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Sediment modelling in estuaries -applications for bathymetric evolution 
David Prandle  &  Andrew Lane

Proudman Oceanographic Laboratory

Joseph Proudman Building, 6 Brownlow Street, Liverpool  L3 5DA, UK

Abstract

This Report describes progress in DEFRA programme FD2107 (Modelling estuarine morphology). The primary objective is to develop  models capable of indicating likely estuarine morphologies  50y hence, thereby providing estimates of the associated changes in flood risks under various management and Climate Change scenarios. The project incorporates new developments  from ESTPROC (FD1905) and utilises revised morphological concepts from (FD2116). A major deliverable will be a quantitative appreciation of the capabilities for predicting the evolution of estuarine morphology  include effects of generalised sources of uncertainty and the specific sensitivities of particular estuaries.

Here the development and application of a Lagrangian particle tracking model to simulate sediment transport in the Mersey Estuary is described. Each of the (up to a million) particles is advected horizontally by the 3-D tidal currents. Related vertical movements are: i) downwards by settlement at a prescribed velocity ws and ii) both upwards and downwards by a distance related to the vertical eddy diffusivity. In a novel departure from traditional practice, where initial distributions of surficial sediments are specified, all particles are introduced at the seaward boundary of the model. Provenance studies indicate surficial sediments are overwhelmingly of marine origin. Cyclical convergence’ in suspended sediment concentrations is approximated after about a spring-neap tidal cycle. Comparisons are shown between model and observations for both spring-neap cycles of  suspended sediment concentrations and net  long-term deposition rates. 

1. Introduction

By 2050 Global Climate Change could significantly affect  mean sea level ,storminess and river flows in UK estuaries - all impacting on future flood risk probabilities. Modified flood probabilities can be readily calculated by incorporating the various GCC scenarios into (Bottom-up, dynamical) numerical models. However, the response for any particular estuary will be further modified by concurrent morphological adjustments arising: naturally (post-Holocene adjustments), as a consequence of  this GCC and via past and present 'intervention'.

The UKERP  developing the science and technologies to address these issues The basis for the UKERP was described in the HRW Scoping Study  Reports of 1997(1). Phase 1  included a critical analysis of the 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 the present Phase 2  is the development of HYBRID models which seek to combine elements from both the B-U and T-D approaches.

 FD2107 involves the development  and application of Top-down, Bottom-up, Hybrid, Inverse and Analytical models. These applications  embrace, to varying degrees, the past (Holocene) and present influences of:  tidal, surge and wave dynamics; river flow and saline intrusion, sediment dynamics (behaviour in suspension and after deposition) and mediation via vegetation and biota. The overall objective is to provide ensemble outputs, indicating the range of likely outcomes of morphologies and attendant flood risks. Subsequent assessment against observational data sets, assembled through the phases of the UKERP, will help translate these likelihoods to probabilities.

Here, for reasons of space-limitations and simplicity, we concentrate on applications to the Mersey, whereas aspects of  the project extend to  the complete range of UK estuaries.

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. By quantifying related uncertainties in underlying processes, the project 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 UKERP Phase III. The  'Application Framework' developed to test sensitivities both to model formulation and to forcing conditions should  be of  interest to estuarine managers in commissioning model studies for particular estuaries.

MODEL FORMULATION

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.

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.

Section 2 summarises the background of previous studies, and section 3 describes the formulation of the random-walk model. Section 4 illustrates its application and the sensitivity of net accretion calculations in the model to settling velocities, and finally, section 5 outlines future plans for further developments of this modelling approach.

2. Background: observations and model studies
The Mersey Estuary

Close to the mouth of the estuary, the Mersey Narrows (Figure 1) is approximately 1.5 km wide with a mean depth of 20 m, and tidal currents through this section can exceed 2 m s−1. This deep entrance channel, important for shipping, extends outside of the estuary and is kept in place by training walls. The inner estuary is much broader than at the mouth, and consists of mud and sandbanks with highly mobile low water channels. Freshwater flow into the Mersey Estuary, Qf, varies from 25 to 200 m3 s−1 with a mean flow ratio (Qf  × 12.42 hr/volume between high and low water) of approximately 0.01. Flow ratios of less than 0.1 usually indicate well-mixed conditions, though in certain sections during part of the tidal cycle, the Mersey is only partially mixed. Historically, the Mersey has been seriously polluted by industrial discharges and adjacent sea dumping. An ongoing comprehensive programme has improved water quality in the river.

