nick Odoni3, Tim Allott1, Martin Evans1, Mike Pilkington2, Jon Walker2 

1Upland Environments Research Unit, Geography, University of Manchester, M13 9PL, UK; 2 Moors 

for the Future Partnership, Edale, S33 7ZA, UK; 3Department of Geography, University of Durham, 

Durham, DH1 3LE, UK 

 

Final report of the Making Space for Water project 

Prepared for 

 

 

By 

Moors for the Future Partnership, 2015 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Moors for the Future Partnership 

The Moorland Centre, 

Edale,  

Hope Valley,  

Derbyshire,  

S33 7ZA, UK 

 

T: 01629 816 579 

E: research@peakdistrict.gov.uk 

W: www.moorsforthefuture.org.uk 

 

________________________________________ 

 

Suggested citation: 

Milledge, D., Odoni, N., Allott, T., Evans, M., Pilkington, M. & Walker, J. (2015). Annex 6: Flood risk 

modelling. In Pilkington M.G. et al. (2015) Restoration of Blanket bogs; flood risk reduction and other 

ecosystem benefits. Final report of the Making Space for Water project: Moors for the Future 

Partnership, Edale. 

 

  



 

MSW Final Report / Annex 6: Flood risk modelling / May 2015 i 

CONTENTS 

Summary 1 

1 Upscaling the Impact of Restoration on Peak Discharge 2 

1.1 Introduction 2 

1.2 Model Development 3 

1.2.1 Lumped model for micro-catchment runoff 3 

1.2.2 Routing micro-catchment runoff 5 

1.2.3 Model calibration and uncertainty analysis 6 

1.3 Results 7 

1.3.1 Lumped Model Micro-Catchment Runoff Results 7 

1.3.2 Upscaling Results 9 

1.4 Key results: Discharge upscaling 12 

1.5 Figures 13 

1.6 Tables 27 

2 Gully Block Design 28 

2.1 Background 28 

2.2 Model description, assumptions and weir designs tested in this study 29 

2.2.1 Basic system quantities and mathematical relations in the model 31 

2.2.2 Model dynamics and equations of state. 32 

2.2.3 Basic discharge-depth relationship and choice of the Bazin equation 33 

2.2.4 Using the input data, initialising the model and running the simulations 34 

2.3 Weir model simulations, I: single weir tests 35 

2.3.1 Full brow design (no notch or slot) . 35 

2.3.2 V-notch weir, rectangular slot and inverted V-notch weir designs 35 

2.3.3 Rectangular and Inverted V-notch weirs 36 

2.3.4 Letter box weir 37 

2.3.5 Summary of single weir results 38 

2.4 Weir model simulations, II: Weir Cascades 38 

2.5 Discussion 40 

2.5.1 Why does slot geometry affect weir attenuating power? 40 

2.5.2 Weir Design 41 

2.5.3 Further work 42 

2.6 Key results: Gully block design 43 

2.7 Figures 44 



 

MSW Final Report / Annex 6: Flood risk modelling / May 2015 ii 

3 References 59 

 

 

 



 

MSW Final Report / Annex 6: Flood risk modelling / May 2015 1 

SUMMARY  

1) This study had two aims: A1) to examine the impact of upstream interventions (gully blocking and 

re-vegetation) in the context of the larger catchment; A2) to use process based hydrological 

modelling at the micro-catchment scale to identify potential improvements to the effectiveness of 

interventions. 

2) To address A1 we couple a Hydrological Response Unit (HRU) model with an Spatially Distributed 

Unit Hydrograph (SDUH) routing model. We use dynamic lumped models calibrated to each of the 

micro-catchment hydrographs using a Monte-Carlo-based uncertainty analysis to define the 

response of each HRU. We then propagate the runoff from these HRUs through the catchment using 

a 3 parameter SDUH model calibrated to the outlet hydrograph using the same MC-based 

uncertainty analysis. We simulate land management change over the gullied Kinder Plateau (12% of 

catchment area) by switching the runoff responses of the gullied HRU from that of a gullied system 

to that of re-vegetated and/or blocked gullies. 

3) We find that if gully blocking and/or re-vegetation, reduces micro-catchment peak discharge by 

20% there is a 7% probability that this will reduce outlet peak discharge by >4% and a 3% probability 

of reducing peak discharge by >8%. A larger discharge reduction of 40% increases these probabilities 

to 50% and a 6% respectively. 

4) We conclude that restoration of 12% of the Ashop catchment by gully blocking and re-vegetation 

can be associated with an average reduction in peak discharge of 5% at the 9 km2 scale. 

5) To address A2, we focus on the effectiveness of wooden gully blocks. We use a simplified weir 

model to examine the effect of the number of weirs, their size and shape on the magnitude and 

timing of peak discharge from 5,000 - 7,000 m2 micro-catchments during a gauged sequence of rain 

storms.  

