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Abstract

Two years of data of water level, salinity and turbidity have been analysed to under-
stand the response of the estuarine turbidity maximum in the Thames to variations
in tidal range and freshwater flow. We show the increase in turbidity in spring,
together with a sudden decrease in autumn after fluvial flooding. In order to try to
understand the mechanisms, we also present data from individual tides. During dry
periods, there is a period of slack water around high tide when settling occurs.
There is little equivalent settling at low tide, nor is there any significant settling
during wet weather periods, pointing to the importance of tidal asymmetry at
certain times of year. We also present an empirical relationship between peak tidal
water level and turbidity during flood tides, which clearly shows the greater land-
ward transport of sediment under spring tides, although this is moderated by the
availability of erodible material.

Introduction

An estuarine turbidity maximum (ETM) is a common phenom-
enon in many estuaries and consists in a region of high
suspended sediment concentration (SSC) that usually lies
somewhere near the freshwater–saltwater interface. It is of
interest to environmental managers and consultants because
of its effect on patterns of siltation and erosion, primary pro-
duction through the attenuation of light, and on water quality
via a sediment oxygen demand. We herein focus on the
behaviour of the ETM in a macrotidal estuary (the Thames,
UK) using continuous monitors to measure SSC and salinity to
study the behaviour of the ETM under various different con-
ditions of freshwater flow and tidal range. There is a lack of
data in such systems due to problems of access, representa-
tiveness and cost. Despite the importance of large estuaries
and the challenges related to navigation, water quality and
ecology, among other issues, we still do not fully understand
the response of the ETM to changes in hydrological regime,
nor can we fully explain the mechanisms that cause this
response. A number of authors have pointed to the relative
importance of gravitational circulation and tidal pumping in
systems of this kind (Mitchell et al. 1998; Wai et al. 2004;
Chernetsky et al. 2010), but it is fair to say that no two estu-
aries are the same in terms of the relative importance of
these two mechanisms. An understanding of the particular
mechanisms involved is therefore important for the valida-

tion of numerical models (e.g. Chauchat et al. 2009; Chernet-
sky et al. 2010), and the provision of good-quality data is
important for their calibration.

Descriptions of macrotidal estuaries with respect to their
ETMs in terms of their magnitude and migration include the
Seine (Brenon & Le Hir 1999), the Scheldt (Chen et al. 2005),
the Gironde (Doxaran et al. 2009) the Tamar (Uncles &
Stephens 1993; Uncles et al. 1994), the Tay (McManus 2005),
the Trent/Ouse system (Mitchell et al. 1998; Uncles et al.
2006) and the Severn (Uncles 2010). Grab samples taken from
the bed of the Tamar reveal the dependence of the position of
the ETM on the location of an area of mobile bed sediment
that forms the source of the ETM (Uncles et al. 1996). The
continuing processes of erosion and deposition over each
tidal cycle prevent this pool from settling to become part of a
consolidated bed. The high ebb velocities caused by high
freshwater flow conditions after a prolonged heavy rainfall
event also lead to a local ‘flushing’ effect, whereby the
residual (tidal average) transport of sediment is seawards
(hereafter ‘downstream’), thus effecting a seaward migration
of the ETM (Nichols 1993). Conversely, low dry-season fresh-
water flows lead to a relocation of the ETM landwards (here-
after ‘upstream’, e.g. Grabemann & Krause 1989). Garel et al.
(2009) pointed to the importance of changes in the degree of
vertical stratification that were caused by these changes in
hydrological regime. More recent studies on the Konkoure
estuary in Equatorial Guinea (Capo et al. 2009) and in two
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Indian estuaries (Rao et al. 2011) showed a similar ETM
response to changes in freshwater flow and in the former
case, the effects of construction of an impoundment reser-
voir on flow regime and ETM characteristics were also noted.

