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Glossary 

Annual Exceedance Probability (AEP) – probability of exceeding a specified flow or level in any year.  For 

example, 1% AEP flood has a 1% chance of being exceeded in any year. 

Astronomic tide – tidal levels resulting from gravitational effects (Earth, Sun and Moon). 

Boundary conditions – used in this report to refer to the (upstream) fluvial inflow time series and (downstream) 

sea level time series (astronomic tide plus surge) that are the primary hydraulic forcing variables controlling still 

water levels within the Humber estuary and the tidal rivers. 

Dependency - the extent to which one variable depends on another variable. Ranges from fully dependent to 

fully independent.  The method described in this report uses the dependence measure χ (chi) to define the 

degree of dependence. 

Extreme – unusually high water levels or waves caused by severe weather, more formally defined using AEPs. 

EWL – extreme water level 

FD2308 – used in this report to signify the ‘desk study’ approach described in the Defra/Environment Agency, 

2005, R&D Technical Report ‘Joint probability: Dependence mapping and best practice: Technical report on 

dependence mapping’, FD2308/TR1 (also referenced as HR Wallingford SR Report SR623). 

Joint probability (JP) – probability of two or more conditions occurring at the same time.  For example, the 

probability of specific wave heights occurring at the same time as specific water levels. 

JP scenario – used in this report to mean sets of boundary conditions that can all result in the same JP. 

Marginal extreme or probability – probability of a flow or level occurring unconditional on any other event.   

Still water level – water level resulting from astronomic tides, surge and/or fluvial flows, but without the 

influence of waves. 

Surge – change in sea level caused by a storm (high winds and low pressure). 

Uncertainty – a measure of our confidence in a specific value. Can be considered to consist of our knowledge 

uncertainty (caused by limitations in method, equation, model or data) and natural variability (uncertainties 

arising from the inherent randomness and basic unpredictability in the natural world). 
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1.2 Previous extremes analyses on the Humber 

This chapter provides a short overview of recent extremes analysis studies in the Humber study area – it is not 

intended to be comprehensive, rather it provides context for the remainder of this report. 

There have been numerous extremes analyses on the Humber study area, including: 

▪ Posford Duvivier, 1991, Humber estuary tidal defences: data collection and analysis 

▪ ABPmer, 1999 and 2007, Humber tidal database and joint probability analysis of large waves and high-

water levels 

▪ Environment Agency, 2015, Humber Estuary 2014 Interim Water Level Profile 

▪ JBA, 2016, Upper Humber flood risk mapping study 

▪ Jacobs & ABPmer, 2020, Humber Estuary Extreme Water Levels (HEWL) project  

In addition, national studies of extreme sea levels have included extremes analysis for the outer estuary: 

▪ Dixon and Tawn, 1997, Estimates of extreme sea conditions  

▪ Environment Agency, 2011, Coastal Flood Boundary (CFB) conditions for UK mainland and islands 

▪ Environment Agency, 2019, Coastal Flood Boundary conditions for UK mainland and islands update 

(CFB18) 

These studies have had a range of objectives with some focusing on extreme still water levels, others on extreme 

waves and their joint probability with extreme still water levels. They cover different geographic extents and 

make use of different data and methods.  Rather than critique each study, it is more relevant to highlight the 

issues identified during the recent HEWL project1, Jacobs (2020) that preceded this study. 

HEWL was initially intended as a detailed project to determine extreme water levels and waves for the Humber to 

underpin the Humber 2100+ project and provide extremes data for wider uses.  The project included: 

▪ Significant review and improvements to data 

▪ Development of a new calibrated MIKE model of the estuary with a 2D representation in the Estuary, 1D 

representation in the tidal rivers, and partial inclusion of floodplain losses 

▪ Dependency analysis of gauge data 

▪ Wave modelling and extremes analysis in the Estuary 

▪ Simulation of 100 real events from the 21-year period 1994 to 2015, using inflow hydrographs to the tidal 

rivers and hindcast modelled water levels of the sea including the tide and surge 

▪ Statistical analysis of the simulated events to derive draft estimates of extreme water levels throughout the 

estuary. 

The HEWL study, notwithstanding the significant reliability and consistency issues in the data sets delivered a 

highly detailed and well calibrated coupled 2D-1D model of the estuary and tidal rivers, and an estuary wave 

model, both of which could be confidently used in future projects. Conversely, it was not possible to deliver a 

robust set of extreme water level results for the whole of the estuary and tidal rivers under HEWL. The limited 

time period of reliable data and limited number of extreme events that included flooding meant that the 

statistical approach adopted by the study, for deriving extreme water levels, was not universally applicable. 

