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1    SUMMARY

objective
The primary objective is the development of models capable of indicating likely estuarine morphologies  50y hence, thereby providing estimates of the associated changes in flood risks. This involves development of : (i) a Framework for application of B-U models in relation to morphological changes;(ii)  new HYBRID models via integration of B-U and T-D models
background
Whilst bottom-up (B-U) numerical models can accurately reproduce water levels and currents in estuaries, the  simulation of sediment transports is more problematic.Moreover, since errors in  the associated evolving morphology   accumulate ,the validity of  longer-term (decadal)  simulations  is uncertain. To address this problem , conclusions from Phase 1 (1998-2000) of the Estuaries Research Programme (ERP)  recommended integration of B-U models with top-down (T-D)  models to develop HYBRID models  to combine the advantages of both approaches.
approach
Here we seek to improve confidence  in morphological predictions  by inter-relating results from application ,to a variety of UK estuaries, of existing and new B-U, T-D and HYBRID models in an ensemble approach with attendant sensitivity analysis .
 Effective future planning and management of the UK’s estuaries is reliant on such improvements in our forecasting capabilities. The project will incorporate new developments  from ESTPROC (FD1905) and utilise revised morphological concepts from (FD2116)
deliverables
The primary deliverable will be a quantitative appreciation of the capabilities for predicting the evolution of  morphology  in UK estuaries based on bottom-up, top-down and hybrid models. This appreciation will include effects of generalised sources of uncertainty and the specific sensitivities of selected estuaries to possible global climate change (GCC) and interventions. The project will provide inputs to concurrent projects , namely  the production of Estuarine Simulators (FD2117) and Ecological Modelling  (FD2108) , whilst extending dissemination activities initiated in FD2110. Subsequently, the project  will  provide the basis for  the sedimentary and dynamical module of an EMS to be delivered in Phase 3 of the ERP
2  BACKGROUND
(a) the Estuaries Research Programme (ERP)
The  UK’s  economy  is significantly impacted by the effective functioning  of its estuaries - for  navigation, leisure, property development, flood defence and industry
The DEFRA has responsibilities both for proposed estuarine 'interventions’ (engineering works, dredging, discharges etc) and long-term planning to accommodate climate change. To inform shorter-term management and longer-term strategic policy planning ,  improvements in our related forecasting capabilities are essential.
The basis for the ERP is described in the HRW Scoping Study  Reports of 1997(1).Three phases were suggested involving:

PHASE 1: testing existing tools and formulation of an interim EIAS;

PHASE 2 :(i)development of promising approaches;

                 (ii)relevant fundamental R&D and 

                 (iii) data accruel underpinning an updated EIAS;

PHASE 3 ;new generation of models utilising 2(ii) and 2(iii) and  linked to socio-economic and legislative factors  to deliver an holistic EMS.

 Phase 1 (1998-2000) (2) of the Estuaries Research Programme (ERP) included a critical analysis of these limitations of B-U models alongside a review of top-down (T-D) models.  The latter are generally either (i)  geomorphologically  based,  derived  from statistical analyses of observed long-term morphological evolution or (ii) 'rule-based' derived from some whole-estuary regime concept such as volume, energetics , entropy etc.  Recognising the necessity of exploiting both approaches, a priority in Phase 2 of the ERP is the development of HYBRID models which seek to combine elements from both the B-U and T-D approaches.

French et al (FD2115)(3) provided an updated vision of PHASE 2 involving 8 core projects, namely: (i)uptake of PHASE 1,(ii)improved data,(iii)enhanced hybrid models,(iv)process studies (ESTPROC),(v)enhanced T-D models,(vi)morphological systems,(vii)dissemination and (viii) management.

This proposal addresses (iii) directly and includes links with (ii), (iv) and (v),
(b)  present objectives
To  develop models capable of indicating 50y changes in  morphology ,we examine (1) methodologies for applying  B-U models ,(2) development of T-D models (in conjunction with FD2116)  and their integration in B-U models to produce new HYBRID models  and (3)   the  influences of GCC and interventions  on flood forecasting  and habitats.

(1)  A Framework for application of B-U models in relation to morphological changes

Given specified bathymetry and surficial sediment distribution, deterministic bottom-up (B-U) numerical models can accurately reproduce water levels and currents. However, the corresponding simulation of sediment transports is more problematic (involving  much wider spectral scales with net fluxes generally determined by non-linear coupling and subject to biological and chemical mediation).  Moreover associated 'errors' in   evolving morphology  accumulate - further  amplifying 'errors' in transports. Thus longer-term (decadal)  simulations with B-U models (involving bathymetry  and surficial sediments significantly different from  initial specifications)  must encapsulate the wide-range of possible outcomes, i.e. provide an ensemble of predictions. WP1 provides a new framework for the application of B-U models to estuarine management issues involving morphological change
(2)  Development of new HYBRID models via integration of B-U and T-D models and characterisation of likely changes in estuarine morphology by 2050
WP2 ,utilising new results from FD2116,involves the  development and application of T-D models and provides a SHELL to couple these with B-U models to produce new HYBRID models. WP2 also involves the application of these new and existing HYBRID models to predict characteristic 2050 morphologies.  
(3) Estimates of impacts of morphological changes on potential for flooding

WP3  estimates the impacts of these characteristic morphologies on flood forecasts and habitats
This study  assesses model performance in applications involving 8 estuaries(table 1). By quantifying related uncertainties in underlying processes, we will provide a  platform for determining the format for the EIAS (Environmental Impact Assessment System) to underpin the EMS (Estuarine Management System) to be completed in the ERP Phase III.
 3  WORK PROGRAMME
See table 2 for  WP schedules.
(a)   work package 1
 A FRAMEWORK FOR APPLICATION OF B-U MODELS  IN ESTUARIES SUBJECT TO MORPHOLOGICAL CHANGES