In the absence of significant changes in freshwater flow, an
estuary can exhibit substantially different patterns of sedi-
ment transport in response to changes in tidal range alone
(Castaing & Allen 1981; Vale & Sundby 1987). The simultane-
ous measurement of surface SSCs at 20 different locations in
the Tay estuary revealed a typical downstream net flux on
neap tides and an upstream net flux on spring tides, the
understanding of which has important consequences for the
scheduling of harbour dredging (Dobereiner & McManus
1983). In contrast, extensive harbour development at the
mouth of the Seine estuary at Le Havre has led to the effective
canalisation of the main channel. The higher tidal currents
that have resulted from this have caused sediment, which
previously would have remained in the estuary, to be depos-
ited in shelf mud zones off the estuary mouth (Avoine et al.
1981). Findings on the ETM response in the Trent/Ouse
system indicate a strong dependence of SSC on both tidal
range (Arundale et al. 1997) and freshwater flow (Mitchell
et al. 1998; Uncles et al. 2006).

A review of literature available that describes the charac-
teristics of the tidal Thames with respect to the transport of
fine sediment and the turbidity maximum is available in
Uncles & Mitchell (2011). Baugh et al. (in press) provided a
description of some field measurements made in the tidal
Thames taken over a few tidal cycles using acoustic Doppler
current profiling. Baugh & Littlewood (2005) used a three-
layer model to simulate fine-sediment transport in the
Thames and found a tidal- and width-averaged ETM of
approximately 600 mg/L and 150 mg/L in the Mud Reaches at
spring tides and neap tides, respectively. The studies that
have been published to date have been very successful in
identifying the transport of sediment that occurs over indi-
vidual tidal cycles, but generally fail to describe the longer-
term migration of sediment via the ETM and its related
processes.

The aim of the present work is to use 2 years of data (2008
and 2009) obtained from fixed-point continuous monitors to
show the effects of changes in tidal range and freshwater
flow on the behaviour of the ETM in the Thames and to bring
out some of the likely mechanisms in the light of previous
knowledge gained from other similar systems.

Study site and methods

The Thames is a turbid, strongly tidal estuary on the east
coast of the United Kingdom that discharges water into the
North Sea. It has particular importance to the economy of the
United Kingdom in that it passes through the capital city of
London. Its width decreases markedly upstream of Southend

and Sheerness (the inner estuary, Fig. 1). The tidal Thames is
approximately 110-km long from its seaward limit at a loca-
tion approximately 80 km downstream of London Bridge to
its tidal limit at Teddington Weir at approximately 30 km
upstream of London Bridge (Fig. 1). The seaward limit is arbi-
trarily taken to be the dashed line on Fig. 1 [prior to 1964, this
was the seaward limit of the Port of London Authority (PLA)],
to the east of which a sudden widening occurs. The mean
freshwater flow at Kingston is approximately 67 m3/s, and the
difference in water level between high water (HW) and low
water at London Bridge varies from 4.6 m at mean neap tides
to 6.6 m at mean spring tides (ATT 2010).

As a whole, the river Thames has a catchment area of
16 133 km2 and a population of over 13 million. As such, it is
the most heavily populated catchment in the whole of the
UNITED KINGDOM. The non-tidal Thames is 235 km in length
and is a source of drinking water to large numbers of house-
holds and local industries. Numerous discharges from waste-
water treatment plants help to maintain the flow in the fluvial
section during periods of dry weather.

The data presented herein relate to (1) observations made
by fixed continuous monitors and (2) data collected during
boat-based surveys. A series of nine continuous monitors (YSI
6600 series multiparameter sondes), owned and operated by
the Environment Agency of England and Wales, are perma-
nently located at a number of stations along the length of the
estuary. These are all positioned near the bank of the channel
for easier access and are attached to pontoons or floating
jetties. They thus reflect the conditions about 1 m below the
surface throughout the tide. These monitors record tempera-
ture, conductivity and turbidity at 15-min intervals, as well as
other parameters not discussed here (ammonia and dis-
solved oxygen, among others). Not all the determinands are
monitored at all the ‘water quality’ stations listed in Table 1.
The data obtained from the continuous monitors are sent
using burst telemetry to transmit the data after each reading
has been made. Servicing of the monitors is carried out
approximately once per month, during which the sensors are
cleaned and any necessary maintenance is undertaken. Con-
ductivity and temperature measurements were used herein
to obtain instantaneous estimates of salinity using the prac-
tical salinity scale (UNESCO 1983), which by convention, is
not given a unit here.