6) We find that gully block design can considerably improve efficacy of blocks in both reducing peak 

discharge and slowing the arrival time of the peak flow. From least to most effective these are: full 

brow, V-notch, rectangular slot, inverted V-notch, letter box slot. Within a given design the deeper 

the crest of the slot can be the more effective the weir will have. The smaller the slot (the narrower 

the crest, for a given slot depth), the more effective a weir will be up to an optimum, beyond which 

the weir overtops and all attenuation is lost. Weirs should therefore be optimised for the largest 

expected storm. Cascades of weirs increase attenuation but the 1st weir often reduces peak 

discharge considerably more than each additional weir. Cascades of weirs are more likely to perform 

well over a range of discharges than individual weirs.  
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1 UPSCALING THE IMPACT OF RESTORATION ON PEAK DISCHARGE 

1.1 Introduction 

There is considerable current interest in the impact of upstream land management on downstream 

flood risk. This relationship can be examined in several different ways. One approach that is 

attractive would be to develop a physically based model that can represent different land 

management activities, capture the hydrological behaviour of the different settings and be applied 

at the catchment scale. There have been a number of recent attempts to do this for upland peat 

catchments (Odoni and Lane, 2010; Ballard et al. 2012; Lane & Milledge 2012; Gao et al., 2014). 

However, to date no attempt has been made to apply these models to the gullied Peak District 

peatlands, nor to their landscape-scale restoration through re-vegetation of bare peat and gully 

blocking. The challenge to modelling these systems is that such restoration has the potential to alter 

ǘƘŜ ǎȅǎǘŜƳΩǎ ƘȅŘǊƻƭƻƎƛŎŀƭ ŦǳƴŎǘƛƻƴ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ǘƘǊƻǳƎƘ ŎƘŀƴƎŜǎ ƛƴ ǊǳƴƻŦŦ ƎŜƴŜǊŀǘƛƻƴ ǇǊƻŎŜǎǎŜǎΣ 

runoff pathways and catchment storage. Existing models applied to these sub-catchments 

(OVERFLOW, Odoni and Lane, 2010; FLOWMAP, Lane and Milledge, 2012) were rejected as 

unsuitable following initial tests against observed hydrographs at the hectare scale. These models 

either failed to reproduce observed hydrograph characteristics or required un-physical behaviour in 

order to fit the model to the observations.  

An alternative empirical approach would be to compare observed discharge at a location or 

locations downstream of the intervention. However, such approaches are limited by a lack of 

suitable discharge data, i.e. before and after intervention, and can only be used to examine historical 

scenarios. The MS4W project has taken a BACI strategy to examine the impact of gullies, gully 

blocking and re-vegetation on peak discharge from hectare scale micro-catchments. These 

observations suggest that: 1) gullied catchments have higher peak discharge per unit area and 

shorter lag-to-peak times than intact catchments; 2) re-vegetation reduces peak discharge and 

increases lag to peak; 3) gully blocking and re-vegetation together further reduce peak discharge and 

increase lag to peak (Annex 5, Section 4). While these findings suggest that gully blocking and re-

vegetation can significantly reduce peak discharge at the hectare scale it is not clear what impact 

this will have on catchment scale discharge and downstream flood risk.  

Here we take a simple modelling approach to upscale the observed changes in rainfall-runoff 

behaviour from micro-catchment to catchment scale (~9 km2). We first calibrate a dynamic lumped 

model to each of the micro-catchment hydrographs representative of different hydrological 

response units (HRUs) in the catchment. We then propagate the runoff from these HRUs through the 

catchment using an spatially distributed unit hydrograph (SDUH) approach. Finally, we simulate land 

management change over the gullied Kinder Plateau (12% of catchment area) by switching the 

runoff responses of the gullied HRU from that of the gullied micro-catchment to that of re-vegetated 

and/or blocked micro-catchments. 
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1.2 Model Development 

1.2.1 Lumped model for micro-catchment runoff 

Qualitative description 

The approach taken in this research to devise a model structure that allows the state variables and 

model parameters to be related to quantities that are, at least potentially, measurable in the field. In 

this way, it should be possible to link the behaviour of the state variables to each other so that 

runoff from the system (the peat upland micro-catchments) is predicted in a manner that is both 

realistic after model calibration, and also achieved without having to employ unrealistic values for 

the model parameters or allow unrealistic values to be modelled for the state variables. 

The model structure conceived for this purpose, after soƳŜ ǇǊŜƭƛƳƛƴŀǊȅ ǘŜǎǘƛƴƎ ǿƛǘƘ ǇǊƻǘƻ άǘƻȅέ 

model structures, comprises two state variables (Figure 1.1), the first, a volumetric store of water in 

the surface peat layer (presumed here to include mainly the acrotelm and upper layers of the 

catotelm), given the symbol A, and the second, a volumetric store of water in the channels and rills 

of the micro-catchment, given the symbol Ch. For convenience, the A store will be termed in this 

ŘƛǎŎǳǎǎƛƻƴ ǘƘŜ άŀŎǊƻǘŜƭƳέ ŜǾŜƴ ǘƘƻǳƎƘ ƛǘ Ƴŀȅ ƛƴŎƭǳŘŜ ŘŜŜǇŜǊ ǇŜŀǘ ƭŀȅŜǊǎΦ {ƛƳƛlarly, the Ch store will 

ōŜ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ǘƘŜ άƻǇŜƴ Ŧƭƻǿέ ǎǘƻǊŜ ŀǎ ƛǘ ƛǎ ŀǎǎǳƳŜŘ ǘƻ ƛƴŎƭǳŘŜ ŀƭƭ ƻŦ ǘƘŜ ǿŀǘŜǊ ƛƴ ŀǊŜŀǎ ƻŦ ƻǇŜƴ 

surface flow, whether in a properly formed channel or rill, or simply in open areas of peat linked in 

some way to the channels, or to rills flowing into the channels, and thence to the outlet of the site. 