 (4-12) (schedule in months)                         ( participants, lead in bold) (POL,HRW)                                                                        
See Refs  (4)  and (10)  for a summary of models evaluated in the EMPHASYS study and Appendix 2 for models used here.
This WP utilises the 3 major (disparate) estuaries of the Dee, Mersey and Ribble as test-beds for developing a rigorous, systematic modelling application framework 

1.1  Application, with sensitivity tests, of POLEST 2D/1D hydrodynamic model to predict flood levels in 3 estuaries due to tides, surges and waves.                                                                                            
(4-6)                                                                                                             POL
1.2  Application, with sensitivity tests, of POLEST 3D mixing model, to compute suspended sediment concentrations and net fluxes, with generalised statistical encapsulations to permit sensitivity tests                                                                                                                          
(6-9)                                                                                                             POL
See Appendix 2(a) for description of POLEST 1D/2D/3D models ( as evaluated in EMPHASYS )
1.3   Application  of POL & HRW 's Lagrangian particle-tracking models to the Mersey and Thames ,respectively, - evaluating sensitivities to : mixed sediments, marine supply ,consolidation and feed-back of surficial sediments to surface roughness.    
(9-12)                                                                                                 HRW  POL                                                                
(see WP2.6 for subsequent development of morphological aspects)

See Appendix 2(a) and 2(b) for descriptions of POL and HRW's Lagrangian models.
(d)          work  package  2
NEW HYBRID MORPHOLOGICAL  MODELS VIA INTEGRATION OF B-U AND    T-D  MODELS

 (4-21)                                                                            (ABP,DH,U PLYM,HRW,POL)
The precise components of this WP will adapt to reflect the composition of FD2116. 
2.1
Development of a SHELL Application Framework
 Development of a SHELL Application Framework to facilitate set-up, coupling and application, assessment and visualisation (GUI) for hybrid models.   The generic framework will be designed to work with a range of proprietary  B-U models (eg POLEST, Telemac, Mike and Delft3D).
ABP will lead development of the SHELL with important contributions from both POL and DH to facilitate integration with POLEST, Delft3D and the 2D version of Estmorf to be developed within the project. The SHELL will encompass as many of the additional B-U and T-D models as far as is practicable which will be dependent on the extent of anticipated technical difficulties which cannot be foreseen at this stage.

           HRW will adapt I/Ps and O/Ps of its ISIS and/or Telemac models to match the SHELL
 (10-24)                                                                                         ABP  DH  HRW POL
See Appendix 2 (c) for description of the SHELL
 2.2 Development and application of T-D models

ABP will undertake further development of two existing T-D models based on entropy and estuary form concepts,including “target state” and “equilibrium condition” models (incorporating developments from FD2116).   This will entail (a) setting up a framework capable of handling the first type of hybrid model outlined above (ie a rule set that determines how the bathymetry is adjusted between each iterative run of the hydrodynamic model) and (b) examining the scope for including models that use specific internal definitions of the equilibrium condition, as per the second option outlined above (It may be that this second group cannot be developed within the generic framework and  may need to be advanced on a more bespoke basis).

Development of the entropy model will consider using an iterative procedure for altering the form consistent with the system target. An alternative approach will use an annealing technique, running the hydrodynamic model with minor perturbations to the bed in order to search for more probable states. 

Recent developments to the form model have been tested in the Humber Estuary and provide a description of changes taking place within individual reaches along the length of an estuary. It is proposed to apply this model to an alternative estuary where a suitable dataset is available (eg. Southampton Water).                                                                                              (10-31)                                                                                                             ABP   DH
See Appendix 2(d) for description of the T-D models
2.3
Development and application of DH’s ESTMORF  & DELFT3D    
At present, the morphodynamic developments predicted with the hybrid ESTMORF model can be regarded as an extrapolation of the initial morphology of a system. The model will be extended to allow for the development of multiple morphodynamic states, which may occur as a result of episodic events and/or human interference. 

An extended version of the ESTMORF-Humber model has been applied ( in the HESMP-2 project ) for predicting the 50 year morphological evolution and the impact of realignments and set-backs. ESTMORF has also applied to the Southampton Water . 
The 1D character of ESTMORF limits the level of detail in representing the spatial variations of  morphology. Therefore the possibility of developing a 2D hybrid type morphological model  will be investigated by combining empirical knowledge with the 2D/3D process-based model Delft3D. The model aims to make predictions with the same time scale (at least 50 years) as ESTMORF can, but with enhanced accuracy and spatial resolution for the morphology. 

(10-31)                                                                                                        ABP  DH
See Appendix 2(e) for descriptions of ESTMORF and Delft3D

2.4
Development and application  of  'inverse' hybrid models. 
Individual contributions from specific process in the bulk source term (generating morphological change) will be disaggregated by deploying  a top-down model as part of an inversion method alongside a B-U model. The disaggregation will establish the basis for extending the top-down model in a manner that will be consistent with the process model approach, (or vice versa). The  B-U model will be selected from one  used elsewhere in the project .
See Appendix 2(f) for description of the Inverse model
 (9-31)                                                                                                    U  PLYMOUTH
2.5
Development and application of an estuarine analytical-emulator’ 
This development will produce results for intercomparisons in 2.7 and provide a component for the  morphological module to be developed in FD2117    
 (23-31)                                                                                                         POL                                                            
See Appendix 2(g) for description of the Analytical Emulator
2.6       Development & application of  a hybrid morphological capability for Lagrangian particle-tracking models

     HRW will adapt its Lagrangian particle tracking models SEDPLUME-RW and SandTrack to deal with fine sands in a consistent manner (using in-house funding), and will develop the resulting model to become an estuary morphological hybrid model by transporting lenses of sediment with each of the 1000s of tracked grains.  This approach will give the provenance of sediment (possibly contaminated) arriving at an area of accretion, as well as the quantity

 (4-7)                                                                                                            HRW  POL

2.7
Intercomparison and evaluation of model results based on net sediment fluxes
           Utilising the equivalence of spatial divergence in net sediment transport with net sedimentation/erosion,results from B-U ,T-D and HYBRID models will be evaluated to produce 'ensemble'  characterisations of likelihoods for 2050 morphologies
(25-30)                                                                      POL   ABP  DH   U PLYM   HRW     
(e)          work   package   3
IMPACTS OF FUTURE ESTUARINE  MORPHOLOGIES ON CHANGES IN FLOOD

RISKS AND HABITATS 

(13-24)                                                                                                   (HRW,POL)
This WP calculates the relative significance  of the characteristic  morphological changes ( indicated in WP2.7) on changes in flood risks and habitat conservation.

