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ABSTRACT 

The Structure and Dynamics of a Convergent Estuarine Front 

L J . Redbourn 

This thesis considers the structure and dynamics of a convergent front, which forms at 

the confluence of the Tamar and Lynher rivers during the ebb tide, in the Tamar Estuary, 

South West England. Temperature, salinity and velocity were sampled at high 

frequency in the region of frontogenesis, and these data are used to assess the evolution 

and development of a front during the course of an ebb tide. The equation of continuity 

and the horizontal equations of motion are applied to the data set in order to evaluate the 

dynamic regime operating in the vicinity of the front, and its spatial and temporal 

variation. Mixing within the region is appraised from a consideration of the vertical 

eddy viscosity and diffusivity, and the gradient Richardson number. 

Results suggest that the evolution of the front occurs in two distinct stages; the first 

being the formation of a convergent, near-horizontal interface between denser Tamar 

water flowing south-westwards, and less dense Lynher water flowing south-eastwards, 

such that this first stage can be described as a plume front. The interface has an 

increased degree of shear-induced turbulence and vertical mixing associated with it. In 

the later stages of the ebb tide, the front evolves into a turbulent, buoyant jet of Lynher 

water which extends over most of the area surveyed, and the less turbulent Tamar water 

is entrained into the Lynher jet. In both the longitudinal and lateral directions, the 

Lynher flow is found to be primarily accelerated by the barotropic pressure gradient, 

whereas the Tamar flow is mainly accelerated baroclinically. A markedly more variable 

and complex dynamic regime in the lateral direction appears to be influenced by daily 

variations in fresh water run-off and tidal range to a greater extent than the longitudinal 

dynamics. 
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CHAPTER 1 

INTRODUCTION AND L I T E R A T U R E R E V I E W 

An estuary has been defined by Cameron and Pritchard (1963) as "a semi-enclosed 

coastal body of water which has a free connection with the open sea and within which 

sea water is measurably diluted with fresh water derived from land drainage". The 

combined effects of the tidal regime, the topography of the estuary and the buoyancy 

introduced by freshwater run-off produce often complex patterns of circulation and 

mixing within the estuary. Many estuaries are host to industry, shipping and recreation, 

and consequently to the pollution associated with these activities, as well as being 

important sites for wildlife. Therefore, in order to effectively protect and manage 

esiuarine environments, it is necessary to understand the circulation and mixing 

processes affecting them. These processes occur over a range of temporal and spatial 

scales, varying from those lasting a few seconds and acting over a few metres such as 

short-period turbulence, to long-period effects lasting for days and effective over several 

kilometres e.g. fluctuations in run-off (Dyer, 1982). Examples of intermediate scale 

processes, extending for hundreds of metres and lasting several hours, are internal 

waves, intense mixing periods and estuarine fronts. Each of these processes has an 

effect on localised circulation and mixing which may have wider implications for, as an 

example, the dispersal of solute or pollutant in the estuary as a whole. Hence, it is the 

aim of this project to study the structure and dynamics of one such intermediate feature, 

a front in the Tamar Estuary, South-West England, using quasi-synoptic measurements 

of current velocity, temperature and salinity. The overall objective of the project is to 

study the localised dynamic regime, and its effect on mixing and circulation in the 

vicinity of the front. The temporal and spatial variations in the frontal structure and 

dynamics will be assessed throughout the course of an ebb tide. Mixing processes and 

the cross-frontal transport of water and salt will also be quantified, 

L I O V E R V I E W O F ESTUARINE C I R C U L A T I O N AND MIXING 

Estuaries can be classified into three types by considering their hydrodynamic regimes 

which are largely controlled by tidal range, topography and fresh water inflow. Salt 

wedge estuaries develop where a river discharges into a virtually tideless sea. The less 



dense river water spreads out over the surface of the denser, saline sea water which can 

be thought of as a salt wedge penetrating and thinning upstream. Sharp salinity and 

density gradients define the interface between fresh water and sea water. As the fresh 

water flows over the saline water, shear stresses occur on the interface producing 

turbulence and generating internal waves on the interface which break, causing the salt 

water to be entrained into the overlying fresh water. In contrast, a well-mixed estuary is 

one in which the tidal range is high and the tidal currents are strong relative to the river 

flow. Salinity hardly varies with depth but may vary laterally across the estuary. The 

dominant mixing mechanism is turbulence generated by friction between lidaJ currents 

and the estuary bed which is a more effective mixing process than internal waves along 

the interface. Salt wedge and well-mixed estuaries represent the end members of the 

classification. Turbulence produced by internal velocity shear is the dominant mixing 

mechanism in highly stratified estuaries whereas turbulence generated by bottom 

friction is dominant in well-mixed estuaries (Dyer, 1988). Between these two extremes 

are partially mixed estuaries in which both mixing mechanisms are important. In 

partially mixed estuaries such as the Tamar in South West England, rivers discharge into 

a sea with a moderate tidal range. Salt water is mixed upwards and fresh water is mixed 

downwards causing the interface or halocline to become less well-defined. As a 

consequence, the fresher water flowing seawards now has a higher salinity, therefore the 

flow in this upper layer, which is required to discharge fresh water at a rate equal to 

river flow, is increased so that the compensating landwards flow in the lower layer from 

the sea is stronger than in a salt wedge estuary (Wilson, 1988), These residual currents 

are typically less than 10% of the magnitude of the tidal currents superimposed on them, 

but they are still an important aspect of esiuarine circulation. In a more general sense, 

tidal mixing increases horizontal density gradients which in turn produce horizontal 

pressure gradients of sufficient magnitude to drive the residual circulation which acts 

both longitudinally and laterally in an estuary. 

Another feature of estuarine circulation is the marked tidal asymmetry. As the tidal 

wave propagates into the estuary, the wave crest (i.e. high water) travels faster than the 

wave trough (low water) because the speed of propagation is dependent on water depth. 

Also, as the tide rises, a large volume of water must flow through a decreasing cross-

sectional area as it moves up the estuary. Hence the speed of flood currents is greater 



than ebb currents, and there is a slower lum of tide at high water with a longer period of 

slack water, compared to low water. 

Superimposed on this general pattern of circulation and mixing in estuaries are a 

number of smaJIer-scaJe processes which act locally for shorter periods of lime. For 

example, as the tide floods, a body of water may be trapped by a headland, or an 

embayment, where it undergoes different mixing processes to the water in the main part 

of the estuary. As the tide ebbs, the patch of water with different temperature and 

salinity characteristics may be entrained back into the main flow. The presence of bends, 

tributaries and tidal flats can also cause separation of the flow and formation of 

intermediate scale patches which become entrained and advected by tidal flow and 

gradually undergo turbulent mixing (Dyer, 1982). Internal waves have been observed in 

many estuaries (Gargett, 1976, Farmer and Smith, 1977,1980, Haury et al., 1979, 

Chereskin, 1983, New et aL, 1986, Sturiey, 1990) and are capable of locally modifying 

the mixing regime. They are generated by the interaction of stratified tidal flow with the 

estuarine topography, as would occur in a surface seiche (New and Dyer, 1987) or where 

there is a steeply sloping depression in the bottom topography (Sturiey, 1990). The 

internal waves increase mixing in two ways. Firstly, long wavelength internal waves 

cause stretching of the fresh water/salt water interface which enhances the shear at the 

wave crests and troughs. This process is parameterised using the Richardson number, 

which is given by: 

where g is gravitational acceleration, p is density, u is velocity and z is depth. 

For a Richardson number less than 0.25, the shear is sufficient to overcome the stability, 

and turbulence and mixing ensue, whereas at a value greater than 0.25. stability reduces 

turbulence. The stretching of the salt water/fresh water interface effectively reduces the 

Richardson number locally to increase mixing. Internal waves can also increase mixing 

when they break. This process is quantified by the Froude number, defined as the ratio 

between the tidal velocity and the phase velocity of long, small amplitude waves on the 

given density distribution. For example, a stratified ebb fl;ow over a topographic 

depression may generate intemal waves with an unpstream phase velocity. If the mean 



ebb current exceeds this phase velocity, the waves w i l l break generating turbulence. 

Both o f these processes w i l l eventually produce an intense mixing period (New et al., 

1986,1987) which can be recognised as an intermediate scale patch o f water with more 

homogeneous temperature and salinity characteristics than the ambient, more stratified 

f low. 

Density-driven secondary f low may also be an important process in terms of mixing in 

the estuary. For example, in the presence of a linear density stratification (such as 

would be expected on the ebb tide in a partially mixed estuary), sidewall irregularities 

cause vertical mixing at the sides of the channel which sets up transverse horizontal 

density and thus pressure gradients. These drive a secondary transverse circulation 

pattern across the estuary (Parsons, 1987). Differential longitudinal advection, caused 

by depth variations and hence variable velocities across a channel, w i l l set up transverse 

salinity and density gradients in the presence of an initial longitudinal density gradient. 

The associated pressure gradients produce a transverse secondary flow (Parsons, 1987, 

Huzzey, 1988). This type of circulation may ultimately lead to the generation of an 

estuarine front (Nunes and Simpson, 1985, Simpson and James, 1986, Simpson and 

Turrell, 1986, Huzzey and Brubaker, 1988, Turrell, 1989). Fronts themselves have a 

significant effect on localised circulation and mixing processes which may be relevant 

in terms of the overall estuarine hydrodynamics, and they w i l l be discussed more fu l ly in 

the following section. 

Much of the previous work in estuaries has been done using tidally averaged values of 

temperature, salinity and velocity. The process of tidally averaging these data masks 

smaller-scale processes such as those mentioned above, which, whilst being localised 

and generally short-lived (i.e. less than a tidal cycle) may still have an important effect 

on the mixing and circulation pattems within particular regions of the estuary. This 

project attempts to make a detailed study of one such feature, using temperature, salinity 

and velocity data collected during several ebb tides in one localised region of the Tamar 

Estuary. The feature in question is the convergent front that forms as the Lynher river 

discharges into the Tamar Estuary during the ebb. A combination of qualitative 

interpretation and quantitative analysis of the results is used to study the formation o f 

the front, its structure and dynamics and the variation o f these characteristics both 

temporally and spatially. The mixing processes, dynamic regime and circulation 



patterns operating in the region of frontal formation can then be assessed, thus giving an 

insight into some of the more complex, small-scale processes which occur in estuaries, 

and which have received less attention than larger-scale processes in much of the 

previous work on estuarine hydrodynamics. 

The remainder o f this literature review w i l l introduce several different types o f estuarine 

front, summarise the findings of previous work done in the Tamar Estuary, consider 

some of the applications of the equations of motion in estuarine environments (which 

comprises the major part of the quantitative analysis in this project) and describe in 

more detail some of the smaller-scale processes which have been observed in estuaries 

and which may be significant in this study. 

1.2 E S T U A R I N E FRONTS 

A front can be defined as a region characterised by an anomalous local maximum in the 

horizontal gradient of some water property such as temperature or salinity (Largier, 

1993) i.e. it is a region o f intensified gradients in which ocean properties change more 

rapidly with horizontal distance than in the surrounding waters (Simpson and James, 

1986). This means, therefore, that two differing water masses have to be brought in to 

juxtaposition, or there has to be a strong lateral gradient in mixing processes which 

would change the characteristics of the water mass (Huzzey and Brubaker, 1988). As an 

example, fronts are frequently located at the transition between a vertically well-mixed 

and a partially stratified regime. While some fronts can be thought o f as "passive" in 

that they are merely a delineation between two different water types o f similar density 

(the water type being defined by nutrient concentration, for example), most fronts are 

dynamically active in that there is a convergent water fiow, usually at the surface, and a 

vertical circulation in addition to whatever variation there may be in water properties 

(Largier, 1993). This frontal circulation is usually associated with a density difference 

between the two waters and maintains the front as a sharp transition approximating an 

interface. Despite the sharp transition, fronts are not necessarily a barrier to horizontal 

exchange. In fact, they may experience strong cross frontal fluxes of properties through 

the operation of horizontal mixing processes on the large gradients that occur there 

(Simpson and James, 1986). Fronts occur on a range of spatial and temporal scales, 

varying from oceanic fronts which are thousands of kilometres in length and persist for 



several months, to estuarine fronts with length and time scales comparable to the tidal 

excursion and tidal period respectively. 

The presence of a front can often be detected at the surface from the change in water 

colour, lines o f foam and flotsam and a change in sea state. As mentioned previously, 

vertical circulation is usually enhanced at a front which is especially important in a 

stratified regime where this type of circulation is minimal. It allows increased vertical 

transport of momentum, heat and salt and more efficient exchange of nutrients. 

Accumulations of plankton are often associated with fronts, either due to their in situ 

production at the front or because of passive convergent transport towards it (Largier, 

1993). Hence, increased biological productivity often occurs in frontal zones. The 

convergent surface f low also acts as a barrier to the dispersion of fine sediments, and 

concentrates pollutants and toxins. 

It can be seen that the study of the formation and dynamics of estuarine fronts is not 

only interesting scientifically, it is also very relevant for protecting and managing the 

estuarine environment. 

O'Donnell (1993) has broadly classified estuarine fronts into three categories; plume 

fronts, tidal mixing fronts and shear fronts. The following is a brief review of some 

previous work done on fronts in each category. 

7.2./ Plume Fronts 

Plume fronts are essentially the result of the juxtaposition of two different water types. 

They occur where fresher, less dense river water discharges into more saline, denser 

water. The fresh water spreads out and flows over the denser water in a layer usually no 

more than a few metres thick, so that its free surface slopes down towards the leading 

edge where the plume front forms (Garvine, 1974, Pinckney and Dustan, 1990). The 

front propagates into the ambient, saline water at a velocity U="s/g'D where g' is reduced 

gravity and D is the depth of the fresh water layer (Simpson and Turrell, 1986). The 

frontal dynamics are controlled by surface pressure gradients, interfacial friction and 

entrainment across the frontal interface (Bowman, 1988). One of the earliest detailed 

studies of this type of front was conducted by Garvine and Monk (1974) on the 

Connecticut River plume which discharges into Long Island Sound on the east coast of 

the USA. They determined the hydrography and horizontal current field in the vicinity 

of the front and referenced these measurements to a co-ordinate system attached to the 



front itself, which was observed from surface marker drogue experiments. Their 

observations showed strong density gradients delineated by sloping isopycnals in the 

frontal zone. The horizontal pressure gradients induced by these sloping isopycnals and 

by the free surface slope, generated strong surface convergence from both sides of the 

front. The denser salt water is driven beneath the lens of fresher water. It entrains the 

lighter water and mixes i l downwards, resulting in a downward vertical mass f lux which 

is supplied by the horizontal inflow towards the front of fresher water from more remote 

regions of the plume. Conservation of mass requires that water which converges and 

sinks at the front is swept away from near the front along a path above the interface 

(Garvine, 1974) (see figure 1.1). 

The distinct colour changes and foam and flotsam lines associated with plume fronts 

allows them to be effectively surveyed using remote sensing as well as in situ 

hydrographic measurements. KJemas and Polis (1977a, b) demonstrated the usefulness 

of this technique for mapping fronts in Delaware Bay. 

I f an estuary has a strong, reversing tidal f low then plume fronts wi l l typically form only 

during the ebb tide (Bowman and Iverson, 1977). As the flood tide begins in the 

estuary, the surface slope across the plume is reversed causing the fronts to rapidly 

dissipate in most cases. However, where tidal currents are sufficiently su-ong, the 

advancing plume front may be swept back into the estuary to form a tidal intrusion front 

such as that in the Seiont Estuary, North Wales (Simpson and Nunes, 1981). Tidal 

intrusion fronts wi l l be prominent only in estuaries which exhibit the right range o f tidal 

inflow in relation to the fresh water discharge i.e. large enough currents to drive the 

fresh water outflow back into the estuary but not so large that the density structure is 

disrupted by vertical mixing (Simpson and Turrell, 1986). The front exhibits a 

configuration with an isolated point convergence at its apex and an associated gyre 

system (see figure 1.2). There are rapid sinking motions occurring at the point 

convergence where the two frontal arms meet, and surface flow relative to the front is 

towards it on both sides. A similar type of intrusion front has also been observed in Port 

Hacking Estuary, Ausu-alia during the flood tide by Huzzey (1982). This front separates 

the brackish, ambient water within the deep estuarine basin f rom the incoming oceanic 

water, which can be thought of as a density current plunging beneath the less dense 

water. The plunge point and hence the position of the front occurs when the incoming 



Figure LI Schematic diagram of a plume front 
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down-slope tidal density current becomes critical in terms of its densimetric Froude 

number. The frontal position and dynamics are therefore controlled by the bathymetry, 

the local water depth and the difference in density between the two water masses. The 

front remains almost stationary for the duration of the flooding tide, in contrast to 

Simpson and Nunes' tidal intrusion front which moves upstream with the flooding tide, 

primarily controlled by the relative magnitudes of the river discharge and range of tidal 

elevation, and is not strongly tied to the bathymetry. 

7.2.2 Tidal Mixing Fronts 

The characteristics o f the stratification in estuaries are the result o f competition 

between vertical mixing and buoyancy stratification. In estuaries, the horizontal 

buoyancy flux due to fresh water sources generally dominates solar heating, which is the 

more important factor inducing stratification on the continental shelf (O'Donnell , 1993). 

The estuarine Richardson, REST, number can be used to classify estuaries in terms of the 

results of the su-atification vs. mixing competition; 

R s s . = ^ (1.2) 
p W u ^ 

where Uris the typical tidal current amplitude, W is the width of the estuary and Qf is 

the flux o f fresh water. On a local scale, the stratification-mixing competition can result 

in fronts which form in shoaling regions where tidally generated turbulent stirring is just 

sufficient to mix away the buoyancy in the surrounding deeper, stratified water 

(Bowman, 1988). 

Simpson and Hunter (1974) observed a front in the Irish Sea which marked the 

boundary between stratified and vertically mixed regimes. The relative consistency of 

the observed position o f the front suggested thai the transition between su-atified and 

unstratified regimes is essentially controlled by the level o f tidal mixing. For a given 

rate of heat input (which is largely responsible for inducing stratification in shelf seas) 

Simpson and Hunter considered the energy balance between the potential energy 

required to maintain mixing and the energy lost from the tidal motion via frictional 

bottom forces. Assuming that the work required to maintain homogeneity is provided 

by the bottom stress, then it should equal the fraction of the power (per unit volume) 

dissipated in the bottom boundary layer that is used for mixing. From this balance, they 

derived that the locus of the front should be defined by a critical value of h/u^, where h 



is the water depth and u is the velocity. It was found that the Irish Sea front is 

approximately parallel to the contours of h/u"* at a value between 65 and 100. 

Feamheard (1975) used this Simpson-Hunter parameter in a model to predict the 

formation of fronts by tidal mixing around the British Isles with some success. Yanagi 

and Tamaru (1990) also used h/u"* to model frontogenesis in the Bungo Channel of the 

Selo Inland Sea, Japan. They found that Simpson and Hunter's theory worked well , 

except that it could not predict the frontal position in early spring. This limitation was 

ascribed to the fact that horizontal heat transport plays an important role in the 

generation o f stratification at this time, which is not accounted for in the theory. 

Another example of a tidal mixing front was observed by Sharpies and Simpson (1993) 

in Liverpool Bay. The frontogenesis here is driven by a relaxation of a fresh water 

induced horizontal density gradient fol lowing the decrease in tidal range at neap tides. 

It results in an area of Liverpool Bay being stratified for a period of eight days before the 

increase in tidal mixing as the spring tide approaches returns the region to its initial, 

vertically mixed state. 

Although these ideas were developed for mixing on continental shelves, they should be 

applicable in estuaries, even though the effects of the unsteady intensity of tidal stirring 

and the advection o f fresh water by buoyancy-driven currents dominate the evolution o f 

stratification in this environment (O'Donnell, 1993). For an estuarine frontal zone 

separating well-mixed from stratified water, an energy balance can be formulated as; 

h/u^ = b L e k p / P g S b Q f (1-3) 

where h is the local water depth, u is the r.m.s. tidal velocity, b is the estuary width, L is 

the cross-frontal width scale, e is the mixing efficiency, k is a quadratic dimensionless 

drag coefficient associated with tidal currents, p is the water density, P is a 

proportionality constant between density and salinity, g is the acceleration due to 

gravity, Sb is the salinity in the lower layer of the water column and Qf is the discharge 

of fresh water into the estuary (Bowman and Esaias, 1981, Bowman, 1988). The idea 

behind this equation is that in an estuarine frontal zone, a balance exists between the 

rate of production of tidally generated turbulent kinetic energy available for vertical 

mixing, and the horizontal flux of buoyancy within the gravitational circulation, which 

tends to stratify the water column (Bowman, 1988). Lateral shear is important in 

maintaining these fronts. They are often observed to be stronger on ebb tide when faster 
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flowing currents in deeper, offshore water advect lower salinity upstream water past 

higher salinity shoal waters. This shear increases the horizontal density contrast across 

the front as well as sharpening the frontal interface (Bowman and Iverson, 1977). 

1.2,3 Shear Fronts 

This brings us to the third category of estuarine fronts suggested by O'Donnell (1993), 

Shear fronts are the result of differences in the rate of horizontal advection in the 

direction of the local density gradient and they have been observed in many estuaries. 

Huzzey (1988) found that the density distribution across the York River, Chesapeake 

Bay is characterised by distinct inhomogeneities for most o f the tidal cycle. The estuary 

is laterally homogeneous only at times of maximum flood and ebb current. At other 

times, the density of water in the shoal and channel regions differs, which is caused by 

the longitudinal density gradient being advected at different velocities as the tidal 

current magnitude varies over shoals and channels. These density differences result in 

horizontal pressure gradients which may, at certain times, be strong enough to generate 

localised lateral circulations. In a continuation of this work, Huzzey and Brubaker 

(1988) studied longitudinal estuarine fronts aligned parallel to the axis o f the York River 

estuary. Longitudinal fronts are formed when differential advection of the longitudinal 

density gradient generates distinct differences in the density of the shoal and channel 

waters. At such times, the resultant horizontal pressure gradients drive lateral 

circulations. The associated lateral flows, although small, may be of sufficient 

magnitude to generate surface convergence in the form of a front. This phenomena has 

been previously observed in the Conwy Estuary, North Wales (Nunes and Simpson, 

1985, Simpson and James, 1986, Simpson and Turreil, 1986, Turreii, 1989). A n axiaJ 

convergence front forms during the flood phase of the tide and is maintained by a 

transverse circulation which results from an interaction between the vertical and lateral 

shear in the flood current and the longitudinal density gradient. As such, in a channel 

with a longitudinal density gradient, denser fluid wi l l be swept upstream in the centre of 

the channel by the swifter tidal current in this deeper region. At the edges of the 

channel, the peripheral flow is retarded by frictional forces, tending to create an unstable 

density distribution (see figure 1.3), and the resultant pressure gradients drive a two-

celled circulation with convergence and sinking in mid-channel. The front is observed 
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Figure L3 Schematic diagram of an axial convergence front 
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along this longitudinal axis. Convergence only occurs in regions with a significant 

longitudinal density gradient, and the dependence of frontogenesis on an initial 

horizontal density gradient has been confirmed with laboratory tank experiments by 

Simpson and Linden (1989). 

Sarabun (1993) made observations of the Chesapeake Bay tidal front. He found that the 

change in depth between the shoal and channel in this area results in a difference in 

magnitude and phase for tidal currents in the shallows relative to those in the channels. 

The tidal currents, combined with a density gradient in the axial direction results in the 

formation o f a pronounced lateral density gradient at the shoal edge, in agreement wi th 

Huzzey's results. Hence, frontal formation depends largely on the longitudinal density 

gradient, the sharpness of the lateral bathymetric variation and the tidal current. 