In the model, a volume of rain falling on a site is assumed to be absorbed first into the acrotelm 

store provided it has available capacity, that capacity denoted Acap. Water is then assumed to flow 

from the acrotelm into the open flow store via a process likened to throughflow in a normal soil. 

Water in the open flow store is then routed to the outlet. 

Under certain conditions, the capacity of the acrotelm may be reached. When this happens, any 

surplus volume of rain is routed direct to the open flow store, in a process similar to quickflow. It 

should be noted that the acrotelm is not therefore ascribed an infiltration capacity, so there is no 

limiting infiltration rate. Rather, the quickflow response is only dependent upon whether the 

acrotelm store has reached capacity and there is surplus rain volume to allocate to the other state 

variable. 

Having provided a qualitative description of the model, the mathematical representation of these 

model relations may now be presented. 

Mathematical formalisation of the model structure. 

At any time, the acrotelm will contain a volume of water per unit area, A (m3 m-2). There will also be 

a rate of increase in A, caused by rainfall (when it falls), and a decrease in A, caused by throughflow, 

which occurs all the time. The equation of state is therefore given by: 

‬ὃ

‬ὸ
Ὅ ὗ 

(eq. 1) 

where I is the infiltration rate and Qt the throughflow at any time instant. For discrete time steps, 

equation 1 becomes: 
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Ўὃȿ Ўὸ Ὅȟ ὗȟ  (eq. 2) 

where Ўὃȿ is the change in the volume of water stored in the acrotelm during the period of time 

from t1 to t2, Ўὸ is the length of the time step (equal to t2 minus t1), It,1 is the infiltration (from rain) at 

time t1, and Qt,1 is the throughflow at time t1. The change in the volume is then added to the store, 

so we have: 

ὃȟ ὃȟ Ўὃȿ (eq. 3) 

where At,1 and At,2 are the volumes stored in the acrotelm at times t1 and t2 respectively. 

The infiltration during the time step depends upon the spare capacity of the acrotelm store. First, 

the notional addition to the store is calculated, Vmax, equal to the rainfall rate (m s-1) times the length 

of the time step. If this is equal to or less than the space capacity, all of the rainfall volume, Vmax, is 

added to the acrotelm. However, if the capacity is less than the notional rain volume, only as much 

as the spare capacity is added to the acrotelm store and the excess is passed direct to the open flow 

store. Mathematically, this is represented as follows: 

Ὅȟ

ὯὙЎὸ  ȟὭὪ ὃ ὃȟ ὠ

ὃ ὃȟ
Ўὸ

 ȟὭὪὃ ὃȟ ὠ  
 

(eq. 4) 

Surface flow can then be calculated using: 

ὗ ὯὙ Ὅ  (eq. 5) 
And the non-linear relationship between soil water storage (A) and throughflow discharge (Qt) is 

calculated using: 

ὗ Ὧ 
ὃ

ὃ
ὃ 

(eq. 6) 

Where: KA and NA are parameters for the non-linear storage discharge relationship. The water 

flowing out of the soil as throughflow enters the channel network. The changing volume of water in 

the channel network can be tracked using a second conservation equation. 

Ўὠ ȿ Ўὸ ὗȟ ὗ ȟ   (eq. 7) 

The discharge of water from the channel network (Qch) is defined by its width (w), depth (d), and 

velocity (v):  

ὗ ύ Ὠ ὺ (eq. 8) 
As a result discharge depends on water depth and thus the degree of catchment saturation. This is 

represented in the model as a second storage discharge relationship derived using equation 8 above 

and the manning equation for wide shallow flows (i.e. w>>d) commonly used to represent channel 

flow: 

ὺ
ρ

ὲ
 Ὠ ί 

(eq. 9) 

To calculate discharge we substitute equation 9 into equation 8: 

ὗ ύ 
ρ

ὲ
 Ὠ ί 

(eq. 10) 

Where: s is the water surface slope and n is the manning roughness coefficient. If we then assume: 

1) that water surface slopes in the catchment are approximately equal to channel bed slopes, 
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uniform in space and constant in time; 2) that channel width at the outlet and the area of the 

channel network are constant in time; and 3) that water depth in the channel changes consistently 

across the channel network so that d=Vof/Aof then equation 8 can be re-arranged and simplified to: 

ὗ  
ộύỚ ộίỚ

ὲ
 
ὠ

ὃ
Ὧ  ὠ  

(eq. 11) 

Where: 

Ὧ
ộύỚ ộίỚ

ὲ ὃ  

 

(eq. 12) 

And where: <w> is mean width, <s> is mean slope, Aof is the open flow area and Vof is the volume of 

water in open flow.  