IPCC figures will be adopted  for likely changes in msl, rainfall and storminess
.(FD2107 will not replicate impacts of precise schemes .

3.1       Impacts  on flood levels  due to  tides, surges and waves.
Adopting schematised changes in the whole-estuary morphology,B-U models are used to predict the changes in maximum water levels due to tides and surges, including raised msl, and the potential for overtopping of defences by waves
(18-24)                                                                                                     HRW  POL
3.2
Impacts on flood defences and habitats via: changes in erosion/sedimentation

Subsequent to WP 3.1, the related consequences for raising of flood defences and for changes in habitats will be examined.

(18-24)                                                                                                     HRW  POL
3.3       Development and application of HRW's re-alignment module   
 Changes in habitat are especially significant for cases of re-alignment of defences. A hybrid model will be developed and applied to predict such changes at a local level 
The morphological and habitat evolution of areas affected by managed re-alignments will be the subject of a hybrid model to be developed by marrying HRW’s existing B-U models  to a T-D lagoon model from the literature.
 (12-19)                                                                                                             HRW                         
See Appendix 2(h) for description of re-alignment model
4  DATA REQUIREMENTS
 (POL)

 Workshop 1 will assess the availability and suitability of observational data relating to :

 set-up,forcing,validation and assessment of models
sequential bathymetries  and surficial sediments
time-series of suspended sediment distributions

historical sequences of sediment accumulation (magnitude,distribution,provenance and sediment type) over the Holocene

quantitative estimates of impacts of biological & chemical mediation of sediment erosion and deposition.
High priority will be given to  exploiting recent  advances in availability and accurate interpretation of airborne LIDAR,ATM and CASI surveys .Likewise, usages of satellite,geological, geomorphological,biological and chemical data sets will be explored. 

(a) modelling-data intercomparisons
To inform the specification of data requirements for this project, we first summarise the modelling approaches. Overall, we wish to indicate the likely impact, in terms of flood risk and habitat conservation, in a range of  estuaries of GCC and interventions . We also aim to show how the various models can be  utilised alongside relevant observational data to investigate specific cases.

MODELLING

Bottom-up
B-U models can accurately calculate changes in flood levels and habitat exposures for  specified bathymetries .They can also provide reasonable representations of sediment concentrations. However net sedimentation results from subtle and complex interactions occurring over time-scales such as (i)intra-tidally between surficial sediments and bed roughness,(ii) spring-neap in salinity intrusion,(iii)seasonal in sediment supplies and drought/flood river flows and (iv) episodic events.

Thus successively updating  bathymetry from calculations of immediate changes in sediment erosion/deposition consequent on modifications to currents arising from updated bathymetry results in non-realistic extrapolations. To illustrate the extent of such successive updates,we note that complete deposition, each tide, of a concentration of 1000 mg/l in 10m water depth amounts to less than 1m per year  (and typical 'capture rates'  are only a few percent of this). Hence simulations need to extend over many years and embrace the wide range of conditions noted above.

Top-down models

T-D  models  are generally 'rule-based' or derived from analyses of geomorphological data. Since their underlying concepts are independent of those utilised in B-U models, they provide a valuable counter-point .Moreover their   time-scales of applicability are invariably much longer than for B-U models. The concurrent project FD2116 involves further development of these models with subsequent incorporation thereof into this project.

Hybrid-SHELL
 Hybrid models  aim to fill the spectral-gap and exploit the complementary character of B-U and T-D models ,exploiting the generic  dynamical coherency of the former alongside the specific quantitative basis of the latter. A specific goal is the development of a SHELL to facilitate this coupling ,including the input of data and output of results.

Analytical Emulator
The Analytical Emulator provides a further inter-connecting  perspective,  indicating ,in a generalised manner, how changing tides, sea levels, river flows and sediment supplies yield differing 'equilibrium' conditions for varying sections along estuaries.

Inverse

In seeking to bridge the temporal and conceptual gaps between models and observations we aim to  explore relationships between : tidal energetics-sediment mobility - residual patterns of erosion and deposition-bathymetric evolution. The INVERSE model seeks to derive insight into these relationships  by examining how  B-U model simulations need to be modified to reproduce observations.

(b) observational data
Whitehouse (4 ) noted that ' It is rare for there to be adequate data for calibration and validation of morphological prediction methods' -reflecting the paucity and limited accuracy ,resolution and coverage of most such data sets. Recognising the limitations of observational technologies, wide  use is  made of 'proxy' parameters often with complex calibration procedures.

The project will not commission  observational campaigns. The aim is to access data from:

(i)any planned observational campaigns concurrent with the project 

(ii)existing data bases, perhaps requiring additional processing for present purposes

B-U models require observational data  to parameterise bed friction coefficients and other sediment characteristics.

Rule-based T-D models require data that can validate underlying assumptions (possibly indirectly via verification of B-U model simulations) .