Where physical processes were well represented in the data (i.e. up to the top of defence level/bank top) there 

was high confidence in the results. However, where there are changes to the physical process at levels beyond 

those represented in the data, the results in these locations were either not plausible or insufficiently robust.  

 
1 Jacobs & ABPmer, (2020). Humber Extreme Water Levels, Interim Final Report. 

A report produced by Jacobs and ABPmer for Environment Agency, March 2020 
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Due to the above factors the H2100+ project took on the delivery of the extreme water levels for both the 

H2100+ project and the wider business using the 1D Flood Modeller Model that had already been developed for 

the strategy. 

The HEWL study significantly improved the understanding of the key issues and the challenges associated with 

the approach taken to the extreme analysis.  The approach taken to extreme still water level modelling in this 

report has utilised lessons learnt from HEWL study. 

 

1.3 General approach to Extreme Water Level analysis 

The purpose of this report is to describe the approach taken for the extreme still water level analysis for the 

Humber 2100+ study area. It builds on previous studies both for the Humber and nationally, with a focus on 

meeting the needs of the Humber 2100+ while also delivering results for wider usage. 

Figure 1.2 provides an overview of the approach taken to derive the extreme water levels (EWL) which is 

summarised in the following steps: 

▪ Develop, calibrate and verify a hydrodynamic model of the study area which will enable water levels to be 

calculated at all locations with the study area for any combination of boundary conditions. 

▪ Undertake a dependency analysis to quantify the degree of dependency (from full independent through to 

fully dependent) between boundaries (river inflow peaks and extreme sea levels). 

▪ Based on the FD2308 method (Joint Probability - Dependence Mapping and Best Practice guidance), use 

the dependency analysis to generate a set of joint probability (JP) scenario tables for each target AEP – each 

table contains a set of combinations of boundary AEP which are expected to lead to the target AEP at one or 

more locations in the study area. 

▪ Define ‘design’ event boundaries for each river inflow and the sea in terms of flow/level time series and their 

relative timings together with peak values for the full range of AEPs.   

▪ Generate and run hydrodynamic model simulations for each row in each JP scenarios table (using the 

standard event boundaries representing the boundary AEPs from the JP scenarios table). 

▪ Extract the maximum water level at each model node from each simulation (row) within the JP scenarios 

table for the target AEP.  This gives the target AEP water level at the location.  Repeat for all target AEPs. 

▪ Verify the extremes using gauge data and previous extremes results and through assessing the physical 

plausibility of the results.  

▪ Format extremes into the required deliverables: spreadsheets, tables, shapefiles and reporting. 
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▪ Chapter 5 comments on the review of the first iteration of present day extreme water levels updates and 

provides results to the final set of extreme water levels, verification and uncertainty. 

▪ Chapter 6 discusses the accuracy and confidence limits which can be assigned to extreme water levels 

▪ Chapter 7 lists the study deliverables 

▪ Chapter 8 provides conclusions, limitations and recommendations 
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2. Hydrodynamic Modelling 

2.1 Overview 

The hydrodynamic model used for deriving the extreme water levels is a 1D model (Flood Modeller) which 

extends beyond the Humber 2100+ study area. The model was specifically developed for the Humber 2100+ 

project by Jacobs in 2019. The model was constructed from existing Environment Agency approved 1D/2D 

models (Flood Modeller and TUFLOW) and has been calibrated to seven historical flood events, which included 

the December 2013 tidal surge.  

The final technical reports covering the model build and initial calibration2 and final calibration3 (of the seven 

events) should be referenced for details of the model. An eighth calibration event for the November 2019 

flooding was assessed during this EWL study. This event focused on the River Don at Fishlake and is detailed in 

Appendix N. The calibration statistics presented in chapter 6.3 are based on the original seven events and do not 

include the November 2019 event. 

 

2.2 Model Updates 

The model was updated with the 2021 defences and run to produce an initial set of extreme water levels for 

present day conditions. Following review of the initial set of results (including their use for MDSF2), high level 

broadscale modelling work (e.g. bank raising) and recent flood events (November 2019 and February 2020), 

further updates to the model were required. 

The following updates were made to the model (all of which were implemented for the final EWL production 

runs): 

▪ Additional schematisation for the 2021 defence. 

▪ Bridge overtopping (in-line). 

▪ Defence level consistency checks and updates based on MDSF2 defence line data. 

▪ Floodplain volume checks. 

