Analysis and Modelling Guide

COUPLED HYDRAULIC AND REGIME RELATIONSHIPS
Method Indicator
Bottom-Up

Hybrid
YES

Top-Down

Summary of key issues
Issue
Description
Description
This model couples both hydraulic models and regime models
together. Hydraulic models predict the flows under the various
scenarios under consideration and the changes in bed shear-stress
patterns are used to infer the likely changes.
Regime theory characterises links between hydrodynamics and
estuary morphology by a simple empirical formula (or formulae),
describing an estuary equilibrium (or quasi-equilibrium) and
subsequent evolution following a disturbance to the system.
Temporal
Typically used to model medium to long-term events (e.g. 100 years)
Applicability
Spatial Applicability Generally applied to estuary wide models extending from the
upstream tidal limit to the mouth of the estuary
Links with Other
SHELL (coupling tool between 1D hydrodynamic models and regime
Tools
equations); hydrodynamic tools, regime tools, Entropy and energy
based tools.
Data Sources
• Bathymetry;
• Boundary information;
• Sediment flux;
• Historic bathymetry;
• Calibration/Validation data (water levels, speeds).
Necessary Software Hydrodynamic model, regime algorithms, understanding of modelling
Tools / Skills
techniques and estuary processes. Programming skills would be
advantageous to allow modification of underlying code and
assumptions
Typical Analyses
Change in estuary morphology (area and volumes) and
hydrodynamics (water levels, discharges and speeds)
Limitations
Expert judgement is required. Model calibration is difficult to achieve
without historic information and/or a good understanding of the
system.
Example
Hybrid Regime models of five estuaries have been constructed to
Applications
investigate estuarine response to changes in morphology as a result
of sea level rise these include, the Blackwater, Humber, Mersey,
Southampton Water and Thames Estuary.

Introduction
This sub-set of hybrid models is perhaps both the simplest and most well-developed. They
make use of some form of regime relationships linked to a hydraulic model by a scheme to
update the estuary bed (Gerritsen et al., 1990; O'Connor et al., 1990; Spearman, 1995; van
de Kreeke, 1996; Tzanetatou, 2000) (Figure 1).
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Figure 1.

Flow diagram for operation of regime model

In most cases, the hydraulic model is 1-dimensional, allowing long-term simulations to be
readily undertaken. Regime modelling tools have been used to investigate the long-term
implications of sea level rise, engineering changes and managed retreat by Spearman et al.
(1998), Pethick (2002) and in the EMPHASYS Report (EMPHASYS Consortium, 2000). A
similar approach has been adopted for the modelling of an outer delta (de Vriend et al.
1994), again using the sort of regime relationships.
Development of Shell hybrid regime model
The Shell is an interface designed to allow users to link results from a 1-dimensional (1-D)
hydrodynamic model (process based; B-U) to regime relationships (T-D; goal orientated).
The purpose is to predict long-term (decades to centuries) change in estuaries, allowing the
user to make informed decisions as to morphological effects of climate change, engineering
works and so on.
Figure 2 represents the process-based hydraulic model (Mike11, ISIS) on the left; on the
right within the Shell interface is the Regime model and shows the process undertaken to
perform an analysis. The Shell interface provides a mechanism to control this process in
one standard interface. The interface translates and imports the information from the
hydrodynamic model into the Regime model, to provide a new bathymetry of the estuary
form, based on some perturbation to the system.
The Shell has been designed to work within a Microsoft Windows environment and is written
in the program language Visual Basic and Matlab. The interface is designed as a series of
forms allowing the user to select a type of regime algorithm and couple this to a specific
model simulation. Additionally, incorporated routines provide the user with additional
information about the estuary under investigation, including intertidal area and tidal
asymmetry. The code has been written in a modular format with an open architecture
approach to allow other users to add to and develop upon the existing routines.
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Figure 2.