A programme of boat-based surveys is also undertaken
approximately every 2 weeks, during which near-surface
samples of water are obtained and stored in bottles for later
analysis. These provide a useful means of ‘ground-truthing’
the data provided by the continuous monitors. For the
present work, it was possible to compare the results of the
SSCs obtained from the boat-based surveys with results
obtained from the continuous monitors at the same location,
although not at the same time. This is of particular impor-
tance for the validation of the optical turbidity data provided
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by the continuous monitors, given the general levels of uncer-
tainty associated with the correlation between turbidity and
SSC (Bunt et al. 1999).

Another set of monitors (Fig. 1) is located along the tidal
reaches of the Thames in order to measure water level. Like
the first set, they collect data at 15-min intervals, but for
historical and practical reasons, they are located at different
sites to the monitors that measure water quality. These
gauges are monitored at 1-min intervals but are generally
considered at 15-min intervals via the National Flood Fore-
casting System of the Environment Agency. The gauges
are mostly Vega (http://www.vegacontrols.co.uk) radar
level gauges connected to Serck Proteus (www.schneider-
electric.com.au) outstations. They are monitored by the
Thames Barrier Tideway Telemetry System of the Environ-
ment Agency using either leased lines or radio links. Mainte-
nance and ownership of the gauges are shared with PLA.
Mechanical and electrical maintenance are carried out by
the Environment Agency, and level maintenance is usually
carried out by the PLA, with occasional surveys being made
by the Environment Agency to check their accuracy. It was
possible to use the data obtained from these water level
monitors to interpret the tidal variation in the parameters of
interest here, to see, for example, the intertidal and intratidal
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Fig. 1. Map of Thames estuary.

Table 1 Location of sampling points in the Thames estuary

Station

Approximate distance

upstream of London

Bridge (km) Parameter

Richmond 25 Water level

Chelsea Bridge 6.5 Water level

Westminster 3.5 Water level

Tower Bridge -1 Water level

Charlton -12.2 Water level

Silvertown -13.7 Water level

Erith -26.6 Water level

Tilbury -35 Water level

Southend -69.7 Water level

Sheerness -75 Water level

Kew 20.9 Water quality

Chiswick 19 Water quality

Hammersmith 14 Water quality

Putney 11.9 Water quality

Cadogan Pier 7.5 Water quality

Chelsea 6.5 Water quality

Woolwich -14.7 Water quality

Erith -26.6 Water quality

Purfleet -30 Water quality
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variation in salinity and turbidity. These monitors are also
owned and operated by the Environment Agency, who also
provided data on daily mean freshwater flow measured at
Teddington Weir (Kingston-upon-Thames).

Results

In view of the large amount of data obtained during the
present study, only a subset of the results are shown here,
which generally relate to the continuous monitor at Chis-
wick Bridge (Fig. 1). The results (2006–7) of the ground-
truthing for turbidity along the whole estuary are shown in
Fig. 2. Although not contemporaneous, these show reason-
able agreement between turbidity in nephelometric turbid-
ity units (NTU) and SSC if a turbidity–SSC correlation of 1
NTU : 1 mg/L is used, and are in good general agreement
with the values of SSC modelled by Baugh & Littlewood
(2005). Of course, the 1 : 1 relationship assumed here
masks a considerable degree of scatter as explained by
Bunt et al. (1999), and many authors have discussed the
inconsistencies of this relationship between different estu-
aries. Some discussion of the relationship and the scatter
involved in the Humber estuary (Mitchell & West 2002, their
fig. 6) and a South Coast estuary (Mitchell et al. 2004, their
fig. 2) shows the nature of the inconsistencies, but it is nev-
ertheless useful to assume some sort of relationship in
order to make progress with our understanding of sediment
transport in estuarine systems in general, and the Thames
in particular. We do not provide a similar direct comparison
of salinities, but these results are available on request.

In order to understand the nature of the hydrological
regime in the period of the study, we show the freshwater
flow, measured at Kingston, for the period 2008–09 (Fig. 3).