▪ Bank/Defence spill coefficient (reduced by 20%), applied using Flood Modeller IED file. Validated by 

sensitivity testing on the calibration model using the December 2013 event (Appendix B) 

▪ Additional detail to the floodplain of the River Trent between Gainsborough and Stockwith 

▪ River Don left bank defence downstream of Stainforth Road Bridge set to a minimum level of 7.0 mAOD. 

Based on the Fishlake Recovery works (2020) 

▪ The River Don section of the model was also updated following the flood events of November 2019 and 

February 2020 which resulted in some of the highest water levels recorded.  Full details of the update and 

calibration to the November 2019 event are included in Appendix N. 

  

Full details on the model updates are described in Appendix A and information on the initial extreme water level 

review is included in Appendix D. Information on the hydraulic model setup, simulations and performance is 

included in Appendix E. 

 
2 Model Proving and Calibration: ENV0000300C-CH2-ZZ-3A0-RP-HY-0003, 17th September 2019 
3 Model Update and Additional Calibration: ENV0000300C-CH2-ZZ-3A0-RP-HY-0005, 17th September 2019 
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3. Dependency analysis and generation of Joint Probability 
scenarios 

A Joint Probability (JP) approach was taken to generate sets of model inputs which give modelled water levels at 

locations within the estuary taking account of dependency between extreme river flows at the upstream 

boundary and extreme tide and surge conditions at the North Sea boundary and their impacts on water levels 

through the estuary.  For example, a water level with AEP 10% for a specific site may be generated by a flow on 

one of the rivers with AEP 10%, or a water level at the estuary entrance with AEP 10%, or by a combination of 

lower river flow and water level inputs.  The output of this part of the work was a set of scenarios of groups of 

input combinations having the correct joint AEPs.   

This chapter describes the detailed steps taken to implement the so-called Desk Study approach to Joint 

Probability Analysis described in ‘FD2308 Joint Probability - Dependence Mapping and Best Practice' guidance. 

 

3.1 Dependency analysis 

The dependency analysis required estimation of the key dependence measure χ (chi) which is required as a step 

in implementing the FD2308 tool for calculating Joint Probability scenarios.  This measure was required for all 

pairs of inputs of the form (river flow, sea level).  The measure can be thought of as the propensity for both 

variables to be extreme concurrently. 

Work had already been undertaken and reported within preceding HEWL study, to provide a description of the 

extremal dependencies between the relevant model inputs (peak river flow on each of the rivers Don, Aire, Ouse, 

Trent and extreme water level at sites around the mouth of the estuary).  The purpose of the HEWL work was to 

give a basic understanding of the extremal dependencies within the estuary and so was more descriptive in 

nature than required for the current project, which necessitates the derivation of a single value of χ for each 

pair.  Thus, some additional analysis was undertaken to determine an appropriate single threshold for estimation 

of χ, and to obtain its estimate for each (flow, sea level) pair.  All of the required data for this step were already 

available and indeed had already been analysed in a very similar way for the more descriptive work delivered in 

HEWL. 

The HEWL work examined water levels at six locations around the Humber estuary, and for the current project we 

required to determine a single relevant location.  Spurn Point was selected as this is closest to the location at 

which downstream tidal boundary conditions are applied in the modelling.   

The derivation of χ values for each of the four (river flow, sea level) pairs was undertaken by J. Heffernan 

Consulting Limited and is reported in Appendix L4. Derived χ values are listed below. 

• Aire: χ = 0.05 

• Don:  χ = 0.04 

• Ouse:  χ = 0.06 

• Trent:  χ = 0.03 

  

 
4 HEWL review of river flow dependence, Janet Heffernan, September 2018 

   Humber Extremes: Dependence Analysis, HSCR Extremes, J Heffernan Consulting Limited, May 2019 
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3.2 Joint Probability Derivation 

3.2.1 Joint probability matrices for river flows and sea levels 

Having determined the values of χ for each of the four (river flow, sea level) pairs – one for each river – the 

next step is to populate Joint Probability Matrices for each pair.  This was carried out using the FD2308 Excel 

spreadsheet version of the desk study approach described in the FD2308 Guide to best practice R&D Technical 

Report FD2308/TR2, and which accompanies that report.  The spreadsheet tool takes the following three inputs: 

▪ Value of χ for the extreme pairs 

▪ Design AEPs (the AEPs of the JP pairs to be estimated): 50% (1:2), 20% (1:5), 10% (1:10), 5% (1:20), 2% 

(1:50), 1.33% (1:75), 1% (1:100), 0.5% (1:200), 0.2% (1:500) and 0.1% (1:1000) 

▪ Marginal extreme level AEPs assumed to be as above 

The required Joint Probability Matrices are returned as output by the tool, with return periods given in years, 

which are trivially then converted to AEPs (%). 

