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ABSTRACT Among the many concerns raised by scientists regarding the effects of climate change 
and sea level rise is that related to the capacity of existing land drainage systems to mitigate flooding 
in low-lying coastal areas. Increased storm intensities imply a need to drain water away from 
residential areas at a time when higher mean sea level implies a lower hydraulic gradient at high 
water, especially during spring tides. A numerical model is used, together with field data collected 
at Portsmouth Harbour, UK, to show how land drainage outlets effectively carve and maintain 
channels through intertidal areas of fine sediment, exporting large amounts of sediment and water 
into Portsmouth Harbour, an area of great strategic interest. It is shown how flap gates, which open 
automatically at low tidal levels, encourage automatic export of fine material, and do so to a far 
greater extent on spring tides and under high freshwater flows. Using a simple model, the sensitivity 
of net tidal sediment transport to varying tidal range and flow rate is investigated, thus enabling 
lessons to be learned about the effects of these simple drainage systems under a changing climate, 
and after changes to local land drainage strategies.
 

1. Introduction

There is a clear need to understand the fate of drainage water in coastal areas especially 
under high freshwater flows and rising sea levels. Recent concerns raised by the UK 
Government about coastal infrastructure (Environment Agency, 2019) and more broadly 
on the question of adaptation to changing conditions at the coast (Linham and Nicholls, 
2012) mean that it is imperative to seek as full an understanding as possible on the 
response of coastal regions to rising sea levels, increased storminess, and increased 
freshwater inputs from the land. Questions regarding the response of the coast to extreme 
events are also of key interest to scientists and managers alike (Erikson et al., 2018).

The question of sediment cycling under different freshwater flows is also an important 
one, in determining the fate of fine cohesive sediment that is common in all intertidal areas
and occurs in great abundance in macrotidal systems in Northern Europe. Particularly in 
sheltered marine environments, dredging and the disposal of dredged spoil are key 
ongoing challenges. Both maintenance and capital dredging are informed by a basic 
understanding of the marine system and the sources and sinks of sediment therein. Many 
estuarine areas are heavily managed to ensure access for shipping and marine craft, as well 
as considerations of water quality and ecology. Many authors have addressed the issue of 
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sediment cycling due to tidal action and the influence of fluvial flow, but rather less 
attention has been paid to the question of drainage water and its safe disposal in these 
systems.

The aim of the present paper is to assess the propensity for drainage flows to impact the 
cycling of sediments in intertidal areas over a range of time scales. Three key objectives 
are identified, as follows:

1. To assess the capacity for land drainage into coastal systems via a series of flap 
gates adjacent to estuarine regions

2. To investigate the impact on the transport of fine sediment via networks of 
drainage runnels using a simple one-dimensional model and some field results

3. To discuss the role of the runnels in releasing sediment into the main tidal 
channel.

Relatively little attention has previously been focused on the impact of tidal flap gates on 
the intertidal areas into which they discharge, the aim of the paper is therefore to
supplement existing literature by considering their appropriateness for future use.

2. Background

For unidirectional flow in a natural open channel, sediment will be transported provided 
that the flow is sufficiently rapid to cause the movement of sediment particles. In terms of 
the physics involved, the determination is whether the drag force applied by the flow to 
the particle is sufficient to overcome the self-weight, all of which is affected by grain size 
and shape, and the density of the sediment and the water. The rate of transport is affected 
by many factors including the current speed, the size and shape of the particles, the slope 
of the bed, and the depth of the flow, as well as the supply of available material for 
transport (Reeve et al., 2011). Good recent examples of models of sediment transport in 
coastal areas are found in Tuomi et al. (2018) and Tay et al. (2016). Commercial packages 
are available for research and consultancy, and these are regularly applied to coastal and 
estuarine problems around the world. Caution, though, is always needed in interpreting 
the results, with good quality field data always essential for calibration and validation.

Reliable field measurement of sediment transport has become a major topic in its own 
right and can yield an unparalleled level of understanding of the physical processes 
involved (Uncles and Mitchell, 2017). A distinction may be made between intrusive, 
water-based measurements (Black et al., 2017) and a whole suite of possible 
measurements made using autonomous methods (Fishwick and Turton, 2017) and remote 
sensing (Lavender, 2017).