1.2.2 Routing micro-catchment runoff 

To upscale from the micro-catchment scale we assumed that the observed rainfall runoff 

relationships at the micro-catchments were representative of those throughout the catchment. We 

split the catchment into 2 hydrological response units (HRUs): intact and gullied (Figure 1.2a). In 

each of the intervention scenarios we changed the hydrologic response of the entire gullied area, 

but only this area. We defined all of the Kinder Plateau as gullied peat and the rest of the catchment 

as intact peat, resulting in 12 % of the catchment being classified as gullied peat. We used the 

lumped rainfall-runoff models calibrated for each of the study micro-catchments to represent: 

intact, gullied, re-vegetated and blocked conditions. Since the discharge observations come from 

catchments of approximately ½ ha in area, we segmented the catchment into 1700 sub-catchments 

with a mean size of 0.49 ha (standard deviation 0.05 ha) using the isobasin tool in Whitebox GIS 

(Lindsay, 2014, Figure 1.2b).  

We then routed the runoff from each sub-catchment to the catchment outlet using a spatially 

distributed unit hydrograph (SDUH) approach (e.g. Maidment, 1993; Olivera and Maidment, 1999; 

Du et al., 2009; Lane and Milledge, 2012), that uses the time to equilibrium approach of Saghafian 

and Julien (1995). To do this we made three assumptions: (1) a single continuous and time-invariant 

flow path within a storm event (e.g. Maidment et al., 1996); (2) a linear system response in which, at 

higher flows, travel times are independent of the amount of runoff being routed (e.g. Olivera and 

Maidment, 1999); and (3) independence of response where two locations share elements of the 

same flow path (e.g. Maidment et al., 1996).  

To implement this routing model requires a travel time distribution to be constructed for each HRU. 

To do this, cells with a catchment area greater than 1 ha are assumed to contain channels and given 

a single characteristic channel velocity (Vch); those with smaller catchment areas are assigned a 

single hillslope velocity (Vhs). These velocities combined with the flow path length in channels (Lch, 

Figure 1.2c) and hillslopes (Lhs, Figure 1.2d) give the travel time (Ti) from the downstream boundary 

of each sub-catchment to the catchment outlet: 

Ὕ
ὒ

ὠ

ὒ

ὠ
 (eq. 13) 
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where: Ti is the travel time for the pressure wave to propagate from the downstream boundary of 

subcatchment i to the catchment outlet [s], Lchi and Lhsi are the flow path lengths in channels and 

over hillslopes respectively from the downstream boundary of subcatchment i to the catchment 

outlet [m]; and Vch and Vhs are the characteristic channel and overland flow velocities respectively [m 

s-1].  

We calculated the area weighted frequency distribution of travel times for the intact and gullied 

HRUs in 10 minute bins. These frequency distributions (Figure 1.3) show the catchment area (A(t)) 

that delivers water to the outlet within a given 10 minute timelag (t) since leaving the downstream 

boundary of a sub-catchment. 

We applied the model to the same study period used to calibrate the lumped models (i.e. 10th to 31st 

December 2013) at 10 minute resolution. We chose to predict runoff from each HRU using the 

lumped models rather than the observed data in order to avoid the influence of rainfall variability 

between micro-catchments.  

We tested four scenarios: pre-intervention, re-vegetation only, blocking and re-vegetation and pre-

gullying. In each case there were only two HRUs, gullied and intact. The intact HRU always had the 

same runoff response as that from the intact micro-catchment. The four scenarios therefore differed 

only in the runoff response assigned to the gullied HRU, these are shown in Table 1.1.  

To calculate the discharge Q at the catchment outlet we convolved the runoff time-series (R(t)) and 

travel time distribution (A(t)) for the intact and gullied HRUs with the runoff time series for the 

gullied HRU differing between scenarios:  

ὗ Ὑ  ὃ Ὑ  ὃ  (eq. 14) 
where: Q [m3s-1] is the discharge at the catchment outlet, Rintact is the runoff from the intact micro 

catchment [m s-1], Aintact is the travel time distribution for the intact HRU [m2], Agullied is the travel 

time distribution for the gullied HRU [m2]; and Rscenario is the runoff assigned to the gullied HRU [m s-

1] for a particular scenario (shown in Table 1.1). 

Initial tests suggested that baseflow made up an important component of the observed discharge at 

the Upper Ashop gauge. To address this we modified the model to include a groundwater store, 

which received a constant fraction (k) of the runoff (R) in any timestep and contributed a constant 

discharge at the catchment outlet. The groundwater store was assumed to be in steady state over 

the modelled period (i.e. no net gain or loss of storage, Qout = <Qin>). 

1.2.3 Model calibration and uncertainty analysis 

We focus upon undertaking model uncertainty analysis and model calibration with reference to the 

outlet discharge. The analysis is based on the assumption that the downstream flow gauge data, at 

both the micro-catchment and Upper Ashop catchment scale, provide a reliable time series of river 

discharge. We took a multi-step approach to model calibration, calibrating each of micro-catchment 

individually using the observed discharge at its downstream boundary and retaining the best 1% of 

model runs. We then applied these calibrated micro-catchment models as sub-components to the 

catchment model calibrating the three parameters for the SDUH using the observed discharge at the 

outlet of the Upper Ashop catchment. 
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In each case model parameters were subject to a Monte-Carlo-based uncertainty analysis. We chose 

this methodology because we expected that parameter interactions could condition model response 

significantly. We used this analysis for model calibration by using the objective functions discussed 

below to narrow the parameter ranges. The final scenario analysis was then performed using these 

narrowed parameter ranges. 