Joint probability matrices derived by the FD2308 desktop approach for the fluvial/tidal design conditions in the 

Ouse, Aire, Don and Trent are detailed in Table 3.1 to Table 3.4. The derived value of χ was set between 0.03 to 

0.06. 

 

  







Extreme Water Levels 
 

 

 

ENV0000300C-CH2-ZZ-3A0-RP-HY-0010 16 

3.2.2 Constructing joint probability scenarios 

The final step in this section of the work is to assemble individual columns from the Joint Probability Matrices for 

the four rivers into a set of Joint Probability Scenarios.  This gives one set of JP scenarios for each design AEP.  

Each set was initially collated as follows: 

▪ For a given design AEP the column of the Joint Probability Matrix is selected for one river which gives the 

marginal fluvial AEPs on that river which correspond to that design AEP, and the associated marginal sea 

level AEPs which correspond to those fluvial values. 

▪ The marginal sea level AEPs are used to select the marginal fluvial AEP values for each of the remaining 

rivers by matching the fluvial AEPs from the design AEP column of the river in question with the sea level 

AEPs. 

▪ Where there are repeated values of sea level AEP different combinations of rivers having elevated flow 

values were represented to give multiple scenarios in which all or only a subset of rivers have elevated flow. 

The final step in the above clearly has the potential to multiply the combinations of flow scenarios.  In practice, 

the approach adopted to retain a representative selection of scenarios which covers a range of combinations 

without overpopulating the set of scenarios.  In any case, the most conservative scenario is that in which all the 

rivers attain their smallest AEP concurrently, and this scenario is always represented.  

After assembling the set of potential scenarios according to the above steps, the scenarios were rationalised to 

reduce the number which were ultimately used as model inputs.  Marginal fluvial AEPs were rounded to values 

which are common to multiple scenarios to avoid redundant modelled AEPs. 

3.2.3 Adjustment for FD2308 under-estimation tendency 

There is a tendency for the FD2308 desktop method (spreadsheet method) to underestimate joint exceedance 

probabilities of responses to, in our case, joint tidal and fluvial conditions. This is explained in FD2308-TR1 

chapter 3.5.3, and also covered in FD2308-TR2 chapter 5.1.5. Whilst the example presented in FD2308 TR1 is 

for joint wave height/water level events, the same logic also applies to other variable pairs (e.g. tidal / fluvial 

events for this study). 

FD2308 recommends unless there are other conservative assumptions in constructing the joint events (e.g. 

assuming both extreme conditions occur with a “worst case” relative timing), an adjustment is made for this bias 

in the methodology - typically scaling the joint exceedance probabilities by approximately 2 such that, for 

example, joint event combinations initially derived for the 100 year return period are assigned a return period of 

50 years. Whilst the adjustment itself is uncertain (the bias in estimating return periods would be different for 

different responses), applying a plausible adjustment is considered preferable to no adjustment.   

The construction of Humber joint events is not really conservative as (i) the marginal extremes are unbiased best 

estimates and (ii) the duration of design fluvial events is significantly longer than that of tidal extreme events, 

and so matching peak timing of fluvial and tidal events is not likely to significantly affect resulting EWLs. We 

have therefore undertaken an adjustment for the Humber project, scaling the joint exceedance probabilities by 2 

for the joint events. We have also simulated the case of full dependence as an “upper limit” sensitivity test. 

Table 3.5 and Table 3.6 present the initial and adjusted joint probability event combinations for the 0.5% AEP 

event (adjusted combinations are highlighted blue in Table 3.6). The tables present the events in the form 1 in 

X-year. Full tables are in Appendix G. 
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3.3 Discussion of approach 

This approach assumes that the dependence between the various fluvial and sea level inputs are well described 

by the pairwise dependence measure χ which focuses only on the dependence between extremes of sea level 

and the various fluvial inputs.  The approach could be seen as slightly conservative as it assumes the worst case 

scenario of all rivers attaining their highest marginal flow values concurrently.  Dependence analysis which 

examined extremal dependence between the flows themselves, carried out under HEWL, suggests that this 

assumption is liable to be slightly over cautious - whilst the river flows have high extremal dependence, they are 

not perfectly dependent at high levels. The extent of this conservatism will be assessed through the inclusion of 

JP scenarios, as described above, in which some but not all river flows are extreme.  We will be able to assess the 

impact of this assumption on sites which are fluvially or tidally dominated although it is anticipated that the 

impact on the ultimate estimation of water levels at any single given location will be minimal. 