Geomorphologically-based T-D models require sequential bathymetries extending over both : (i) centuries for net effect (ii) shorter relevant cycles to indicate intervening variability and hence representativeness of (i).

existing data
The estuaries studied in this project were selected on the basis of their accompanying observational data sets compiled in EMPHASYS and EstProc (8) & (9).These data include : bathymetry,sea level,waves,currents,river fluxes,surficial and suspended sediments, geology,vegetation,benthos and WQ. These data provide a reasonable platform for B-U modelling.

Examples of sequential  bathymetric surveys are shown by Pye and van der Wal (5 ) extending over 150 years in the Ribble (4 surveys) and Humber (3) and over 100 years in Southamton Waterway (3). Thomas (6 ) shows 6 such data sets for the Mersey over 140 years.

ABP have monthly surveys of the main channel of the Humber extending over X years.

On the 'geological time scale' Balson (7 ) shows evolution of the Humber,Mersey and Southampton Waterway over the Holocene.

NEW DATA
Highest (realisable) priorities will  extend  data coverage as follows:

For B-U models

Whole-estuary CASI surveys of inter-tidal surficial sediments and suspended sediment concentrations , including variability over spring-neap and seasonal cycles.

For T-D models
Extension of the  sequential bathymetries described above to indicate  variabilities between:

(i) large and small estuaries with changing catchment characteristics, (ii) N-S divide over the 'falling/rising' sea level hinge point and (iii) E-W divide of exposure to  storminess.

Any data purchased from partners in this project or from third parties for use within the duration of this project will be subject to charging regimes and license restrictions applied by those parties. Any ongoing use of data required by any product of this project would be subject to a separate license agreement subject to any charging regime or licence restrictions as may be applied.

5 OUTPUTS 
(a) internal reporting
Monthly - progress reports

Annual   -  reports

M 04  Final Inception Report
 M 12  Report  :  Guidelines for application of B-U estuarine models to assess

impacts of GCC and interventions on flood risks and sediment regimes.

(WP1.1,1.2 & 1.3)

M 24 Report on development of SHELL application framework for HYBRID models
(WP2.1)
Report on development and application of T-D and HYBRID models (WP2.2,2.3,2.4,2.5,2.6)

 M 30 Report on intercomparison and evaluation of B-U,T-D & HYBRID models. (WP2.7)

M 30 Report on effects on flood levels and  habitats of characteristic 2050 morphologies (WP3.1,3.2,3.3)
M 37 Final Report,Workshop and scientific papers
(b) external reporting
A Special Issue of a  Scientific Journal is planned,with papers to include:
 (a)  sensitivity of SPM concentrations and fluxes to sediment parameterisations

 (b)  intercomparison of T-D,B-U and Hybrid estimates of morphological evolution

                             (c)  characterisation    of likely impact of climate change  and interventions on 
                                   flooding, flood defences and habitats in UK estuaries by 2050. 
(d)  assessment of validity of ‘rule-based’ models via B-U simulations
(e)  further development of ERP Phase 1 (11)   guidelines to commissioning and     

      assessing estuarine modelling studies. 
(f)   application framework to ‘set up’, couple , apply  and visualise model results

(g)  morphological module for EMS simulator (FD2117) 

 Anticipated 3 articles for Defra CDR newsletter
(c)  tools & models
1 ) Framework for application of B-U models for impacts of GCC on flooding.    WP1
2 ) Refined estuarine models,including Hybrid models capable of 50y morphological predictions.                                                                                   WP1,WP2 and WP3                                                           
3 )An applications framework SHELL  for coupling B-U  to T-D models,  providing new HYBRID models with suitable assessment and visualisation capabilities   WP2.1

4)An estuarine morphological emulator for incorporation into a system-based estuarine simulator (FD2117).                                                                             WP2.5

5 ) Enhanced models of estuarine sub-systems  and mixed sediments     WP3.3 &1.3
 (d)  management &  dissemination

Continuing feed-back on progress will be provided from a  steering committee ,comprising : D Prandle (chair) , R Soulsby , I Townend , the leaders of FD2116  and FD2117 and one  Industry Representative  ( D Keiller ,B V ) together with additional feed-back from the Project Manager (A Parsons) and EA/Defra assessors.

A www-site will be established to facilitate:
  (public) for general awareness, charting progress etc
  (internal) model software & observational data exchanges

Six monthly Workshops will include: detailed assessments of WP components completed (inter-sessionally), review of WP components underway and discussion of new WP components about to commence.  
Annual Workshops ,held regionally concurrently with FD2116 and FD2117,will include interactive discussion sessions with local  EA and wider community interests about related regional estuarine management issues. This  will maintain convergence between the programme aims and real-world problems.
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2 MODELS

TABLE 1 MODELS 
(a) type, existing status, developments status and access



(b) applications (to be finalised in Inception Report)
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	ORG
	MODEL TYPE
	MODEL
	[image: image2.emf]Initial bathymetry

Waves

Wave b.c.

Flow

Transport

Bottom change

Flow b.c.

Every N flow time steps 

update wavefield

Flow, transport and 

bottom change solved 

simultaneously

WP
	Existing

Status

O-C

P-C

C-C
	FD2107

Development
	Development

Status

O-C

P-C

C-C
	Access/ Dissemination

MR

SP

O-C

	POL
	HYBRID
	ANALYTICAL  EMULATOR
	2.5
	O-C
	NO
	N/A
	N/A

	
	B-U
	POLEST(E)