First, we specified a parameter range on the basis of literature review and prior experience that 

encompassed the range of plausible parameter values. We then ǊŀƴŘƻƳƭȅ ǎŀƳǇƭŜŘ мл ллл ǘƛƳŜǎ 

within these parameter ranges making no a priori assumptions about the possible distribution of 

parameter values within those ranges. The same set of parameter ranges was applied to all four 

micro-ŎŀǘŎƘƳŜƴǘǎ ǘƻ ǇǊƻŘǳŎŜ пл ллл model runs.  

For each micro-catchment we ranked each parameter set for each objective function. Finally, we 

sought to identify the parameter values required for a calibrated model by looking at the 

intersection of optimized parameter ranges for each objective function. We identified the possible 

parameter range for a given objective function. We then cross-compared these parameter ranges 

and used this as the basis of a final calibrated parameter range. 

Central to the calibration and uncertainty analysis, was selection of a set of objective functions to 

quantify the relationship between model predictions and field observations. In each case we 

consider two or three objective functions. The NashςSutcliffe efficiency (NSE) is commonly used as a 

measure of performance for rainfall runoff models. Its main problem is that it places equal emphasis 

on all observations, when the focus is high flows. We used it here as we considered that obtaining a 

generally robust hydrological representation was important. Second, we used the root mean square 

error in magnitude of predictions of the ten largest observed discharges since this measure 

recognizes the importance of flood flows without relying exclusively on the most extreme flood. 

Finally, for the calibration of the SDUH model at the catchment outlet we used the two objective 

functions above in combination with the root mean square error in timing of predictions of the ten 

largest observed discharges since this recognizes the importance of flood flow timings as well as 

magnitudes which are particularly important in constraining the velocity parameters in the SDUH. 

1.3 Results 

1.3.1 Lumped Model Micro-Catchment Runoff Results 

Model Calibration 

Optimum model parameters for each micro-catchment vary considerably. Figures 1.9ς1.12 show a 

matrix of scatter plots where each point is the result of a model run from the MC-based uncertainty 

analysis. Model performance is plotted on the y-axis based on two metrics: the NSE (a general 

measure) and Peak RMSE (a peak focussed measure). Each column in the scatter matrix represents a 

different parameter in the model and in each case the x-axis shows the assigned parameter value for 

that run. The scatter in these plots reflects model equifinality (i.e. many different parameter 

combinations can result in the same model performance). However these plots also enable 

identification of optimum parameter sets. Pattern to the upper surface of a given scatter plot 

indicates that the model is sensitive to that parameter, peaks indicate that a parameter must 

assigned a value close to the x co-ordinate of the peak to achieve best model performance 
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independent of all other parameter values (e.g. Acap = 0.05-0.1 m for the re-vegetated case, Figure 

1.10). The points are coloured to show optimum performance for the different objective functions 

and their combination. The best 2% of runs in terms of NSE are coloured dark blue and the best 2% 

of runs in terms of Peak RMSE are coloured light blue. As a result blue points will always form a 

horizontal layer on the top of the scatter plot, dark blue for the first row which shows performance 

in terms of NSE, and light blue for the second row, which shows performance in terms of Peak RMSE. 

However, the distribution of light blue points in the first row and dark blue in the second row 

indicate the performance of points optimised for one objective function measured in terms of the 

other objective function. In some cases there is considerable overlap (e.g. Figure 1.9 where both sets 

of blue points sit near the top of the scatter plot). This indicates that very similar parameters are 

capable of optimising both peak RMSE and NSE and can be considered good general parameter sets. 

In others there is considerable difference (e.g. Figure 1.10), indicating that the parameters required 

to optimise one objective function do not optimise the other and general parameter sets will 

inevitably be a compromise. The red and magenta points represent different methods of combining 

the Objective functions by subsampling parameter sets optimised by one OF to find the best 50% of 

parameter sets in terms of the second OF. Red points reflect optimisation first by NSE then by Peak 

RMSE, magenta points reflect optimisation first by Peak RMSE then by NSE. Since our focus is on 

storm events, capturing peak discharge is particularly important so we chose the parameter sets 

optimised first by Peak RMSE then NSE for further analysis. 