The approach is well justified in terms of its credibility for use in such settings. The estimation of the dependence 

measure χ is widely adopted practice in this setting.  The approach to obtaining the joint probability scenarios 

by using the FD2308 desk study analysis is well recognised as an appropriate and relatively simple tool for JP 

analysis in such settings and is compliant with current good practice guidance.  In the future it is expected that 

more refined methods will become accepted practice.  The Environment Agency is currently looking to update 

FD2308 although it is not clear whether the update will provide a better method for estuaries and any such 

update will not be published prior to 2020.  The NERC funded CHEST research at Hull University has been 

reviewed and it is confirmed that it does not provide an improved method for JP analysis of estuary water levels 

(FD2308 update and CHEST information received from Sue Manson (Environment Agency) on 14/2/2019). 
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Figure 4.7: Model fluvial inflows on the River Trent 
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5. Extreme Water Levels 

5.1 Initial results 

The model was run to derive an initial set of present day extreme water levels for verification purposes. This task 

was undertaken prior to the confirmation of the uplifts for the epochs/scenarios, resulting in present day 

boundaries which do not include the SLR and fluvial uplifts (note that these results do not form part of the EWL 

deliverable, and are replaced by the adjusted set following updates to the climate change, JP method and 

model). 

Changes were made to the model and joint probability matrix following the review of the initial extreme water 

levels (which included the verification tasks and subsequent sensitivity tests). The changes included: 

▪ Additional 1D model (‘Trent fluvial’ model with +15% roughness between Gainsborough and confluence 

with the River Ouse) to be used only for the JP simulations which had a fluvial component on the Trent. 

▪ 20% spill coefficient reduction was adopted for the final set of EWL, based on the findings of the initial EWL 

and roughness sensitivity test (applied to the 1D models using an IED file). 

▪ Adjusted joint probability matrix adopted for the final set of EWL, showed small increases in peak level at 

the gauge sites where the December 2013 event recorded water levels exceeded the initial present day 

EWL. 

▪ Model Update to the Don following the 2019/2020 floods (to improve the confidence in the results at 

Fishlake). 

▪ Improvements to the floodplain at Gainsborough 

Details of the initial extreme water level review is included in Appendix D. 

 

5.2 Final extreme water levels (still water) 

The final model using the adjusted joint probability matrix was run to predict the extreme still water levels for 

the 15 sets of scenarios (combinations of epoch and emission scenario). The reported water level at each model 

node is taken as the maximum from the full set of JP model simulations for each AEP.   

The extreme still water levels at the gauge locations detailed in Figure 5.1 are presented in Table 5.1 (2021_H - 

upper) and Table 5.2 (2121_H - upper) 

Figure 5.2 (2021) and Figure 5.3 (2121) show the joint probability type which produces the maximum levels. 

The blue dots represent the pure tidal event, red dots pure fluvial and the green dot show where one of the JP 

scenarios results in the maximum level.  

In the upper (inland) reaches the extremes are from the pure fluvial events (red) and the downstream reaches 

(seaward) the extremes are from the pure tidal events (blue). The zones where the maximum levels arise from 

one of the joint probability combinations (green) tend to be located between Keadby and Owston on the Trent 

and upstream of Goole to Carlton Bridge (Aire), Kirk Bramwith (Don) and Selby (Ouse).  

For higher AEP’s (e.g. 1%), the JP type which produces the maximum level can switch from JP/tidal/JP and back 

to tidal, this occurs when the EWL is influenced by the defence level and model predicts similar levels for all JPs 

(i.e. within 0.01m or less). 
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6. Accuracy and Sensitivity to modelling assumptions 

The approach adopted for the joint probability assessment does not allow uncertainty in boundary conditions to 

be propagated through the calculations to provide confidence bands for the extremes.  This is one of the 

compromises that had to be accepted when the approach was selected. However, uncertainty and confidence 

information has been generated based on an understanding of the uncertainty in the boundary conditions and 

uncertainty in the hydrodynamic model, together with ‘softer’ information derived from the verification process 

(as reported in chapter 5.3). 