POLEST (L)
	1.1, 1.2,

2.2

3.1, 3.2
	O-C

P-C
	NO

NO
	N/A

N/A
	N/A

N/A

	ABP
	2 T-D
	RULE-BASED
	2.2
	P-C
	YES
	O-C
	O-C , MR

	DH

ABP
	HYBRID
	ESTMORF 

DELFT3D
	2.3
	P-C

P-C/C-C
	1D-2D

NO
	O-C

N/A
	MR , SP

N/A

	HRW
	HYBRID
	SANDTRACK
	1.3, 2.6
	P-C
	YES
	O-C
	O-C,MR or SP

	
	B-U
	TELEMAC
	3.1, 3.2

2.2
	C-C
	NO
	N/A
	N/A

	
	PROCESS
	REALIGNMENT
	3.3
	TBD
	YES
	O-C
	P-C,MR or SP

	U  PLYM
	HYBRID
	INVERSE
	2.4
	O-C
	YES
	O-C
	O-C,SP


	ORG
	MODEL TYPE
	MODEL
	BLACKWATER
	HUMBER
	THAMES
	TAMAR
	SO’TON  WATER
	RIBBLE
	MERSEY
	DEE
	WP

	POL
	HYBRID
	ANALYTICAL  EMULATOR
	(
	(
	(
	(
	(
	(
	(
	(
	2.5

	
	B-U
	POLEST     (Eulerian)

POLEST (Lagrangian)
	
	
	
	
	
	(
	(
(
	(
	1.1,1.2, 2.2

3.1,3.2

1.3

	ABP
	2 T-D
	RULE-BASED
	(
	(
	(
	
	(
	
	(
	
	2.2

	DH

ABP
	HYBRID
	ESTMORF 

DELFT3D
	
	(
(
	
	
	(
(
	
	
	
	2.3

	HRW
	HYBRID
	SANDTRACK
	
	
	(
	
	
	
	
	
	1.3,2.6

	
	B-U
	TELEMAC
	(
	
	(
	
	
	
	
	
	3.1,3.2

2.2

	
	PROCESS
	REALIGNMENT
	(
	
	
	
	
	
	
	
	3.3

	U  PLYM
	HYBRID
	INVERSE
	(
	(
	(
	(
	(
	(
	(
	(
	2.4


(a) POLEST 1D/2D/3D  & Lagrangian

POLEST 1D/2D/3D  
The simulation of tidal elevations and velocities together with SPM time-series using the POLEST models were assessed in EMPHASYS (12) for the Mersey Estuary.

The 1D/2D/3D bottom-up models solve the equations of conservation of mass and momentum disctretised via grids that are , respectively, cross-sectionally averaged, depth-averaged and fully 3 dimensional. The finite-difference solutions are explicit except for the derivation of (vertical) current profiles which is implicit. Rectangular (strictly polar) grids are used horizontally and sigma-co-ordinates, with constant resolution, in the vertical. For the present applications to shallow, strongly tidal estuaries, the 3D model assumes that vertical diffusivity = vertical eddy viscosity (E)=f U D, where f is the bed friction coefficient, U the tidal current amplitude and D water depth.

Lagrangian  particle tracking module
This 'random-walk' module ,incorporated within the POLEST models, simulates , independently, the erosion - suspension - deposition of (typically) 100000 sediment particles. Erosion is based on conventional  bed stress formulations. Suspension ,with accompanying horizontal advection, is represented by random vertical excursions (of magnitude SQRT(2 E DT) each time step (DT).Deposition is via settlement velocity W. 
In addition to logging the horizontal and vertical co-ordinates of each particle, their origins , size, shape, attached chemistry ,time since deposition etc can be stored.
Hence ,this approach readily facilitates incorporation of effects such as : size-spectra of sediments, consolidation, time-varying bed roughness as a function of surficial sediments.

(b) HRW Lagrangian model
 Lagrangian particle-tracking model SandTrack
HRW has a well-established random-walk Lagrangian particle-tracking model for the dispersal of suspended muddy sediments, primarily dredged spoil,  (SEDPLUME-RW ).  More recently we have developed a sister-model for Lagrangian particle-tracking of sand-grains including bedload, suspended load, incipient motion and burial processes (SandTrack). The models operate by tracking the movement of “tagged” grains of mud or sand, each representative of many billions of similar grains.  Runs over times of typically a few weeks to a few decades give predictions of where the tagged grains end up.  We will extend the model to associate a volume of sediment with each tagged grain, and deposit it on the bed in a diffuse fashion (as a sediment “lens” with a defined maximum thickness and extent).  The sum of the lenses gives the morphodynamic development of the estuary, fitting the main aim of FD2107.  If this process is repeated at intervals of say 1 year or 10 years, and the hydrodynamics re-calculated at each step, this is in effect a Hybrid model.  It has the advantage over other Hybrid models that in areas of deposition (tidal flats, salt-marshes) the source of the deposited sediment is known as well as its thickness.  The tagged particles can carry a marker to indicate whether they are polluted with heavy metals, for example.  Thus this approach to morphodynamics leads directly to information which is additionally valuable for biological, ecological and water quality purposes, such as whether a newly deposited area of sediment is contaminated.  Sites that the SandTrack model has been applied to include the north coast of Scotland, Morecambe Bay, and the Dee Estuary.  We will test the new developments in FD2107 on the Thames estuary.  These developments will be done in collaboration with POL’s development of their own Lagrangian model.

 (c) Application Shell

The development of the application shell is required to provide a standardised tool for coupling a range of bottom-up hydrodynamic models and top-down morphological models. The generic framework of the shell will be based on the POLCOMS suite and extended to facilitate access using other proprietary hydrodynamic models (eg. Telemac, MIKE21 and Delft3D). A full review of previous work in this area will be undertaken prior to commencing any developmental work. The review will lead to the preparation of a proposed data exchange protocol which, subject to modification, will be approved within the consortium before implementation. Minor changes to input and output routines of existing models may be required before they can function within the shell environment. During development, the shell will be tested using selected bottom-up and top-down models and examples of hybrid models will be demonstrated. The shell will then be distributed within the consortium for further application and testing of hybrid models. On completion of the study, the shell will be available for wider distribution.