Calibrated hydrographs: site by site analysis 

Calibrated model hydrographs generally (but not entirely) envelope the observed discharge (Figures 

1.5ς1.8) the model performs best for the intact catchment (Figure 1.5) and worst for the gullied 

catchment (Figure 1.6). In particular, in the gullied case, the predicted hydrograph peaks after the 

observed hydrograph for all 100 optimum parameter sets. This suggests that the model is unable to 

capture the extremely flashy rainfall runoff response in the gullied catchment. This is perhaps 

unsurprising since the observed hydrograph is displaying extremely flashy behaviour with the peak 

discharge occurring within the same 10 minute time window as peak rainfall. This observation has 

interesting implications for runoff generation and routing in gullied peat catchments. It suggests 

either: 1) that the soil store is very small in these catchments (consistent with the very small 

optimised Acap in Figure 1.10); or 2) that quick flow across the majority of the catchment is not 

saturation excess overland flow. Water table observations in gullied catchments suggest a 

considerable volume of available storage (Allot et al., 2009) and water table heights measured in this 

gullied micro-catchment are ~198-568 mm (Annex 5, Section 2), implying that the second 

explanation is more likely. Other candidates for quick flow are: rapid subsurface flow in soil pipes or 

infiltration excess overland flow (OLF). While infiltration excess OLF is unusual for peat catchments 

(Holden et al., 2001) there is some support for it in these disturbed systems (Goulsbra, 2010). Rapid 

subsurface flow in soil pipes has been suggested as the dominant quick flow mechanism in peat 

catchments (Holden and Burt), but this would require very rapid infiltration, even if subsequent pipe 

flow velocities were quite fast. This coupled with the observed attenuation in micro-catchment peak 

discharge suggests that OLF of some form is likely to be an important quick flow component. 
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Calibrated hydrographs: site comparison 

Applying the model parameterised using the optimum 1% of parameter sets (from Peak RMSE 

followed by NSE optimisation) for each of the micro catchments results in significant differences in 

modelled run-off between micro-catchments (Figure 1.14A). When these hydrographs are compared 

with the observed run-off for the micro-catchments (Figure 1.13) the largest peak in the record is 

well represented (compare Figures 1.13(b) with 1.14A(b)) and both the observed and modelled 

hydrographs show the same order (in terms of largest to smallest peak discharge). The second 

largest peak is less well represented with a much larger than observed difference between gullied 

and re-vegetated cases and a much smaller than observed difference between intact and re-

vegetated and gully blocked cases (compare Figures 1.13(c) with 1.14A(c)). This suggests that the 

largest storm is the best candidate for subsequent upscaling analysis since it is most effectively 

reproduced by the lumped models. 

Applying the trained models to simulate intervention scenarios for a single catchment 

The observed rainfall records from the micro-catchments suggest that some of the differences in 

runoff may be due to rainfall differences. The gullied site appears to have consistently highest 

rainfall and the intact site consistently lowest rainfall. These differences can be accounted for by 

running the sub-catchment models for a single rainfall hyetograph (Figure 1.14B). Here we show 

results using rainfall from the gullied case similar model behaviour is produced using the 

hyetographs of the other micro-catchments (not shown). While it is possible that the difference in 

rainfall reflects a bias in the rainfall data we will assume that this is not the case and instead that this 

difference is a true reflection of rainfall differences in the storms in question (this is a conservative 

assumption). 

1.3.2 Upscaling Results 

Model Calibration 

The three parameters of the SDUH model were calibrated by comparing predicted and observed 

discharge over the study period at the Upper Ashop gauge. We used three objective functions: Nash-

Sutcliffe efficiency (general fit, low flow focus); Root Mean Square Error of discharge for the 10 

largest peaks in the record (high flow focus); and Root Mean Square Error of timing for the 10 largest 

peaks in the record (high flow focus). The timing objective function was added since timing is 

particularly sensitive to the two velocity parameters in the model.  

We take a similar approach to that at the micro-catchments for calibration, combining the Objective 

Functions. First we sample the full parameter set for the best (4%) of parameters in terms of one OF, 

then subsample this set to find the best 50% of the set in terms of the second OF and finally 

subsample this new set to find the best 50% of the sets in terms of a third OF. We sample first by 

Peak RMSE, then by NSE and finally by Timing RMSE. Blue points in Figure 1.16 reflect the 

intermediate set optimised by Peak RMSE then by NSE, red points reflect the final set, optimised by 

Timing RMSE. Optimum model performances require channel velocities in the range 1-1.9 m/s, 

overland flow velocities in the range 0.01-0.1 m/s and a baseflow fraction in the range 0.3-0.55. 

Peak discharge at the catchment outlet follows the same pattern as for the mini-catchments. The 

discharge time series contains 15 peak flow events, including three large events, where the unit 
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discharge is more than 0.25 m/s (Figure 1.15). The modelled hydrographs peak with a similar 

magnitude and at a similar time to the observed, though there remains considerable error in the 

magnitude of peak discharge and the rising limb is generally slightly gentler than observed. The 

second largest storm (Figure 1.15(c)) is slightly better represented than the largest storm (Figure 

1.15(b)), where the model underestimates the peak discharge and almost completely misses a 

second peak on the falling limb of the first. 