In any sheltered estuarine environment, currents tend to be caused by tides, surges, locally
by wave action, or possibly by excessive amounts of freshwater flow that might, for 
example, occur following a high river flow event (Mitchell, 2020). In all marine areas, the 

 
 

velocity tends to vary over different time scales and depths, depending on tides, exposure 
to prevailing wave climate, and the timing and intensity of freshwater flow near the tidal 
limit. Typical formulations express flow velocity in terms of the instantaneous surface 
water slope, so the steeper the slope of the surface, the faster the flow along the gradient 
of pressure implied by the slope. Within a moving body of water, the velocity generally 
varies with depth, with a lower velocity near the bed, and this determines whether any 
material becomes suspended, how much of it, and then how far it is transported. It follows 
from this that anything that causes the local water surface flow to steepen, such as a rising 
spring tide or a high freshwater flow event from a river mouth, is more likely to induce 
sediment suspension and transport. An important parameter here is the bed shear stress τ, 
which determines whether sediment movement will occur, and this is directly related to 
the water depth and channel slope.

In terms of local wave action, re-suspension in shallow water is most clearly illustrated by 
the processes that occur in the nearshore region. Waves that break on an intertidal zone 
induce sediment transport that is continuous, and can lead to cross-shore re-profiling, for 
example. Any sediment erosion or transport is thus likely to occur in places where the bed 
feels the effects of wave action, in other words in shallow water where the wave amplitude 
is high. Wave height, which is directly related to wave energy and thus transport capacity, 
is itself affected by a range of other physical factors associated with a given site, such as 
wind speed, distance the wave has travelled (the ‘fetch’), the time the wind has been 
blowing for, and any local sheltering caused by land, infrastructure, small boats, or 
shipping. The degree of sheltering may also be affected by the state of the tide, with more 
sheltering at low water. The essential theory of coastal waves and their measurement is 
summarised in Wolf (2017).

The influence of currents on sediment transport implies that any intervention in the marine 
environment is likely to induce a change in terms of the sediment transport regime. 
Engineers rely on this fact when constructing coastal defence schemes, such as managed 
realignment or offshore breakwaters, both essentially attempts to force sediment to stay in 
one place and provide more protection to property and land. There are clearly matters to 
consider of the opposite kind of effect, however, in that any intervention in terms of 
dredging, barrage construction or coastal defence is likely to change the sediment regime 
in the coastal environment. With dredging, there are generally requirements about what to 
do with the resulting spoil in terms of an agreed dumping area, which would consider any 
impact on fisheries or other issues related to the ecology of the aquatic environment. These 
tend not to allow for any unintended release of dredge material or, more importantly, the 
change to the wave and current regime that will occur locally in the resulting (deeper) 
water, which could change the general hydraulic regime of the system.

The presence of new infrastructure such as harbour walls, breakwaters, or barrages in an 
estuary, are all highly likely to change both the supply of sediment and the regime in terms 
of the waves and currents. The presence of intense intervention including barrage 
construction, channel deepening and loss of ‘accommodation space’ (Morris and Mitchell, 
2013) in some European estuaries such as the Seine, the Humber and the Scheldt (Mitchell, 
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2013) has led over many years to the presence of hyperturbid conditions (SPM>1 g/l), 
with fine sediment being eroded, advected and deposited each tide. The very high 
concentrations of fine sediments in these estuaries are a particular challenge for 
biodiversity and ecosystem management. The ongoing pressure to protect areas of 
economic importance against coastal erosion and flooding implies the ongoing need for 
infrastructure, with associated construction works generally causing increased sediment 
supply and release to the environment. Finally, any change in operations in the catchment 
of an estuary may well affect the supply of sediment, sometimes quite drastically. It is 
well known that construction (especially road building which tends to cover a wider area), 
mining operations, agroforestry, or changes to agricultural and land use practices generally 
can be felt in terms of the increase or decrease in the amounts and types of material 
released to the coastal zone.