Although both years experienced wet winters, of key impor-
tance to the present study is the difference between 2009,
which had a dry summer, and 2008, which did not. Figures 4
(2009) and 5 (2008) show the gradual increase in salinity and
sediment during low freshwater flow and downstream flush-
ing under higher freshwater flow. The more prolonged low
summer freshwater flows in 2009 than in 2008 allow more
sediment to be moved upstream on each spring tidal cycle
earlier in 2009 than in 2008. In 2009, peak tidal SSC rose
above 200 NTU at Chiswick Bridge for the first time during
the spring tide at the end of June. Inspection of the similar
record at Cadogan Pier (Fig. 1, data not shown) provides
some evidence that a similar SSC was achieved there in late
May 2009. This is interesting because it gives an indication
of the rate at which the sediment is transported upstream
under these conditions. It should be noted that the values
of salinity presented here must be viewed with caution, in
that the method used is only valid for values of salinity
greater than 2. For much of the time, the salinity at Chiswick
is rather less than this value, but the results are presented
with that in mind.

Some further understanding of the mechanisms of trans-
port of sediment may be obtained by inspection of the vari-
ation in salinity and SSC over individual tidal cycles. In
selecting the tidal cycles in Fig. 6, some effort was made to
ensure their representativeness of the general case. Under
low freshwater flows (Fig. 6a), the arrival of each flood tide
causes a large increase in SSC due to the higher magnitude of
the flood currents compared with the ebb currents that
immediately preceded the flood tide. At the end of the flood
tide, there is clearly a period of slack water, during which the
currents reduce to zero or very low values for some time, and
this is reflected in the sudden reduction in SSC that occurs at

Fig. 2. Near-surface values of suspended

sediment concentration (SSC) in 2006–7

obtained by gravimetric analysis of pumped

samples.
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this time due to settling. After that, the current increases
again during the ebb tide, causing resuspension of the
settled sediment. It must be concluded that the net effect of
this pattern of the advection, settling and resuspension of
sediment leads to a gradual movement of sediment upstream
under these conditions, as it does in other systems (Mitchell
et al. 1998).

For conditions of high freshwater flow (Fig. 6b), the vari-
ation in SSC is rather different. Here, there are still peaks in
SSC that correspond to the peaks in velocity during the
flood and ebb tide, but in this case, it is noticeable that
there is an absence of any significant settling during the
slack-water period. The effect is also clearly shown in Fig. 5

for the period November and December 2008, where
little, if any, slack-water reduction in SSC is seen. This means
that the sediment generally remains in suspension for the
whole tidal cycle (or several tidal cycles), and, because the
net tidal flux of water in any estuary is always downstream,
the net movement of sediment is also downstream under
these conditions. It is interesting to note the effectiveness
of this downstream ‘flushing’ of sediment in transporting
large quantities of sediment downstream. While the
upstream transport of sediment takes several lunar cycles,
one significant freshwater flow event re-establishes the
conditions before the upstream transport of sediment took
place.

Fig. 3. Freshwater flow into the Thames from

the non-tidal Thames during 2008–9.

Fig. 4. Fifteen-minute data for salinity and

suspended sediment concentration (SSC),

Chiswick 2009.
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Discussion

The response of the ETM to tidal range and freshwater flow
in the Thames is a highly complex and multidimensional
problem that must be informed by comprehensive monitor-
ing at a range of depths in a number of locations throughout
the estuary. Ideally, it requires the provision of good-quality
data collected over many tidal cycles and for a number of
years, to ensure that SSC values are obtained for the whole
range of possible freshwater flow conditions, and to reduce
the effects of outliers. The nature of estuarine fine suspended
sediment means that its transport is affected by a wide
variety of time lags related to a number of different time
scales including tidal, lunar and seasonal. However, due to
the financial and practical constraints associated with the
collection of data, complete coverage of a large estuary such
as the Thames is not possible. The use of continuous moni-
tors, appropriately maintained and managed, is a good
means of obtaining the overall picture in this regard (Mitchell
et al. 2003), although it must be stressed that by their nature,
they are generally fixed in space, and thus show SSC and
salinity at varying positions within the flow, depending on the
state of the tide. For ease of access, they are also located
near the bank of the channel, and not in midstream. It should
also be stressed that other authors have shown a significant
difference between near-bed and near-surface values of SSC
in the Thames, with near-bed values of SSC being perhaps at
least twice those near the surface (e.g. Baugh et al., in press).
However, much of the data in this respect is as yet unpub-
lished, and while the estuary is likely to be well mixed with
respect to salinity, there are likely to be significant portions of
each tide where it is strongly stratified with respect to SSC.