Downstream scenario results 

Here we compare the downstream consequences of modification to the gullied Kinder Plateau (12% 

of the study catchment). We run the model 1000 simulations randomly sampling from the optimum 

parameter sets for each of the lumped HRU models and for the SDUH model. In each case we run 

the model under four scenarios: pre-intervention, re-vegetated, blocked and re-vegetated, and a 

ǎŎŜƴŀǊƛƻ ǊŜǇǊŜǎŜƴǘƛƴƎ ǘƘŜ ōŜƘŀǾƛƻǳǊ ƻŦ ǘƘŜ ǎȅǎǘŜƳ ǇǊƛƻǊ ǘƻ ƎǳƭƭȅƛƴƎ όƭŀōŜƭƭŜŘ ΨƛƴǘŀŎǘύΦ ²Ŝ ƪŜŜǇ ǘǊŀŎƪ 

of the difference between the pre- and post-intervention peak discharges for the 15 largest storms 

in the study period for both the micro-catchment hydrographs and the full study catchment 

hydrograph. This enables us to report: 1) the cumulative frequency distribution (CDF) of peak 

discharge change for the full sample; 2) the CDF of peak discharge change for a subset of the largest 

storms; 3) the relationship between storm size and discharge change (to assess whether the effect 

changes with storm size); and 4) the relationship between peak discharge reduction at the micro-

catchment scale and that at the full catchment scale. 

Figure 1.17 shows the cumulative frequency of fractional change in discharge under each of these 

scenarios relative to pre-intervention discharge for the 15 largest storms in the study period based 

on 1000 model runs using randomly sampled parameters from calibrated parameter sets. This can 

be interpreted as the probability that the peak discharge will be reduced by a fraction less than or 

equal to the x-axis value. Re-vegetation alone results in the smallest reduction in peak flow, with 

only 30% of runs resulting in peak flow reductions >5% and ~15% of runs resulting in an increase 

rather than decrease in peak flow. Re-vegetation and gully blocking together results in the largest 

peak flow reductions, with 50% of runs resulting in reductions > 5% and 15% of runs resulting in 

reductions >10%. The intact scenario sits between the blocked and re-vegetated scenario and that 

for re-vegetation alone. For both blocked and intact scenarios ~10% of runs result in an increase 

rather than reduction in peak flow, but <3% of runs result in an increase of >5%.  

Figure 1.17 can also be used to establish the average (median) reduction in peak discharge over 15 

storms and 1000 parameter sets for each of the restoration scenarios. The median fractional 

discharge reductions are: 0.025, 0.04 and 0.05 respectively for the re-vegetated, intact and gully 

blocked and re-vegetated scenarios. These results suggest that restoration of 12% of the Upper 

Ashop catchment by gully blocking and re-vegetation can be associated with an average reduction in 

peak discharge of 5% at the outlet of the Upper Ashop and re-vegetation alone with an average 

reduction of 2.5%. 

The fine lines in Figure 1.17 show CDFs for individual storms, they show that there is considerable 

variability in the impact of interventions between storms. While in most storms an intervention (e.g. 

blocking and re-vegetation) results in discharge reduction for more than 90% of the model runs, in 

one of the storms during the study period intervention results in increased rather than reduced 

discharge for more than 90% for model runs. 
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Figure 1.18 shows the cumulative frequency of fractional change in discharge relative to pre-

intervention discharge for the 3 largest storms in the study period. These are likely to be the storms 

of most concern in terms of flood risk. Peak 1 is the largest discharge in the study period, peaks 2 

and 3 are very similar though peak 3 is generally slightly larger than peak 2. Re-vegetation alone 

results in a modest reduction in peak discharge for peaks 1 and 2 with a median reduction of 1.5% 

and 2.2% respectively but a generally larger reduction (median = 5%) for peak 3. Re-vegetation with 

or without gully blocking rarely results in an increase in peak discharge (<10% of runs) and no runs 

result in an increase of more than 2%. In the blocked and re-vegetated scenario 40% of runs result in 

discharge reductions >4% for peaks 1 & 2. However, only 20% of runs result in discharge reductions 

> 4% for peak 3. There is considerable difference in the impact of intervention between storms. 

The intact (pre gully) scenario is less consistent between storms than the other scenarios and has a 

much wider spread to the changes in outlet discharge. For Peak 2 the intact scenario more than 50% 

of runs result in more than 9% reduction in peak discharge. However, for Peak 1 more than 25% of 

runs result in an increase in peak discharge (Figure 1.18).  

Figure 1.19 shows that there is no consistent trend in discharge reduction with storm size (peak 

discharge) for any of the scenarios. This suggests that across the range of storm sizes tested here the 

impact of upstream interventions does not change systematically with storm size. However, Figures 

1.17ς1.19 all show that there is considerable variability in discharge reduction both between storms 

and within storms.  

Some of the within storm variability may reflect the parameter sets, leading to differences in 

predicted micro-catchment discharge before and after intervention that are not consistent with the 

observations detailed in Annex 5 (Section 4). To account for this we now consider the effect that the 

fractional difference in micro-catchment discharge has on the fractional difference in outlet 

discharge. 

Figure 1.21 shows that there is an upper limit to the change in outlet discharge that can be expected 

for a given change in micro catchment discharge. This upper limit follows broadly the same trend for 

re-vegetation, gully blocking and re-vegetation and the intact case. In each case the gradient of the 

upper limit is ~1/8 i.e. downstream discharge is reduced at a rate of ~0.125 percentage points per 

percentage point discharge reduction at the micro-catchment. This is interesting given that 12% of 

the upper Ashop catchment has been modified. However, further work is required to establish the 

extent to which the gradient of this upper limit is related to the areal coverage of intervention. 