Tidal currents
Prandle et al. (1990) described earlier attempts at monitoring currents in this estuary using electromagnetic current meters mounted on a floating buoy. In a subsequent exercise (Lane et al, 1997), ADCP, electromagnetic and mechanical current meters were mounted on low-profile frames across a section of the estuary (shown as A–B in Figures 1 and 5). Additional ADCP transects across the Narrows were made continuously over a 15-day spring-neap cycle. These towed ADCP data provided detailed 3‑D spatial patterns of current ellipse distributions for the major tidal constituents. Analyses of these data presented difficulties in their transformation to a geographic reference frame, relative to which is also an irregular sampling frequency. Whole-estuary residual currents were obtained from a 3-D numerical model (Figure 1) with a 120-m rectangular grid and 15 vertical (sigma-coordinate) layers.

The M2 constituent predominates, it is almost rectilinear with maximum amplitude of 1.5 m s−1. The N2 constituent has approximately half the amplitude of the S2 constituent which, in turn, is about one-third of the magnitude of the M2 amplitude The largest M2 currents occur at the surface in the centre of the channel, decreasing with distance towards the solid boundaries. A simplified model based on a theory by Prandle (1982) is able to reproduce the salient characteristics, indicating that most of the vertical and transverse variability in the tidal current distribution represents a localised response to depth variations.
Suspended sediments
Figure 2 shows observed suspended sediment time series from  a location in the Narrows. In a recent analysis of these observations,  Hill et al. (2003) derived a median fall velocity ws = 0.0003 m s−1.
A series of modelling and observational studies of the Mersey estuary (Lane et al, 1997; Lane, 2004) have provided insight into both the tidal and sediment dynamics of the system. Fine resolution (120-metre rectangular grid) 3-D models accurately reproduce both the magnitude and cross-sectional variations in tidal current constituents. As commonly experienced, corresponding reproduction of suspended sediment concentrations proves more difficult. However, by appropriate ‘calibration’ of erosion rates and selection of settling velocities, reasonable reproduction of the magnitudes and characteristics of observed time series is achieved.

In the Mersey, observed net accretion by marine sediments has continued over the last century at a reasonably steady rate of approximately one million cubic metres per year, i.e., around 3% (by volume) of the net ebb/flood tidal exchange. Earlier studies indicated that this accretion was directly linked to the phenomenon of ‘delayed settlement’ and hence was sensitive to effective settling velocities (by flocculation, etc., Manning and Dyer, 2002). In an effort to reproduce this accretion and explore the related sensitivities, a random-walk Lagrangian particle model has been formulated. The development, application and evaluation of this model are described in this paper.

3. Formulation of the random-walk model

Model Description

Random walk particle movements are used to replicate solutions of the Eulerian advection-diffusion equation:


[image: image1.wmf]ion

concentrat

diffusion

   

          

settling

       

          

advection 

     

in        

 

change

     

 

source

)

(

+

¶

¶

¶

¶

=

¶

¶

-

¶

¶

+

¶

¶

+

¶

¶

z

C

K

z

z

C

w

y

C

v

x

C

u

t

C

z

s


where C is the suspended sediment concentration, u and v are orthogonal velocity components, ws is the fall velocity, and Kz is the vertical eddy diffusivity coefficient.

Erosion

A simple erosion source γU p is assumed, with coefficient γ. The power p, to which the tidal velocity U = Σi=1, n Ûi cos ωit is raised, is selected as 2 here, where Ûi is the tidal current amplitude and ωi is the tidal frequency. The potential erosion in each time step Δt is summed until it exceeds a prescribed mass, M of an individual particle. The height of release of each particle corresponds to a normal distribution where the standard deviation is l (diffusive path length – see diffusion, below). A value of γ = 0.0003 kg m−2 s2 was used following the specifications adopted from the Eulerian models (results shown in Figure 3).