One additional category o f fronts is included in Bowman*s review of estuarine fronts 

(1988). Headland fronts are formed in association with flow around headlands, 

promontories, banks, shoals and islands (Pingree et al., 1977). The influence of 

coastline configurations on gross tidal flow causes increased tidal streaming o f f 

headlands, and weaker tidal velocities in adjacent bays. This strong tidal streaming in 

the neighbourhood of headlands wi l l cause a local minimum in the value of the h/u^ 

stratification parameter. Therefore, i f stratified conditions exist offshore, an abrupt 

transition to well-mixed conditions may occur in the vicinity of the headland and a front 

w i l l form. 

It should be noted that esluarine fronts often exhibit characteristics f rom more than one 

of the categories described above, so the formation of fronts is likely to result f rom an 

interaction of several processes. 

L3 T H E TAMAR ESTUARY 

In this section, the physical characteristics of the Tamar estuary wi l l be introduced, 

followed by brief definitions o f the some of the processes which have been studied in 

the estuary. The results of these studies are then reviewed chronologically. 

The Tamar Estuary extends 31 km from its seaward boundary with Plymouth Sound to 

the l imi t o f its salinity inmjsion at Weir Head. The estuary carries fresh water run-off 

from three rivers, the Tamar, the Tavy and the Lynher. The Tamar river carries the 

largest fresh water flows, with typical monthly averaged flows decreasing f rom 38 mV 
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in January to 5 m^s * in June. On average, the Tavy contributes about 30% of the Tamar 

input and the Lynher about 20% (Uncles et a/., 1983). Tides are semi-diurnal with 

mean neap and spring ranges of 2.2 m and 4.7 m (George, 1975), such that the estuary is 

macrotidal. A Hansen and Rattray type of analysis shows the estuary to be well-mixed 

or transitional in the upper reaches and partially mixed in the lower reaches (Uncles et 

aL, 1985a). 

Much of the work that has been done previously in the Tamar Estuary has used tidally-

averaged velocity and salinity data to examine the residual transport of water and salt. 

The processes found to be primarily responsible for these residual transports are now 

briefly described. 

The residual (non-tidal) circulation in the Tamar is generated by the gravitational 

circulation, Sloke's drift , fresh water input and density gradients. The gravitational 

circulation is a simple process whereby salinity causes gravity to play a dominant role in 

vertically stratifying the fluid according to its density (Rattray and Dworski, 1980). 

Stoke's dr if t is more complex; it is essentially the result of frictional forces distorting the 

tidal ellipse thereby causing a partially progressive tidal wave which gives rise to non

zero correlations between tidal fluctuations in water depth and velocity. This generates 

a residual inflow of water into the estuary, which is balanced by a residual flow in the 

opposite direction when the set-up gradient caused by the up-estuary Stoke's d r i f t is 

sufficient to overcome frictional forces (Uncles and Jordan, 1980). The fresh water 

input into the estuary produces a residual flow by generating an axial surface slope 

(Uncles et al., 1986), and finally, density gradients arising from the salinity distribution 

generate horizontal pressure gradients and thus a residual fiow. 

The residual flux o f salt in the estuary is the result of both advective processes such as 

tidal pumping, and u-ansverse and vertical shear dispersion. Tidal pumping arises 

because of frictional forces distorting the tidal curve such that slack water lags high 

water, causing a residual, up-estuary flux of salt. Essentially, it is caused by Stoke's 

drift , which results in a higher discharge per unit velocity at high tide than at low tide, 

because of variations in the cross-sectional area of the estuary. 

The transport of salt due to transverse shear dispersion is associated with correlated 

spatial variations in salinity and longitudinal velocity across the width of the estuary. 

Similarly, vertical shear dispersion transport is associated with correlated spatial 
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variations in salinity and longitudinal velocity through the depth o f the water column. 

Both types of shear transport are due to steady residual currents (with gravitational 

circulation being particularly important in the case of vertical shear dispersion) and 

oscillatory tidal currents (Uncles and Stephens, 1990). 

The significance of these processes in various regions of the Tamar Estuary has been 

assessed using the results from several surveys. Uncles et al. (1983) computed flushing 

times and axial dispersion coefficients during low run-off, spring tide conditions when 

the estuary was comparatively well-mixed. The flushing time under these extreme 

conditions was found to be three weeks, although one week is quoted as a more typical 

value, and vertical shear dispersion was found to be small throughout the estuary. The 

transverse shear dispersion coefficient was dependent on the cross-estuary mixing time-

scale: i f the only cross-estuary mixing mechanism was turbulence, then the time-scale 

for this transverse mixing greatly exceeded the flushing time, such that salt and other 

solutes would be washed out of the estuary before being mixed, and the transverse shear 

dispersion coefficient would be negligible. This was not found to be the case and 

Uncles et al. concluded that the process of transverse oscillatory shear must be acting in 

the upper estuary in addition to turbulence, to explain the calculated coefficients. In the 

lower reaches of the estuary, tidal trapping was the single most important process. Tidal 

trapping occurs when patches of water and solute become 'trapped' in the sub estuaries 

and embayments of the lower estuary during the course of a tidal excursion, effectively 

dispersing the solute. 

Uncles et al. (1985a) examined the transverse and vertical structure o f water, salt and 

sediment transport in the upper reaches of the estuary. They found that the transport of 

salt due to vertical shear was always directed up-estuary in this region. However, the 

total residual salt transport was up-esluary in the deeper, central channel but down-

estuary over the shallow, inter-tidal mud flats and hence, the down-estuary advection of 

salt by residual flow dominates the transport by vertical shear in these areas. Tidal 

pumping was also found to contribute significantly the salt transport. Vertical shear 

dispersion dominated that due to transverse shear at the landward end of the estuary, but 

the two types of shear dispersion were of comparable magnitudes in the wider, lower 

reaches of the estuary. 
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A more extensive survey of the estuary by Uncles et at. (1985b) revealed that residual 

flow and salt fluxes in the upper estuary were primarily the result of tidal pumping, 

Stoke's drif t and freshwater inputs. In the lower estuary, the vertical shear dispersion 

and gravitational circulation were the most significant contributions to the residual flow. 

These observations were expanded upon by Uncles et al. (1986). They attributed the 

distribution of lateral, tidally-averaged currents in the upper estuary to three factors: (1) 

differential density gradient forcing generated by variations in the longitudinal salinity 

gradient over a cross-section, (2) the interaction of the tidal flow with lateral variations 

in topography and (3) the response to fresh water inputs to the upper estuary, which 

produced axial surface slopes. The second factor is effectively the Stoke's dr i f t , which 

was found to be up-estuary in the deeper, central channel and down-estuary over the 

shallow, inter-tidal mud flats. This lateral structure in the residual flow is the result o f 

varying frictional effects between the shallow and deeper regions of the cross-sectional 

topography which distort the tidal currents. The residual flow due to density gradients 

was seen to enhance that due to Stoke's drif t . 

The intra-tidal behaviour o f vertical shear dispersion, again in the upper estuary, was 

investigated by Uncles and Stephens (1990). They defined a parameter, i j / , proportional 

to the negative salt flux due to the vertical shear divided by the tidally averaged 

longitudinal salinity gradient. During spring tides, V | / maximised on the ebb within three 

hours of high water. At the end of the ebb and during the flood, \|/ was very small or 

negative. During neap tides, \|/ at the head of the estuary was again small or negative at 

the end of the ebb and during the flood. However, at the most seaward cross-section of 

the survey, V | / , the velocity shear and stratification all maximised at low water rather than 

during the early ebb, a phenomenon ascribed to the ebb-flood asymmetry in the 

stratification and its effect on both intra-tidal and residual currents. Generally, vertical 

shear dispersion dominated transverse shear dispersion in the upper estuary. 

Uncles and Stephens (1993) examined the fresh water-salt water interface in the upper 

estuary and concluded that its position was primarily controlled by the amount of 

freshwater run-off across the head of the estuary, and that spring-neap influences were 

slight. It is interesting to note that Uncles and Stephens adopt a three-term primary 

longitudinal momentum balance in their model, with the temporal acceleration being 
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balanced by the baroclinic pressure gradient and the vertical eddy viscosity (alternatively 

expressed as the vertical gradient in longitudinal turbulent stress). 

A different contribution to estuarine mixing in the Tamar was examined by Sturiey and 

Dyer (1992). Here, stratified flow over a topographic depression during a neap tide 

formed an internal wave along the pycnocline, in the manner described by Maxworthy 

(1979). The distortion o f the pycnocline by the internal wave and the enhanced shear at 

the seaward end of the wave caused fresher water to be mixed f rom above the 

pycnocline down into it. Thus, the formation of internal waves is capable of radically 

altering the local stratification through enhanced vertical mixing. 

Parsons (1987) also identified the significant influence of breaking internal waves, along 

with shear and buoyancy effects, on transverse diffusion and vertical shear dispersion in 

the region of the estuary just south of the Tamar-Lynher confluence. His work 

examined, in particular, cross-sectional mixing mechanisms at various stages during the 

tidal cycle, f rom which it was found that transverse diffusion was considerably less 

during the flood tide than the ebb tide. 

From this summary of work previously conducted in the Tamar Estuary, it is apparent 

that the lower reaches of the estuary, where the survey area for this project is located, 

have been less extensively studied than the upper reaches. Where observations in the 

lower reaches have been made, vertical shear dispersion is found to dominate transverse 

shear dispersion although the latter process becomes increasingly significant as the 

estuary widens towards the sea. Additionally, gravitational circulation and tidal 

trapping make important contributions to the residual flow. 

Many of these observations are based on tidally-averaged values of salinity and velocity, 

whereas this project investigates shorter time-scale variations in these properties over 

the course of an ebb tide. Thus, it is hoped that this investigation wi l l provide some 

insight into aspects of the dynamic regime of the Tamar Estuary which have previously 

received comparatively little attention. 

L4 T H E EQUATIONS O F MOTION 

Considering that the major part of the analysis conducted in this project involves the 

application o f the longitudinal and lateral equations o f motion to our data set, this 

section presents a summary of previous studies which have also used the equations of 
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motion to assess the dynamics of various estuaries. The equations themselves are 

derived from Newton's second law of motion, and state that; 

acceleration = (pressure + gravity + frictional + tidal) forces/unit mass 

They are presented mathematically in chapter 5.1. 

McAlisier et al. (1959) conducted their study in a typical Alaskan f jo rd and found the 

longitudinal momentum balance to be between the longitudinal and vertical advection 

terms (u.3u /3x and w.3u /3z), the baroclinic pressure gradient and the vertical stress 

gradient. The horizontal fluxes of turbulent momentum were considered to be 

negligible. Pritchard (1956) found a similar longitudinal balance in the James River, but 

also included a tidal inertia! term such that the balance was between three accelerations, 

a pressure term and the vertical stress gradient. Again, the horizontal eddy fluxes of 

momentum were assumed to be negligible, and the longitudinal component o f the 

pressure force was balanced mainly by the vertical eddy friction term (3(u'. w ' ) / 3z) 

with the various spatial accelerations being less significant. Bowden (1960) assumed a 

spatially uniform flow field in his study of the Mersey Narrows, such that the temporal 

acceleration only was produced by baroclinic and barotropic pressure gradients and the 

vertical stress gradient. 

Uncles et at. (1992) solved the equations of longitudinal momentum and salt 

conservation in the Merbok Estuary, Malaysia. Solutions showed that as the salinity 

stratification was primarily caused by vertical shear in the currents and advection o f the 

longitudinal salinity gradient, it was therefore necessary to specify the vertical profile of 

the longitudinal density gradient in the equation of motion. The temporal longitudinal 

acceleration was found to be the result of an imbalance between the horizontal pressure 

gradients and the vertical stress gradient. 

The lateral dynamic balance in the Vellar Estuary has been examined (Dyer and 

Ramamoorthy, 1969, Dyer, 1973) and it was found that the three spatial accelerations 

were produced by the pressure term, the Coriolis acceleration and the vertical stress 

gradient. The baroclinic pressure force was larger than the barotropic component, and 

the lateral advection was the dominant spatial acceleration. A curvature term, 

estimating the centrifugal force produced by flow round a bend in the river was included 

in the balance but experimental errors in the observations meant that the whole equation 

was di f f icul t to balance numerically. The lateral balance in fjords is much simpler with 
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the Coriolis acceleration being balanced by the baroclinic pressure force, and all other 

terms in the equation being negligible. Dyer's work in Southampton Water again 

highlights the difficulties in balancing the equation of motion using fieldwork results. 

The lateral balance here is between the three spatial accelerations, the pressure term, the 

Coriolis acceleration and the curvature term, but only in three instances did the 

accelerations and forces nearly balance. In the James River, Pritchard (1956) found that 

in the lateral balance, the Coriolis force resulting from the mean horizontal motion was 

mainly balanced by the lateral pressure force such that the net acceleration (temporal 

and spatial) was close to zero. However, no streamline curvature term was included in 

this analysis. 

Further work by Dyer (1977) on the lateral dynamic balance addresses the fact that 

secondary circulation patterns caused by cross-channel topography, its associated 

frictional effects and meanders in the river, are an important factor in both the dynamic 

and salt balances. From studies in the Vellar estuary and Southampton Water, he found 

that the water slope, the intemal density distribution and the centrifugal force are 

dominant terms in the equation, and that the Coriolis acceleration is o f secondary 

importance. Significant differences were found in the lateral circulation effects between 

salt-wedge, partially-mixed and well-mixed estuaries, and generally the assumption of 

lateral homogeneity in this type of analysis was found to be invalid. 

Doyle and Wilson (1978) confirm Dyer's conclusion that the conU-ibution f rom the 

centripetal acceleration is usually greater than the contribution from the Coriolis 

acceleration in the lateral momentum balance from their work in the Lower New York 

Harbor. The residual flow structure in this part of the estuary showed a characteristic 

two layer estuarine flow pattern, with landward flow at depth and seaward flow at the 

surface. The major terms conU-ibuting to the lateral balance were the lateral pressure 

gradients, the Coriolis acceleration and the field accelerations which were approximated 

using the tidally-averaged centripetal acceleration normal to the streamlines o f flow 

through the cross-section. The turbulent stresses were not found to conU-ibute 

significantly to the balance. 

Miinchow and Garvine (1993) applied the depth-averaged lateral equation of motion to 

a buoyancy-driven coastal current and identified two dynamically disfinct regions, one 

of which, the 'source' region, was characterised by the presence of fronts and large 
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lateral density gradients. In this region, over shoaling areas many terms contributed to 

the balance with the Coriohs acceleration being the single largest. In deeper channels, 

however, the balance was primarily between the sea surface slope, the baroclinic 

pressure gradient and the Coriolis acceleration and was therefore almost geostrophic. 

The non-linear inertial forces (i.e. the spatial accelerations) were found to be important 

in the dynamics of the source region by other analysis techniques. As these terms 

appeared to be small in the across-shelf (lateral) balance, the authors concluded that they 

may be important in the along-channel (longitudinal) balance. The increased 

significance of the Coriolis acceleration in this study compared with the findings of 

Dyer and Doyle and Wilson probably arises because Miinchow and Garvine's study was 

conducted in a coastal area as a opposed to a topographically-constrained estuarine 

environment. 

Hughes and Rattray (1980) found that both the centrifugal and Coriolis forces were 

balanced with the pressure gradient in the lateral equation of motion, in their study of 

the Columbia Estuary. 

The co-dependence of both the longitudinal and lateral momentum balances has been 

investigated by several authors. Scott (1994) used numerical modelling on data from 

the Conwy Estuary, Wales to show that the lateral circulation could strongly affect the 

longitudinal momentum balance. In this model, the longitudinal salinity gradient was 

assumed to be locally linear and steady over a tidal cycle. On the flood tide, differential 

longitudinal advection produced a lateral density gradient which drove a surface-

convergent twin cell lateral circulation structure (Smith, 1976, Nunes and Simpson, 

1985). On the ebb tide, water in the central part of the channel was fresher such that the 

lateral cells circulate in the opposite sense to the flood cells. This lateral circulation was 

found to be strong enough to modify the longitudinal momentum balance, as water with 

a longitudinal momentum deficit was transported near the surface to the centre of the 

channel during the flood. Similarly, the ebb tidal lateral circulation also modified the 

longitudinal balance, such that a lateral density gradient may have an indirect effect on 

the longitudinal equation of motion. 

The importance of both lateral and longitudinal salinity (density) gradients in the 

horizontal momentum balances is again highlighted by Jin and Raney (1991). They 

looked at a well-mixed estuary in Florida using a two-dimensional depth-averaged 
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model. The results from their equations of motion showed that although velocity results 

at any specific time were not changed appreciably by the inclusion of horizontal density 

gradients in the model, the velocity integrated over a tidal cycle i.e. the mass transport, 

was significantly altered. Hence, even in well-mixed estuaries, horizontal density 

gradients constitute an important forcing mechanism in the longitudinal and lateral 

dynamics. 

1.5 STRATIFICATION AND MIXING PROCESSES 

The competition between stratification and mixing plays a crucial role in determining 

the dynamics of any estuary, and is perhaps especially important in the case of partially-

mixed estuaries. This section reviews some previous work, conducted in both the field 

and the laboratory, which addresses various aspects concerning estuarine stratification 

and mixing. 

The competition between stratification and mixing is parameterised by the gradient 

Richardson number (equation 1.1), which expresses whether shear is sufficient to 

overcome the stability caused by stratification, to produce mixing. Various laboratory 

and field studies by, amongst others, Thorpe (1973), Linden (1979), Thompson (1980), 

McEwan (1983), West et al. (1985) and Dyer (1988) confirm that for Ri < 0.25, the 

shear is sufficient to overcome stability and produce mixing. However, this mixing 

arises through various different mechanisms, and perhaps the simplest way to describe 

these processes is to consider a stably stratified, two-layer flow in which each of the 

layers is either turbulent or a parallel stratified shear flow. If the layer is initially 

turbulent, then this turbulence is the result of friction along the bed or sidewall, or it 

may be caused by friction due to wind stress on the surface of the flow. 

Considering first the situation in which neither layer is initially turbulent, the velocity 

shear between the two layers produces internal Keivin-Helmholtz waves along the 

density interface. These waves then form vortices, which either collapse to produce a 

horizontal interleaving of the two layers which mix because of density instability, or 

intense local shear within the vortices causes turbulent mixing (Dyer, 1988). In either 

case, the result is a layer of homogeneous density bounded by stable density gradients 

above and below. Hence this type of mixing is produced by internal waves. 
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If there is turbulence in one of the layers, the velocity shear will again generate internal 

waves which then break and interact with the turbulence such that there is a preferential 

transfer of water from the less turbulent layer into the more turbulent layer. When the 

discrete wave-breaking events are averaged over space and time, they can be considered 

as a continuous mixing process called entrainment (Dyer, 1988). 

If both layers are initially turbulent, mixing takes place via turbulent diffusion which is a 

two-way process in which equal volumes of water are exchanged between the two layers 

such that there is a net exchange of salt or heat, but no net exchange of water (Dyer, 

1973). 

Hence, turbulence itself is produced both by internal velocity shear and external friction 

effects, and mixing occurs as the result of internal waves, entrainmeni or diffusion. In a 

more general sense, all three types of mixing represent the conversion of kinetic energy 

(i.e. from internal wave motion or turbulent motion) into potential energy, whereby the 

centre of mass of the water column has been elevated by the vertical transport of salt or 

heat. This summarises the process of mixing, which is opposed by the stratifying 

influences of gravitational circulation and tidal straining (Nunes Vaz and Simpson, 

1994). Some of these aspects will now be reviewed in more detail. 

The structure of turbulence itself was originally examined using quadrant analysis by Lu 

and Willmarth (1972,1973). In this technique, random perturbations in velocity on two 

perpendicular directions (u' and w') are divided into four quadrants such that u' > 0, w'> 

0 and u' < 0, w' < 0 are termed outward and inward interaction events respectively, and 

u' < 0, w' > 0 and u' > 0, w' < 0 are termed ejections (or bursts) and sweeps respectively. 

Experimental work by Lu and Wiilmarth (1973) found that the ejections are the largest 

contributors to the Reynold's stress, u' w' , followed by the sweeps. Fieldwork 

conducted by Heathershaw (1974), West and Shiono (1985) and Kawanisi and Yokosi 

(1993) also confirms that positive contributions to the turbulent Reynold's stresses are 

provided by ejections and sweeps, and negative contributions by the outward and inward 

interactions. 

The Reynold's stresses themselves represent fluxes of turbulent momentum and 

similarly the Reynold's fluxes represent turbulent fluxes of salt, such that the Reynold's 

stresses can be related to the mean velocity gradients and the Reynold's fluxes can be 

related to the mean salinity gradients, e.g.: 
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-(u'w') = N2 — (1.4) -(w'S') = K2 — (1.5) 
\ozJ \dZj 

Nz and Kzare referred to as the vertical eddy viscosity and the vertical eddy diffusivity 

respectively, and they provide a useful means of parameterizing vertical turbulent 

mixing. For example, Schroder and Siedler (1989) conducted fieldwork in the Elbe 

Estuary and found that the vertical eddy viscosity was up to four times greater during the 

flood tide than during the ebb, indicating a greater degree of stratification during the ebb 

tide. This is because in the presence of a density gradient, the turbulence has to work 

against the gradient to promote mixing, therefore both Kz and Nz are reduced below 

their homogeneous values. The relationship between Kz, Nz and, effectively, the degree 

of stratification is examined using the flux Richardson number, Rf: 

Rf = ^ R i (1.6) 

The flux Richardson number represents the fraction of the available turbulent kinetic 

energy which is converted via mixing into potential energy by raising the centre of mass 

of the fluid. Linden (1980) performed a series of experiments in a stratified flow to 

determine the curve of Rf vs. Ri. He found that as Ri increased from zero, so did Rf 

until it reached a maximum value of 0.12 at Ri = 1.3. As Ri increased further, Rf 

decreased. Rf is proportional to the vertical density flux and Ri is proportional to the 

vertical density gradient. Hence, when Rf increases with Ri, regions of high density 

gradient have high vertical fluxes which transport mass away from the high gradient 

region to diminish the stratification. When Rf decreases with increasing Ri, regions of 

high density gradient support smaller vertical fluxes which transport mass towards the 

high gradient region, increasing stability. Therefore, the effect of mixing on 

stratification depends on which side of the Rf vs. Ri curve the system lies; at low values 

of Ri, more energy is extracted by the turbulence by working against the buoyancy 

forces whereas at larger values of Ri, the efficiency of mixing is actually reduced by the 

buoyancy forces. 

In general, it has been found that between one sixth and one quarter of the available 

kinetic energy is converted into potential energy (Linden, 1979). Additionally, at high 

values of Ri, a significant fraction of the turbulent kinetic energy is used to generate 

internal waves which, provided they do not break, will not contribute to the mixing or 

increase the potential energy. However, if an internal wave does break, the fraction of 
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the wave's kinetic energy which is converted into potential energy is again found to be 

about one quarter (Thompson, 1980). It should be noted that internal waves can break 

to cause turbulent mixing at mean values of Ri which are considerably greater than 0.25. 

This is because the internal waves cause stretching of the interface such that velocity 

shear is enhanced at the wave troughs and crests causing a local reduction in Ri and 

local instabilities which leads to turbulent mixing (Dyer, 1988). The formation of 

internal waves, their subsequent behaviour and the mechanisms by which they cause 

turbulent mixing are all complex processes which are described in detail by Thorpe 

(1973. 1987), Lee and Beardsley (1974), Maxworthy (1979), Thompson (1980), 

McEwan (1983a, b) and Sturley and Dyer (1992). 

As well as examining the flux Richardson number, several authors have also looked at 

the relationship between and Ri, amongst them Munk and Anderson (1948), 

Bowden and Gilligan (1971) and Odd and Roger (1978). All of them found that 

decreases from unity and tends towards zero with increasing Ri. This is because 

the exchange coefficients of mass and momentum (Kz» Nz) are equal in homogeneous 

flow. As Ri increases, velocity shear across the interface produces perturbations which 

will not necessarily break. These non-breaking perturbations will exchange momentum 

but not mass with the surrounding fluid, such that Kz is reduced by a greater amount 

than Nz (Odd and Roger, 1978, Dyer, 1988). 