(d) Top-down models
Form Model

The EstForm model described in EPR1 was originally applied to the Humber Estuary. This hybrid model was capable of reproducing underlying trends in total estuary volumes over a period of several decades. The model was not able to reproduce short-term fluctuations of the bed particularly well and other variables or even long-term trends in intertidal volume. Because the model is driven by long-term trends in water levels, it can also be used to predict future changes in gross estuary properties, providing reliable predictions of long-term trends in water levels are available for the estuary.

The EstForm model has been developed further since ERP1. The model can now describe changes taking place within individual reaches along the length of an estuary. As before, a significant amount of data is required and to date the revised model has only been applied in the Humber Estuary. The Humber has been the preferred test-bed for the model where digital bathymetry at approximately 5-year intervals over a period of 65 years is available. The model is underpinned by a detailed long-term analysis of water levels in the estuary, extending over a period of 80 years. The model has been used to test the impact of specific mechanisms (eg. accelerated sea level rise) on estuary form. It is proposed to apply the model to an alternative estuary within the UK where a suitable dataset is available such as Southampton Water.

Entropy Model

The entropy-based top-down model, EstEnt, developed by ABPmer was applied extensively to 6 UK estuaries in ERP1, Paper 19 (Modelling Estuary Morphology and Process). The concept of minimum entropy production was derived for the general case of bi-directional tidal discharge in an estuary. Hydrodynamic conditions required by the model can be provided from a 1D, 2D or 3D bottom-up model. Application of the model allows the total energy distribution along the estuary to be compared with the theoretical distribution based on the minimum entropy production. The model is used as a diagnostic tool by repeating the analysis using data from different periods in time. Changes in the distribution of total energy along the estuary is used to determine whether or not a system is converging towards or diverging from its most probable state. 

Further development of the entropy model is proposed within FD2107. Optimisation of the estuary system using annealing techniques will allow the model to be applied as a predictive rather than diagnostic tool. Following development stage, the model will be applied to a limited set of estuaries within the nominated list (eg. Humber, Mersey, Blackwater and Thames).
(e) ESTMORF and Delft3D

The ESTMORF model is developed by WL | Delft Hydraulics in co-operation with The Dutch Rijkswaterstaat. The model is special designed for predicting the impact of natural development like sea level rise and of human interference e.g. land-reclamation, dredging works etc. to the medium and long-term morphological development of estuaries. ESTMORF is a hybrid type (semi-empirical) morphological model. It combines the description of physical processes (hydrodynamics & sediment transport) and empirical relations for morphological equilibrium, in order to obtain optimal description of the long-term morphological development. The model uses a one-dimensional network hydrodynamic model simulating the tidal flow. The simulated flow data are used to define the morphological equilibrium of the channels as well as the intertidal areas. The deviation of the actual morphological state with respect to the morphological equilibrium and the flow data together determine the sediment transport and the morphological changes. Not only the changes in the channel but also the changes of the intertidal areas are calculated by the model. This makes it useful to be applied for ecological studies as well. More information of the ESTMORF model can be found in Wang et al (1998, 1999), Wang and Roelfzema (2001).

Originally the model is meant for the Western Scheldt, an estuary in The Netherlands. Since the ESTMORF Western Scheldt model was made operational a number of years ago, it has been used as a key tool in many consultancy and research projects for this estuary, like the Long-Term Vision Scheldt Estuary study and the Strategic EIA for Western Scheldt (currently being carried out). Later the model has also been successfully applied to many other estuaries and tidal lagoons in the Netherlands and elsewhere in the world. Within the framework of the EMPHSYS project (ERP Phase 1) a pilot application of ESTMORF to the Humber Estuary was carried out to demonstrate its capability of morphological predictions for a period of 50 years under influence of sea-level rise and human interference. Later an extended version of the ESTMORF-Humber model has been successfully applied in the HESMP project for predicting the future (50 year) morphological evolution and the impact of set backs. Another successful application of ESTMORF in the UK is to the Southampton Water. 

Wang, Z.B., Karssen, B., Fokkink, R.J. and Langerak, A., 1998. A dynamic/empirical model for long-term morphological development of estuaries, in Dronkers, J. and Scheffers, M.B.A.M. (ed.), Physics of estuaries and coastal seas, Balkema, Rotterdam, 1998, pp 279-286.

      Wang, Z.B., Langerak, A. & R.J. Fokkink, Simulation of long-term morphological development in the Western Scheldt, IAHR symposium on River, Coastal and estuarine morphodynamics, Genova, 1999.

Wang Z.B. and A. Roelfzema, 2001, Long-term morphological modeling for Humber Estuary with estmorf, IAHR Conference in Beijing, China, September 2001. 

Delft3D

The 3D Morphology version of the Delft3D system is described in detail in Lesser et al. (2004). In Figure 1 below the general flow chart of the system is shown. The main components are Delft3D-WAVE, which is based on the spectral wave model SWAN (Holthuijsen et al, 1997), and Delft3D-FLOW, which in the form used is a non-stationary, 2DH or 3D, hydrostatic flow model with an in-built advection-diffusion solver that is used (among others) to transport suspended sediment. Bed load transport is computed separately and bottom changes due to the combined effect of the sediment entrainment and deposition and bed load transport gradients are computed every flow time step. To account for the difference in time-scales between the hydrodynamics and the morphology, bottom changes per time step are scaled up by a 'morphological factor', which for typical coastal problems may be in the order of 100.