Settlement

Deposition occurs when the height of the particle above the bed calculated in a discrete advective settlement step −wsΔt is less than zero.

Diffusion 

Particles are displaced upwards or downwards randomly by a length l = √ (2 Kz Δt) (Fischer et al., 1979). Kz is approximated by f Û D where f is a bed friction coefficient and D is the water depth. Movements ‘above’ the surface are reflected downwards. Movements ‘below’ the bed are reflected upwards but reduced by a ‘bounce’ coefficient b (assumed as b = 1 here).

Numerical solution

The model simulation extends over N time steps for NC tidal cycles, starting with no particles, either deposited or in suspension. All particles are initially introduced on the flood tide at the seaward boundary, where the condition dC/dx = 0 is applied. N is chosen so that Δt = P/N, where P is the tidal period, produces a random walk length l (see section on diffusion) less than 0.1D. The solution involves calculations, for successive time steps, of the height above the bed, z of each particle following: 

i) a vertical advective movement −wsΔt (downwards)

ii) a diffusive displacement l (up or down),

iii) a horizontal advection,

iv) additional new particles are released into suspension by accumulation of the erosion potential; likewise particles may be ‘lost’ by settlement following the advective movement in (i).

4. Model applications

Figure 5 illustrates an instantaneous distribution of particles calculated from the 3‑D random-walk model, assuming unlimited supplies originating exclusively from the mouth of the estuary. Related tidal cycles of sediment movement across a section in the Narrows are shown in Figure 6; these show sediment import and export. Bathymetric evolution reflects the long term temporal integration of spatial gradients in relative erosion-deposition budgets.

Figures 7 and 8 show time series over two spring-neap cycles (starting from initial introduction of sediments) of

i) cross-sectionally averaged suspended sediment concentration (landwards from the mouth),

ii) net sediment inflow and outflow (at the mouth) and

iii) net accumulated deposition

for sediment fall velocities, ws of 0.005 m s−1 (black lines) and 0.0005 m s−1 (grey lines) respectively.

Table 1 summarises these results and compares them with earlier observational and modelling results described previously. Figure 7 (grey lines, ws = 0.0005 m s−1) indicates how the SPM time series changes from predominantly semi-diurnal (linked to advection) at the mouth to quarter-diurnal (linked to localised resuspension) further upstream. Even close to the mouth, a significant quarter-diurnal component is generated at spring tides. Peak concentrations occur some three tidal cycles after maximum spring tides close to the mouth and at up to seven cycles further upstream. Prandle (1997) calculated this phase lag as tan−1 (ω/α), where ω is the 15-day spring-neap cycle and 0.693/α is the half-life of SPM in suspension. This suggests half-lives ranging from about 1 day at the mouth to 30 days further upstream (the latter value reflecting the influence of axial gradients in concentration not considered in the original theory). Careful examination of these results indicates the generation of a turbidity maximum upstream of the mouth on spring tides. The results indicate cyclical convergence over a spring-neap cycle is approached within the two cycles shown, for ws = 0.0005 m s−1. For ws = 0.005 m s−1, (black line), Figure 7 shows much reduced concentrations largely confined to the seaward region, although the slower ‘adjustment’ rate suggests that a longer simulation is required to introduce such coarse sediments further upstream. The time series is predominantly quarter-diurnal and peak concentrations coincide with peak tides – indicating a much shorter half-life in suspension as discussed above.

Figure 8 (a & b) show related time-series of net inflow and outflow of SPM at the mouth, with the difference, representing net retention, highlighted. For ws = 0.0005 m s−1, the mean tidal exchange of sediments is 200,000 tonnes per tide, of which approximately 6% is retained amounting to 8.5 million tonnes per year. For ws = 0.005 m s−1, the mean exchange is 40,000 tonnes of which approximately 25% is retained, i.e., 7.0 million tonnes per year.