Having considered the various effects of velocity shear and how they work to decrease 

the stability of the flow and consequently its Richardson number, we should also 

consider processes which increase the stability and inhibit mixing. Nunes Vaz and 

Simpson (1994) identified the vertical gravitational circulation and tidal straining as the 

primary causes of stratification in estuaries. Tidal straining occurs when vertical velocity 

shear in the presence of a longitudinal density gradient advects less dense fluid over 

more dense fluid during the ebb tide (Shiono and West, 1987, West and Shiono, 1988, 

Nunes Vaz and Simpson, 1994). The velocity shear during the ebb tide arises because 

the baroclinic pressure gradient opposes the barotropic pressure gradient at depth (Jay, 

1990). As the baroclinic and barotropic gradients act in the same direction during the 

flood, the internal velocity shear is reduced, as is the degree of stratification. Nunes Vaz 

and Simpson found that on semi-diurnal and diurnal timescales, stratification was 
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primarily caused by tidal su-aining, whereas at the spring-neap frequency, it was mainly 

the result of vertical gravitational circulation. 
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CHAPTER 2 

F I E L D W O R K AND DATA PROCESSING 

This section describes the fieldwork that was carried out for the project, the equipment 

used and the processing applied to the data collected. 

2.1 R A T I O N A L E 

The fieldwork for this project was conducted in two stages. The preliminary stage 

comprised several surveys in the area of the Lynher-Tamar confluence (figure 2.1) and 

its primary objective was to field test the estuarine thermistor spar (ETS). These initial 

surveys also provided useful background data on the seasonal variability in temperature 

within the survey region, and allowed us to assess whether the Tamar-Lynher front was 

a consistent feature of every ebb tide or whether its formation might be dependent on 

factors such as the spring-neap tidal cycle, the amount of fresh water inflow or 

prevailing wind conditions. During these surveys, it was possible to identify the best 

equipment deployment configuration and the optimum sampling frequency capable of 

providing good resolution of the frontal interface whilst keeping the raw data files to a 

manageable length for post-processing and graphic presentation. 

The second stage of fieldwork involved conducting a more detailed survey in the region 

of frontogenesis in order to record the temperature and velocity fields across the front 

quasi-synopticaliy. The main objective of these surveys was to collect velocity and 

temperature data (which were subsequently combined with salinity data to approximate 

density) in order to calculate terms in the equations of motion and continuity, thus 

allowing the hydrodynamics within the region to be evaluated. Additionally, both the 

velocity and temperature data from survey lines which crossed the surface convergence 

provided * images' of the front in cross-section. 

2.2 EQUIPMENT 

The surveys were carried out either from the University owned catamaran "Catfish" or 

from Plymouth Marine Laboratory's fiat-bottomed sea truck "Tamaris". During 

preliminary surveying, the main piece of equipment deployed was the ETS. This 

instrument was designed and built by Darrell Sturley at the Institute of Marine 
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Figure 2.1 Map of Tamar Estuary showing survey area 
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Studies, Plymouth University as part of his Ph.D. (Sturley, 1990). The ETS records 

continuous vertical profiles of temperature over the top 4 metres of the water column. It 

consists of a 6 metre length of alloy scaffold tube of diameter 5 cm, onto which 16 

thermistors are attached at 0.25 m intervals over the lower 4 m of scaffolding (Sturley 

and Dyer, 1990). The time response of each thermistor is approximately 50 ms, 

allowing a realistic maximum sampling frequency of 20 Hz, and their resolution is 

0.005°C. Theoretically, the output voltage from each thermistor should be linear with 

temperature such that 0.05 volts represents l^'C, however, this has not proved to be the 

case in practice, as will be discussed later. 

On Catfish, the ETS was deployed vertically with the sensors pointing forwards, by 

attaching it to a horizontal scaffolding A-frame which was rigged across the bow of the 

boat. Guy ropes were fixed to the ETS to counteract the backwards force exerted on the 

lower part of the instrument as it moves through the water, thus holding it in a vertical 

position (see figure 2.2). On Tamaris, the ETS was fixed to a bracket on the side of the 

boat*s hull. Again, guy ropes held the instrument vertical with the sensors pointing 

forwards (see figure 2.3). Both methods of deployment were devised to minimise the 

effect of the boat's wash on the sensors which, on Catfish, was achieved by mounting 

the ETS forward of the bow. Although on Tamaris, the ETS was mounted on the side of 

the boat, the design of the hull means that most of the wash goes under the boat with 

negligible wash generated along the sides. On both boats, the surveying speed was kept 

between 1 and 2 knots, again to minimise boat wash. 

Other equipment used in the prehminary stage of surveying included an MC-5 

temperature-salinity bridge (T-S bridge) used to take vertical profiles with 

measurements recorded at 1 m depth intervals over the top 5 m of the water column. 

These profiles were taken at the start and end of each transect in order to calibrate the 

ETS accurately. A 200 kHz echosounder was run continuously throughout each 

preliminary survey which allowed the front to be observed from the increased level of 

acoustic backscattering generated by suspended particles trapped there. Position fixes 

were obtained at the start and end of each transect and at approximately 1 minute 

intervals during the transect from a portable differential GPS system. 

For the more detailed surveys, the ETS was used in conjunction with an Acoustic 

Doppler Current Profiler (ADCP) borrowed from Dr. Rocky Geyer at Wood's Hole 
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Figure 2.2 Equipment deployment configuration on "Catfish" 
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Figure 2.3 Equipment deployment configuration on "Tamaris" 
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Oceanographic Institution, Massachusetts, USA. The ADCP transmits four 

orthogonally-oriented acoustic pulses down into the water column from the transducer 

head which is just below the surface. The acoustic energy is backscattered by sediment 

particles and plankton in the water, and the travel time of the returned pulse, as recorded 

by the transducers, allows the depth of backscattering to be determined. The Doppler 

shift of the backscattered signal is caused by the motion of the particles in the water, and 

by combining data from all four transducer faces, a continuous profile of velocity, 

resolved into east-west, north-south and vertical components, as a function of depth 

throughout the water column is obtained. The ADCP operates at a frequency of 1200 

kHz and was deployed by attaching two short lengths of scaffolding to the transducer 

head, enabling the head itself to be held steadily with the transducers facing down at a 

level approximately 30 cm below the water surface, which was deemed sufficient to 

avoid the effect of wash over the instrument as it moved through the water. A circular 

bracket fitting round the cylindrical transducer head was made by Andy Prideaux in 

LM.S.. onto which the scaffolding poles were attached. An armoured cable ran from a 

watertight connection on the transducer head to the signal processing unit on the boat. 

During deployment, it was necessary to ensure that a minimum distance of 

approximately 2 m was maintained between the ADCP head and the ETS to avoid 

interference between them. To achieve this on Catfish, the ADCP was clamped to the 

outside of the A-frame whilst the ETS was secured in the centre (see figure 2,2). On 

Tamaris, the ADCP was deployed over the opposite side of the boat from the ETS, 

keeping it approximately 0.5 m away from the side so that the acoustic signals would 

not be backscattered by the hull (see figure 2.3). As the ADCP cannot resolve current 

velocity in the top 2 metres of the water column, any noise introduced by the boat*s hull 

would occur in this null zone, leaving the remainder of the profile free from the effects 

of hull interference. 

Although the ADCP head has its own heading sensor, it was only working intermittently 

during our survey, so additional heading data was recorded using a C E T R E K fluxgate 

compass fixed on the boat. The position of the ADCP head relative to the boat was 

constant, so the C E T R E K heading data could be used to correct any spurious headings 

recorded by the ADCP compass. 

31 



For the detailed survey, ETS data was sampled at a frequency of 5 Hz using a High 

Speed Data Collection package installed on P.C. The ADCP and heading data were 

logged on a separate P.C. using R.D. Instruments' TRANSECT package. The MC-5 

temperature-salinity bridge was again used to take stationary vertical profiles, but the 

echosounder was not deployed for logistical reasons. The differential GPS system 

provided accurate position fixes. 

2.3 SURVEYING METHOD 

Preliminary surveys were conducted between January 1993 and January 1994 at 

approximately 3 monthly intervals on ebb fides ranging from springs to neaps. On each 

survey, sampling runs were conducted across the mouth of the Lynher River, from this 

region upstream to the Tamar Road Bridge, from the bridge downstream to Looking 

Glass Point, and back upstream from the Point to the Lynher mouth (see figure 2.1). 

Transects from the Lynher mouth west into the Lynher River were also carried out. On 

each occasion, surveying commenced at or around high water and confinued to follow 

the sampling regime outlined above until a line of foam and debris at the surface 

indicated the position of the ebb tidal front in the mouth of the Lynher. Generally, this 

occurred approximately 4 to 5 hours after high water. As soon as the front had 

developed, a pattern of zig-zagging sampling runs across the front was carried out, in 

order to record measurements of the front with the ETS as often as possible, and at a 

range of sampling frequencies (2 Hz, 4 Hz, 5 Hz, 6 Hz, 8 Hz and 10 Hz). Stationary 

vertical temperature and salinity profiles were recorded to a depth of 4 or 5 m, with a 1 

m sampling interval at the beginning and end of each transect. The front was 

continuously surveyed until its surface expression (i.e. the foam line) was no longer 

visible. 

The dates and tidal conditions for the detailed survey are presented in table 2.1. 

Date High Water 

(BS,T,) 

Tidal Range (m) Spring/Neap 

20.04.94 1309 2.1 Neap 

22.04.94 1554 3.3 Neap + 2 days 

25.04.94 0600 5.0 Spring - 1 day 

Table 2.1 Tidal conditions for detailed surveys 
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The weather conditions on all three survey days were good, with low winds and 

generally clear skies. 

A 300 m by 600 m figure-of-eight shaped survey grid was used as a guideline in the 

mouth of the Lynher River (see figure 2.4). Transects were conducted along each 300 m 

side of the survey grid starting at or before high water on each day. The ADCP and ETS 

were recording simultaneously on each transect; the ADCP was set to emit an acoustic 

pulse every 0.1 seconds and then average the data from four pings (effectively, a 

sampling frequency of 2.5 Hz) and the ETS was sampling at a frequency of 5 Hz. 

Depending on whether the boat was moving with the current or against it, each transect 

took between 3 and 9 minutes, with an average time of 5 minutes. The figure-of-eight 

grid was followed as the ebb current increased and the front developed. As on previous 

surveys, stationary vertical profiles of temperature and salinity were recorded at the start 

and end of each transect, over the top 4 or 5 m of the water column at 1 m intervals 

using the T-S bridge. Position fixes were recorded approximately every two minutes 

from the GPS. In addition, a position fix was taken each time the front was crossed, as 

indicated by the surface foam line and the real-time display of ADCP data onboard. 

2.4 DATA PROCESSING 

In this section, the post-acquisition processing of both the ETS and the ADCP data from 

the detailed surveys will be described. 

The output voltages from each thermistor on the ETS were recorded in a multiplexed 

format, so the first stage of processing was to demultiplex the data into sixteen channels, 

one for each thermistor. The lowermost thermistor on the ETS is known as the 

*dummy' channel because instead of responding to temperature changes, this sensor is 

used to record intemal electronic noise that may occur within the system. The signal 

from the dummy channel is then subtracted from the remaining fifteen channels. 

Laboratory calibration tests were conducted both before and after fieldwork, in which 

each thermistor was individually immersed into ice (at approximately 0°C) and water of 

9**C and 18°C. The calibration curves thus derived were applied to each channeKs 

output voltages, and although the thermistor manufacturer's quoted voltage response to 

changes in temperature was 1 volt equivalent to 20°C, this was found to be inaccurate 

for most thermistors. 
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At this stage, it became apparent that of the fifteen channels, only five were functioning 

properly; the remaining ten produced voltage traces which were either completely flat 

or excessively noisy with voltage fluctuations which, when calibrated, represented 

unrealistic variations in temperature of up to 10°C. The output from these channels was 

discarded from the data set. 

It was then assumed that over the small ranges of temperature and salinity encountered 

during each of the second stage, more detailed surveys (as shown by the T-S bridge 

results discussed in chapter 3) it was reasonable to infer a linear relationship between 

both the output voltage and temperature, and the output voltage and salinity. Hence, 

each channel's output voltage at the start and end of each transect was compared to the 

salinity and temperature values recorded at the appropriate depth by the T-S bridge. The 

conversion coefficients derived in this way were generally found to be slightly different 

at the start and end of the transect, so it was assumed that they varied linearly over the 

duration of the transect, such that effectively, interpolated coefficients were applied to 

the output voltages to convert then into salinity and temperature values. 

In order to obtain regularly spaced matrices of salinity and temperature values in which 

each value from the functioning channels was in the correct spatial position, weighted 

averaging was used to interpolate values for the missing channels from the available 

data. In this way, a matrix of temperature values and a matrix of salinity values were 

derived for each transect, which were re-formatted to be compatible with MATLAB 

software, for further analysis. It is obvious that the temperature and salinity values 

derived in this manner are of questionable accuracy. However, it was felt that the 

method of post-processing used was probably the best approach, given the poor quality 

of the initial data set. 

The ADCP data also required some post-processing because the internal heading sensor 

located in the transducer head was giving spurious readings. The TRANSECT software 

package used to collect the data produced two output files containing the east-west 

velocities and the north-south velocities. However, these velocity directions were 

referenced to the incorrect ADCP headings, so initially the two matrices were combined 

to give a matrix of resultant velociues. The correct heading for each ensemble (an 

ensemble comprising the average velocity for four consecutive acoustic pings) was 

extracted from the output files from the CETREK fluxgate compass. The difference 
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between the incorrect ADCP heading and the correct CETREK heading was calculated 

for each ensemble. The resultant velocity vector for each ensemble was then rotated 

through the appropriate angle and resolved onto two orthogonal axes to give two new 

matrices of east-west and north-south velocities. Effectively, this procedure assumes 

that the initial resultant velocity vectors are correct but the orientation of the east-west 

and north-south axes is not, such that these orthogonal axes are then rotated into the 

correct orientation, according to the CETREK compass. Finally, the matrices of 

corrected east-west and north-south velocities were re-formatted for MATLAB. Had the 

ADCP been fully operational, the greater part of this post-processing would have been 

unnecessary. However, it is felt that as the processing described above was applied with 

care, the overall quality of the ADCP data was not substantially degraded as a result. 

2.5 DATA A C C U R A C Y 

Factors to consider when assessing the accuracy of the ETS data, are the time response 

and resolution of the thermistors, and die resolution of the T-S bridge data which was 

used to calibrate the ETS results, as described in section 2.4. With each thermistor 

having a time response of 50 milliseconds, the sampling frequency of 5 Hz gives a 

sampling interval of considerably more than the response time. The quoted resolution 

of the thermistors is 0.005°C, however, as the ETS data had to be re-calibrated using T-

S bridge data, a more realistic resolution is 0.05°C, which is the accuracy to within 

which the temperature can be determined from the T-S bridge. Similarly, salinity can be 

determined to an accuracy of 0.05 °/oo using the T-S bridge which sets the limit of 

resolution for salinities derived from ETS results. 

The technical manual for the ADCP gives an accuracy of 0.005 to 0.01 ms"' for the 

velocity data. Allowing for possible errors introduced by having to correct the ADCP 

heading data (see section 2.4) gives a resolution of 0.02 ms'\ which is thought to be 

more realistic. 
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CHAPTER 3 

DESCRIPTION OF INITIAL R E S U L T S 

The purpose of describing the initial results is to assess how well temperature and 

saUnity are correlated within the study area, for the subsequent calculation of density, 

and also to describe how the front is identified from each type of data. 

During the preliminary surveys, the ADCP was unavailable and the ETS data were too 

noisy to be of any use, so only the vertical profiles of temperature and salinity collected 

with the T-S bridge can be discussed for this stage of the fieldwork (see section 3.1). 

From these earlier surveys, it seems that the front itself is a consistent feature of every 

ebb tide. Data collected during the detailed surveys on the 20, 22 and 25.04.94, will be 

discussed in section 3.2 (ETS results) and section 3.3 (ADCP results). 

3.1 T-S B R I D G E R E S U L T S 

In this section, the T-S bridge results for all surveys (both preliminary and detailed) have 

been collated, and table 3.1 shows tidal information for each of the ten surveys 

conducted between April 1993 and April 1994. 

Date of Survey State of Tide Tidal Range (m) Springs/Neaps 

22.04.93 Ebb 4.4 Spring 

23.04.93 Ebb 4.2 Spring + 1 day 

28.07.93 Ebb 2.6 Neap - 1 day 

25.08.93 Ebb 2.7 Neap - 2 days 

26.08.93 Ebb 2.4 Neap - 1 day 

18.01.94 Ebb 3.4 Neap - 3 days 

19.01.94 Ebb 2.9 Neap - 2 days 

20.04.94 Ebb 2.1 Neap 

22.04.94 Ebb 3.3 Neap + 2 days 

25.04.94 Ebb 5.0 Spring - 1 day 

Table 3.1 Tidal conditions during surveying. 

All surveys were conducted in the region of the Tamar-Lynher confluence, with the 

survey area extending north to the Tamar Road Bridge and south to Looking Glass 

Point. Al l temperature and salinity readings collected during this series of ebb-tidal 
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surveys are presented in figure 3.1 in the form of a T-S graph. The measurements were 

taken at various depths between the surface and 5 m depth. The T-S graph clearly 

demonstrates the seasonal temperature variability within the estuary, with temperatures 

as low as 6.9°C in January and up to \1.6°C in August. The range of temperatures 

encountered during one survey is usually no more than 1°C. For all surveys, the 

recorded salinity was between 9.3°/oo which was observed in January and 34 ^oo 

observed in August. The range of salinities measured within the duration of one survey 

varied markedly. Salinity during the 19.01.94 survey ranged from 9.3 °/oo to 31.2 °/oo, 

whereas during the 26.08.93 survey it only varied from 31.6 °/oo to 34 °/oo. The salinity 

range encountered in each survey indicates the homogeneity of the water with both 

depth and in a lateral sense over the survey region. Where the salinity range was small 

and the temperature and salinity data plot to form a cluster on the T-S graph, the water 

was homogeneous i.e. it was comparatively well-mixed. A larger spread of data points 

indicates conditions which are either more stratified with respect to depth, or laterally 

inhomogeneous, or it may be that water of a different salinity was advecled into the 

study area during the survey. Closer examination of the data collected during the 18 and 

19.01.94 surveys, which display the largest salinity range, suggests that the water was 

depth-stratified, thus we can assume that a large salinity range indicates a more stratified 

water column. The degree of stratification inferred from the T-S graphs increased in the 

winter months and decreased during the summer months. This observation is consistent 

with the decreased amount of fresh water run-off from the rivers Tamar, Tavy and 

Lynher into the estuary over the summer months. The reduction in fresh water input 

effectively reduces the buoyancy of the water column which generally leads to better 

mixed, less stratified conditions during summer. However, this is not always the case; 

the T-S graph in figure 3.1 shows that conditions during the 28.07.93 survey appear to 

be anomalously well-stratified in comparison to other surveys conducted during the 

summer (i.e. the surveys on 25.08.93 and 26.08.93). The National Rivers Authority 

river flow data for both the Tamar and the Lynher, covering the entire year during which 

preliminary surveys were conducted were obtained from the N.R.A., Hydrometric 

Services, Exeter. Inspection of the Tamar flow data, measured upstream of the salinity 

intrusion, reveals 
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that the 28.07.93 survey was carried out in the middle of a week-long period of higher 

than average fresh water run-off. On the day preceding the survey, the river flow 

reached its highest value since the 13.06.93, five weeks earlier. The peak in flow on the 

27.07.93 had a value of 39.45 s"' on average throughout the day, compared with a 

mean daily averaged flow rate of 10.25 m^ s'' for this particular month. After this 

period of high run-off, the flow rate decreased steadily over the next four weeks so that 

when the 25.08.93 and 26.08.93 surveys were conducted, the daily-averaged flow rate 

was only about 2 m^ s"'. Similarly, flow data from the Lynher river shows a large peak 

in run-off with a daily-averaged value of 3.46 m^ s"' on the day before the 28.07.93 

survey in comparison to the run-off values for the preceding four weeks. Again, the 

flow rate then decreased steadily after the 28.07.93 so that it was only about 1.5 m^ s' 

"(daily average) during the next two surveys. 

Hence, it is likely that the high degree of stratification suggested by the temperature and 

salinity data taken during the 27,07.93 survey can be attributed to an increase in fresh 

water run-off and an associated increase in buoyancy over the week during which this 

survey was carried out. 

The temperature and salinity values from the three detailed surveys on the 20. 22 and 

25.04.94 show that on the 22 and 25.04.94, conditions were comparatively well-mixed, 

as in both cases, the measured salinity range is no more than 4 °/oo. During the 20.04.94, 

the salinity range was greater (approximately 9°/oo) suggesting more stratified 

conditions. This survey was conducted on a neap tide when a decrease in tidal range 

and tidal current would allow a greater degree of stratification to develop during the ebb 

tide. Additionally, N.R.A. flow data for the Tamar and Lynher rivers shows that the 

amount of fresh water run-off for both rivers was generally decreasing throughout the 

month of April, such that a slightly higher degree of su-atification would be expected 

during the earliest of the three detailed surveys, as appears to be the case. 

The varying depth stratification over the three surveys is highlighted in figures 3.2 to 3.4 

in which the temperature and salinity values recorded near the surface, and at about 5 m 

depth are both plotted for each day. As well as being slightly more stratified, the water 

column on the 20.04.94 had a slightly lower temperature than that observed during the 

following two surveys. The average temperature on the 20.04.94 was approximately 

40 
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around 1 hour 38 minutes after high water, on 22.04.94. A slight 'step' in the 

temperature surface can be seen between 600 and 700 samples along track. As we were 

traversing from the Tamar into the Lynher, then it appears that the Tamar water was at a 

cooler temperature than the Lynher water. 

Transect AB3 (figure 3.6) also ran from A to B on the 22.04.94 survey, but this was 

recorded 2 hours 19 minutes after high water. The temperature step is again visible with 

cooler Tamar water at the start of the U-ansect and warmer Lynher water at the end. By 

this stage in the tide, the temperature step has become more distinct than it was earlier in 

the tide, and the Lynher water seems to now show a small degree of stratification with a 

warmer layer extending upwards to the surface from approximately 2.5 m depth. 

Transect CB2 (figure 3.7) was recorded during the 25.04.94 survey at 4 hours 14 

minutes after high water, along side C to B. At this stage in the tide, it seems that the 

temperature step was now well developed and clearly defined the interface between 

cooler Tamar water and warmer Lynher water. Finally, figure 3.8 shows transect BA3, 

recorded 8 minutes later than transect CB2, along side B to A of the survey grid. Again, 

the temperature step was well defined between the Tamar and Lynher water. In terms of 

the temperature difference between these two water masses, it appears to be about 0.1 °C 

on both the 22 and 25.04.94 surveys, well within the quoted resolution capability of the 

ETS which is 0.005°C. The question now arises as to whether this observed 

temperature step can be definitely associated with the front: as the temperature step 

occurred as the insmament went through the surface foam line, it is believed to represent 

the frontal interface between the Lynher and Tamar waters. However, for all transects 

which crossed the front, the five functioning thermistors recorded a temperature step at 

exactly the same point along the transect, such that the frontal interface appears to be 

linear and vertical. This apparently vertical orientation is partly the result of having to 

average between 'good' channels to fi l l in for missing channels, but probably also 

caused by electronic cross-talk between the thermistor channels. ADCP data, which 

will be presented in the next section, indicates that the frontal interface is in some cases 

inclined, and given the unreliability of the ETS data, an inclined interface is thought to 

be more hkely. 