Hybrid regime flow diagram

Regime theory for estuaries
Regime theory characterises links between hydrodynamics and estuary morphology by a
simple empirical formula (or formulae), describing an estuary equilibrium (or quasiequilibrium) and subsequent evolution following a disturbance to the system. The theory
thereby predicts estuarine response to changes in estuary form (reclamation, engineering
works, etc.) or in forcing conditions (sea level, tidal range, etc.) in order to return to the
existing regime condition. The theory makes the assumption that the estuary will achieve
some form of equilibrium state and that the existing estuary form can be characterised by a
function describing the equilibrium relation.
Regime theory was first described for estuaries by Langbein (1963) who found relationships
for cross-sectional area A, top width B and mean hydraulic depth H in terms of discharge Q:
A ∝ Qmax p ,

B ∝ Qmax q,

H ∝ Qmax r.

(1)

The constants (p, q, r) are obtained by a fit to the results of the initial model run.
The exponents p, q, r form the basis of estuarine regime theory. Within the Shell interface,
the regime condition is defined as the initial estuary geometry and hydrodynamic conditions,
assuming that the current estuary geometry is in a stable equilibrium. The existing regime is
defined by a power law relationship between the maximum discharge during the tidal cycle
and the simultaneous cross-sectional area of flow, which is assumed to represent the
equilibrium condition prior to changes in forcing conditions.
It has been assumed that the relationship between estuary geometry is based on the
maximum discharge through the cross-section. However, it may be better to represent the
relationship of the estuary morphology in terms of cross-sectional area at maximum velocity.
The Shell interface allows the user to select either peak discharge or velocity as the means
to characterise the estuary regime. Alternatively, the polynomial relation between maximum
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discharge and cross-section area can be used, allowing greater freedom in estuary form. In
deriving the best-fit regime relationship between the peak discharge and simultaneous
cross-sectional area data points, there will be scatter. Validation exercises for the Shell
interface on estuaries along the east coast of England have indeed shown significant scatter.
Forcing the regime relationship on the existing form-discharge variation along the estuary
may imply a substantial change in some of the cross-sections, prior to any perturbation. To
overcome this, options have been implemented within the Shell interface. These are:
•
•

Iterate the model (Figure 2) with no change in the forcing conditions until the fit of the
characteristic regime equation is within a specified limit (typically about 5 per cent);
Assume the initial estuary is in an equilibrium state and retain the cross-section
deviations from the best-fit regime relationship by making relative, rather than absolute,
adjustments.

Morphological adjustment
Morphological updating of the cross-sections within the Shell interface occurs if the regime
condition for that particular cross-section is not met. The update procedure has a number of
conditions applied, and assumes some physical constraints, including the following:
•
•
•

•

The cross-section geometry is not adjusted above the maximum water elevation which
varies along the estuary;
A horizontal and vertical limit may be applied to the individual cross-sections preventing
adjustment beyond a specified extent which may be defined by a variety of objects such
as a Holocene surface, sea walls, cliffs, bridge piers etc;
The cross-section adjustment routine uses linear stretching (vertically and horizontally),
and does not consider variation in the flow velocity over the section. The routine adjusts
the section according to the required width and cross-sectional area, based on the
regime parameters.;
The new cross-section geometry forms the basis of the next iteration of the
hydrodynamic model. If the regime criterion has not been achieved then another
iteration of the hydrodynamic model is performed (Figure 2). Several iterations may
occur until the change in successive cross-sectional geometries has converged to within
a specified margin of the regime criteria.