From Table 1, these concentrations, tidal fluxes and net deposition rates are broadly consistent with both earlier modelling studies and observations. (Recognising that the concentrations associated with the finer sediment are most likely to reflect conditions in the estuary, it is unlikely that the marine source of sediments entirely satisfies the condition of unlimited supply assumed in the model.)

5. Conclusions and further studies

The Lagrangian particle approach to sediment modelling in estuaries has been illustrated here and shown to be effective in reproducing both the character and quantities of suspended concentrations, net tidal fluxes and long term deposition found from earlier modelling and observational studies. Moreover, the differing nature of the estuarine responses to the two sediment types considered (ws = 0.005 m s−1, d ≈ 70 µm silt/sand, and ws = 0.0005 m s−1, d ≈ 22 µm silt/mud) is consistent with underlying theories.

An attractive feature of the model is its essential simplicity coupled with the potential for extensive elaboration to accommodate effects such as flocculation or consolidation and bioturbation, and biological and chemical labelling. By introducing all sediments at the open boundary, both the sensitivity to changes in this supply and the rates of adjustment (i.e., subsequent distribution within the estuary) are evident – essential factors in considering likely geomorphological adjustments which might result from Global Climate Change or localised ‘interventions’.
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Figure 1
Residual currents in the Mersey Estuary near the bed from the high resolution 3-D model (in cm s−1).
Figure 2
Observed and computed M2 current amplitudes (m s−1) across the Mersey Narrows in July 1992.

Figure 3
Suspended sediment in the Mersey Narrows from (a) 1‑D  and (b) 3‑D models, depth-averaged concentrations for settling velocities ws = 0.005 m s−1 (upper) and ws = 0.0005 m s−1 (lower).

Figure 4
Observed suspended sediment concentrations in the Mersey Narrows at surface (above), and mid-depth (below).
Figure 5
‘Active’ particles represent suspended sediments in the 3-D random-walk model.

Figure 6
The top panel shows the tidal elevation, the second panel shows the number of particles crossing the Narrows (representing suspended sediment transport during the tidal cycle). The lower diagrams show the spatial variation of particles crossing the section (Figure 5), moving upstream (in) and downstream (out).

Figure 7
Suspended sediment concentrations at 12 positions upstream along the Mersey (location 1 is at the mouth) for settling velocities ws = 0.0005 m s−1 (grey lines) and ws = 0.005 m s−1 (black lines) coarser sediment.

Figure 8
(a) Cumulative inflow, outflow at the mouth of the Mersey and (b) net deposited sediment.
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Table 1 Comparison of Lagrangian model results with observations and Eulerian modela values.
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Figure 1 Residual currents in the Mersey Estuary near the bed from the high resolution 3�D model (in cm s−1).
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Figure 2 Observed and computed M2 current amplitudes (m s−1) across the Mersey Narrows in July 1992.
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Figure 3 Suspended sediment in the Mersey Narrows from (a) 1�D  and (b) 3�D models, depth-averaged concentrations for settling velocities ws = 0.005 m s�1 (upper) and ws = 0.0005 m s−1 (lower).
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Figure 4 Observed suspended sediment concentrations in the Mersey Narrows at surface (above), and mid-depth (below).
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Figure 5 ‘Active’ particles represent suspended sediments in the 3-D random-walk model.
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Figure 6 The top panel shows the tidal elevation, the second panel shows the number of particles crossing the Narrows (representing suspended sediment transport during the tidal cycle). The lower diagrams show the spatial variation of particles crossing the section (Figure 5), moving upstream (in) and downstream (out).
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Figure 7 Suspended sediment concentrations at 12 positions upstream along the Mersey (location 1 is at the mouth) for settling velocities ws = 0.0005 m s−1 (grey lines) and ws = 0.005 m s−1 (black lines) coarser sediment.





(a)


�


(b)


�








Figure 8 (a) Cumulative inflow, outflow at the mouth of the Mersey and (b) net deposited sediment.
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