Contributions to uncertainty in simulated extreme water levels include uncertainty in: 

• Model boundary conditions (tidal boundaries and fluvial inflows) 

• Assumed level of dependence between extreme fluvial and tidal boundary conditions 

• Hydraulic model calibration performance 

• Hydraulic model schematisation 

• Assumed hydraulic model structure/spill coefficients 

• Hydraulic model topographic / structure datasets / flood defence crest levels 

The accuracy and confidence of the modelling can be assessed using: 

• CFB2018 confidence levels 

• Confidence in fluvial inflows (e.g. +/-25%) 

• Sensitivity of simulated extreme water levels to different climate change scenarios 

• Comparisons of results of joint probability method and full dependency simulations 

• Model calibration statistics 

• Comparing the project 1D in channel results with those of more detailed 2D models 

• Comparison to 2014 Interim Water Level upper/lower bands 

 

The impact of the timing of the high tide compared to the peak of the hydrographs was identified as a potential 

factor but not investigated in the sensitivity testing. It was considered of lower importance than other factors due 

to long duration of the hydrographs. 

The impact of offshore waves has not been considered in this study but was tested during the HEWL Study6. The 

sensitivity test indicated a small increase in EWL of around 0.1 m at the estuary mouth for a northerly wave 

scenario which is propagated up the estuary and through into the tidal Trent. For an easterly scenario, there is a 

similar 0.1m increase at the estuary mouth, but this does not translate to an increase up the estuary.   

The scale of uncertainty in simulated extreme water levels will vary at different model locations. E.g. where 

extreme water levels are tidally dominated, uncertainty will be dominated by the uncertainty in CB2018 

boundary conditions, hydraulic model schematisation/calibration and assumed future sea level rise. In the fluvial 

dominated areas uncertainty will be dominated by the uncertainty in fluvial boundary conditions, hydraulic 

model schematisation/calibration and assumed future uplift to peak river flows. In locations where the defences 

are overtopped the impacts can be widespread and not just at the location of the overtopping, so uncertainty in 

crest levels may dominate other uncertainties.  

 

 
6 Jacobs & ABPmer, (2020). Humber Extreme Water Levels, Interim Final Report. 

A report produced by Jacobs and ABPmer for Environment Agency, March 2020 
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 Figure 6.6: Comparison with detailed 1D/2D modelling (0.5% AEP event)  
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8. Conclusions and Recommendations 

8.1 Conclusions 

The extreme water level derivation method used defined joint probability combinations of sea level and fluvial 

flow for each AEP as boundary conditions to the hydraulic model. Following simulation of the joint probability 

combinations for each AEP worst-case results were extracted at each required location. This method was 

considered to be a well-established low-risk approach that used the FD2308 current practice desk-based 

methodology for defining joint probability boundary condition pairs. This method achieved all of the study 

requirements. 

The fluvial model boundaries were extracted from the design simulation results of existing 1D/2D approved 

models for the Rivers Trent, Ouse and Aire. For the River Don, new design flows are based on an up to date flood 

frequency estimation and design hydrograph profile at Doncaster. 

The seaward tidal boundary has been derived following the coastal flood boundary guidance (CFB18). This 

approach provided consistency with adjacent coastal studies. 

The 1D hydrodynamic model developed and calibrated for this study was successfully used to derive extreme 

water levels for the present day scenario (2021) and future epochs (2040, 2046, 2071 and 2121), assuming the 

2021 defence configuration remains. The Jacobs Global Flood Modeller platform was used to run and process 

1815 simulations within a day.  

This is the first time a consistent modelled set of extreme water levels has been developed for the study area. 

The approach allows for the extreme water levels to be easily updated to represent interventions e.g. defences 

and changes to official guidance (e.g. climate change). 

The model will be used to test the impacts of the strategic flood risk management measures under the new 

Humber Strategy (currently being developed) and could also support future flood risk assessments and flood 

mapping projects.  

8.2 Assumptions and limitations 

There are a number of assumptions and limitations with the approach to deriving extreme water levels, which 

need to be considered when using the outputs. The key assumptions/limitations are discussed below: 

▪ Only the main river flows for the Ouse, Aire, Don and Trent are considered, flow from tributaries which have 

control structures are assumed to be hydraulically isolated and not included (Rivers Derwent, Hull, 

Ancholme, Went, EA Beck). 

▪ The joint probability dependency approach assumes that the dependence between the various fluvial and 

sea level inputs are well described by the pairwise dependence measure χ which focuses only on the 

dependence between extremes of sea level and the various fluvial inputs. The approach could be seen as 

slightly conservative as it assumes the worst case scenario of all rivers attaining their highest marginal flow 

values concurrently.  Dependence analysis which examined extremal dependence between the flows 

themselves, carried out under HEWL, suggests that this assumption is liable to be slightly over cautious - 

whilst the river flows have high extremal dependence, they are not perfectly dependent at high levels. 