Geological and physical constraints
The sub-littoral geology and physical constraints of the estuary need to be considered when
trying to understand future morphological response. Underlying clay, bedrock or other hard
substrata can prevent the estuary from widening or deepening. Equally, constraints imposed
on the estuary, by sea-defence walls, quay walls etc., will also prevent the estuary geometry
changing.
Long-term predictions must consider these factors before any future
morphological adjustments can be determined. The importance of such constraints is
highlighted by work undertaken for the Severn Estuary Coastal Habitat Management Plan
(CHaMP) (ABPmer, 2006), which showed the significance of the physical constraints in
preventing development of intertidal areas under a range of sea-level rise scenarios.
Without these constraints, the estuary continues to widen, whereas in reality this would be
prevented from happening by the presence of physical constraints. Application of the
physical constraints is essential, particularly when considering coastal squeeze and estuary
rollback, for example. Wright and Townend (2006) give a more detailed description of the
Hybrid Regime model.
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Outputs and limitations
The dynamic approach allows the estuary to evolve without the need for the user to
undertake any further actions. A new estuary morphology is created based on the change or
changes in the forcing conditions within the estuary. However, the new shape of the estuary
is subject to interpretation, because the estuary’s morphology is based on achieving the
correct area/discharge relationship based on a set of parametric fits and not by the physical
conditions (threshold of sediment motion). The bed update uses linear stretching (with
consideration of the geological constraints) to match the updated dimensions.
The software calculates intertidal and plan areas, volumes and hydraulic information, and
provides information on the hydrodynamics and regime simulation. With Mike11 software
this information is broken down into individual network branches (if present). A graphical
user interface (GUI) has been developed to allow the user to view and amend crosssections. An analysis of the tidal asymmetry (tidal excursion, net slack duration, slack
gradient and Dronker’s asymmetry ratio) can be undertaken within the Shell interface. The
morphological tidal period can also be determined; this routine calculates the theoretical
period within the simulation that represents the ‘morphological tides’. These tides alone can
be run to cover the entire simulation period. The 1-D energy terms are also calculated.
Currently the Shell Hybrid interface cannot simulate waves and so lacks their effects:
•
•

Extra subtidal transport at the estuary entrance causing widening there;
Influence on the upper profile of intertidal areas.

It also lacks explicit treatment of sediments. The project FD2116 (HR Wallingford et al.,
2006) proposed distinct regime algorithms for sandy and muddy estuaries.
Software and operating environment
The software is open source code, mainly in Visual Basic 6, although the graphical plots
have been created using Matlab Version 2006b. These packages are not required by the
user to install or run the Shell Hybrid Model interface. The code is annotated and designed
to allow experienced users to modify the code. Modularity allows experienced users easily to
add to or modify existing routines. The software is Microsoft Windows based allowing a
familiar and easy-to-operate setting.
Minimum requirements for running the Shell interface are:
•
•
•
•
•
•

200 MHz Pentium PC;
128 Mb memory minimum; 256 Mb memory recommended;
Hard disk with 200 Mb space available;
1024x768 resolution, high-colour (16 or 24-bit) graphics card and screen;
CD-ROM drive;
Windows 2000 or Windows NT 4.0 (or later versions).

The Shell interface can be run on any standard Windows-based network, but this may
require longer run times. When modelling many cross-sections, a faster processor and more
memory will improve performance. Running simulations locally is recommended; some
additional tools and graphical components may not be available if operated via a network
connection.
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Application
Model outputs are:
•
•
•
•
•
•

Volumes (m³) (HW, LW, Peak Discharge);
Areas (m²) (HW, LW, Peak Discharge);
Intertidal area (m²);
Water levels (m);
Velocity (m/s);
Discharge (m3/s).

The existing estuary state is assumed to be in a stable regime. If the estuary is in a period
of rapid change or instability then regime modelling is unsuitable. In this study the existing
regime state was derived from the existing hydraulic parameters before changed driving
conditions were applied. Where possible, stability of the existing regime was assessed by
comparison with the regime conditions from a previous time. For the assessment of
potential future morphological change in the selected estuaries, the predicted percentage
change in intertidal area is considered in each case. Rates of loss have been calculated
using a spatially-varying water surface and dynamic estuary morphology. It may not be
appropriate to make direct comparisons with previous estimates obtained using alternative
methodologies.
Application of Shell with regime constraints as a hybrid model
Hybrid Regime models of five estuaries have been constructed to investigate estuarine
response to changes in the forcing conditions (Huthnance et al., 2007). The five estuaries
are Blackwater, Humber, Mersey, Southampton Water, and the Thames. The changes to
either the water level or discharge driving boundaries made in the hydrodynamic model are
described in Table 1. The hydrodynamic models of the estuaries are shown in Figures 3 - 7.
Table 1.

Scenario conditions applied in 1-D Hybrid Regime modelling of the five estuaries

Scenario ID
Baseline

Scheme
Existing conditions, the 1-D hydrodynamic model is calibrated against
measured data

MSL + 0.30 m

An increase of 0.3m (6 mm/yr) over 50 years is added to the water level
driving boundary

MSL + 1m

An increase of 1m (20 mm/yr) over 50 years is added to the water level
driving boundary

Tidal range + 2%

An increase in the tidal range of 2% over 50 years applied at the seaward
boundary

River flow + 20%

A 20% increase in freshwater discharge over the next 50 years

All changes together
(MSL+0.3 m)
All changes together
(MSL+1m)
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Figure 3.