In sediment transport a distinction is generally made between fine and coarse sediment, 
because the transport mechanisms differ. Coarse sediment (grain size >63μm) tends to be 
characterised by particles that remain separate and are chemically inert; fine sediments 
(<63μm) on the other hand tend to come together as flocculated populations (flocs) and 
have the tendency to attract organic material and contaminants to their surface. A great 
deal has been researched and written about the breakup and flocculation of these primary 
particles under turbulence and subsequent settling (Uncles et al., 2010). These differences 
imply important variations in the rate of transport and settling characteristics for the same 
flow conditions for different sediments. The nature of the physical environment also has 
an important bearing on this, in that fine sediment tends to be found in sheltered 
environments (shallow, enclosed estuarine systems), while beaches on open coasts are 
characterised by coarser materials. This reflects the energy of the water in which the 
particles become suspended and their subsequent fate. Rates of transport of material are 
generally expressed in terms of a flux, as kg/s for example, where this figure is generally 
obtained by considering the product of the flow rate (in m3/s) and the concentration of 
material in suspension (kg/m3).

In all conceptualisations of sediment transport, three parameters are of key importance, 
namely the critical erosion shear stress, the vertical turbulent transport rate (for upward 
motion), and the fall velocity (downward). Larger (smaller) particles tend to be associated 
with a higher (lower) critical erosion shear stress, lower (higher) vertical turbulent 
transport rate, and higher (lower) fall velocity. Fine particles that settle very slowly in 
estuarine regions tend to leave the water in a permanently turbid state, for example. 
Several methods and handbooks exist with the aim of providing sediment transport rates 
in estuarine and coastal flows, under waves and currents (Reeve et al., 2011). There are 
still likely to be some errors or uncertainties associated with any models designed on the 
basis of these approaches, and there is generally a need for some sort of numerical model 
of a system to allow sensitivity testing of different input parameters. Nowhere is this more 
necessary that under the influence of extreme events such as storms or flooding, where 
high flows and waves tend to disrupt normal patterns of sediment transport, in some cases 
then altering the local bathymetry or channel alignment and allowing a different regime 
to become established in terms of sediment transport.

 
 

3. Study site and methods

3.1 Site description
The site of interest is Portsmouth Harbour, in the UK (latitude 50° 50’ 22” N and longitude 
1° 08’ 59” W). The site has had strategic interest as a naval dockyard for several centuries, 
being a key military base for Kings and Queens of England during the wars with France 
in the 16th and 17th centuries.

Portsmouth Harbour is in fact just one of a few sheltered harbour environments along the 
south coast of England. All of them not only provide refuge for ships and other craft, but 
also make up a network of protected sites for migratory birds, shellfish, and many rare 
breeds of plants and animals. The high degree of economic activity and population density 
also mean that the land has a high value and its management is a highly sensitive issue.

Figure 1 shows the UK, together with the location of the site of interest at Portsmouth 
Harbour. The figure also shows the site of particular interest at Fareham/Wicor Marina, 
with the aerial photograph indicating the drainage channels (runnels) through the intertidal 
areas at low tide.

A few local features are noteworthy. The first is the presence of tidal flap gates, in many 
cases constructed several decades ago, which are designed to release land drainage water 
when the tidal level drops below a certain level. These are located at regular intervals 
around the edges of Portsmouth harbour, especially in the upper reaches. Their 
construction as part of the sea wall is intended to provide protection from coastal flooding 
for areas inland, which are low lying or even below sea level. The threat of coastal flooding 
of many of the surrounding low-lying areas means that these flap gates are highly robust, 
but effectively only shut for 1-2 hours over high water, depending on the height of the tide 
on any given day. For the rest of the tidal cycle, they are forced open due to the pressure 
of water from the land, releasing fresh water on to the muddy intertidal areas. These waters 
in turn lead to the carving out of drainage runnels, small channels through which the 
drainage water passes on its way down to the main channel.

A number of field visits were made during 2017 and 2018 at different times of year and 
for different tidal conditions, to measure the concentration of suspended sediment in the 
runnel and in the main channel. Instantaneous current speeds and water levels were also 
obtained using methods described in Onabule (2020).