▪ The primary consideration of the model schematisation was to be able to provide “in bank” extreme water 

levels and floodplain representation was only required in areas where the floodplain storage capacity could 

be filled and impacts the flows over the defences. The floodplain was represented by connecting overbank 

spills (bank/defence levels) to a ‘Reservoir’ unit, which uses terrain data to provide a stage/area 

relationship. The ‘Reservoir’ unit calculates a single water level over the area it covers, therefore spilling in 

and out of the reservoir can occur depending on the upstream/downstream water levels e.g. flows spill in at 

the upstream end of the reservoir and can flow back to the river downstream (depending on water and 

bank/defence levels). The defence crest levels are assumed to remain constant and no allowance is made 



Extreme Water Levels 
 

 

 

ENV0000300C-CH2-ZZ-3A0-RP-HY-0010 64 

for breaches or erosion of the crest due to the flows over the defences. As the floodplain is represented at a 

“high level” approach, extracting floodplain water levels from the model simulations is not recommended. 

▪ It is also noted that the climate change uplifts for the fluvial boundaries are applied directly to the present 

day boundaries. This potentially does not account for storage in the floodplains upstream of the model 

boundary and could therefore, overestimate the future epoch flows. 

▪ In many locations, particularly with the future climate change simulations, the more extreme, lower 

probability, levels are controlled by the losses over the baseline 2021 flood defence crests.    

▪ Sources of uncertainty, and sensitivity of simulated extreme water levels to sources of uncertainty, are 

discussed further in Chapter 6. 

▪ The model used has a 1D representation so provides only a single extreme level on each cross-section. 

There may be some variation in level across wider cross-section in the main Humber estuary (as observed in 

the 2013 tidal surge). 

▪ Wind and wave effects, which could result in changes to still water levels in the outer estuary have not been 

considered. Wave extremes are being considered as a separate piece of work as part of the H2100+ project, 

outputs will be available to use alongside the Humber still EWLs in the future. 

▪ The model results are based on the planned 2021 defence representation. Therefore, results are only valid 

whilst defences on the ground align with the model. i.e. a change to planned defence schemes due for 

completion by 2021, or the construction of new defences will significantly reduce the accuracy of the 

outputs. 

 

8.3 Recommendations 

The following tasks are recommended: 

▪ Review extreme water levels for the 2021 epoch against future notable flood events. 

▪ Review extreme water levels following any future changes to underlying datasets and guidance e.g. coastal 

flood boundary dataset, climate change allowances, significant increase in fluvial flood records, updates to 

joint probability methodology. 

▪ Any future use of the results derived in this study should take account of uncertainty and its implications for 

the intended end use. 

▪ Confirm gauge datums e.g. gauges with zero datums and Airmyn Gauge datum. 

▪ The model represents defences for 2021, if new interventions e.g. new defences are constructed the model 

should be re-run to generate a new valid set of extreme water levels.  

▪ The finished crest levels and geometry of new interventions (e.g. defences) should be collected, collated 

and stored for easy access to allow for future updates to the model/EWL. 
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Figure B.1: Spill coefficient sensitivity test – December 2012, River Ouse 

 

Figure B.2: Spill coefficient sensitivity test – December 2012, River Aire 
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Figure B.3: Spill coefficient sensitivity test – December 2012, River Trent 

 

Figure B.4: Spill coefficient sensitivity test – December 2012, River Don 
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The JP approach was reviewed and updated to include 2 versions of the 1D model, the revised ‘Trent fluvial’ 

model included higher roughness values on the Trent (+15% between Gainsborough to the Ouse confluence). 

The ‘Trent fluvial’ model was used only for the JP simulations which had a high fluvial component on the Trent. 

Figure D.2 shows the verification chart at Gainsborough, the initial EWL (black line) is much lower than the fluvial 

events from the Tidal Trent 1D/2D model (orange line). The revised EWL (red line), shows much better 

agreement with the 1D/2D model results. 

 

Figure D.2: Gainsborough EWL comparison to existing modelling results 

 

D.1.2 Initial EWL lower than December 2013 event 

The first iteration of outputs for the extreme water levels highlighted gauges where the recorded December 

2013 water level would exceed the 0.1% AEP EWL (1000-year). This includes the gauges at Humber Bridge 

(December 2013 0.08m higher), Brough (0.03m), Goole (0.03m) and Airmyn (0.05m). The Environment Agency 

advised that there is potentially uncertainty with some of the estuary gauges which have datums of 0.0mAOD. 

Figure D.3 charts the EWL against the indicative bank level near the gauge (red lines) and the December 2013 

peak (blue line). The best fit model calibration showed the Brough and Humber Bridge gauges to be within the 

target accuracy, but the Airmyn and Goole gauges outside (-0.22m and -0.18m). Model sensitivity tests on 

bank/defence spills were undertaken on the December 2013 event (Full details and results to sensitivity tests 

are included in Appendix A).  