Before discussing the ADCP results, salinity data from two transects are presented in the 

form of MATLAB colour plots in figures 3.9 and 3.10. Both transects were conducted 
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along side A to B of the survey grid, and figure 3.9 shows transect AB3, recorded on the 

22.04.94 at 2 hours 19 minutes after high water. The front is located at 160 samples 

along the transect and again appears to be vertical, which is almost certainly not the case 

for reasons discussed above. The Tamar water is to the left of the frontal interface with 

a salinity of about 30.6 °/oo. Over the depth measured by the ETS, the Tamar water 

column appears relatively well-mixed whereas the Lynher water to the right of the 

frontal interface has a salinity range of 31 °/oo grading to 30°/oo at distance from the 

front, and shows vertical structure. In transect AB4, shown in figure 3.10, the front is 

located at around 400 samples along track and both the Tamar water to the left and the 

Lynher water to the right seem to be stratified to some extent. The salinity range of the 

Tamar water is 27 7oo to 27.5 7oo, whilst salinity in the Lynher ranges from 27.5 7oo to 

28.5 7oo. This transect was recorded on 25.04.94 at 4 hours 29 minutes after high water, 

thus it seems that a combination of a reduction in salinity at this later stage of the ebb 

tide, plus the effects of different tidal ranges and variations in fresh water run-off over 

the period from the 22 to the 25.04.94 is responsible for the changes in salinity structure 

between the two transects presented. 

The ETS data from all three detailed surveys shows that Lynher water was warmer, 

slightly saltier and more stratified than Tamar water. The higher degree of stratification 

suggests that within the survey area, the Lynher water was more susceptible to the 

influence of freshwater input and its associated buoyancy effects, than the Tamar water. 

3.3 ADCP R E S U L T S 

In this section, MATLAB colour plots will be presented showing the east-west and 

north-south velocities for two transects which crossed the front. Transect AB3, 

surveyed on 22.04.94 at 2 hours 19 minutes after high water along side A to B of the 

survey grid is shown in figures 3.1 la and b. On the east-west velocity plot (figure 

3.1 la), the frontal interface is believed to coincide with the boundary between 

westwards flowing water on the left and eastwards flowing water to the right. The 

westwards flowing water has a velocity of between 0 and 0.3 m s"' and is Tamar water. 

To the right of the interface is Lynher water flowing eastwards at between 0.1 and 0.6 m 

s '. The interface itself is inclined below the horizontal at an angle of approximately 6° 
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(bearing in mind the exaggeration in the vertical scale in the velocity plots) such that the 

interface is much closer to being horizontal than vertical. It should also be remembered 

that this is an apparent angle of inclination which depends on the angle at which the 

transect crossed the front. However, variations in the orientation of the transect with 

respect to the front will not alter the angle of inclination significantly. 

The interface does not show up as well on the north-south velocity plot in figure 3.1 lb. 

There appears to be an indistinct boundary at about 50 samples along track, between an 

average flow of 0.2 m s ' southwards to the left of the interface, and a flow which varies 

from 0.2 m s"' southwards to 0.2 m s'' northwards, to the right. However, this boundary 

is not thought to represent the front because its surface position did not coincide with 

the foam line observed during surveying, whereas the boundary on the east-west 

velocity plot reached the surface at approximately the same position as the surface foam 

line. 

Transect BA3 was surveyed on 25.04.94 at 4 hours 22 minutes after high water, along 

side B to A of the survey grid. Figure 3.12a shows the east-west velocity plot in which 

the frontal interface shows up cleariy at about 75 samples along track. To the left of this 

boundary, Lynher water flows east at between 0.3 and 0.6 m s-l, and to the right Tamar 

water flows west at between 0 and 0.4 m s-l. It is interesting to note that in this 

transect, the frontal interface is approximately vertical, such that its orientation appears 

to change from being almost horizontal to almost vertical as the ebb tide progresses. 

Alternatively, the variation in orientation may also be linked to changes in general 

conditions within this part of the estuary in the three days between surveying transects 

AB3 and BA3. 

The frontal interface does not show up at all in the north-south velocity plot for transect 

BA3, presented in figure 3.12b. 

From this qualitative description of the results, it is apparent that the front can be clearly 

identified in the temperature, salinity and velocity data. In the next two chapters, the 

quantitative analysis applied to these results will be described, the outcome of which is 

discussed in chapter 6. 
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Figure 3.12a Colour plot of east-west velocity tm S*) for transect 6A3 
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CHAPTER 4 

THE APPLICATION OF THE EQUATION OF CONTINUITY 

The ADCP and ETS results from the three days of surveying have been examined and 

interpreted qualitatively in the preceding chapter. In this chapter, a quantitative analysis 

and interpretation of the results will be undertaken by applying the equation of 

continuity. The objectives of using this equation are to provide estimates of average 

vertical velocity over the survey area and the cross-frontal transport of water at different 

stages of the ebb tide. 

4.1. DERIVATION OF THE EQUATION OF V O L U M E CONTINUITY 

The equation of continuity can be applied to various water properties such as volume, 

mass and salinity, providing that each of them can be considered a conservative 

property, otherwise source and sink terms have to be defined. In order to estimate 

average vertical velocities over the survey area, the equation of continuity of volume 

was used which is derived following Pond and Pickard, 1983. 

Figure 4.1 Volume element with velocity and density 

U + bU 
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Referring to figure 4.1, at the left face of the rectangular volume depicted (with sides of 

lengths 5x, 5y and 5z), the velocity is u and the density is p. At the right face, the 

velocity and density are u+5u and p+6p respectively. These terms can be expressed as 

u+(3u/9x)5x and p+(3p/9x)5x via a Taylor expansion neglecting terms in (5x)^ and 

higher, which vanish as 5x tends to zero. The mass flow into the volume is then: 

p u 8y 5z (4.1) 

and the mass flow out of the volume is; 

^u + ^SxlsySz (4.2) 
3x J 

The net flow out of the volume in the x-direction is then equal to the difference between 

equations 4.2 and 4.1. When the brackets are multiplied out in equation 4.2 and terms 

are combined using the product derivative rule, we can write that the net flow out of the 

volume in the x-direction is; 

djpu) 

where 0(5x) indicates that this term is of the order 5x times some finite number and if 

8x is sufficiently small, the term can be neglected. So the total flow out of the volume 

in all three component directions (neglecting terms which vanish as 5x, 8y or 8z tend to 

+ 0(5x) 5x5y5z 

zero) is now; 

5x8y5z (4.3) 
3(pu) ^ 9(pv) ^ 8(pw) 

3x dy dz 

where v and w are velocity components in the y and z-directions respectively. 

Within the volume 8x 8y 8z, the mass which has not flowed out of the volume element 

changes by (3p/3t) 8x 8y 8z per unit time, and the sum of this term plus those in 

equation 4.3 must be zero i f mass is conserved. Hence; 

^ ^ ^ ^ ^ ^ ^ ^ ^ Q (44) 
di 9x 3y 3z 

The total rate of change of density with the moving fluid will incorporate both the time 

and spatial derivatives such that; 

dt dt dx dy dz 

Equations 4.4 and 4.5 combine to give; 
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1 ^ + du ^ 3v ^ 9w 
3x dy dz 

= 0 
p dt 

which is the equation of continuity of volume. 

If the fluid is considered to be incompressible, which is a valid assumption in the water 

depths (of no more than 11 metres) over our survey area, then (l/p)(dp/dt) = 0 and the 

equation of continuity becomes; 

3u ^ 8v ^ 3w _ ^ 
dx dy dz 

This equation is derived by considering the rate of change of mass in a fixed volume. If, 

however, the volume of the element itself is considered to be changing with time, then 

the rate of change of that volume can be written as; 

'3u ^ 3v ^ 3w 
^dx dy dz) 

(4.6) 
at 

where 8V=5x 5y 8z. 

It is this form of the equation of continuity of volume which is applied to our data set in 

the following section. 

4.2. APPLICATION OF THE EQUATION OF V O L U M E CONTINUITY 

The equation of volume continuity is initially applied to the Tamar-Lynher data set to 

calculate values for the average vertical velocity over the survey area. The figure-of-8 

shaped survey grid followed during the three days of surveying (described previously in 

section 3.2.) is treated as two adjacent boxes with sides of 300 metres length in order to 

apply the equation of continuity of volume. During the fieldwork, the northernmost box 

was surveyed seven times and the southernmost box was surveyed three times, at 

different stages of the tide. The ADCP transects along the sides of each box extend to a 

depth of 11.3 metres depending on the stage of the tide and the river bed topography 

over which the transect was recorded. Each of the survey boxes can therefore be 

considered as a stack of 1 metre thick depth slices, as the schematic in figure 4.2 

demonstrates; 
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Figure 4.2 Schematic of depth slices in survey grid 

Tamar River 

SURVEY GRID 

Lynher 

The thickness of I metre for each depth slice has been used because the ADCP 

automatically averages the east-west and north-south velocities from each transect into 1 

metre depth bins. The shallowest depth bin is centred at a depth of either 2.2 metres on 

the 20.04.94 survey or 2.3 metres on the other two surveys. The discrepancy arises from 

the ADCP transducer head being positioned at slightly different depths during the three 

surveys. The ADCP cannot measure velocities at depths shallower than 2.2 metres 

because there is a time delay between the end of the transmitted pulse and the earliest 

backscatlered signal that can be recorded. However, to apply volume continuity, the 

stack of depth slices which comprise each survey box must extend up to the water 

surface, so an additional depth slice of thickness 1.7 metres on the 20.04.94 survey, or 

1.8 metres for the two consecutive surveys has been included. The velocities for this top 
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slice are assumed to be the same as those recorded by the ADCP for the underlying 

depth slice. 

I f we now consider each slice, the total volume of water flowing into or out of the slice 

is equal to the sum of the volume flowing horizontally into or out of the slice through 

each of its four sides, plus the volumes of water flowing into or out of the slice 

vertically through its base and top areas. In the case of the top slice, the top surface area 

is coincident with the water surface, so there can be no vertical flow through this area. 

This is an intuitive expression of the equation of volume continuity (equation 4.6) with 

the simplifying assumption that each of the flow components through the sides of each 

slice has been measured synoptically, so the overall flow is essentially non-accelerating. 

In other words, what flows into the slice must flow out, as long as the water is 

incompressible. 

Assuming, momentarily, that there is no change of volume of the depth slice with time, 

equation 4.6 becomes; 

5V 
'3u ^ 3v ^ 3w' 

dy dz ^ 
= 0 (4.7) 

A depth slice is shown in relation to a set of x, y, z axes in figure 4.3. 

Figure 43 Depth slice with respect toxyz axes 

\ op area E 

base area F 
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8V=8x 8y 8z in equation 4.7 so for each of the depth slices apart from the top slice, 

8V= 300m X 300m x 1 m = 90000 m^ Equation 4.7 becomes; 

( V B - V D ) ( V A - V C ) ( V E - V F ) ' 
90000m' X 

300m 300m Im 
= 0 (4.8) 

In the case of the top slice, VE will be zero, and the thickness of the slice (1 m in 

equation 4.8) is either 1.7 m or 1.8 m depending on the survey day. 

In order to find V A , V B , VC and V D in figure 4.3, the component of velocity normal 

to the relevant side of the depth slice, and therefore the transect which was recorded 

along that side of the survey box, must be calculated. For each transect, the matrices of 

east-west and north-south velocities measured by the ADCP are combined into a matrix 

of resultant velocity vectors. Each resultant vector is then resolved onto a new set of 

perpendicular axes, one of which is parallel to the transect whilst the other is normal to 

the transect. The approximate heading of each transect is determined from plotting GPS 

position fixes taken during surveying to estimate the average u-ansect orientation by eye. 

This produces two new matrices of velocity components, the "transect-normal" and the 

"transect-parallel" components which are averaged to find the mean velocity in each of 

these directions. Where a transect crosses the Tamar-Lynher front, the ADCP ensemble 

number at which the front was crossed is noted and mean velocities before and after the 

front are calculated. These mean velocities are then recombined to give overall mean 

transect-normaJ and transeci-parallel velocities for the transect, using weighted 

averaging based on the ADCP ensemble number at which the front was crossed, f, and 

the total number of ensembles in the U-ansect, t, i.e.; 

[(pre-front mean velocity x f) + (post-front mean velocity x (t-f))] +1 = 

Average mean velocity for whole transect 

Until now, the term expressing the change in volume of the depth slice with time, i.e. 

^^^"^/^t ^-^ ^^^^ assumed to be zero in our analysis. This term can be 

thought of as the volume of water, SV, flowing into or out of each depth slice of each 

survey box due to the accelerating or decelerating ebb-tidal flow. Had each transect 

comprising the four sides of a survey box been conducted simultaneously, or had the 

mean tidal current been non-accelerating, there would be no need to estimate a value for 
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this term as it would be zero. However, in reality it look between 28 and 53 minutes to 

complete each survey box, during which time the mean tidal velocity had either 

accelerated or decelerated depending on the stage of the ebb tide. This change in mean 

tidal velocity, and the associated increase or decrease in the volume of the water flowing 

into the depth slice over the time taken to survey each box, must be accounted for in our 

analysis to avoid over or under-estimating the average vertical velocities. Hence, an 

estimate of the change in the mean tidal velocity over the time taken to complete the 

surveying, on each of the three days, is required. To find this value i^^y^^ where V T 

is the mean tidal velocity), the matrix of resultant velocities for each transect (produced 

by combining the east-west and north-south velocities) are averaged over the entire 

length and depth of the transect. The average direction of these resultant velocity 

vectors is 134°, which agrees closely with the qualitative observation made from ADCP 

data that the dominant flow direction over the survey area is south-east, as would be 

expected on the ebb tide in this part of the estuary. The magniuides of the resultant 

velocity vectors are then plotted against the time after high water at which each vector 

was recorded, for each of the three survey days (see figure la, b and c, appendix). 

Resultant vectors from transects which crossed the front are omitted from this part of the 

analysis, to avoid the complicating influence of the convergent front in the estimation of 

tidal acceleration. Each of the three graphs in figure 1 (appendix) has a linear trend-line 

fitted, the equation of which gives an approximation of the change in V T with time. 

Considering one survey box, then ti is the time after high water at which the survey 

started and I2 is the time after high water the survey stopped. As already mentioned, t2-

ti can be as much as 53 minutes. So, V T at t2 minus V T at ti represents an increase or 

decrease in velocity due to the tidal acceleration. This change in velocity multiplied by 

the area of the side of a depth slice is interpreted as the excess or deficit in the volume 

of the water in the depth slice due to the horizontal tidal acceleration or deceleration. 

By subtracting this volume from the total volume flowing horizontally into or out of 

each depth slice through the four sides, we are allowing for the time taken to complete 

the survey box and are essentially saying that all four transects were recorded 

simultaneously. The average vertical velocities are then assumed to be representative of 

those which would have been found if all four sides had been surveyed at the start-time 

of each survey box. In other words, the Eulerian component of the change in 
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v o l u m e » ^ ^ ^ ^ ^ , has been removed from equation 4.7, so we are considering the 

advective components only. 

The calculated average vertical velocities through the base area of each depth slice are 

plotted as depth profiles for each survey box, in figures 2a to 2j, appendix. 

4.3. DERIVATION OF EQUATION OF SALT CONTINUITY 

Mixing processes can be quantified by considering the budget of salt within an estuary. 

If salt is considered to be a conservative property, it can be treated with a continuity 

equation similar to that described in section 4.1. The continuity equation states that the 

mass of salt carried into a particular volume equals the mass of salt carried out and the 

change of salinity within the volume (Dyer, 1973). Following Dyer (1973), a small 

volume of estuary with sides of length 5x, 5y and 5z is considered in figure 4.4. 

Figure 4.4 Volume element with velocity and salinity 

us5y6z+a(Lisl 5x5y5z 
ax 

(from a Taylor 
expansion) 

u=veiocity 
s=salinity 

The advective flows of salt through sides I and 2 are shown in figure 4.4, and the net 

inflow of salt in the x-direction in a given time, 5t is; 

a(us) 

3x 
5x.5y.5z.8t 

Similarly, in the y and z directions, the inflow of salt is; 
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_9(vs)g and - ^^^^^Sz.Sx.Sy.St respectively. 
dy dz 

The molecular diffusion of salt through side 1 is;-e-^8y.8z.5t and through side 2 is; 
dx 

_e i i8y .5z .8 i - : ^ f e^V-5y-5z-St 
9x dx\, dx ; 

where e is the coefficient of molecular diffusion. The net diffusion in the x-direction is 

therefore; 

+£ -^8x .5y .5z .5 t 
dx" 

And in the y and z-directions is 

+e-^-^8y.8z.Sx.8t and +e-^-7-8z.8x.8y.8t respectively, 
dy dz 

Using a Taylor expansion again, the net increase in the amount of salt present in the 

volume over time 6t is; 

^8x.8y.8z.8t 
dt 

The increase or decrease in the amount of salt in the volume is equal to the amount of 

salt advected into or out of the volume and the amount of salt diffused into or out of the 

volume i.e. 

3s _ 9(us) 3(vs) 3(ws) ^ 

3t 3x 3y dz 
(4.9) 

\ax^ • ay^ • dz^) 

This is the equation of salt for instantaneous values of salinity and velocity. These 

instantaneous salinities and velocities can be separated into a tidal mean, a fluctuating 

tidal component and a short period turbulent fluctuation, such that; 

S = s+s + s', U = u + u + u', V = v + v + v*, W = w + w + w' 

where the overbar denotes the tidal mean, and a prime denotes the turbulent fluctuation 

(the remaining component being the fluctuating tidal component). During the Tamar-

Lynher surveys, the duration of each transect was too short to allow the tidal mean 

component of the observed salinities and velocities to be determined. Therefore the 

salinity and velocity data are separated into two components; 

S = s + s', U = u + u', V = V + v', W = w + w' 
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-^(u.s+s.u'+u.s'+u'.s') 

where, this time, the overbar denotes a combination of the tidal mean and fluctuating 

tidal components and the prime still denotes the turbulent fluctuation. Multiplying out 

the first term on the right hand side of equation 4.9 gives the following; 

d_ 
dx 

Using the Reynold's averaging criteria, in which it is assumed to be unlikely that the 

salinity fluctuations are correlated with the mean velocity, or that the velocity 

fluctuations are correlated with the mean salinity, the s-u' and u.s' terms are neglected, 

as they will be zero. Considering the left hand side of equation 4.9, it becomes 

ds, d^ 
dt'^ di 

The average of the salinity fluctuations, 3s73t will be zero so equation 4.9 becomes 

3 , ^ _ d ^ _ d ^ J _ ^ _ d ^ _ d ^ _ d ^ ^^^^^ 

dl dx dy dz dx dy dz 

given that - ( i j ^ ' ) = ^ ^ ^ x likewise for v and w. 

An adaptation of equation 4.10 will be used in the following analysis. 

4.4. APPLICATION OF THE EQUATION OF SALT CONTINUITY 

The equation of salt continuity is applied to the salinity and velocity data from the 

Tamar-Lynher surveys in a similar way to the equation of volume continuity. The 

figure-of-8 survey grid is again treated as two adjacent boxes, each of which is divided 

into depth slices of I metre thickness (except for the top slice) as shown in figure 4,2, 

The east-west and north-south velocity matrices are combined into resultant velocity 

vectors and resolved onto new axes orientated parallel and normal to the u*ansect 

direction. The salinity data for each transect is also in the form of a matrix of values, 

with each salinity in its spatially correct position along-transect and with depth. 

However the salinity data was collected at a higher sampling frequency than the velocity 

data, both along-transect and with depth. In order to calculate the values of 

[u'.s'),(v^')and ^w'.s')in equation 4.10, the salinity data needs to be re-sampled into a 

new matrix which has the same spatial along-transect and depth resolution as the 

velocity matrices. This ensures that the velocity and salinity fluctuations are effectively 
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measured at the same point in space and time, and allows the diffusive flux terms to be 

calculated. 

Initially, the velocity and salinity matrices were edited so that they represent the same 

cross-sectional area of the estuary. The ETS only measures down to depths of 3.75 

metres on the 20.04.94 survey, or 4.75 metres on the two consecutive surveys, because 

of different equipment deployment configurations on the two survey vessels used. 

Therefore, only the uppermost 2 or 3 depth bins of velocity from each ADCP transect 

are required in this analysis. Likewise, because the ADCP cannot record velocities from 

the shallowest 2 metres of the water column, only the lowermost 5 or 9 channels of 

salinity data are used, depending on the survey day. Having reduced both the salinity 

and velocity matrices so that they are spatially coincident, the higher frequency salinity 

data must be re-sampled. In the along-transecl direction, the number of salinity samples 

is divided by the number of velocity samples in the transect, which gives the number of 

salinity samples which must be averaged together to give one new value in the re-

sampled matrix. The same procedure is applied over the depth so that either five or nine 

channels of salinity are averaged into two or three depth bins which match those in the 

velocity matrix (see figure 4.5). 

Figure 4.5 Diagram of re-sampling strategy 

Original Velocity Re-sampled Original Velocity Re-sampled 
salinity matrix matrix salinity matrix salinity matrix matrix salinity matrix 
s, [S,+S2+ s, [Si+S2+S3]/3 

V, (S3/2)]/2.5 S2 V| 
C s, 
^3 [(S3/2)+S4+ S4 [S4+S5+S61/3 
S4 V2 S5]/2.5 S5 V2 

S5 S6 
20.04.94 SURVEY S7 [S7+S8+S9J/3 

V3 
S9 

22.04.94 AND 25.04.94 SURVEYS 

The differing numbers of salinity channels and velocity depth bins on the different 

surveys arises because of the deployment configuration of the equipment on the two 

survey boats used. 

Having manipulated the data in this way, we can now apply an adaptation of the 

equation of salt continuity to the two adjacent survey boxes described earlier. Unlike 

volume continuity, salt continuity can only be applied to a survey box comprising a 
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stack of either 2 or 3 depth shces depending on the survey day, owing to the limited 

salinity data set. 

The total salt flux through each side of each depth slice is calculated by finding the sum 

of the advective and diffusive salt flux terms in equation 4,10. The advective 

component is found by multiplying the average u-ansect-normal velocity with the 

average salinity for each side of the depth slice. Where a transect crosses the front, pre-

and post-front average salinities and velocities are calculated and combined into one 

value by weighted averaging. The average velocity and salinity values are subtracted 

from the matrices of observed iransect-normal velocity and salinity respectively, to 

leave two matrices containing the turbulent fluctuations of these two quantities. Again, 

in the case of a u-ansect which crosses the front, the pre-front salinity or velocity average 

is subtracted from all pre-front salinities or velocities respectively, and likewise for post-

front values. The two matrices are then multiplied together and averaged to give the 

diffusive salt flux term for that side of the depth slice. As with volume continuity, salt 

fluxes directed into the slice are assigned a positive value and those directed out of the 

slice are negative. The total (advective plus diffusive) salt flux terms of all four sides 

are added together and multiplied by the area of the side of the depth slice to give a 

value for the volume flux of salt, in a similar manner to the method used for volume 

continuity. An additional, slightly thicker depth slice is placed on top of the existing 

slices so that its top surface area is coincident with the water surface. Salinities and 

velocities for the top slice are assumed to be the same as those measured for the 

underlying slice. Hence, we know the total volume flux of salt which must be flowing 

through the base of each slice and dividing this value by the base area gives a vertical 

flux term in units of ° /oo m s"', which can be calculated at various depths for each survey 

box in the same way that average vertical velocities are derived. For the same reasons 

described in section 4.2, the change in the volume flux of salt due to the change in the 

mean tidal velocity and salinity over the time taken to survey the box must be accounted 

for in order to find vertical flux estimates which are effectively at a fixed point in time. 