3.2 Models
A simple one-dimensional model is used to investigate the degree of sediment cycling 
based on the time of inundation of the intertidal area, the freshwater flow and the 
dimensions of the channel.
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Figure 1 (upper) map of location of study site; (lower) aerial photo showing 
typical runnels receiving water from land drainage (source: google maps)

In a macrotidal (tidal range >4 m) system, the variation in water surface elevation, together 
with the amount of sediment available, means that a small rise in mean tidal water level 
of say 0.5 m has a considerable effect in terms of the time of exposure of the intertidal 
areas. This time is referred to using the symbol texp, which ranges between 3-6 h per tide, 
depending on the lunar (neap-spring) cycle. 

The model uses the formulation for freshwater flow in an open channel and assumes a 
fixed channel with B = 0.5 m and a constant bed slope S = 0.01 (1 in 100). 

Flow can be predicted using the Manning formula for open channels, assuming steady 
flow conditions, which generally apply for the 3-6 hours of exposure of the runnels:

𝑄𝑄 = 𝐴𝐴𝑅𝑅2/3𝑆𝑆1/2

𝑛𝑛                                                                                                                     (1)

Where n is assumed to have a value of 0.03 and Q is expressed in m3/sec. Furthermore, 
assuming steady flow conditions the shear stress on the bed is given by

𝜏𝜏 = 𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌                                       (2)

 
 

In these equations, the symbol S is the longitudinal slope over the mud flat, R is the 
hydraulic radius of the channel and A is the cross-sectional area. The model was run for a 
range of typical freshwater flow rates ranging from 0.01 to 0.2 m3/sec (10 – 200 litre/sec). 
These values are typical of the sorts of rates of runoff expected to discharge from many of 
the local land drainage outlets near the site of interest.

The concentration of suspended sediment (SPM, mg/l) is taken to be a linear multiple of 
τ. This work also makes use of a two-dimensional hydrodynamic model of the whole 
harbour, the mesh and bathymetry for which are as shown in Figure 2. This model makes 
use of the two-dimensional equations of flow based on surface water slope as set out in 
the user manual for MIKE21 (Danish Hydraulics Institute, www.dhi.com). By assigning 
a time-varying water level boundary at the downstream end and a steady-state flow 
boundary at the upstream end it is possible to obtain reliable estimates of the length of 
time of interest referred to above texp for given combinations of tide and freshwater input 
in the main channel.

Figure 2 Model mesh for 2-D hydrodynamic model (MIKE21) indicating the 
location of Fareham (Wicor) Lake
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a time-varying water level boundary at the downstream end and a steady-state flow 
boundary at the upstream end it is possible to obtain reliable estimates of the length of 
time of interest referred to above texp for given combinations of tide and freshwater input 
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Figure 2 Model mesh for 2-D hydrodynamic model (MIKE21) indicating the 
location of Fareham (Wicor) Lake
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4. Results

The results (Figure 3) show how in the field, there is a clear difference between 
concentrations in the runnel and concentrations in the main channel at the site, into which 
the runnel discharges. Concentrations in the runnel are typically up to 4 times higher than
those in the main channel. Figure 3 contains a time series of concentrations, and includes 
a line showing the local water depth, where the sudden increase reflects the arrival of the 
flood tide.

The model results (Figure 4) indicate that the total flux of sediment into the main channel 
varies depending on the tidal range, but also on the freshwater flow rate at the water level 
of the receiving waters, which in turn depends on the freshwater flow. The figure 
illustrates an additional dimension to the results in that for higher flow rates, the time of
exposure texp is likely to reduce due to the higher level of the receiving waters at low water 
in the main channel, thus it may be considered that there is a region of the graph (the 
unshaded part) that illustrates all the possible outcomes, in conceptual terms. The 
reduction of time is reflected by the diagonal lines delineating the non-shaded part.

Based on the model results, it is possible to form a picture of the discharge of SPM into 
the main channel over a typical month (Figure 5). Two key points to note are the 
considerable increase in sediment flux for typical high flow compared with low flows, but 
also the effect of a reduction in texp (in this case 20%), reducing the sediment able to be 
released to the main channel through the runnel.