The main difference between the three interventions is their x-axis location (i.e. the fractional 

change in micro-catchment discharge associated with each). Very few of the intact or blocking and 

re-vegetation runs result in fractional changes of <0.2 at the micro-catchment scale, whereas re-

vegetation alone results in fractional changes of zero or even increases in peak discharge. The y-

intercept of the upper limit to discharge reduction is non-zero (Figure 1.21) so that even in the 

absence of reduction in micro-catchment discharge there is a reduction in outlet peak discharge. 

This is likely to reflect changes to the timing of the peak and to the form of the hydrograph at the 

modified sites. It indicates that it is not only the change in peak discharge but also timing that is 

important in attenuating discharge and reducing downstream flood risk. Figure 1.20 shows that the 

behaviour of the largest three storms is broadly consistent with that of all storms shown in Figure 

1.21.  
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These results suggest that reducing peak discharge by 40% over 12% of the Upper Ashop catchment 

should result in a discharge reduction of 0-13% at the outlet. Figure 1.22 shows the likelihood of a 

particular reduction in, outlet peak discharge (y-axis) given a particular reduction in peak discharge 

at the micro-catchment scale (x-axis). These results suggest that for gully blocking and re-vegetation 

over 12% of the Upper Ashop catchment, reducing peak discharge by 40% has a 10% probability of 

increasing outlet peak discharge, a 50% probability of reducing peak discharge by >4% and a 6% 

probability of reducing peak discharge by >8%. If gully blocking and re-vegetation were to have a 

more modest impact reducing peak discharge by 20% over the same area has a 17% probability of 

increasing outlet peak discharge, a 7% probability of reducing peak discharge by >5% and a 3% 

probability of reducing peak discharge by >8% (Figure 1.22). 

1.4 Key results: Discharge upscaling 

1. Restoration of 12% of the Upper Ashop catchment by gully blocking and re-vegetation can 

be associated with an average reduction in peak discharge of 5% at the 9 km2 scale and re-

vegetation alone with an average reduction of 2.5%. 

2. Restoration by gully blocking and re-vegetation can result in reduction in peak discharge of 

up to 12% and re-vegetation alone a reduction of up to 8%. 

3. The intact scenario was designed to provide some indication of the impact of gullying on 

downstream discharge. However, the results are too variable to draw strong conclusions 

from this exercise. 

4. The results are sensitive to both micro-catchment and routing model parameters with 

discharge reductions in each case varying from the maximum values quoted here to no 

change or even small discharge increases depending on the parameter combinations.  

5. The magnitude of discharge change under different scenarios does not vary systematically 

with storm size (i.e. interventions are not more or less effective in larger storms). However, 

different storms with the study period did result in variability in discharge change. 

6. For a given change in micro-catchment discharge the outlet discharge change ranges from 0 

to an upper limit that increases with micro-catchment discharge reduction with a slope 

~0.12, and an intercept of ~3%, for both re-vegetation alone and gully blocking and re-

vegetation. 

7. If gully blocking and/or re-vegetation, reduces micro-catchment peak discharge by 20% this 

has a 7% probability of reducing outlet peak discharge by >4% and a 3% probability of 

reducing peak discharge by >8%. 

8. If gully blocking and/or re-vegetation, reduces micro-catchment peak discharge by 40% this 

has a 50% probability of reducing outlet peak discharge by >4% and a 6% probability of 

reducing peak discharge by >8%.  
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1.5 Figures 

 

 

 

Figure 1.1: simple, schematic diagram of the hydrological model, showing the state variables and 

flow paths. 
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Figure 1.2: maps illustrating processing steps: a) the intact and gullied hydrological response units; 

b) the outlines of the 0.5 ha isobasins that make up the catchment; c) the length of channel from 

each point in the catchment to the outlet; and d) the length of hillslope flow path from each point 

in the catchment to the outlet. 
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Figure 1.3: Example travel time distributions for gullied and intact HRUs and the entire catchment, 

the y-axis shows the area of the catchment delivering runoff within the 10 minute period shown 

on the x-axis. The majority of the catchment is intact, all sub-catchments have travel times less 

than 3 hours, and gullied catchments have a long modal travel time compared to the intact 

catchments consistent with the location of gullied sub-catchments in the headwaters. 
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Figure 1.5: Modelled runoff (unit discharge) hydrographs for the intact site for the best 1% of 

model performances compared with observed hydrographs for: the full study period (a) and the 

two largest storms (b & C). 

 

Figure 1.6 Modelled runoff (unit discharge) hydrographs for the gullied site for the best 1% of 

model performances (using set 2) compared with observed hydrographs for: the full study period 

(a) and the two largest storms (b & C). 
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Figure 1.7 Modelled runoff (unit discharge) hydrographs for the re-vegetated and blocked site for 

the best 1% of model performances (using set 2) compared with observed hydrographs for: the full 

study period (a) and the two largest storms (b & C). 

 

Figure 1.8 Modelled runoff (unit discharge) hydrographs for the re-vegetated site for the best 1% 

of model performances (using set 2) compared with observed hydrographs for: the full study 

period (a) and the two largest storms (b & C). 






















































