The average resultant velocity vector multiplied by the average salinity for each transect 

is plotted against time after high water (see figure 3a, b and c, appendix). A linear 

trend-line is fitted to each graph (one for every survey day) and the change in V T . S , 

where V T is the mean tidal velocity and S is the average salinity, is calculated for each 
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survey box. The change in V j .S is multiplied by the area of the side of a depth slice 

and subtracted from the total volume flux of salt horizontally into the slice. 

This approach is the same as applying a version of equation 4.10 in which all the terms 

have been multiplied by the volume of the depth slice. A value for in equation 

cannot be calculated because we have to assume that the box is surveyed 

instantaneously and that this term is therefore zero, in order to solve the equation for the 

vertical flux term. The vertical flux terms for each box are presented as depth profiles 

in figures 4a to 4j, appendix. 

4.5. CROSS-FRONTAL TRANSPORT 

The cross-frontal transport of water can be estimated using modified versions of the 

equation of volume continuity. Of the ten survey boxes completed in the three days of 

fieldwork, one front is present in three of the boxes and two fronts are present in one of 

the boxes, as illustrated in figure 4.6. 

Figure 4,6 Plan view of survey boxes containing front 
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All four boxes represent the northern half of the survey grid. The box numbers are 

henceforth post-fixed with either 'N' to denote the northern half of the grid, or'S' to 

denote the southern half. 

The two fronts present in box 7N are actually part of the same front, which has curved 

back on itself at this stage in the tide and is becoming a plume. The identification of 

Lynher or Tamar water on either side of the front is made from a qualitative 

examination of temperature and velocity data, as described previously in chapter 3. 

Each survey box illustrated is the northernmost half of the figure-of-eight survey grid. 

Whilst the surface expression, defined by a line of foam and debris was not observed to 

be exactly linear during surveying, the fronts are assumed to be linear within each box 

for the purpose of this analysis. Each box is again considered to be comprised of a slack 

of 1 metre thick depth slices, with the exception of the slightly thicker top slice, as 

shown in figure 4.2. The presence of the front, in the case of boxes 2N, 3N and 4N, is 

then considered to divide the top slice into two separate volumes, volume A and volume 

B (see figure 4.7). The volume of water flowing horizontally into each of the two new 

volumes is calculated, using the pre-front or post-front average velocities where 

appropriate. The vertical velocities recorded along the transects, or portions of 

transects, which define the sides of each of the two volumes are averaged to give an 

estimate of the vertical velocity on either side of the front. These average vertical 

velocities are then multiplied by the relevant fraction of the total base area of the depth 

slice, and the resultant volume fiuxes are included in the summation, for each of the two 

new volumes. The change in volume due to the tidal acceleration or deceleration is also 

accounted for in each new volume. Theoretically, it should then be the case that if there 

is no flow across the front, the total volume of water flowing into and out of volume A 

is zero, as is the total volume flowing into and out of volume B. Similarly, the analysis 

is set up so that if there is a flow across the frontal interface, then the excess water 

volume in volume A equals the deficit water volume in volume B, and vice versa, thus 

satisfying continuity. A mathematical expression of this analysis, which is applied to 

the underlying depth slices as well as the top slice, follows figure 4.7. 

69 



Figure 4 J Depth slice with front for boxes 2N, 3N and 4N 

V O L U M E A 

F R O K T 

V O L U M E S 

Vi to V6= Average iranseci-normal velocity through transect/portion of transect 

(m s"'). Velocities directed itito the slice are positive, those out of the slice are 

negative. 

VAIOP, Vstop = Average vertical velocity through top area of volumes A and B 

respectively (m s"') 

VAba«,VBbasc = Average vertical velocity through base area of volumes A and B 

respectively (m s ') 

li to U = Length of transect/portion of transect (m) 

ti to t6 = Time taken to complete transect/portion of transect (s) 

A,B = Base areas of Volumes A and B respectively (m^). 

d = Thickness of depth slice (m). 
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Additionally, ' ' ^ ^ t 'S the change in mean tidal velocity with time. 

Then, the volume of water in Volume A, X A is; 

x300mxd + (VA.op - VAime)x A = X ' V . l . V5I, 

I ( ' 3 + ' J ( ' 5 + l 6 ) j 

dVr , . 

dt 

(4.11) 

And the volume of water in Volume B, X B is; 

V . I d V r , X x300mxd 
O3+U) ( l 5+U)j 

+(VBtop-VBbas.)xB=XB (4.12) 

And theoretically, XA = - X B . 

In the case of the top slice, VMOP and Vetop are both zero. 

Average cross-frontal velocity is then given by either XA or X B . assuming they are equal 

in magnitude, divided by the cross-sectional area of the frontal plane, which is 

The depth slice model shown in figure 4.7 is modified slightly for box 7N, through 

which the front passes twice (see figure 4.8). 

Figure 4.8 Depth slice with two fronts for box 7N 
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where; 

V i to Vg = Average transecl-normal velcKity through transect/portion of transect 

(m s ' ) . Velocities directed into the sHce are positive, those out of the slice are 

negative. 

VAIOP, VBIOP, Vciop = Average vertical velocity through top area of volumes A, B and C 

respectively (m s ' ) 

VAb.se,VBba»e,Vcba^«r = Avcragc vcrtical velocity through base area of volumes A, B and 

C respectively (m s ' ) 

l i to Is = Length of transect/portion of transect (m) 

ti to ts = Time taken to complete transect/portion of transect (s) 

A ,B , C = Base areas of Volumes A, B and C respectively (m' ) . 

d = Thickness of depth slice (m). 

A similar approach as before is used, in that the volume of water through sides 6 and 7 

into Volume A, plus the volume flowing in through the top area, less the volume 

flowing out through the base area is found, so that the excess or deficit in total water 

volume in Volume A is accounted for by cross-frontal transport between Volumes A 

and B. In Volume C, the total water volume is similarly calculated, allowing the cross-

frontal transport between Volumes C and B to be estimated. Considering Volume B, the 

average velocity and hence the volume of water flowing through each side is now 

known and the total water volume here must, in theory, equal zero to satisfy continuity. 

Once again, the change in mean tidal velocity is accounted for. 

The volume of water in Volume A, XA is; 

d V V6l, V7I, x 3 0 0 m x d + (VAtup-VAb. . c )xA = X ^ 

(4.13) 

The volume of water in Volume C, Xc is; 

/ 77 V2U V d V r , . 

.1 O . + l : ) iU^K), 

And the water volume in Volume B, XB is; 

X 300m X d + (VCop - Vc base) X C = Xc 

(4.14) 
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Vsl, V,l V5I dVT / s 
+ — ( t 8 + t , + t 4 + t 5 ) 

x300mxd + (VBu^ -VBtas.)xB + XA +Xc=X^ =0 (4.15) 

The cross-frontal velocity between Volumes A and B, VAB is then given by; 

VcB is 

xd 
and the cross-frontal velocity between Volumes C and B, 

The excess or deficit water volumes calculated for volumes A and B, in boxes 2N, 3N 

and 4N, and for volumes A, B and C in box 7N are presented in table 1, page vii, 

appendix. These results are discussed in sections 6.1.2 and 6.1.3. 
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C H A P T E R 5 

T H E A P P L I C A T I O N O F T H E E Q U A T I O N S O F M O T I O N 

The equations of motion in two horizontal directions are applied to the Tamar-Lynher 

data set in order to assess the relative importance of different dynamic processes in 

maintaining the momentum balance in the longitudinal and lateral directions. Values of 

eddy diffusivity and eddy viscosity are derived and interpreted in terms of the 

competition between mixing and stratification within the study area in the Tamar 

Estuary. 

5.1 D E R I V A T I O N O F T H E EQUATION O F MOTION 

The equation of motion is derived from Newton's Second Law which states that force 

equals mass limes acceleration. Re-arranging this, we can write that: 

Temporal Acceleration + Advective Acceleration + Coriolis Acceleration = Pressure 

force per unit mass + frictional force per unit mass (5.1) 

which is the general form of the equation of motion. 

Considering the right-hand side of this equation in one dimension acting on an element 

with sides 8x, 5y and 8z (see figure 5.1). we need to find the pressure force and 

friclional force acting on the element (Dyer, 1973). 

Figure 5. / Volume element with pressure 

z 

5x 
ax 
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(5.2) 

The frictional force on the bottom surface of the element is; 

î —5x.5y 
dz 

where \i is the coefficient of molecular viscosity. 

From a Taylor expansion, the frictional force on the top of the element is; 

|x—ox.oy+— ^ i — oz.ox.oy 
dz dzv ozj 

So this component of the total frictional force is equation 5.3 - equation 5.2 which gives; 

(5.3) 

dz 
5z.5x.8y 

Similarly, the component of total frictional force on the sides of the element is; 

a^u 
dy 

8y.5x.5z 

and on the ends of the element is; 

5x.5y.8z 

The net pressure force on the element in the x-direction is -(3P/3x)8x 8y 8z. The 

temporal and advective accelerations on the left-hand side of equation 5.1 are; 

8u 3u 3u 3u 
— + u — + v — + w — 
dt dx dy dz 

so that the longitudinal equation of motion is now; 

3u 3u 3u du id? aC f M-
— + u — + v — + w — = — g3^+f,v + -
dt dx dy dz p dx dx p 

(5.4) 
dx̂  • dy^ dz^; 

The terms on the left-hand side of equation 5.4 have been divided through by density, p 

to give force/mass, and the total pressure term has been split into two components 

comprising the contribution to the total longitudinal pressure gradient from the density 

distribution in the water column, and the contribution from the slope of the free surface, 

d /̂dx. The Coriolis parameter is fi, such that; 

fi= 2 (0 sin (|).v where o is the angular speed of rotation of the earth, ([) is the latitude 

and V is the velocity in the y direction. 

In our analysis, the observed velocity in each of the x, y and z directions can be split into 

two components representing the combined tidal mean and fluctuating tidal component, 

and the turbulent fluctuation e.g. 
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u = u + u' (x direction) 

V = v + v' (y direction) 

w = w + w' (z direction) 

where u, v and w are the observed velocities, u, v and w are the combined tidal mean 

and fluctuating tidal components, and u', v' and w' are the turbulent fluctuations. 

Substituting this into equation 5.4 gives; 

+ u — + v — + w — = — g-^ + f , v - — ( i T u ' ) - — ( u \ 7 ) 
3t 3x dy dz p 3x 3x 3x^ 3y ^ ^ dz^ ^ 

(5.5) 

Following exactly the same argument in the y direction gives; 

dt ax ay az p ay ay r ax ^ ay az ^ 

(5.6) 

and the additional u ̂ /R term on the right-hand side should be noted. This term is 

referred to as the curvature term and it is present in the lateral equation of motion 

because the curvature of the streamlines of the flow is likely to be significant in this 

direction (Dyer, 1973). The streamline curvature is produced by the meandering shape 

of the estuary, such that accelerations are produced in the lateral direction by a force 

acting normal to the predominantly longitudinal streamlines. As water flows round a 

bend, the surface elevation on the outside of the bend increases in comparison to the 

surface elevation on the inside of the bend, due to the centrifugal force. The resulting 

elevation gradient produces a pressure gradient which, in turn, generates a force acting 

normal to the streamlines and opposing the centrifugal force. The R in the term is the 

radius of curvature of the streamlines of the longitudinal flow in the y-direction. The 

radius of curvature of the streamlines is usually estimated using the radius of curvature 

of the estuarine topography. However, it should be remembered that the two are not 

necessarily the same, making the curvature term particularly difficult to calculate, as 

will be discussed later. 

Equations 5.5 and 5.6 are applied to the data set in the following section. 
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5.2 A P P L I C A T I O N O F T H E EQUATION O F MOTION 

The "figure-of-eight" survey grid is treated as two adjacent boxes, each comprising a 

stack of one metre thick depth slices with the exception of the top slice, as described and 

illustrated in section 4.2, figure 4.2. The east-west and north-south velocities measured 

by the ADC? for each transect are combined into resultant velocity vectors and resolved 

onto a set of right-handed orthogonal axes, x, y and z, such that u, v and w are the 

velocity components along each of those axes respectively. The orientation of the x and 

y axes are determined from the sides of the figure-of-eight survey grid shown in figure 

4.2, section 4.2, with the x axes orientated longitudinally along the estuary, positive 

downstream at a bearing of 14T, and the y axis orientated laterally across the estuary, 

positive to the south-west at a bearing of 23 T . Each transect now has three velocity 

matrices associated with it, containing the u, v and w components. Averaging each 

matrix gives values for u, v and w, and subtracting these mean velocities from the 

original u, v and w components generates three matrices containing the turbulent 

velocity fluctuations in the x, y and z directions. Where a transect crosses the front, the 

pre- and post-front mean velocities are combined by weighted averaging to find the 

mean value for the entire transect. The pre-front mean is subtracted from all observed 

pre-front velocities and the post-front mean is subtracted from all post-front velocities. 

The pre- and post-front turbulent fluctuations are then combined back into one matrix. 

Each side of each depth slice is now represented by three mean velocities and three 

matrices of turbulent fluctuations, as figure 5.2 demonstrates. 

Figure 5.2 Depth slice with average andflucttiating velocity components 

W i , V i ' 

V2.V2 
, _ J \ ^ i , w r - V4.V4 

W2.W2' V3,V3' - ^ - v 
_ | ^ U 3 . U 3 ' 
W 3 . W 3 ' — 

U.V.W=mean velocities for each side 
U\V.W'=matrices of turbulent fluctuations for each side 
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5.2. L Temporal Accelerations 

The temporal acceleration terms are and in the longitudinal and lateral 

equations of motion respectively. To calculate these terms on each of the three survey 

days, u and v for the whole depth of each u-ansect are plotted against the time after 

high water at which the transect was recorded. Graphs of the two mean velocity 

components against time, with a linear regression applied, are presented in figures 5a, b, 

6a, b and 7a. b (appendix) for each survey day. On the 20.04.94 and the 25.04.94, the 

'goodness of fit' of the regression lines, as indicated by the values, is poor for the u 

and V components because of the sparsity of data points. On the 22.04.94, the value 

of the u vs. time regression line is acceptable, whereas the data points on the v vs. time 

plot are scattered. The v velocities are significantly less than the u velocities, so the 

flow direction is predominantly longitudinal with small deviations in direction to either 

side of the x-axis. 

For each of the ten survey boxes described in section 4.2, the time after High Water at 

which surveying of the box commenced is tj, and the time it ended is i2- Values of u 

and V are then calculated at t| and t2, using the equation from the appropriate regression 

line. The temporal accelerations in the x and y directions can then be calculated. 

The two accelerations are determined for the entire depth of each box and are therefore 

the same for each depth slice within a survey box. These accelerations and all other 

terms in the longitudinal and lateral equations of motion are presented in tables 2 and 3 

in the appendix. 

5.2.2. Advective Accelerations 

The advective or spatial acceleration terms in the two equations of motion are; 

Longitudinal: u(a^J, v(3u^y). w(3>^J 

Lateral: u(a>{J,v(3^y).w(3^J 

Of these six terms, four can be derived directly from our data set. Referring to figure 

5.2, section 5.2, we can say that; 
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;;fau/J=^.(H2_i!ii) 
300m 
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— ( v ^ - v j 

300m 
= V 

The remaining two terms are accelerations in the z direction, w|^^^^jand w ^ ^ ^ ^ j . 

Here, w represents the average vertical velocity through the top and base of each depth 

slice. As an example, these top and base vertical velocities are annotated with the 

subscripts 5 and 6 respectively in figure 5.3. 

Figure 5.3 Depth slice with average vertical velocities 

side 1 

-top area 5 

base area 6 L . 

5? 

side 3 

We know the values for W j and w^ from the equation of volume continuity, section 

4.2, so that in the two acceleration terms, w and w ,thew value is given 

by W j in figure 5.3. To find , the mean longitudinal velocities for each of the 

four sides of the depth slice are averaged to give an estimate of u for the entire depth 
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slice. The mean lateral velocities for each side are also averaged to find v for the whole 

depth slice. These "slice-averaged" u and v values are plotted against the mid-depth of 

each slice which is also the mid-depth of the ADCP's depth bins. The data points in the 

slice-averaged u and v depth profiles for each box then have a linear, second-order or 

third-order polynomial fitted to them, and this stage of the analysis is shown in figures 

8a, b to 17a, b, appendix. We now need to find mean longitudinal and lateral velocities 

for the top and base areas of each slice, so the equations in figures 8a, b to 17a, b are 

used to interpolate u and v values at depths 0.5 metres above and 0.5 metres below the 

mid-depth of each slice, allowing the last two acceleration terms to be estimated as; 

where the subscript i indicates an interpolated value. 

5.2.3. Pressure Terms 

The pressure terms in the two equations of motion are as follows; 

. - . 13P 3C Longitudinal: — - — g - ^ 
p dx dx 

Lateral: — — - g ^ 
p dy dy 

where p is density, P is pressure, g is gravitational acceleration and ^ is the water 

1 3 P I 3 P 
surface elevation. In the longitudinal and lateral equations,—— and — — are the 

p 3x p dy 

horizontal pressure forces created by differences in the water density, and - g — and 
dx 

- g — are the horizontal pressure forces resulting from differences in the elevation of 
dy 

the water surface across the survey area (Dyer, 1977). 

From the temperature and salinity data collected by the ETS, we can use an equation of 

1 3 P 
state of seawater to find the density and therefore pressure values, allowing — — and 

p dx 

— - — to be calculated. The International Equation of State of Seawater, 1980 (lES 
pdy 

80) presented by Millero and Poisson, 1981, is used to convert salinities and 

temperatures into densities, and is written in full in the appendix. The Tamar-Lynher 
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data set has salinities and temperatures recorded for only two or three depth slices 

(below the extrapolated top slice) depending on the survey day. Therefore, estimates of 

density and pressure for the whole depth of the survey box must be inferred from the 

available data. Initially, densities for each side of the top two or three depth slices are 

calculated using lES 80 for each box. The densities are then converted to a pressure for 

each side of the slice, assuming hydrostatic equilibrium i.e. 

dP = -p g dz where dP is the pressure for one side of the depth slice, p is the density 

and dz is the thickness of the slice. 

For a survey box with three depth slices with measured salinities and temperatures, a 

slightly thicker top slice is added to the stack, as before, to make the top area of the 

stack coincident with the water surface. The top slice is assigned the same temperature 

and salinity values on each side as the slice below it, hence a total of four dP values 

have been found for each side of the box, as shown in figure 5.4. 

Figure 5.4 Hydrostatic pressure for a stack of depth slices 

Side 1 

depth slice 0 
(top slice) 

depth slice 1 

depth slice 2 

depth slice 3 

side 3 

81 



The total pressure at side 1, depth slice 0 (Pi.o) is; 

dPi.o + Pa where Pa is atmospheric pressure at the water surface. The total pressure of 

side I, depth slice 1 (P|.i) is; 

dP,.,+dP,.o + Po 

Similarly, Pi,2 is; 

dPi.2 + dPi.i +dPi.o + Pa 

and Pi,3 is; 

dPl.3 + dP,.2 + dP|.i +dPi,o+Pa 

This summation is repeated for sides 2, 3 and 4 so that dP has been integrated over 

depth for each side to give the total baroclinic pressure in each depth slice. The pressure 

gradients in the x and y direction can now be found, i.e. for depth slice 0; 

aP ( P 3 0 - P 1 0 ) ^ aP ( P 2 0 - P 4 0 ) — = and — = 
ax 300m ay 300m 

Pressure gradients for the lower three slices are derived in the same way. 

In the absence of a more complete data set, the dP/dx and dP/dy values for the top three 

or four slices are plotted against the depth and linearly extrapolated to provide at least 

estimates of the dP/dx and dP/dy values in depth slices below those which have 

temperature and salinity data, for each of the survey boxes. The horizontal pressure 

gradients are now multiplied by the reciprocal of density to generate the pressure terms 

in the longitudinal and lateral equations. The density value is derived by finding the 

density of each side of the top three or four depth slices from temperature and salinity 

data. The average density for each slice is then found and linearly extrapolated over 

depth to give estimates of density in the remaining slices in the survey box. These 

densities have effectively been averaged over the survey box area and also averaged 

over depth, such that the horizontal pressure gradients for depth slice 4 are multiplied by 

the reciprocal of the average of the densities for slices 0,1 ,2 ,3 and 4, In other words, 

this density represents a value for the entire volume of water above and including the 

depth slice for which the pressure terms are being calculated. 

The components of the horizontal pressure force resulting from changes in water surface 

elevation, -g--^ and - g — in the longitudinal and lateral equations, are unknown 
ax ay 
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because no attempt to measure water surface elevation was made during surveying. 

These surface elevation gradients are obviously the same for each depth slice in a survey 

box, and an approache for estimating the vaJues of these terms will be discussed fiilly in 

section 5.3, 

5.2.^. Coriolis Accelerations 

The Coriolis accelerations are included because the equations of motion are applied in a 

rotating frame of reference, i.e. the x, y and z axes are themselves subject to 

accelerations due to the Earth's rotation, and are not fixed in space. For each depth slice 

in a box, the horizontal Coriolis accelerations are; 

+ 2 CO sin ( j ) . V [longitudinal] 

- 2 o>sin <J). u [lateral] 

where CO is the angular speed of rotation of the Earth (7.29 x 10"̂  radians s''), <() is the 

latitude of the survey area, 0 is the angle between the positive x axis and east and u and 

V are the slice-averaged velocities in the x and y directions. In the case of the 

longitudinal and lateral equations, the components of Coriolis acceleration due to the 

vertical velocity have been omitted because they are negligibly small. 

5.2.5. Frictional Forces (Reynold's Stress Terms) 

The Reynold's stresses represent the stress in the flow caused by turbulent fluctuations 

in velocity, and in the equations of motion they are used to find the flux of momentum 

due to turbulence, i.e. "chunks" of fluid moving back and forth exchanging momentum 

with the surrounding fluid. In three spatial dimensions, there are a total of nine 

Reynold's stresses, i.e. p(u'.u') ,p(u'.v') and p(u'.w') where p is the density and u', v' 

and w' are turbulent fluctuations in velocity. In the equations of motion, the Reynold's 

stresses are differentiated to represent the frictional forces due to turbulence in the 

following way; 

d(u\iO ^ 3("'.v') ^ ^(u^w2 (Frictional forces in longitudinal equation) 
dx dy dz 

8(v'.u') 3(v'.v') d(v'.w') . r ^ . . . t. . 
— - — - , — - — - , — (Fricuonal forces in the lateral equation) 

dx dy dz 

Referring to figure 5.2, section 5.2, four of these terms can be determined directly from 

our data set, such that; 
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a(u'.u') . ( U 3 ' . U 3 ' ) - ( U , ' . U , ' ) 

ax 300m 

a(u'.v') . ( " 2 ' . v , ' ) - ( u / . v / ) 

ay 300m 

a(v' .u') . U 3 ' ) - ( V , ' . U , ' ) 

ax 300m 

a(v'.v') . v , ' ) - (v , ' . v / ) 

ay 300m 

3(u' w') 3(v' w') 
The remaining Reynold's stress terms, — and — , are unknowns in the 

dz dz 
longitudinal and lateral equations respectively. 

As mentioned before, the values of the terms that can be calculated in the equations are 

presented in tables 2 and 3, appendix. 