Figure 3 Typical field data time series showing SPM (SSC) and water level

 

 
 

Figure 4 Typical one dimensional model output showing the variation of total 
sediment flux with texp

Figure 5 Monthly cycle of sediment flux per tide
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5. Discussion

It is well known that the fine cohesive sediments found in macrotidal estuaries are highly 
mobile and that the concentrations of suspended particulate matter (SPM) respond rapidly 
to changes in bed shear stress brought about by changes in current speed. At slack water 
periods, significant settling often occurs. In the case described here, the flow of water 
across the muddy intertidal areas is steady throughout the period of low water when the 
tidal level is below a certain depth. Drainage of the fresh water that has often been building 
up behind the tidal flaps is released and finds a channel that is generally meandering, and 
which was exposed on the previous tide.

The amount of sediment mobilised by the currents in these channels is substantial and is 
a function of the flow rate of the drainage water and the time for which the mud flat is 
exposed above the water line. Here, high freshwater flow can indicate: a large amount of 
sediment, that the low tide does not last that long, and that texp is relatively short. Any 
effect of local engineering, anthropogenic sea level rise, or atmospheric effects that could 
cause higher low-tide water level conditions could in theory therefore reduce the amount 
of sediment that is transported from the runnel into the main channel.

Based on our results and the assumptions made in the one-dimensional model, it is 
possible to determine the effect of varying freshwater flow on the flux of material given 
the flow in the channel and the time for which the water drains into the main channel. The 
main channel is considered part of the main body of Portsmouth Harbour, in which the 
water level and flow conditions can be obtained from a 2-D model of water level and 
currents as described in Onabule (2020), using the mesh shown in Figure 2. Hence, it is 
possible to predict the time duration for which the water level in the main channel is 
sufficiently low to allow water to flow in the runnels, given the local conditions of tide 
and fluvial flow in the rivers discharging into the Harbour, upstream of the study site.

Despite the somewhat simplistic nature of the approach used here, all the above 
assumptions allow us to propose a conceptual model of the likely net tidal flux of material 
that flow through the runnels, and thus to try to understand the contribution of these 
features to sediment cycling in a broader sense. This understanding is important because 
of the need to consider alternative strategies for disposal of water from land drainage. At 
this site or anywhere else, safe disposal of drainage water is important as a means of 
reducing flood risk in areas upstream of the tidal flap gates (Mitchell et al., 2008). Should 
a more engineered solution be required, perhaps involving interception of drainage water 
before it reached the intertidal areas, clearly this would then have a significant impact in 
terms of sediment cycling and might lead to higher rates of siltation at the tidal limits, in 
turn leading to a greater need for dredging.

6. Conclusion

Field data obtained from a site at Portsmouth Harbour, UK, have shown a pattern of 
sediment transport related to tidal water level and freshwater flow rate from a network of 

 
 

drainage channels. These flows are directly related to the amount of land drainage required 
following rainfall events, probably also moderated by groundwater storage upstream in 
the catchment. Consideration of these results together with a simple one-dimensional 
model of flow in open channels and related sediment transport reveals the importance of 
the magnitude of the freshwater flow and the time of exposure of the intertidal mud flats 
because sediment can only be transported through the drainage channels at low tide. Key 
findings are as follows:

1. It is possible to formulate a simple one-dimensional model of flow and sediment 
transport through a drainage runnel on an intertidal mud flat.

2. Results from the model and from a series of field measurements suggest the importance 
of the runnels in mobilising fine sediment into the main tidal channel.

3. Given the importance of the transport through the runnel it is interesting to speculate on 
the impact on sediment cycling of alternative means of disposal of land drainage water 
and the implications for dredging and other management aspects.

It is envisaged that studies of this kind, together with appropriate frequency of observation 
and awareness of local hydraulic conditions, can improve our understanding of the 
relationship between the local hydraulics and the sediment cycling over each tidal cycle, 
ultimately influencing rates of sedimentation in the main channel, dredging regimes, and 
other factors such as water quality and ecology. For managers of the marine environment, 
there are important questions to be answered including the effects of changing the drainage 
regime (by installing interceptor drains, for example), and or other factors such as 
increases in mean sea level and changing rainfall patterns.
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