The key findings were that a 50% reduction would be required to bring the modelled water levels to within the 

target accuracy at Airmyn and Goole, which is considered beyond the range of expected coefficients and not 

used for any further analysis. A 20% reduction was found to modelled water levels up to 0.02m at Airmyn and 

Goole. This was further explored using the 0.5% and 0.1% AEP EWL, which showed a 20% spill coefficient 

reduction would increase peak levels by up to 0.03m (0.5% AEP) and 0.04m (0.1% AEP).  



Extreme Water Levels 
 

 

ENV0000300C-CH2-ZZ-3A0-RP-HY-0010 80 

Airmyn 

 

Goole 

 

Brough 

 

Humber Bridge 

 

Figure D.3: Initial EWL compared to December 2013 peaks 
 

D.1.3 Joint probability sensitivity test 

Sensitivity tests were undertaken to assess the potential changes in water level for the joint probability. The 

initial results were compared to full dependency (worst case) and adjustments due to the potential tendency for 

the FD2308 simplified approach to result in an underestimate of EWLs. This was applied to the mixed 

tidal/fluvial events by adjusting joint probability combinations such that the calculated event exceedance 

probabilities are doubled (compared to the unadjusted probabilities).  

Long sections presenting the 0.5% AEP peak water levels for the River Aire and Trent are detailed in Figure D.4 

(River Trent) Figure D.5 (River Aire). The figures show the initial results (orange line) and the full dependency 

(blue line), the adjusted JP results (green line) sits in between the other results. The zone where the range is 

greatest is where peak water levels are determined by the joint probability combinations. 

D.2 Summary and updates for final EWL 

Changes were made to the model and joint probability matrix following the review of the initial extreme water 

levels (which included the verification tasks and subsequent sensitivity tests). The changes included: 

▪ Additional 1D model (‘Trent fluvial’ model with +15% roughness between Gainsborough and confluence 

with the River Ouse) to be used only for the JP simulations which had a high fluvial component on the Trent. 

▪ 20% spill coefficient reduction was adopted for the final set of EWL, based on the findings of the initial EWL 

and roughness sensitivity test (applied to the 1D models using an IED file). 
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Appendix H. Comparison with recorded data 
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Appendix L. Humber Extremes: Review of River Flow Dependence 
and Dependence Analysis 

Refer to documents: 

ENV0000300C-CH2-ZZ-3A0-TN-HY-0003 - HEWL review of river flow dependence, Janet Heffernan, September 

2018 

ENV0000300C-CH2-ZZ-3A0-TN-HY-0004 -Humber Extremes: Dependence Analysis, HSCR Extremes, J 

Heffernan Consulting Limited, May 2019 
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Appendix M. Hydrology Report and FEH calculation record 

 

Refer to documents: 

ENV0000300C-CH2-ZZ-3A0-RP-HY-0008 (Hydrology report) 

ENV0000300C-CH2-ZZ-3A0-RP-HY-0006 (FEH calculation record – Appendix A to the hydrology Report) 
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Appendix N. November 2019 Calibration at Fishlake (Don) 

N.1 Introduction  

During and after the submission of the initial EWL’s, the catchments of the Humber experienced flood events 

which resulted in some of the highest water levels recorded. At Fishlake gauge on the River Don, recorded water 

levels during November 2019 and February 2020 exceeded the modelled design EWL’s as detailed in Figure N.1. 

Based on this information, the November 2019 event was used as a calibration event and the model updated to 

give confidence in the results on the River Don, focusing on water levels at Fishlake. The following sections 

describe the model boundaries, updates and calibration results. 

 

Figure N.1: Fishlake initial EWL comparison to recent flood events  

 

N.2 November 2019 model boundary data 

The model inflow and downstream tidal boundaries were taken from the recorded data from the stations 

detailed in Table N.1 and Figure N.2. The exact same approach was taken as used in the previous model 

calibration undertaken for this study, which included the following adjustments to the recorded data: 

▪ The model inflow from the Ouse is based on the sum of flow at the gauging stations on the Ouse and 

Wharfe. Therefore, an adjustment of 11 hours was applied for travel time due to the location of the Ouse 

and Wharfe gauges which are located approximately 22 km and 18 km upstream of the model boundary. 

▪ EA Spurn tidal data was lowered by 0.3m, based on the average offset between the ABP and EA gauges for 

previous calibration events. 

  