5.3 SOLVING T H E EQUATIONS O F MOTION 

Having calculated as many terms as possible from the available data in the horizontal 

equations of motion, each equation must now be solved for the unknown terms. In the 

longitudinal equation, there are two unknowns, g — , the barotropic pressure component 
dx 

o(u' w') 
and '• , representing an exchange of turbulent longitudinal momentum equivalent 

dz 
to a frictionaJ force on the x-y plane. In the lateral equation, the situation is more 

complex with three unknowns to solve for: the barotropic term,g—, the frictional force 
3y 

3(v'. w') 
on the x-y plane arising from the exchange of turbulent lateral momentum,— 

az 

-2 u and the curvature term, — . In both the longitudinal and lateral directions, each depth 

R 

slice within a survey box has an equation associated with it, however, the unknowns in 

these equations cannot be computed by solving the equations simultaneously because 

there will always n+1 unknowns (in the longitudinal case) or n+2 unknowns (in the 

lateral case) in n equations. Hence, a different approach is required and so the equation 

of the top slice of each survey box is initially considered independently. The top surface 
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area of this extrapolated top slice is coincident with the water surface, through which 

there can be no vertical flow of water. Therefore, both the w and w' components of 

velocity must be zero for this top area, which means that the values of (u*. w') and 

(v'.w') will also be zero. If we assume that both(u'.w') and (v'.w') increase slowly 

from zero over the depth of the top slice, effectively making the assumption that there is 

very little stress on the water surface caused by wind, and given the fact that the vertical 

velocity and the fluctuations thereof are small in comparison to u' and v', which 

indicates that (u'.w') and (v'.w') will be significantly less than the other Reynold's 

stresses [(u'.u'),(u'.v'),(v'.v') ] , then it seems reasonable to assume that the gradients of 

(u'.w') and (v'.w') are zero in the case of the top slice. The longitudinal and lateral 

equations for the top slice are then solved for g —and g - ^ , by assuming that the 
3x 3y R 

unknown frictional force is zero. Considering the longitudinal equation, we now have a 

value for g — , and as this term is constant with depth, its value is now included in the 
dx 

longitudinal equation for every remaining slice in the box, so that the equation can then 

be solved for the unknown Reynold's stress term, ^. The g ^ terms calculated 

dz dx 

for each survey box in this manner change with time from being negative in the early 

ebb to positive in the later stages, which is thought to represent a realistic variation in 

surface water slope over the course of an ebb tide. 
3(v' w') 

Similarly, in the lateral equation, zero is substituted f o r — to find a value for 
dz 

g — in the top slice. Both the barotropic and curvature terms are constant with 
dy R 

depth and their combined value is substituted into each of the remaining equations for 

8(v' w') 
the underlying slices. This allows a value for the Reynold's stress term, — , to be 

dz 

determined in each slice. However, we are still left with one value for two unknowns, 

the barotropic and curvature terms. The curvature term is difficult to calculate 
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accurately, but an attempt has been made to find an estimate of its magnitude, so that it 

can be compared with the magnitude of barotropic term. 

In order to estimate the curvature term, we have firstly assumed that the curvature of the 

longitudinal streamlines is the same as the curvature of the estuarine topography. 

Considering this topography in the area of the northern part of the survey grid, it has 

been assumed that there is a radius of curvature associated with the Lynher flow exiting 

the mouth of the Lynher river and rotating round as it joins the Tamar river. Similarly, 

there is likely to be a curvature of streamlines because of the bend in the Tamar river 

itself. These two radii of curvature will each promote a centrifugal force, and as the 

map of the area's topography in figure 2.1 shows, the two radii curve in the opposite 

sense such that the centrifugal forces and thus the resultant accelerations also oppose 

each other. Both radii have been orientated parallel to the y-axis and measured on a 

scale map of the area. The Lynher radius is approximately 2200 m and the Tamar radius 

is about 5300 m. Given that the Tamar radius will affect flow on the east side of the 

survey box more than flow on the west side, u values from the east of the box are used 

to find the curvature term. The converse situation applies in the case of the Lynher 

radius, such that u values from the west side of the box are used in the calculation. The 

difference between the two terms is then found for each of the slices in the northern 

boxes, and this value is assumed to be very approximately equivalent to the total 

laterally directed pressure force arising from the curvature of the two rivers' topography. 

- 2 ^ - 2 
u oC u 

This term,—, is then compared to the value of the combined unknown, g - , in 
R 3y R 

the lateral equation in order to assess which of the two component terms is likely to be 

the most important. It is found that the curvature term is, for nearly all of the depth 

slices in each of the northern survey boxes, one or two orders of magnitude smaller than 

the magnitude of the combined unknown, and these values are presented in table 4 of 

the appendix. Therefore, it is reasonable to treat the unknown in the lateral equation as 

being primarily composed of the barotropic pressure gradient, g ^ . The topography of 
dy 

the Tamar river in the region of the southem box of the survey grid is essentially 

straight, thus the curvature term is assumed to be negligible here. 
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Having made this very approximate estimate of the curvature term, it is thought to be 

relatively unimportant in the lateral dynamic balance, and therefore the unknown term is 

henceforth referred to and interpreted as the lateral barotropic gradient. 
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CHAPTER 6 

RESULTS AND DISCUSSION 

Before discussing the results themselves, the errors associated with the terms calculated 

in the equations of continuity and motion (described in chapters 4 and 5) should be 

considered. The errors for these terms arise from a combination of measurement errors 

and those introduced by combining measured values to calculate terms. 

Considering first measurement errors associated with ETS data, there are several factors 

which have considerably reduced the accuracy of the measurements. It had been noted 

in previous field tests that the thermistors themselves were prone to giving spurious 

readings and needed to be carefully calibrated in the laboratory both before and after 

fieldwork. This was probably because the ETS had not been used for three to four years 

prior to this period of fieldwork, and the thermistors may have been damaged in storage 

or transit. Additionally, there appeared to be some electronic 'cross-talk' between the 

thermistors so that each thermistor's data record did not represent a truly independent 

time series of temperatures recorded at a certain depth. Despite laboratory calibrations 

prior to surveying, most of the thermistors still recorded an unrealistic range of 

temperatures, such that the data had to be re-calibrated using measurements from the T-

S bridge. When the temperature values were combined into a matrix to represent a 

transect along one side of the survey grid, values were interpolated to fill in the matrix 

wherever the recorded data from a thermistor had been discarded. All of these factors 

would have reduced the accuracy of the temperature data considerably. 

In addition to these instrumental errors, there are also errors introduced during 

surveying, primarily due to deviations between the survey boat's course and the desired 

survey grid. Although the objective was to survey the grid shown in figure 2.4, strong 

tidal currents made this difficult, and the fact the subsequent analysis is based on the 

assumption that this survey grid was followed exactly causes further errors in the 

calculation of terms in the various equations. 

Considering the instrumental errors associated with the ADCP, these should be smaller 

than those associated with the ETS. Although the ADCP's heading sensor did not work 

during surveying, the measurements of current speed would have been unaffected by 
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this and the process of rotating vectors round to their correct orientation should not have 

introduced any major errors. Obviously, the deviations from the desired survey grid 

would have affected the reliability of the ADCP data in the same way as the ETS data. 

In the case of both ETS and ADCP data, making a numerical assessment of the various 

errors is difficult. The accuracy of the measurements cannot be determined as no 'true' 

value for either current velocity or temperature was known. Similarly, the precision or 

reproducibility of the measurements cannot be assessed because of the time-varying 

nature of the velocity and temperature fields. 

However, an estimation has been made of the errors associated with the terms calculated 

from the equations of continuity and motion. To do this, the absolute errors for velocity, 

salinity and temperature data, given in section 2.5 have been converted to percentage 

errors for typical values of each of these three parameters. Additionally, although the 

length of each side of the survey grid should have been 300 m, an absolute error of + 50 

m has been included in the calculations, to allow for deviations from the desired transect 

during surveying. 

Values of average vertical velocity over the area of the survey box are found to have 

associated errors of approximately 60%, with the error increasing for smaller values of 

velocity and decreasing for larger values. The error is introduced primarily by possible 

deviations from the survey grid, rather than from inaccuracies in the velocity data. An 

error of similar magnitude has been found for the spatial acceleration terms in the 

equations of motion. Assuming that both latitude and the angular speed of rotation of 

the earth have negligibly small errors associated with them, the Coriolis acceleration can 

be calculated more accurately, with an error in the range 5% to 10%, introduced by the 

measurement error in the velocity. The errors for the Reynold's stress terms have been 

found to be between 40% and 60%. The errors associated with the baroclinic terms will 

be considerably larger because its calculation requires an estimate of density which is 

derived from temperature and salinity data. In the absence of a more complete data-set, 

salinity was inferred from temperature data, assuming a linear T-S relationship. As 

density was then calculated from the measured temperature and inferred salinity using a 

high order polynomial equation (the IES80), the errors associated with the density will 

be appreciably larger than those associated with the temperature. Thus, the baroclinic 

term is particularly inaccurate. 
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Considering the calculations of vertical eddy viscosity and vertical eddy diffusivity, the 

percentage errors associated with these values are higher and in many cases, greater than 

100%. This is largely due to the fact that the vertical velocities have magnitudes which 

are similar to the absolute measurement error of + 0.02 ms ', such that the percentage 

error are often in excess of 100% before any further calculations are done. This explains 

why the calculated eddy diffusivity, eddy viscosity and flux Richardson number results 

are largely found to be inaccurate, as will be discussed in section 6.3. 

In general, the errors calculated for these terms are the smallest that could be expected 

with this data-set. It is very difficult to obtain a quantitative estimate of errors in this 

sort of exercise, but the orders of magnitude appear realistic. 

6.1 QU ALITATIVE INTERPRETATION OF RESULTS 

The average vertical velocity profiles for each box (shown in figures 2a to 2j, appendix) 

and the ADCP data for each transect are now interpreted with the aim of determining the 

pattern of frontal evolution during an ebb tide. This will provide a framework within 

which the remainder of the results from the fieldwork and subsequent analysis can be 

interpreted. 

The northernmost and southernmost survey boxes will be considered separately in the 

following two sections, and discussed in chronological order. 

6JA The Northernmost Survey Box 

Box IN (in the northern half of the survey grid) shows a small downwards velocity at 

the surface which increases almost linearly with depth (see figure 2a, appendix). Box 

IN was surveyed as the tide turned in this part of the estuary, which is clearly 

demonstrated by the north-south velocity matrices from the four component transects 

(figures 6.1b, 6.2b, 6.3b and 6.4b). Transect F A I , recorded 27 minutes before high 

water, shows an average northwards velocity of approximately O.IO m s'V This 

decreases to an average of 0.05 m s"' in transect AB1 and only 0.02 m s"' in BCI , finally 

flowing southwards at approximately 0.01 m s'' in transect CFl , recorded 12 minutes 

after high water. The average vertical velocity is recorded at the start time of each 

survey box, which for box IN is 27 minutes before high water. The downwards vertical 

velocity calculated at this time indicates that a larger volume of water is flowing 

horizontally into the box than is flowing out of it, therefore not only is the northwards 

velocity decreasing with time, it must also be decreasing in a northwards direction, such 
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Figures 6,8a to 6.14b inclusive 
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Figures 6.22a to 6.27b inclusive 
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that more water flows into the south side of the survey box than flows out of the north 

side. The linear increase in average vertical velocity with depth suggests that this 

deceleration in northwards flow is uniform with depth, i.e. the whole depth of the 

measured water column undergoes the same reduction in velocity over the same 

distance. This is not to say that the whole depth of the transect will necessarily 

experience a change in flow direction at the same time. In fact, the north-south velocity 

plot for transect BCi (figure 6.3b) suggests that this is not the case, with the shallower 

depths of the transect showing on average a northwards flow of 0.03 m s'\ and the 

deeper part of the transect showing a southerly flow of about 0.03 m s''. This flow 

pattern is unusual in that it suggests that the deeper water has undergone a flow reversal, 

and has started to ebb before the shallower water. In estuaries, it is more usually the 

case that the surface layer starts to ebb before the deeper layer, causing tidal straining 

which increases the su-atification. It may be that flow reversal, at or near high water, 

occurs at different times in the Lynher and Tamar rivers. Hence, i f the Tamar river 

starts to ebb before the Lynher, and if Tamar water is denser than Lynher water (which 

appears to be the case from temperature and salinity data), this provides a possible 

explanation for the observed pattern of flow reversal in box IN . 

The next survey of the northernmost box (box 2N) was conducted between 1 hour and 

26 minutes and 2 hours and 5 minutes after high water. The average vertical velocities 

calculated in this box are downwards and shghtly larger than those calculated for box 

IN (see figures 2a and 2b, appendix). The front was clearly observed in this survey box 

and the ADCP transects show that the Tamar water flowed south-westeriy to the north 

of the front whilst the Lynher water flowed mostly south-easterly to the south of the 

front. The convergence along the axis of the front is believed to generate the increased 

downwards velocity in this survey box. The velocity again increased linearly with depth 

which suggests that the degree of convergence between the Lynher and Tamar waters 

was maintained throughout the depth of water measured with the ADCP. This is 

supported by the east-west and north-south velocity plots for transect FA2 (figures 6.5a 

and b), and by the east-west plot for AB2 (figure 6.6a), in which the frontal zone can be 

identified over the whole depth of the transects. However, it should be noted that the 

frontal zone illustrated by the east-west velocities of FA2 in particular is not vertically 

orientated, but inclined in such a way that the Lynher water appears to form a "wedge" 
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overlying the Tamar water. This observation is consistent with the ETS data which 

show that the Lynher water was slightly less dense than the Tamar water during the 

three days of surveying. However, Parsons (1987) concludes that the Lynher flow 

intrudes under the Tamar flow from his survey results, which suggests that the structure 

of the front may vary with mixing, tidal range and river in-flow. The north-south 

velocity plots show a southwards flow of as high as 0.50 m s"' for all four sides of the 

box, except for the central section of transect BC2 (figure 6.7b) which exhibits a 

northwards flow of up to 0.10 m s"V 

Box 3N was surveyed between 1 hour and 38 minutes and 2 hours and 16 minutes after 

high water. It is comprised of transects AB2, BC2 and CF3 which are the same in box 

2N, and additionally transect FA3. The exact location of the front is not clear from the 

ADCP data from transect FA3 alone (figure 6.9a and b), and was identified using a 

combination of surface observations and ETS data. The downwards vertical velocities 

for this box also suggest that a convergent front is present, given that the values 

calculated are the largest for all three survey days (see figures 2a to 2j, appendix). These 

values increase linearly with depth to approximately 5 m below the surface, where the 

gradient of the depth profile decreases slightly, indicating that convergence in the frontal 

zone may not be quite as strong in deeper water as it is near the surface. 

In box 4N, surveyed from 1 hour 50 minutes to 2 hours 25 minutes after high water, the 

front is clearly visible in the east-west velocity matrix for transect AB3 (figure 6.10a). 

Again, it is seen to be sloping, with eastwards flowing, less dense Lynher water 

overlying westwards flowing, denser Tamar water in the form of a wedge. Transect 

AB3 runs from A to B on the survey grid (figure 2.4, section 2.3), and combining these 

data with transect FA2 which runs from F to A, we can visualize the front in the 

following way: 
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Figure 6.28 Schematic of frontal wedge 

Approximate flow direction 
(SW) in Tamar 

7 
Approximate flow 
direction ( E - S E . E - N E ) 
in Lynher 

The north-south velocities from transect AB3 (figure 6.10b) show strong southward 

flow at each end of the transect, but indicate weak northwards flow in the region of the 

front. At this stage in the ebb tide, the northerly flow must be the result of water 

flowing strongly eastwards, with a small northwards component, out of the mouth of the 

Lynher river. The average vertical velocities for box 4N are directed downwards and 

are the second largest calculated over the three survey days (figures 2a to 2j, appendix). 

Similarly to box 3N, the velocities increase linearly to approximately 5 m depth, after 

which the degree of convergence in the frontal zone is assumed to decrease. 

Boxes 5N and 6N, recorded between 2 hours 14 minutes and 3 hours 11 minutes after 

high water (but on a different survey day to boxes IN, 2N, 3N and 4N) have both been 

analyzed assuming that the front is not present. No surface indication of the front was 

observed on any of the transects, and temperature data from the ETS show no significant 
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change which could be associated with the front. Referring to figure 2.4, section 2.3, 

the ADCP data from transects along sides F to C (FCI in box 5N and FC2 in box 6N) 

and C to B (CBI in both 5N and 6N) in both the boxes show fairly uniform eastwards 

flow as high as 0.40 m s"' (figures 6.1 la, 6.12a and 6.15a). However, sides B to A 

( B A I , figure 6.13a and b) and sides A to F (API, figure 6.14a and b) suggest that the 

front may still be present in this northernmost comer of the survey box. In transect 

B A I , eastwards flowing Lynher water overlies westwards flowing Tamar water (figure 

6.13a), as seen previously in boxes 2N, 3N and 4N. In U*ansect API , there appears to be 

a "tongue" of westward flowing water at the northern end of the transect between 4 m 

and 9 m depth, which extends to just less than halfway along the transect (see figure 

6.14a). Overlying this tongue of Tamar water is a layer of water flowing east at up to 

0.15 m s ' and i f this flow direction, measured at 2.2 m depth, can be extrapolated up to 

the surface, this would explain why no surface convergence was observed. Similarly in 

U-ansect B A I , i f the velocities recorded at 2.2 m depth are extrapolated upwards, then 

the surface flow is predominantly eastwards and no surface foam line was produced. 

The north-south velocity from the west comer of boxes 5N and 6N (i.e. point B in the 

survey grid) shows that the water flowing out of the Lynher river has a small northwards 

component of up to 0.10 m s'', as transects CB I and B A1 demonstrate (figures 6.12b 

and 6.13b). This northward flow is also observed along side A to B of box 4N (figure 

6.10b), and thus it would seem that as the ebb tide progresses, water from the Lynher 

flows strongly eastwards and slightly northwards across the northern part of the survey 

area, causing the front to be pushed back up the Tamar river. The ADCP data from 

boxes 5N and 6N also suggest that the retreating "tongue" of Tamar water is also 

covered by a layer of south-easterly flowing Lynher water, approximately 2 to 3 m thick, 

such that the relationship between Tamar and Lynher water at this stage of this tide can 

be summarised in figure 6.29: 
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Figure 6.29 Schematic of retreating tongue of Tamar water 

SW flow 

(No front at surface) 

7 

The front is still inclined in the same direction as in boxes 2N, 3N and 4N. but Tamar 

water occupies a smaller volume of the survey box with Lynher water in the remaining, 

much larger volume. The area of the frontal plane is also reduced in boxes 5N and 6N 

compared with 2N, 3N and 4N, and the average vertical velocities calculated show a 

corresponding decrease in magnitude, whilst still being directed downwards (figure2a to 

2j, appendix). In both boxes 5N and 6N, these velocities are close to zero down to 

approximately 3 m depth, where they increase slightly and remain constant from 6 m to 

9 m. These depth profiles of vertical velocity appear to be consistent with the 

supposition made earlier that both the volume of the Tamar water in the survey box and 

the front itself are submerged under a 2 to 3 m thick layer of Lynher water, so that the 

convergent frontal zone does not extend up to the surface. 
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Box 7N was surveyed from 3 hours 51 minutes to 4 hours 19 minutes after high water, 

and the front was again crossed on the northernmost two sides of the box. On each of 

the southernmost two sides, ADCP data identify a region of increased horizontal 

gradients in both the east-west and north-south velocities, which is interpreted as the 

boundary between Lynher and Tamar water (figures 6.18a, b and 6.19a, b). Figure 

6.30 summarises the relationship between Lynher and Tamar water at this stage in the 

tide in box 7N: 

Figure 6,30 Schematic of Lynher jet 

Region 1 

Qonhern 

7 
Mud bank off 
Carew Point 

Region 2 

Region 3 

The Tamar water in region 1 is flowing in a south-westerly direction and the Lynher 

water in region 2 is flowing strongly eastwards (with velocities averaging 0.50 m s'*) 

with a smaller southwards component (0.15 m s'*) near the west comer of the box 

(figures 6.16a, b and 6.19a, b). On the east side of the box, the Lynher water is now 

flowing at approximately 0.35 m s * east and 0.60 m s ' south (figures 6.17a, b and 

6.18a, b). so the direction of the flow has swung round to a more southerly direction as 
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the water traverses the box. Region 3 presents a more complex situation. Temperature 

data f rom the ETS indicate that this is Tamar water, and along side B to C of box 7N, it 

has a velocity of about 0.09 m s*' west and 0.0! m s"' north (figure 6.19a, b). However, 

along side F to C, it has a velocity of 0.11 m s ' east and on average 0.44 m s"' south 

(figure 6.18a, b). The complexity of the f low pattern in region 3 can possibly be 

ascribed to its position over a mud bank near the river shore where friction would have 

some effect on the flow. Also, it can be seen f rom figure 6.30 that the Lynher water 

flows across the survey box in the form of a 'jet', as it exits the Lynher mouth. This jet 

of water may possibly introduce eddy effects as it extends into the Tamar flow, which 

may account for the irregular flow pattern indicated from the ADCP results. 

Considering now the average vertical velocity, w , calculated for the survey box, whilst 

this is still directed downwards over most of the depth profile, its magnitude is much 

smaller than in boxes 2N, 3N and 4N, and significantly smaller than in boxes 5N and 6N 

(figures 2a to 2 j , appendix). In these preceding five boxes, there has been a small 

northwards component of flow exhibited by the Lynher flow over at least part o f the 

survey box. The front in each of these boxes is orientated in an almost east-west 

direction. Therefore it is postulated that it is the north-south flow component which is 

most influential in generating the frontal convergence, in comparison to the east-west 

flow which contributes greatly to shear along the front but does not necessarily promote 

convergence and downwelling in the frontal zone. So, in the earlier stages of the ebb 

tide when the Lynher water had a northwards component as it flowed out of the Lynher 

mouth, a greater degree of convergence and downwelling would be expected than at this 

stage in the ebb tide, when water flows out of the Lynher mouth in an east to south-east 

direction. This explanation may account for at least part of the observed reduction in w 

values for box 7N. In addition to a change in direction of the Lynher flow as the ebb 

tide progresses, it is likely that the small w magnitudes are the result of an acceleration 

in the Lynher flow from the west to the east side of the box. The ADCP transects f rom 

the four sides indicate that this is the case (figures 6.16a, b to 6.19a, b). An acceleration 

in the Lynher flow calculated solely from these ADCP transects w i l l include both spatial 

and temporal components. The admiralty chart of the survey area (figure 6.31) shows 

that the river bed slopes down from the mouth of the Lynher in a south-east direction 
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towards the centre of the Tamar by about 6 or 7 m within box 7N. It is suggested that 

water f rom the Lynher accelerates down this slope such that there is a spatial 

acceleration across the box from east to west in the surface layers. Hence, more water 

flows horizontally out of the box than flows into it, and in the absence of any frontal 

downwelling, this situation would cause the w values (representing the average vertical 

velocity over the whole box at the same point in time) to be directed upwards. In the 

case of box 7N, the proposed spatial acceleration, instead of producing upwards w 

values, works to reduce the downwards w values generated by frontal downwelling. 

Not only does the river bed topography affect the w values, it also appears to constrain 

the jet of Lynher water, such that the position of the frontal zones to the north and the 

south of the jet can be approximately described by the 10 m depth contour on the 

admiralty chart (figure 6.31). The northernmost front is just south of the Henn Point 

sand bank and the weaker southern front is located just o f f the mud bank at the river's 

edge o f f Carew Point. 

6,1,2 The Southernmost Survey Box 

Considering now the southernmost part of the survey grid, and discussing the three 

survey boxes in this area chronologically, box IS was recorded between 12 minutes and 

1 hour 12 minutes after high water. Side C to F (transect C F l ) was surveyed first, and 

the ADCP data indicate that the tide was turning, with some northward velocities being 

recorded in the shallower depths of the transect, whilst the f low is directed south in the 

underlying water (figure 6.4b). The east-west data show a small westwards f low over 

most of the transect (figure 6.4a), and it seems that the deeper water had undergone a 

flow reversal sooner than the shallower water. This was also observed in box I N , and it 

is suggested that flow reverses sooner in the Tamar river than in the Lynher, with Tamar 

water forming the underlying layer in this survey box, as described previously in section 

6.1. L The remaining three transects in the box showed gradually increasing south

easterly flow (figures 6.20a, b to 6.22a, b), so it appears that the tide had turned slightly 

later here than in box I N further north. Generally, flood currents in an estuary w i l l 

reverse direction sooner at the upstream extent of the seawater intrusion than further 

downstream because of the increased influence of river flow and the shallower water 

depths leading to increased bed friction. The w values calculated for box IS are 
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Figure 6.31 Admiralty chart of survey area 
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directed upwards and increase linearly with depth (figures 2a to 2 j , appendix). Given 

that these values are effectively calculated at the start time of the survey box, their 

upward direction suggests that more water is f lowing horizontally out o f the survey box 

than is f lowing into it. Hence, the approximately south-easterly f low is increasing in a 

south-eastwards direction i.e., it is increasing longitudinally as we move from side C to 

F to side D to E of box IS. The linear increase in w with depth indicated that the 

increase in longitudinal velocity is uniform with depth. 