1-D hydrodynamic model of Blackwater Estuary
(Cross-section positions are shown)

Figure 4.

1-D hydrodynamic model of the Humber Estuary

The black lines represent the cross-section positions used in the Hybrid Regime model. The
Humber model extends from the mouth at Spurn to Trent Falls. The rivers Ouse and Trent
were included only as discharges into the main estuary.
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Figure 5.

1-D model of the Mersey Estuary

Cross-section positions are shown. The estuary extends from Gladstone Dock to Howley
Weir. Finer-resolution cross-sections were applied in the inner estuary around Widnes in
order to test applicability of the model to varying spatial information.

Figure 6.

1-D model of Southampton Water

Cross-section positions are shown. The 1-D model includes the Hamble, Itchen and Test
tributaries; the Shell allows for multiple branching.
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Figure 7.

The outer Thames Estuary

The selected cross-section positions are shown. The Thames model extends from Southend
to the tidal limit at Teddington. Also shown is a model for the Swale and Medway Estuaries;
these estuaries were not tested.
Results
Scenario 1 - 6mm/yr sea-level rise
The Humber and Thames estuaries respond in a similar manner to sea-level rise with a
consistent rate of loss in intertidal area of less than 0.1 per cent per year. Intertidal areas
within the Mersey Estuary are predicted to increase over an initial period of 35 years since
this can be accommodated within the form of the estuary. However, by 2050 there is
predicted to be a small net loss of intertidal area. Southampton Water also shows an initial
trend of increasing intertidal area, but the capacity of the estuary is exceeded after 2025
leading to a small net loss by 2050. The Blackwater Estuary is quite different from the
others, experiencing a consistently higher rate of intertidal loss, in excess of 0.15 per cent
per year, over the initial period of 45 years followed by a rapid increase over the next 5
years. Care is required in the interpretation of these findings; the Blackwater response could
be due to the unusual form of the estuary and limitations of the morphological updating
routines used in the current version of the Hybrid Regime model as applied here.
Scenario 2 – 20mm/yr sea-level rise
This faster sea-level rise shows broadly the same trends in intertidal response as found with
6mm/yr sea-level rise. Over the 50-year period considered, this exaggerated rate of sealevel rise is predicted to result in intertidal losses of 7-17 per cent for four out of the five
estuaries. The Blackwater is an exception, with a much greater extent of intertidal loss, up
to 35 per cent over the 50 years. From this assessment it would therefore appear that the
Blackwater is particularly sensitive to accelerated rates of sea-level rise.
Scenario 3 – 2 per cent increase in tidal range
For most of the estuaries there is limited response in terms of intertidal change as a result of
the moderate increase in tidal range. An exception is Southampton Water which over a 50year period is predicted to have a net gain in intertidal area of almost 4 per cent. The high
rate of predicted gain in intertidal area, which peaks in 2025, appears to be related to the
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position of relatively shallow bed slopes relative to the modified tidal frame. Conversely, the
Thames Estuary is predicted to lose 5 per cent of intertidal area over the 50 year period.
Scenario 4 – 20 per cent increase in river flow
The Humber and Thames estuaries are least sensitive to a change in river flow, probably
because these are larger estuaries and frequently experience a high degree of variability in
river inflow. The Mersey is predicted to experience a loss in intertidal area with increased
river flow. Once again the Blackwater appears to be particularly sensitive to future changes
in environmental conditions; after an initial period of intertidal loss, in the longer term there is
predicted to be a net gain in intertidal area of 0.6 per cent over the 50-year period.
Conclusions
One of the main aims of the work carried out under FD2107 (Huthnance et al., 2007) is to
provide a better understanding of estuary change (habitats, water levels, etc.) over periods
of decades. The Shell Hybrid Regime model has been extensively used and tested on the
key estuaries identified within the ERP (EMPHASYS Consortium, 2000). It has provided a
successful basis in which to assess the likely change in estuary hydrodynamics and
morphology over decades.
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