The numerical scheme applies a curvilinear, orthogonal, staggered grid, where water level points and depth-points are co-located in the cell centres and the u- and v- velocity points are located in the middle of the cell walls. For the simulations presented in this paper an Alternating Direction Implicit (ADI) method is used to solve the continuity and horizontal momentum equations (Leendertse 1987). The advantage of the ADI-method is that the implicitly integrated water levels and velocities are coupled along grid lines leading to systems of equations with a small bandwidth. Stelling (1984) extended the ADI method of Leendertse with a special approach for the horizontal advection terms, namely the splitting of a third order upwind finite difference scheme for the first derivative into two second order consistent discretisations: a central discretisation and an upwind discretisation, which are successively used in both stages of the ADI-scheme. The scheme is denoted as a Cyclic Method (Stelling and Leendertse, 1991). This leads to a method which is computationally efficient, at least second order accurate, and stable at Courant numbers of up to approximately 10.   Wave effects are accounted for through additional driving terms near surface and bed, enhanced bed shear stress, mass flux and increased turbulence; see Walstra et al. (2000). The wave-current interaction is implemented by running the wave module every N flow timesteps, where updated bottom, water level and velocity information is passed to the wave model and wave-induced forces, wave heights, periods and directions are passed back to the flow module. 

The most important adaptations for the sediment transport and morphology model are the following:

· the depths in u- and v-points are taken as the minimum of the surrounding depths in water level points. 

· sediment source and sink terms and bed load transport vectors are evaluated in the water level points (cell centres).

· the velocity vectors applied in the centres are determined by a depth-weighted averaging of the surrounding velocities in u- and v-points:

· the erosion and deposition terms of suspended sediment are combined into an implicit term that depends on the near-bed concentration and the fall velocity, and an explicit term that depends on the reference concentration given by one of several formulations. 

· the bed load transport components in the u- and v-points are copied from the up-stream water level points where the bed load transport is evaluated.

· the bottom change (in water level points) over a half time-step is computed as the sum  of the net entrainment or deposition and the net bed load transport into or out of a cell, muliplied by the 'morphological factor'.

This scheme, which is a slight modification of the upwind/downwind scheme presented in Lesser et al (2004) has been tested and applied in a wide range of conditions, varying from wave-dominated to tide-dominated, in 2DH and 3D mode, and has proven to be very stable. 

Holthuijsen, L.H., N. Booij and R.C. Ris, 1993: A spectral wave model for the coastal zone. Proc. of the 2nd Int. Symposium on Ocean Wave Measurement and Analysis, New Orleans, 630-641.
Leendertse, J.J., 1987: A three-dimensional alternating direction implicit model with iterative fourth order dissipative non-linear advection terms. WD-333-NETH, The Netherlands Rijkswaterstaat.

Lesser, G.R., J.A. Roelvink, J. van Kester and G.S. Stelling, 2004: Development and validation of a three-dimensional morphological model. Accepted for publication, Coastal Engineering.
Stelling, G.S. and Leendertse, J.J., 1991: Approximation of convective processes by cyclic ACI methods. Proceeding 2nd ASCE Conference on Estuarine and Coastal Modelling, Tampa.

Walstra, D.J.R., J.A. Roelvink and J. Groeneweg, 2000: Calculation of wave-driven currents in a 3D mean flow model. In: Coastal Engineering 2000, Billy Edge (ed.), Vol. 2, ASCE, New York, pp. 1050-1063.
(f)  Inverse Model

Spivack & Reeve  (16)showed how a top-down model (the 1-line equation that describes the evolution of the position of a beach height contour) could be cast in the form of an inverse problem to retrieve a time-averaged forcing term.  The forcing term represented the cumulative effect of the processes driving morphological change, over and above the wave-driven littoral transport already included in the 1-line equation. We propose to use the output of a detailed process model at two different times as input to a hybrid model.  The time averaged forcing determined from the inverse model should coincide with the time averaged forcing computed with a detailed process model.
(g) Analytical Emulator    ref(17)
New theories have been developed and translated into characteristic responses for: tidal propagation, saline intrusion, sediment trapping and sorting and turbidity maxima - all consistent with stable estuarine bathymetries.These responses have been integrated into an 'analytical emulator' providing explicit expressions linking dynamics, sediment motions and bathymetry  The emulator describes,  quantitatively,

  the balance of  bathymetry with prevailing tides, river flow and alluvium in strongly tidal, funnel-shaped estuaries  
By assuming a ‘synchronous’ estuary with a triangular cross-section, a direct relationship is established between localised tidal dynamics and the slope of the sea bed.  Integration of the latter provides an estimate of estuarine length, L.  Moreover, these approximations enable salient features of estuarine tidal dynamics and related levels of stratification to be illustrated directly as functions of D and  
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Interrogation of the  dynamics of saline mixing   provides an expression for the length of saline intrusion  Utilising these derivations for  estuarine length and saline intrusion length, an expression is derived for estuarine depth, Do, at the estuarine mouth in terms of the river flow Q and side slope of the triangular cross section. 
Finally existing theories on the nature of locally resuspended sediments in tidally dominated regimes are combined with the influences of 'tidal pumping', salinity intrusion and river flow to derive conditions consistent with zero sediment flux i.e. stable morphology.
(h) re-alignment model
HR Wallingford – Re-alignment model
For strategic planning consideration the sustainability of flood defence management activities is a function of local impact and, in particular, issues surrounding managed realignment and habitat.  The tools available for resolving the issues particularly relating to the evolution of habitats created by managed realignment are not well developed, partly because of the site-specific complexity of these systems and the significant roles of tides, waves, sediment, vegetation and biology at small spatial and temporal scales.   By adapting models which have been used in other related systems real progress will be made towards provision of a management tool for re-alignments.  We will develop a model for prediction of local changes in morphodynamics resulting from managed realignment.  The methodology will build on the conceptual modelling approach to habitat development employed successfully by di Silvio  and others for lagoon environments and which the Research Plan  suggests as a sound base for future progress.  This approach is essentially hybrid  – combining bottom-up and top-down aspects – to describe the inlet functioning, and has the built in flexibility to incorporate the effects of waves, vegetation and biology and to allow future increases in complexity as the level of knowledge regarding these and other processes develops.  One of the important aspects to solve is that by definition a managed realignment site is a “virgin” site with no representative hydraulic, sedimentological, vegetative or biological functioning upon which any prediction can be based.  The method must therefore be viable in predicting a priori and at least qualitatively what will occur on breaching.   The method will significantly enhance the applicability of the estuary system community model envisaged in FD2107 which will lead to the management tool envisaged in the ERP Phase 3 stage.  The method will be designed so that it can be integrated with the POL hydrodynamic model system.
 Mead, C.T. & Rodger, J.G. 1991.  Random Walk Simulations of the Dispersal of Dredged Spoil, in Environmental Hydraulics, Lee, J.H.W. & Cheung, Y.K. (Eds)., Balkema, Rotterdam, 783-788.