Box 2S was surveyed slightly later than box IS, f rom 41 minutes to I hour 22 minutes 

after high water. Calculated values of w for this box are again directed upwards but 

have a smaller magnitude than in box IS, suggesting that the longitudinal velocity 

gradient had decreased. This assumption agrees with the north-south velocity data f rom 

transect EE09 (side C to F of box 2S) which show that the f low is now almost entirely 

southwards, with stronger flows of up to 0.40 m s'' in the deeper water, and flows of 

between 0 and 0.20 m s"' in the shallower water (figure 6.23b). The values of w for 

box 2S remain approximately constant with depth (figure 2i , appendix), so that the 

longitudinal gradient in south-eastwards velocity must be decreasing with depth. 

Comparison of the north-south velocities from transects CF2 and E D I (figures 6.23b 

and 6.21b respectively) reveals this to be a reasonable interpretation because transect 

E D I has velocities of up to 0.40 m s"' over the entire depth of the transect. Hence, by 

the time box 2S was surveyed, the reversal of flow associated with high water was 

almost complete in the southern half of the survey grid. 

Box 3S was surveyed much later in the ebb, f rom 4 hours 47 minutes to 5 hours 25 

minutes after high water. The flow was then directed approximately south-east over the 

whole survey box, and inspection of the east-west and north-south velocities for each of 

the four transects reveals that both the southwards and eastwards velocities for sides C 

to D and D to E ( C D l and D E I , figures 6.24a, b and 6.25a, b) were larger than the 

equivalent values for sides E to F and F to C (EFl and FC4, figures 6.26a, b and 6.27a, 

b). This observed acceleration has both spatial and temporal components. Considering 

the plot of the mean tidal velocity ( V T ) which was directed nearly south-east, for each 

transect against the time after high water at which it was recorded (figure Ic, appendix), 

the gradient of this graph is negative i.e. the flow is decelerating with time at this stage 
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of the tide. As sides E to F and F to C were surveyed later than sides C to D and D to E, 

the observed acceleration maybe wholly temporal. However, the w values for Box 3S 

are all directed upwards (figure 2h, appendix), suggesting that there is also a spatial 

acceleration across the box, from its north west comer to its south east comer. The w 

values increase to 4 m depth and then remain constant, suggesting that the magnitude of 

the spatial acceleration decreases with depth. The front was not present in box 3S, 

whereas it was observed on side F to C of box 7N earlier in the ebb. However, o f the 

four transects in box 7N, the front was least distinct along side F to C. Therefore, in the 

time between surveying boxes 7N and 3S, it is suggested that the front along the 

southem side of the jet of Lynher water may have been weakened by cross-frontal 

mixing to the point where it was no longer visible along side F to C. Additionally, the 

curvature in the path of the Tamar river causes the Tamar water to change direction 

from south-west to south-east as it flows round the bend. 

6J.3 Summary of Frontal Evolution 

From the ADCP transects and average vertical velocity data described above, the 

behaviour of the Tamar and Lynher water in the region of the survey grid during the 

course of an ebb tide can be summarised as follows. Initially, at around the time of high 

water, the f low reversal in the northem part of the survey area occurs slightly before the 

f low reverses in the southem part. Additionally, the deeper water, below approximately 

8 m depth undergoes a f low reversal sooner than the overiying water, over the whole 

survey grid, due to bed friction retarding the f low in the lower layer. After the tide has 

turned completely, the f low is directed south-easteriy in the southern part of the area, 

and is accelerating in the downstream direction. In the northern part of the area, most of 

the water f lowing out of the Lynher mouth is directed south-eastwards with a small 

volume of water curling round to have a northwards component as it exits the Lynher 

mouth. This Lynher water meets the south-westwards f lowing Tamar water in the 

northernmost comer of the survey grid, to form a convergent front. The northwards 

component of the Lynher f low increases, an acceleration reflected in the increased level 

of convergence and downwelling in the frontal zone. The frontal zone itself slopes 

upwards in an upstream direction, such that the marginally denser Tamar water forms a 

wedge underiying the Lynher water. The continued increase in the velocity and volume 

of water flowing out of the Lynher then causes the frontal zone, which is orientated 

105 



approximately east-west at the surface, to be pushed northwards until it is just present in 

the northernmost comer of the survey grid. The lowering water level, as the ebb tide 

progresses, causes the river bed topography to then become influential in determining 

the path and acceleration of the Lynher water across the survey area, such that this water 

now forms a jet with a strong eastwards velocity component. This jet is constrained to 

the north by the inclined frontal zone described earlier which forms just south of the 

Henn Point sand bank. To the south, the jet is constrained by a weaker frontal zone 

orientated approximately north-west to south-east at the surface, which is located just 

upstream of the river-edge mud bank o f f Carew Point. The northern front has moved 

back southwards again by this time, as a result of increasing velocities in the Tamar 

river. Examination of the admiralty chart (figure 6.31) of the survey area suggests that 

the north and south boundaries of the Lynher jet are approximately described by the 10 

m depth contour. The northwards component o f the Lynher flow has at this stage 

disappeared, causing convergence and downwelling in the northern frontal zone to be 

reduced. The weaker southern front then diminishes to the extent that it is no longer 

detectable, possibly as a result of its position in comparatively shallow water (7 m 

depth) allowing turbulence generated by bed friction to reduce horizontal salinity and 

velocity gradients across the front. Finally, in the southern part o f the survey grid, the 

flow is almost uniformly directed south-east and is accelerating in the downstream 

direction. The time-scale of the events described above is represented in figure 6.32. 
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Figure 632 Time-scale of frontal evolution 
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6J,4 Cross-Frontal Transport 

A n attempt to assess the cross-frontal transport of water has been made for boxes 2N, 

3N, 4N and 7N using the principle of volume continuity, described in section 4.5. As 

explained in that section, in the case of boxes 2N, 3N and 4N, the excess or deficit water 

volume on one side of the front should equal the deficit or excess water volume 

respectively on the other side of the front. Similarly for box 7N, in theory there should 
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be a zero volume flux in volume 2 i f the principle of continuity is observed. As the 

results of the analysis for all four boxes show (table 1, appendix), the principle of 

continuity is apparently not obeyed in any of the depth slices. The most likely source of 

error is the values of the average vertical velocity through the top and base of each 

slice. These average vertical velocities are determined from transects covering only a 

tiny fraction of the area over which they are assumed to be representative, in contrast to 

the average horizontal velocities used in the analysis, which can be determined much 

more accurately f rom the available data. Thus it seems that the vertical velocity varies 

considerably over the top and base areas of each shce, a factor which cannot be 

addressed satisfactorily with our data set in this analysis. The horizontal variability in 

the vertical velocity seems even more likely when the presence of the front itself is 

taken into account: given its convergent nature, increased downwelling and therefore 

larger vertical velocities would be expected in the frontal zone, in comparison to those 

recorded further away from the front. 

Hence, there is no way of accurately quantifying the vertical velocity through the top 

and base area of each slice f rom our data set, and this shortcoming is manifested in the 

results. However, it may still be possible to determine at least the direction o f transport 

of water across the frontal zone. In the case of boxes 2N, 3N and 4N, depth slices in 

which the calculated volume fluxes for volumes A and B are of opposite polarity are 

thought to be less erroneous than the results f rom other slices, since at least the polarity 

of the volume fluxes suggests transport of water in the same direction across the front. 

In these depth slices, it can be assumed that the calculated average vertical velocities are 

closer to the u-ue values than in the other depth slices. The slices with opposite polarity 

volume fluxes suggest that the direction of transport of water across the front is f rom 

volume A to volume B in all three survey boxes, i.e. f rom the Tamar to the north o f the 

front to the Lynher to the south. 

A similar approach is used in the case of box 7N: here, the direction of transport across 

the two fronts in the box is probably indicated most reliably by depth slices in which the 

volume flux in volume 2 is closest to zero, which is the ideal solution. The three depth 

slices with the smallest volume fluxes for volume 2 show that the direction of transport 

across the northernmost front is from north to south, i.e. f rom the Tamar to the Lynher. 
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Across the southernmost front, the direction of transport again appears to be f rom the 

north, this time from the Lynher to the Tamar. 

The analysis method followed also introduces a second complication to consider when 

examining the results. For both the northem and southem fronts, the frontal plane was 

assumed to extend vertically downwards from the observed surface line of convergence, 

to simplify the analysis. As the previous section describes, this is not the case in boxes 

2N, 3N and 4N, where the frontal zone slopes down southwards f rom the surface foam 

line. In box 7N, the frontal plane appears to be less inclined and more vertically 

orientated, so the assumption made is more realistic in this case. However, in the 

previous three boxes, the cross-frontal transports have effectively been calculated over a 

vertical plane which is located within the wedge of south-west flowing Tamar water for 

most of the depth (see figure 6.28). The transports calculated through this plane would 

therefore be expected to indicate flow in an approximately southwards direction. 

6,L5 Mixing Across the Fronts 

In the case of the northem front, the Tamar water is thought to be transported across the 

front into the Lynher jet by entrainment. Turbulent diffusion may also be active across 

the front, but this process causes a transport of mass (or salt) but no net transport o f 

water. Hence, the cross-frontal transport is the result of entrainment. The process of 

entrainment occurs because there is a strong element of shear between the overlying 

Lynher jet (f lowing east-south east or even east-north east) and the underlying Tamar 

wedge, flowing south west. This shear may generate small, three-dimensional, internal 

waves on the interface between the two water masses, which then break and eject the 

slightly denser Tamar water upwards into the overiying Lynher water, such that the less 

turbulent Tamar water is entrained into the more turbulent Lynher jet. Whilst the 

breaking of each interfacial wave is a discrete process, it is one which occurs 

continuously over space and time so that, when averaged, it can be considered as a flow, 

i.e. a velocity of entrainment (Dyer, 1977). Very approximate estimates of this 

entrainment velocity have been calculated, as described in section 4.5, for those depth 

slices in which the volume fluxes on each side of the front indicate a cross-frontal 

transport of water in the same direction. The volume fluxes in each depth slice have 

been averaged, and in boxes 2N and 3N, the entrainment velocity appears to be in the 

region of 0.5 m s*'. This figure increases to 0.7 m s ' in box 4N. In box 7N, the 
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entrainment velocity from volume 3 to 2 (see figure 4.8) is 0.4 m s'\ and from volume 2 

to I is 0.2 m s*'. As these entrainment velocities have comparable magnitudes to the 

longitudinal velocities, they are thought to be unrealistically high. This is almost 

certainly the result of using inaccurate estimates of the average vertical velocity on each 

side of the front in calculating the entrainment velocities, as described in section 6.1.4. 

However, the interpretation of entrainment occurring across the front is consistent with 

the assumption that the Lynher water can be thought of as forming a turbulent, buoyant 

jet across the survey area at certain stages of the tide. Laboratory observations of a 

turbulent, buoyant jet (Crow and Champagne, 1971, Fischer et al., 1979) have shown 

that the shear layer between the jet (i.e. Lynher water) and the ambient fluid (i.e. Tamar 

water) comprises large, cylindrical waves that appear to entrain the ambient fluid and 

then break down to mix the two fluids. Whilst laboratory observations are not directly 

applicable to fieldwork observations, it seems that entrainment of the ambient Tamar 

water into the turbulent Lynher jet by breaking internal waves generated by shear along 

the interface between the two water masses, is likely to be occurring in the northern 

frontal zone. 

In the weaker southern frontal zone, the calculated cross-frontal transport indicates the 

water f rom the Lynher jet is being transported across the frontal zone into the ambient 

Tamar water. In this case, the velocity of enu-ainment is directed out of the Lynher jet. 

A possible explanation for this is offered by laboratory observations of a turbulent, 

buoyant jet discharging into a cross-flow (Fischer et al., 1979). Again, any comparisons 

between laboratory and fieldwork observations should be treated with caution, however, 

the laboratory situation does seem reasonably analogous to the Lynher jet discharging 

into the flowing Tamar water. In the laboratory, a large, trailing eddy was observed to 

form along the side of the jet which was downstream in relation to the cross-flow. I f an 

eddy forms similarly on the downstream edge of the Lynher jet, this may explain the 

calculated direction of entrainment, and also the complex flow pattern partially recorded 

in this region by the ADCP (see section 6.1) in box 7N. 

6.],6 Salt Fluxes 

An average vertical flux of salt has been calculated for the base area of each depth slice 

as described in section 4.4, and results are presented in the form of depth profiles for 

each box in figure (figures 4a to 4j , appendix). A comparison between the advective 
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and diffusive salt fluxes reveals that the advective fluxes are very much larger in 

magnitude than the diffusive fluxes, and therefore dominate the total salt flux values. 

Given that the salinity changes by only 1 or 2 °/oo at most over the survey area, variations 

in advective salt flux (and therefore in the total salt flux) are primarily conu-olled by 

changes in velocity. Hence, it is not surprising to see that the vertical salt flux and the 

average vertical velocity vary in the same way, both with depth and time. It is also 

reasonable to assume that the cross-frontal transport of salt would be in the same 

direction as the cross-frontal u-ansport of water and hence, the same arguments used to 

explain the velocity values in sections 6.1.2 and 6.1.3 are deemed applicable to the salt 

flux values. 
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6.2 P R I M A R Y M O M E N T U M B A L A N C E 

The primary momentum balance has been found for the longitudinal and lateral and 

equations of motion, for each slice of each survey box. This has been done by 

identifying the largest terms, such that each equation numerically balances, preferably to 

within 1 X 10'^ in most cases, or to 2 x 10*̂  occasionally. For some slices, the desired 

balance is achieved using only the first two or three largest terms, whereas for other 

slices up to eight terms must be included to balance the equation to that level. The 

primary momentum balance for each slice is presented in table 5 (for the longitudinal 

equation) and table 6 (for the lateral equation) in the appendix. The terms have been 

ranked in order of magnitude, with the necessary number o f terms included to balance 

the equation. This type of analysis allows us to identify the most important forces and 

accelerations present in each depth slice, and comment on the hydrodynamic processes 

occurring therein. However, whilst examining the two momentum balances in a depth 

slice, the geomeu^ of the depth slice must be considered. In our analysis, the shape of 

the depth slice means the frictional force on the top and base of a slice is acting over a 

far larger area than the frictional forces on the sides and ends of the slice, and 

consequently appears larger than expected. I f we divide each frictional force by the area 

over which it is acting (effectively reducing a depth slice to a cubic volume element of 1 

m-*), it can be seen that the frictional force on the top and base o f the cube is now two or 

three orders of magnitude less than the other frictional forces, as expected. 

When assessing the terms in the equations of motion in order to understand the 

dynamics within each box, the Reynold's stress terms are the most diff icul t to interpret 

meaningfully. This is because they are both the cause and effect of the accelerations on 

the right-hand side of the equations at the same time. Velocity shear in the water 

column (effectively, a spatial acceleration) w i l l produce turbulent momentum. This 

turbulent momentum is exchanged in such a way that the faster, more turbulent flow 

loses momentum to the slower, less turbulent flow. The Reynold's stress terms express 

this turbulent momentum exchange, which serves to reduce the velocity of the faster 

flow and increase the velocity o f the slower flow, and it is for this reason that each of 

the terms is analogous to a frictional force. However, this frictional force works to 

reduce the velocity shear which initially gave rise to the turbulent momentum exchange. 

So the Reynold's stress terms are sometimes described as secondary forces, in that they 

112 



result f rom motion already present, rather than causing the motion in the first place. 

Effectively, having been initially generated by a spatial acceleration, they then 'damp 

out' that same acceleration, and therefore no simple relationship exists between the 

Reynold's stress terms and the accelerations. 

In the following section, the primary momentum balances and their variation with depth 

w i l l be considered for each box. In section 6.2.2, the boxes w i l l be grouped together 

according to the day on which they were surveyed, and the temporal variation in their 

hydrodynamic regimes wi l l be discussed in relation to the observations made in section 

6.1. Finally, section 6.2.3 wi l l attempt to describe and explain both the temporal and 

spatial variations in the hydrodynamics within the survey grid, over the course of a 

generalised ebb tide. 

6,2,1 The primary longitudinal and lateral momentum balances for each box 

In this section, the primary momentum balances (tables 5 and 6, appendix) derived f rom 

the two horizontal equations of motion w i l l be discussed for each of the ten survey 

boxes. As in section 6.1, the northernmost boxes wi l l be considered first in 

chronological order, followed by the southernmost boxes of the survey grid. Figure 6.33 

shows on which survey day and at what time after high water each of the ten boxes was 

recorded. Throughout the following discussion, the longitudinal dynamic pressure 

refers to 8(u'.u')/3x in the longitudinal equation of motion. Likewise, lateral dynamic 

pressure is 8(v'.v')/3y in the lateral equation. The remaining Reynold's stress terms in 

the two equations all represent gradients of turbulent shear stress and w i l l be referred to 

in the following way: in the longitudinal equation, 3(u'.v')/3y and 3(u'.w')/3z are the 

lateral and vertical stress gradients respectively and in the lateral equation, 3(v ' .u ' ) / 3x 

and 8(v'.w')/3z are the longitudinal and vertical stress gradients respectively. 

BOX IN- recorded from high water (HW) - 0 hrs 27 mins to HW + 0 hrs 18 mins. 

The longitudinal momentum balance for box I N is just between the accelerations and 

the all three Reynold's stress terms, in various combinations, throughout the whole depth 

of the box. Both the baroclinic and barotropic pressure gradients are comparatively 

small in magnitude, which suggests that the water surface elevation is virtually constant 

in the x-direction, and that the water in the box is longitudinally well-mixed. In a 

partially-mixed estuary such as the Tamar, bottom friction induced mixing during the 
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Figure 6.33 Time and duration of survey boxes from all three days 
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flood tide promotes the most longitudinally homogeneous density structure in the water 

column at high water, which appears to be the case in box I N . However, the absence of 

any significant pressure gradients means that there is no primary forcing mechanism 

active in box I N to produce the accelerations in the momentum balance. During the 

early ebb tide, tidal straining is often a notable feature of estuarine circulation and in this 

process, velocity shear in the presence of a longitudinal density gradient causes 

stratification. Whilst there is no significant longitudinal density gradient in box I N , the 

presence o f velocity shear would still produce turbulent stresses in the water column, 

which explains the predominance of the three turbulent stress gradients in the 

momentum balance. The Reynold's stress terms cannot initially generate a velocity, 

however they wi l l serve to modify an existing velocity structure within the box. So it 

seems likely that the initial motion is produced by primary forces acting outside the area 

of box I N , in another region of the estuary, and this momentum is then advected into the 

box. Closer examination of the accelerations within box 1N shows that down to 

approximately 9.3 m, the temporal acceleration which is positive downstream, is 

opposed by the non-linear term u.3u / 3x because there is northwards flow increasing in 

the - X direction. This apparent spatial acceleration may be present because the northeriy 

side of the box was surveyed before the southeriy side. Hence, the element o f temporal 

variation in velocity introduced by the non-synchronous surveying method must be 

remembered when looking at all spatial acceleration terms, but its effect wi l l be most 

pronounced in box I N which was surveyed as the tide turned. Near the surface, only the 

lateral stress gradient is of significant magnitude and it indicates that there is an 

increased level o f turbulent stress in the east of the box compared to the west. Turbulent 

momentum w i l l therefore be transferred from east to west such that the magnitude o f the 

associated frictional force increases in the -y direction, which is equivalent to an 

acceleration in the +y direction. Below 2.8 m, the presence of the longitudinal dynamic 

pressure in the balance suggests that the more turbulent flow is in the north o f the surve'y 

box so that friction increases along the -x axis. Additionally, in the deepest layer o f the 

box, turbulent stress increases with depth, as shown by the vertical stress gradient in the 

balance, and this is attributed to the proximity of the river bed and the consequent 

increase in friction. The spatial accelerations at this depth show that the flow is still 

directed north in the east side of the box but is south on the west side. Again, as the east 
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side was surveyed first, this is possibly more of a temporal acceleration than a genuine 

spatial one. I f there is a degree of spatial acceleration present, then turbulent stress 

appears to be higher in the water which is still flowing northwards. The northwards (-

u ) flow is decelerating with depth. 

Considering the lateral balance, for most of the depth of box I N there is little lateral 

acceleration because the two primary forces oppose each other, i.e. the water surface 

elevation increases in the +y direction, producing an acceleration in the -y direction, 

whereas the presence of denser water on the east side of the box generates an 

acceleration in the +y direction. The denser water also appears to be more turbulent, as 

indicated from the lateral dynamic pressure in the near surface momentum balance. 

With increasing depth, the vertical stress gradient shows that turbulent momentum and 

friction also increase, and in the lowest layer of the box, the w.3v / 3z term shows that 

the - V flow is accelerating with depth. Considering both the vertical advection of 

lateral momentum and the equivalent term, w.3u /3z in the longitudinal equation, the 

overall direction of the flow at depth seems to be rotating round from north to east. This 

rotation may be due to the tide turning; alternatively it may be an artefact inu-oduced by 

the element of time-averaging inherent in the calculation of vertical advection terms. 

BOX 2N- recorded from high water (HW) + 1 hrs 26 mins to HW + 2 hrs 05 mins. 

In the longitudinal balance, the two horizontal pressure gradients provide the primary 

forcing mechanism which generates longitudinal acceleration in box 2N. In the 

shallowest layer of the box, only the barotropic component is important and it shows 

that the water surface elevation increases in the -x direction i.e. the surface slopes 

downwards in the downstream direction. This causes the longitudinal flow to accelerate 

downstream producing a large u.8u / 3x term to add to the temporal acceleration. 

Below 1.8 m, the baroclinic pressure gradient indicates that denser water is present on 

the downstream side of box 2N, which produces an upstream directed force. Initially, 

the barotropic component still has a large enough magnitude to overcome the opposing 

baroclinic force and maintain the temporal and longitudinal accelerations. However, 

with increasing depth the baroclinic component increases in magnitude and the 

longitudinal acceleration reduces accordingly. This decrease in acceleration may also 

explain why the vertical stress gradient shows that turbulent longitudinal stress is also 

decreasing with depth. 

116 



In the lateral momentum balance, the situation is similar in that the slope of the water 

surface provides the primary forcing mechanism in the shallowest layer. The surface 

elevation increases in the +y direction such that the Lynher-side of the box has a higher 

surface elevation than the Tamar-side. Examination of the v.3v / dy term shows that 

the acceleration is the result of the presence of - v f low on the Lynher side and + v f low 

on the Tamar side, such that there is a convergent front where the two water masses 

meet which is reflected by the line of foam and debris observed at the surface in box 2N. 

Hence, the barotropic pressure gradient wi l l enhance the easterly f low of the Lynher 

water and reduce the westerly flow of the Tamar water. Below 1.8 m, denser water 

present on the Tamar side of the box produces a force acting in the +y direction to 

oppose the barotropic component and generate a + v flow. Additionally, the vertical 

stress gradient indicates that turbulent lateral stress is increasing with depth. The 

u.3v / 3x term shows that the flow has a + v component on the downstream side of the 

box and a larger - v component on the upstream side. Below 5 m, the - v flow decreases 

quite rapidly with depth, shown by w.3v / 8z, and finally becomes a + v flow in the 

lowest level o f the box, owing to the baroclinic pressure gradient increasing with depth. 