The gradual increase in SSC seen in March–April of both
years is clearly linked with the reduction in freshwater flow

over the same period. It takes some time for the SSC to build,
as a result of the very slow reduction in freshwater flow and of
the slow process of upstream movement of sediment
brought about by tidal pumping and gravitational circulation.
With the sudden increase in freshwater flow (e.g. November
2008, see Fig. 5) the response of the system is much more
rapid, with the downstream flushing being a much more
effective process at bringing about the net movement of sedi-
ment compared with tidal pumping and gravitational circula-
tion. These findings may be summarised in Fig. 7, which
shows the relationship between peak daily water level and
peak daily SSC. In a system in which the freshwater flow
stayed constant and the mobile ‘pool’ of fine sediment
remained stationary, the points could be expected to lie on a
straight line or more likely on a curve with some sort of poly-
nomial shape, given the non-linear relationship between
velocity and bed shear stress that is the likely driver behind
the suspension and transport of sediment. However, it can be
seen that there is a great deal of scatter in Fig. 7, due to the
lag between changes in freshwater flow and the amount of
sediment available for resuspension.

Although it is possible to see a gradual increase in sedi-
ment in the months April onwards in both years, the effect is
more pronounced at Chiswick in 2009 than it is in 2008. This
is due to the difference in hydrological regime, as discussed
previously. It is interesting to note the importance of this
effect, however, and the fact that there is such a variation in
the location of the ETM between successive years.

We have made some attempt to organise the graph of
Fig. 7 by categorising the points into ‘high’, ‘normal’ and ‘low’
flow regimes. High and low flow were defined to be the two
extremes of flow that occurred on less than 25% of the days
used in the analysis (> 87 m3/s and < 20 m3/s, respectively),
with medium flows lying between these two values. In each

Fig. 5. Fifteen-minute data for salinity and

suspended sediment concentration (SSC),

Chiswick 2008.

Thames Estuary turbidity observations S. Mitchell et al.

516 Water and Environment Journal 26 (2012) 511–520 © 2012 The Authors. Water and Environment Journal © 2012 CIWEM.



case, we show a linear trend line (obtained by regression
using a least-squares approach). It is interesting to note that
there is a clear difference between the best-fit line that uses
the low flow data and that obtained using the normal and
high flow data, which are fairly similar. It could be argued that
it is really only the low flow (< 20 m3/s) that causes the high
SSC to occur, and that it is in the nature of the Thames catch-
ment that such low freshwater flows are themselves gener-
ally only linked with generally longer periods of low flow that
allow the upstream transport of the ETM seen here. In the
individual tides of Fig. 6, it can be seen that under low fresh-
water flows (Fig. 6a), there is a landward transport of sedi-
ment during the flood tide and a seaward transport during
the ebb, with a period of settling over high slack water. The

water level rises more quickly during the flood tide than it falls
during the ebb tide, thus implying a degree of tidal asymme-
try between flood and ebb, which in turn also implies a lag
between HW and high slack water, as seen, for example, in
the Humber system (Mitchell et al. 1998). The slack-water
period lasts long enough, under the conditions shown in
Fig. 6(a), to allow settling to occur. It is the tidal asymmetry,
and the related effects, that lead to the net landward move-
ment of sediment over an individual tidal cycle. The generally
lower values of SSC during neap tides imply that less land-
ward movement of sediment occurs during neap tides than
during spring tides.

Figure 6(b) shows the same tidal regime, but this time
under conditions of high freshwater flow. Two important dif-

Fig. 6. Fifteen-minute data for salinity and

suspended sediment concentration (SSC),

Chiswick for 3 day periods for (a) low freshwa-

ter flow and (b) high freshwater flow.
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ferences can be seen between Fig. 6(a) and 6(b). Firstly,
despite the similar hydraulic conditions, much less sediment
is transported by flood and ebb tides, no doubt due to the
lack of available mobile sediment as discussed earlier. Sec-
ondly, and most importantly, much less settling occurs during
high slack water. The effect of the freshwater flow is to
change the hydraulic regime such that the sediment remains
in suspension throughout the tidal cycle. Because much less
settling occurs, the net effect is for the sediment to be
flushed downstream.