3 FINANCES

               Defra funding        In-kind

POL            131400                  86250

HRW             83000                  19000

ABP              79800                  10000

DH                60000                   

U P               40000
POL 's R&D activities in FD2107 will be supported (on equal cost basis) by the convergent interests of its Core Strategic Science Programme

HR WALLINGFORD contribution includes similar matching funding for components that are convergent with in-house strategies. 

ABPmer will provide bathymetric data to the project to the notional value indicated.

A total of £56000 has been allocated for travel,subsistence and hosting of workshops and other forms of publication and dissemination of results.(Researchers' time at Workshops and meetings must be recovered from WP allocations).Additional costs for external steering committee members and Assessors will also be covered from this sum.
A sum of £50000 has been allocated for data access - see Section 4.
4 INTELLECTUAL PROPERTY RIGHTS (IPR)

Ownership of intellectual property arising from this project will normally (unless otherwise specified) reside with the party supplying the research.For certain specific products designated as 'open code' (identified in Table 1 (a) )the ownership of intellectual property will be transferred from the research provider to Defra.
5 CONTRACTUAL ISSUES

H R  Wallingford.

Requested modification to Terms and Conditions by HR Wallingford
This Application has been prepared based on the assumption that the Project will be let under the DEFRA Standard Terms and Conditions for Research and Development Contracts (Contract Won in Competition).  HR Wallingford will be a sub-contractor to Proudman Oceanographic Laboratory (POL).  It is anticipated that the Terms and Conditions of the sub-contract will reflect the main contract between DEFRA and POL.   

In respect of this project HR Wallingford will seek an addition to Clause 8 of the DEFRA Standard Terms and Conditions for Research and Development:

“Provided that insofar as it may be at fault, and always within the amount reasonably attributable to such fault, the Contractor’s total liability hereunder shall be further strictly limited as follows:

(i).
Except in respect of death or personal injury, for which no limit will apply, the Contractor’s total liability hereunder, whether in contract tort or howsoever arising, will be limited to six times the Remuneration payable by the Secretary of State and the Co-funders for the Services excluding VAT or £1 million whichever is the lesser amount, and

(ii).
The Contractor shall not be liable to the Secretary of State or the Co-funders (or through them third parties) for loss of profits or contracts or other indirect or consequential losses arising from negligence, breach of contract or howsoever.

(iii).
This contract shall not be interpreted or construed as conferring either directly or indirectly any rights or causes of action upon any person or entity not a party hereto.”

HR Wallingford

11 November 2003

HR will make use of the existing commercial codes TELEMAC and ISIS, and proprietary codes SEDPLUME-RW and SandTrack. The TELEMAC model is commercial code developed originally by Electricité de France, and is not owned by HR Wallingford.  The ISIS model is jointly-owned commercial code. The SEDPLUME-RW and SandTrack models are HR’s own proprietary code, developed without any Defra funding, and connecting with TELEMAC hydrodynamic outputs.  As commercial and proprietary models that were established prior to the tender of FD2107 these models cannot be offered as open code. However, we will ensure that all adaptations to the software developed under FD2107 are modular and clearly documented in a way that could be carried over to other third party codes, as prescribed in Defra’s Invitation to Tender.

The morphodynamic adaptation of SEDPLUME/SandTrack will be made available as open code, suitable for use with other particle-tracking models such as the POL community Lagrangian model.  It is envisaged as comprising a FORTRAN module that takes inputs of the position coordinates of (typically several thousand) particles from a particle-tracking model, and outputs changes to a grid of bed elevations.  The latter can be interfaced to a bed-update module, which needs to be specific to the flow model being used.  Only the module developed in FD2107 will be a deliverable, plus instructions on how to interface it between a particle-tracking model and a bed-update module.  However, the task of implementing the interface to other specific models will be the responsibility of the owners of the other models.

The hybrid module for morphodynamic development of managed re-alignments will be made available as open code in a similar manner.  It will comprise a FORTRAN module that takes as inputs the current velocities from any commercial or proprietary flow model, and/or sediment transport from a commercial or proprietary sediment transport model, and computes the resulting bed updates in response to a managed re-alignment. Only the module developed in FD2107 will be a deliverable, plus instructions on how to interface it to a flow model.  However, the task of implementing the interface to other specific models will be the responsibility of the owners of the other models.

Delft Hydraulics

Prior to proposal acceptance:

This fee proposal in formulated in British Pounds.  In the event that the exchange rate of the British Pound against the Euro at the time of concluding a contractual agreement has dropped below 95% of its value on the date of submission of the proposal, we reserve the right to withdraw our proposal.

Subsequent to the proposal acceptance:

DH reserves the right to reduce staff time allocations by up to 10% in the event of an adverse change in exchange rates exceeding 10% relative to the rate prevailing at the proposal agreement date.

VAT

  The cost submitted are on the understanding that any additional liability to VAT from individual partners will be funded separately by Defra.

Any data purchased from partners in this project or from third parties for use within the duration of this project will be subject to charging regimes and license restrictions applied by those parties. Any ongoing use of data required by any product of this project would be subject to a separate license agreement subject to any charging regime or licence restrictions as may be applied.
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