It is interesting to compare the results shown here with
equivalent results obtained on the Humber estuary system
(Mitchell et al. 1998; Uncles et al. 2006). This work points to
the same build-up of sediment as a result of low freshwater
flow during dry periods and the same downstream flushing of
sediment during wet periods. Additionally, the build-up of the
turbidity maximum occurs independently of the location of
the freshwater–saltwater interface, a phenomenon that is
typical of estuaries where the tidal range is high and the
system is therefore well mixed, thereby reducing the effects
of saline stratification in this respect. There are important
differences, however, and these pertain to the concentrations
of sediment, which are far lower in the Thames than in the
Humber, even though the tidal range is similar and the body of
water at the seaward end (the North Sea) is the same. Other
key differences exist however, notably in the vertical resolu-
tion in the data on SSC that is not available in the present
study. Such resolution is clearly important (Garel et al. 2009),
in that it is clear that higher concentrations of sediment in the
near-bed region will move more slowly than the lower concen-
trations near the surface, leading to a degree of longitudinal
dispersion along the axis of the estuary. If this predominates
during the ebb tide, as it appears to in the Humber system,
then this represents another mechanism for the landward

movement of sediment under low freshwater flows. It also
appears that the ETM in the Thames responds rather more
slowly than that in the Humber to reductions in freshwater
flow, as evidenced by the far greater degree of scatter in Fig. 7
than in the equivalent figure (Fig. 6) in Mitchell et al. (1998). It
is clear that more information is required on the vertical vari-
ation of SSC for different combinations of tidal range and
freshwater flow, in order that the reason for these differences
can be better understood.

Conclusions

Observations made by continuous monitors in the tidal
section of the river Thames, UK, have enabled us to obtain a
better understanding of the transport of fine sediment under
a range of freshwater flow and tidal conditions. The main
findings of the present study are as follows, in relation to the
observed SSCs at Chiswick Bridge for the period 1 January
2008–31 December 2009:
(1) Periods of below-average freshwater flow in the non-tidal
reaches of the Thames allow the gradual increase in tidal
mean SSCs in the tidal section, caused by the landward
migration of sediment due to tidal pumping and gravitational
circulation. The occurrence of higher freshwater flow results
in a rapid flushing of sediment in a downstream direction.
This seasonal migration of the ETM is a common feature of
estuaries of this type that have a high tidal range and a clear
variation in freshwater flow that depends on season.
(2) The inspection of water level and SSC for individual tidal
cycles reveals an interesting difference between the amount
of settling that occurs during the period of high slack water. It
is clear that some settling occurs at high slack water
(although not at low slack water) during most tidal cycles;
however, rather less settling, if any, takes place during

Fig. 7. Peak daily suspended sediment con-

centration (SSC) at Chiswick plotted against

peak daily water level at Chelsea for the whole

of 2008. The data are divided into high

(> 87 m3/s), medium (20–87 m3/s) and low

(< 20 m3/s) freshwater flows, and best-fit lines

for each are shown. M aOD, metres above Ord-

nance Datum (UK).

Thames Estuary turbidity observations S. Mitchell et al.
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periods of high freshwater flow. This finding enables us to put
forward the view that the downstream flushing is related to a
lack of settling at high slack water.
(3) Inspection of the general trends of SSC and tidal range
shows that there is a relationship between the two, and that
higher tides lead to faster tidal currents, which in turn lead to
higher values of SSC, giving rise to a spring neap variation in
mean tidal SSC. However, it is also clear that the tidal mean
SSC depends on the availability of sediment for resuspension,
and that where sediment is unavailable (during or after
periods of high freshwater flushing), then little or no sedi-
ment can be resuspended from the bed.
(4) There is a clear need for more data and models to inform
our understanding of the tidal transport mechanisms that
occur in the Thames Estuary. In particular there is a need for
a better resolution in the variation in SSC with depth. Obser-
vations in other macrotidal estuaries suggest that these
systems are generally fairly well mixed with respect to salin-
ity, but that there is considerable degree of vertical stratifica-
tion with respect to SSC. It is this understanding that must be
the focus of future efforts, where the acquisition of data is
practical and affordable.
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