Given that the front is present in this box, we can postulate that the shallower, Lynher 

water is primarily accelerated by the barotropic pressure gradient, whereas the deeper, 

Tamar water is accelerated by the baroclinic pressure gradient. The shear produced 

between these two layers may result in the turbulent momentum exchanges expressed by 

the vertical stress gradients. 

BOX 3N- recorded from high water (HW) + 1 hrs 38 mins to HW + 2 hrs 16 mins 

Throughout the depth of box 3N, the two longitudinal pressure gradients are again of 

comparable magnitude but of opposite sign, to provide the primary forcing mechanism. 

The water surface slopes downwards downstream to accelerate the flow in the +x 

direction whilst the presence of denser water downstream accelerates the flow upstream. 

From the surface to 3.3 m, the longitudinal dynamic pressure is also significant 

indicating decreasing turbulent stress in the +x direction, such that turbulent momentum 

is transferred f rom the upstream to the downstream side o f the box, so that the frictional 

force and the barotropic component overcome the opposing baroclinic force. Hence, the 

temporal acceleration is positive, and the u.3u / 3x shows that the downstream velocity 
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increases in the downstream direction. Below 3.3 m, the temporal acceleration is less 

important and the vertical stress gradient is now complementing the barotropic 

component. Turbulent longitudinal stress is therefore decreasing with depth. At around 

5 m depth, the baroclinic component has increased in magnitude so that it now cancels 

the barotropic force, hence there is no primary forcing mechanism operating in this 

particular region of the f low. Whilst the spatial acceleration has decreased slightly in 

comparison to the near surface f low, it still has an appreciable magnitude and it is 

suggested the transfer of turbulent momentum down into this region f rom the shallower 

water is responsible for sustaining this acceleration which itself must have originated 

outside of the region. In the lowest layer of box 3N, below 6.8 m, the barotropic 

component and the vertical stress gradient once again outweigh the other pressure 

gradient to produce a downstream spatial acceleration. However, the + u component of 

velocity is also decreasing with depth as shown by the negative w.3u / dz term. 

The dynamics described by the lateral balance are similar to those in box 2N. Once 

again, the two pressure gradients oppose each other and show that the water surface 

slopes downwards f rom the mouth of the Lynher river out to the central region of the 

Tamar, whilst the presence of denser Tamar water on the east of the survey box opposes 

that acceleration. In the near surface Lynher f low, just the presence of the surface slope 

is sufficient to balance the v.dv I dy term, as in box 2N. Again, inspection o f 

v.3v / dy shows that the f low has a - v component in the Lynher mouth but a + v 

component on the Tamar side of the box, generating a convergence. The barotropic 

component enhances the - v (eastwards) f low, and reduces the + v (westwards) f low 

which cannot have been initially generated by the barotropic gradient within the area of 

box 3N. Hence, the + v flow has been initiated elsewhere in the estuary and has 

subsequently been advected into box 3N. Below about 2.8 m, the baroclinic component 

becomes larger, although unlike in box 2N, it never becomes large enough to overcome 

the barotropic component and as a result, the + v f low on the Tamar side is decreasing 

with depth due to the influence of the stronger barotropic force. The substantial 

decrease in + v flow with depth is reflected by the comparatively large magnitude o f the 

w.3v / dz term in the deepest layer of the box. As in box 2N, the vertical stress 

gradient suggests that turbulent stress is increasing with depth in this layer. 
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BOX 4N- recorded from high water (HW) + 1 hrs 50 mins to HW + 2 hrs 25 mins 

In the longitudinal balance of this box, the water surface is again more elevated 

upstream to generate a downstream directed force such that there is a spatial 

acceleration downsueam in the u velocity component, and a positive temporal 

acceleration. The water downstream is denser and counteracts the barotropic pressure 

gradient, as seen previously in boxes 2N and 3N. The larger barotropic component 

successfully exceeds the baroclinic force f rom the surface to 6.3 m, when vertical 

adveclion and the longitudinal dynamic pressure additionally become important. The 

w.3u / 9z term shows that the average longitudinal velocity over the whole area of box 

4N is decreasing with depth as a result of the baroclinic component increasing with 

depth. In addition, the longitudinal dynamic pressure indicates that the f low is more 

turbulent upstream. At around 7 to 8 m depth, the two pressure gradients cancel out, 

however, whereas in box 3N there was still a net acceleration when the pressure 

gradients cancelled, in this box the net acceleration now drops to zero at this depth. 

Below this level, the baroclinic force is solely responsible for the reduction in 

longitudinal velocity with depth. 

Considering the lateral balance, the relationship between the opposing pressure 

gradients again controls the dynamics. In the shallower half of the box, the increased 

surface elevation of the Lynher water produces the lateral spatial acceleration, 

v.8v / 3y , which again shows - v Lynher f low and + v Tamar f low. Also, the u.3v / 3x 

term has again become significant in this box, as it was in box 2N, and shows weak + v 

f low on the downstream side and strong - v f low on the upstream side. This f low 

convergence appears to be the result of the baroclinic pressure gradient producing a 

force in the +y direction. Below 6.8 m, w . 9 v / 3 z replaces the longitudinal advection in 

the balance, and the fact that it shows a change in direction from - v to + v f low wi th 

depth is also ascribed to the increasing baroclinic component. Finally, at the base of the 

slice, the two pressure gradients cancel and hardly any acceleration is produced as a 

result. 

BOX 5N- recorded from high water (HW) + 2 hrs 14 mins to HW + 2 hrs 57 mins 

Throughout the depth of box 5N, the two spatial acceleration terms show that the 

longitudinal velocity is increasing downstream i.e. accelerating in the +x direction, and 
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also increasing eastwards i.e. accelerating in the -y direction. In the surface 4 m of the 

box, u .3u/9x is larger than v.9u/9y . as a result of the barotropic component 

exceeding the baroclinic force. The water surface slopes downwards downstream, as it 

did in boxes 2N, 3N and 4N, to accelerate the flow in the +x direction. The baroclinic 

gradient arises f rom denser water present on the downstream side o f the box, and the 

resultant upstream directed force equals the magnitude of the barotropic component at 

about 4.2 m depth. Below this level, v.du/dy has the larger magnitude of the two 

accelerations, and the baroclinic component now exceeds the barotropic component. 

Hence, a similar interpretation can be applied to this box as has been applied to the 

longitudinal balances of boxes 2N, 3N and 4N: where the flow is primarily accelerated 

by the barotropic pressure gradient, it is assumed to be Lynher water and where it is 

accelerated by the baroclinic pressure gradient, it is thought to be Tamar water. 

The lateral momentum balance of box 5N presents an interesting situation, especially 

when compared to the lateral balances o f boxes 2N, 3N and 4N. The u.3v / 3x term 

near the surface shows that the lateral flow is positive downstream and negative 

upstream, whilst v.3v / 3y shows negative lateral flow on the western side of the box 

changing to positive on the eastern side. The pressure gradients which balance these 

two accelerations indicate that the surface elevation decreases and density increases in 

the +y direction. Effectively, this means that the water surface slopes down f rom the 

Tamar side of the box towards the Lynher mouth, and that the water on the Lynher side 

is denser than water on the Tamar side. The polarity of both the lateral pressure 

gradients is reversed in box 5N compared to the preceding three boxes. This w i l l be 

discussed later. Below this surface layer at about 3.3 m, the two pressure gradients 

cancel out so that the absence of a primary forcing mechanism at this depth renders the 

net acceleration close to zero. For the remainder of the box, the vertical stress gradient 

and the barotropic component combine, but are still unable to overcome the large 

baroclinic component which produces only a v.3v / 3y acceleration. Turbulent lateral 

momentum is decreasing with depth and this appears to be reflected in the decreasing 

lateral velocity with depth shown by the w , 3 v / 3 z acceleration in the lowest layer of 

the box. 
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BOX 6N' recorded from high water (HW) + 2 hrs 27 mins to HW + 3 hrs 11 mins 

In the longitudinal balance of box 6N, the only primary forcing mechanism is the 

barotropic pressure gradient produced by a downward slope of the water surface in the 

+x direction. In the surface layer of about 3 m thickness, the longitudinal dynamic 

pressure shows that turbulent stress is higher on the downstream side of the box and 

turbulent momentum is u-ansferred from downstream to upstream such that the f low is 

accelerated in the -x direction. However, the longitudinal dynamic pressure has a 

smaller magnitude than the barotropic component so the resultant acceleration is in the 

+x direction, as shown by u.9u ld\. At around 3.2 m depth, the vertical stress gradient 

effectively replaces longitudinal dynamic pressure in the balance, with the transfer of 

turbulent momentum being from the deeper, more turbulent water upwards into the 

overlying, less turbulent water. The v.9u / 3y term at this depth shows that longitudinal 

velocity increases in the -y direction. This f low is advected into the box by a positive 

lateral velocity hence the acceleration is effectively negative. 

The lateral momentum balance in box 6N is essentially the same as that in box 5N: near 

the surface the lateral f low is positive downstream and negative upstream such that 

u.3v / 3x represents a positive acceleration primarily generated by the barotropic 

pressure gradient. The v . 3v /3y deceleration arises because the lateral f low accelerates 

from negative to positive in the -y direction, and this change is caused principally by the 

baroclinic pressure gradient. In addition, the lateral dynamic pressure shows that 

turbulent momentum is being transferred from the Lynher side of the box to the Tamar 

side, thus effecting a negative acceleration in the +y direction. The two pressure 

gradients cancel each other out at 2.2 m depth, below which the increasing magnitude of 

the baroclinic component dominates the balance to generate a significant v.8v / 3y 

only. From 6.3 m, the vertical stress gradient suggests that turbulent lateral momentum 

decreases with depth, such that the downwards transfer of momentum is equivalent to a 

positive acceleration in the +z direction. The longitudinal stress gradient is also 

significant below this depth, indicating that turbulent stress decreases in the +x direction 

and the associated acceleration is therefore positive in the +x direction. As in box 5N, 
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the presence of the w .3v / 3z term in the lowest layer of the box is the result of a 

reduction in the lateral velocity with depth. 

BOX 7N- recorded from high water (HW) + 3 hrs 51 mins to HW + 4 hrs 19 mins 

The primary forcing mechanism in the longitudinal balance of box 7N is the barotropic 

component, which shows that the water surface elevation increases in the +x direction, 

such that the resultant force is directed upstream. This produces a large negative 

acceleration, - v.3u /9y , which shows that the longitudinal flow increases dramatically 

from the Lynher side to the Tamar side of the box, with an average flow of 0.06 m s ' 

accelerating to 0.52 m s"' over the lateral extent of the box. Because the longitudinal 

flow is advected into the area by a positive lateral flow, the acceleration is actually 

negative in that longitudinal velocity decreases in the +y direction. Additionally, the 

temporal acceleration 3u / 3t is also negative such that the magnitude o f the 

longitudinal flow is decreasing as the end of the ebb tide is approached. In conjunction 

with the barotropic term, the longitudinal dynamic pressure also effects an upstream 

acceleration because turbulent stress increases downstream, therefore momentum is 

transferred f rom downstream to upstream. However, the combined magnitude of the 

3u/3t and v .3u/3y accelerations is larger than the combined magnitude of the two 

upstream forces, so that the positive acceleration u.3u / 3x must be included to balance 

the equation. This longitudinal acceleration arises f rom an increase in the longitudinal 

velocity downstream such that its magnitude has more than doubled at the surface and 

tripled at the base of the box f rom the upstream side to the downstream side. 

Considering just this longitudinal acceleration, it cannot have been produced by the 

barotropic term present in box 7N, therefore we can only assume that the acceleration 

was generated outside the area of box 7N, further upstream. This downstream 

acceleration would then be reduced by the barotropic term in box 7N so that the original 

acceleration may have been even larger than that shown by the u.3u / 8x term. In 

general, the spatial variation in magnitude shown by u .3u/3x and v .3u/3y may 

represent a change in direction of the net flow as it passes through box 7N. Thus it 

seems that in this box, the barotropic pressure gradient does not cause a straightforward 

deceleration in the longitudinal flow, as might be expected, but instead effects the 

rotation of an already accelerating flow. 
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In the lateral balance, the lateral flow accelerates f rom being close to zero on the Lynher 

side to up to 0.44 m s"' on the Tamar side, to give the negative v.9v / dy term. This 

acceleration is produced by the barotropic pressure gradient which shows that the 

Lynher side of the box has a higher surface elevation than the Tamar. The lateral 

dynamic pressure present in the near surface layer accelerates the flow in the opposite 

direction due to turbulent stress decreasing along the +y axis. In the lower layer o f box 

7N, the two remaining Reynold's stress terms feature in the balance, and turbulent 

momentum decreases in the +x direction and with depth. 

BOX IS- recorded from high water (HW) + 0 hrs 12 mins to HW + 1 hrs 12 mins 

The absence of a significant baroclinic pressure gradient in the longitudinal balance of 

box IS suggests a reasonably uniform density distribution in the x direction and leaves 

the barotropic component to provide the primary forcing mechanism. The water surface 

elevation decreases in the +x direction such that the resultant force generates a positive 

temporal acceleration in the surface layer of the box. From 4.3 m to 8.3 m depth, the 

v.duldy and w . 3 u / 3 z accelerations are additionally important and show that the 

positive longitudinal flow increases in the +y direction and decreases with depth. 

Whilst the decrease in velocity in the +z direction would normally produce a negative 

w.9u /3z term, the w velocity is directed upwards in this box so that w.3u /3z is 

positive at this depth. In the base of the box, however, w.3u / 9z becomes negative 

because the longitudinal flow increases slightly between 10.8 m and 11.8 m. This 

vertical advection is now balanced solely by the vertical stress gradient showing an 

increase in turbulent stress with depth, which effects a negative acceleration in the +z 

direction. 

In the lateral balance of box IS, there is little acceleration from the surface to about 4.8 

m depth. The water on the east side of the box is denser than water on the west side, 

and from this density distribution arises the baroclinic component which accelerates the 

flow in the +y direction. In the surface layer, this acceleration is almost entirely 

cancelled out by the Coriolis force. At slightly greater depths of about 3 m, the Coriolis 

force is replaced in the balance by the vertical stress gradient, arising from the increase 

in turbulent stress with depth. From 4.8 m to 8.3 m, the vertical stress gradient exceeds 

the baroclinic component so that significant accelerations are produced. The lateral 

velocity on the west side of the box is negative to 6.8 m, after which it becomes smaller 
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and positive. The velocity on the east side of the box is larger and negative so that 

overall a deceleration in the +y direction is produced. The w . 3 v / 3 z term shows that 

negative lateral f low averaged over the whole area is decreasing with depth. In the 

lowest layer of the box, there is again little net acceleration because the baroclinic 

component has increased to a similar magnitude as the vertical stress gradient, and the 

two cancel out. So in general, the force produced from the density gradients within the 

box is balanced with a varying degree of success by the acceleration produced by the 

vertical transfer of turbulent momentum. 

BOX 2S- recorded from high water (HW) + 0 hrs 41 mins to HW + 1 hrs 22 mins 

Throughout the whole depth of box 2S, the barotropic component has a sufficiently 

large magnitude to make it the primary forcing mechanism in the longitudinal balance, 

with the baroclinic component only becoming significant in the deepest 3 m. The water 

surface slopes down in the +x direction to produce the positive accelerations, du / 3t 

and u .9u/9x near the surface. The longitudinal advection term results from a small 

increase in longitudinal velocity in the downstream direction in this surface layer. The 

lateral stress gradient represents an increase in turbulent momentum in the +y direction 

so that the resultant acceleration opposes that produced by the barotropic component. 

At around the mid-depth of the box, the longitudinal velocity is seen to decrease 

downstream, and u .3u /3x becomes negative accordingly. The lateral acceleration, 

v.8u / 9y , increases in magnitude from the surface to 7.3 m then decreases to the base 

of the box. It only plays a significant role in the balance at 6.3 m, when the increase in 

longitudinal velocity in the +y direction gives it a large enough magnitude. Below this 

depth, the temporal and longitudinal accelerations are again the most important but are 

now acting in opposite senses. The baroclinic pressure gradient generates a negative 

acceleration owing to the presence of denser water on the downstream side of the box. 

The two pressure gradients are supplemented by the vertical stress gradient which gives 

an acceleration in the -z direction and the lateral stress gradient giving an acceleration in 

the -y direction. These two Reynold's stress terms show that turbulent stress is higher 

on the west side of the box, and at depth. 

In the surface 6 m of box 2S, the lateral balance shows that no net acceleration is 

produced. This is because various combinations of terms on the left-hand side of the 

equation are cancelling each other out. The barotropic and baroclinic components arise 
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f rom a higher surface elevation and water of a higher density being present on the east 

side of the box, respectively, to produce positive accelerations in the +y direction. 

However, these primary forces are opposed by the Coriolis acceleration and by the 

vertical stress gradient which shows an increase in turbulent stress with depth, and a 

corresponding negative acceleration. Below 6.3 m, the vertical stress gradient is now 

sufficiently large to outweigh the baroclinic gradient and there is now a negative 

v.3v / dy term because the lateral f low is positive on the west of the box and negative 

on the east. In the lowest layer of the box, the vertical stress gradient continues to 

exceed the baroclinic component but now the dominant acceleration is u.3v / 3x , which 

shows that the lateral f low is positive upstream and negative downstream. 

BOX 3S- recorded from high water (HW) + 4 hrs 47 mins to HW + 5 hrs 251 mins 

Considering the longitudinal balance, in the shallower part of box 3S, the acceleration in 

the - X direction produced by the water surface sloping down in the -x direction is 

reduced by the effect of the longitudinal dynamic pressure, representing an acceleration 

along the +x axis. The longitudinal dynamic pressure is sufficiently large to exceed the 

barotropic force such that the resulting longitudinal acceleration is positive and velocity 

increases downstream. At depth, the increase in water density downstream and the 

water surface slope both produce -x directed accelerations. However, the increase in 

turbulent stress in the shallower, upstream water produces +x directed accelerations. 

Whilst the temporal acceleration is negative as a result of the two pressure gradients, the 

remaining three spatial accelerations are positive. The highest longitudinal velocities 

are occurring in the southernmost comer of the survey box (comer D) near the surface. 

In the lateral direction, the decreasing surface elevation in the +y direction produces a 

positive acceleration, u.3v / 3x , in which a small + v f low on the north side accelerates 

across the longitudinal extent of box 3S. The baroclinic gradient also produces an 

acceleration in this direction, but its magnitude is insignificant in the momentum 

balance. At about 4.8 m, the lateral f low on both sides becomes negative and also 

decreases with depth. The stress gradients show that turbulent stress is highest in the 

southernmost corner of the box for the whole of the measured depth, which reduces the 

effect of the barotropic component. 
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6,2,2 Temporal variations in the primary momentum balances 

In this section, the boxes w i l l be grouped together according to their location and the 

day on which they were surveyed. The temporal variations in the momentum balances 

within each group w i l l be assessed, and the reader is referred to the summary of frontal 

evolution during the ebb tide in section 6.1.1, which provides a basis for the fol lowing 

interpretations. 

Boxes IN, 2N, 3N and 4N 

The variation in the longitudinal momentum balance between box I N , surveyed as the 

tide turned, and box 2N, surveyed about 1 hour and 50 minutes later, can be summarised 

as follows: in box I N , the net acceleration is balanced by all three Reynold's stress terms 

and the two primary forces are insignificant, whereas in box 2N, the two pressure 

gradients now drive the net acceleration. In box I N , the longitudinal flow reverses and 

the velocity shear associated with this acceleration is responsible for the three dynamic 

pressure terms. It can be assumed that prior to high water, the upstream longitudinal 

flow was decelerating as a result of the barotropic and baroclinic pressure gradients 

prevailing at the time. The barotropic gradient would presumably have had the same 

polarity as that in box I N , so that the water surface elevation was increasing upstream, 

whilst the baroclinic pressure gradient would be expected to have had a small magnitude 

reflecting the comparatively homogeneous density structure of the water column shortly 

before high water. The resultant deceleration is then enhanced by the turbulent stress 

gradients to the point where the flow reverses, as seen in box I N . By the time box 2N 

was recorded, the longitudinal velocity was directed downstream everywhere in the box, 

and both pressure gradients had increased in magnitude such that they generated the 

longitudinal acceleration. The Reynold's stress terms are less significant than in box 

1N. The change in the longitudinal momentum balance describes the tide turning at 

high water and then accelerating downstream as the ebb tide progresses. 

In box I N , the lateral momentum balance shows that the net acceleration is close to zero 

because the pressure gradients and the turbulent stress gradients all cancel out. By the 

time box 2N was surveyed, there is a small net deceleration which is the result of the 

barotropic component, the Coriolis acceleration and the vertical stress gradient 

outweighing the baroclinic term. This situation arises despite the fact that the baroclinic 

term has increased in magnitude from box I N to box 2N, which suggests that the more 
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homogeneous density structure present at high water is now being reduced, possibly 

because water of differing densities is being advected into the survey box from the 

Lynher and Tamar rivers at this stage in the ebb tide. This assumption is supported by 

the lateral velocity structure, which shows a negative f low on the Lynher side and a 

positive flow on the Tamar side of the box. The Coriolis acceleration has also increased 

from box I N to box 2N as a result o f the temporal acceleration in the downstream flow 

between the two boxes. So, the temporal variation in the lateral dynamics arises 

because the tide is turning in box I N and in box 2N, the onset of the ebb tide means that 

water of differing densities is now being advected into the area. 

The momentum balances from boxes 2N, 3N and 4N are now discussed to give a 

summary of the flow's behaviour in the northern part of the survey grid over the period 

from 1 hour 26 minutes to 2 hours 25 minutes after high water. Firstly, making some 

general observations about the longitudinal balance, it can be seen that whilst the 

barotropic component increases f rom box 2N to box 4N, the baroclinic magnitude 

remains approximately the same. The two dominant acceleration terms (u .3u / 8x and 

w .3u / 3 z ) also increase in magnitude whereas the most significant Reynold's stress 

terms decrease in magnitude from box 2N to box 4N. 

Bearing in mind the flow pattern outlined in section 6.1.1, it appears that each box can 

be divided into two layers. The shallowest layer comprises Lynher river water, in which 

the flow accelerates in the +x direction as well as accelerating temporally. These 

accelerations are produced primarily by the pressure gradient arising from the slope of 

the water surface. In box 2N, the Reynold's stress terms show that turbulent 

longitudinal momentum decreases downstream and with depth in this upper layer. In 

box 3N, only the longitudinal dynamic pressure is significant, and by the time box 4N 

was recorded no turbulent momentum exchanges are included in the balance. Referring 

back to figure 6.28, section 6.1, the Reynold's stress terms indicate that the shallower 

Lynher water is more turbulent than the deeper Tamar water, and also that the turbulent 

stress is higher in the mouth of the Lynher river in comparison to further downstream. 

The lower layer in boxes 2N, 3N and 4N is interpreted as Tamar water, and in this layer, 

the vertical spatial deceleration gradually increases with time to first equal and then 

exceed the magnitude of u.3u / 3x . This increase in w .9u / dz corresponds to an 

increase in the magnitude of the baroclinic pressure gradient such that the longitudinal 
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density gradient is believed to be responsible for the observed vertical deceleration in 

the Tamar water. The baroclinic component shows that the denser and therefore more 

saline water is downstream, as would be expected in a partially-mixed estuary. Again, 

the vertical stress gradient suggests that turbulent stress decreases with depth and hence, 

the Lynher water is thought to be more turbulent. Finally, it is postulated that where the 

two opposing pressure gradients balance each other almost exactly, this may indicate the 

position of the frontal zone between the Lynher and the Tamar. I f the frontal interface 

can be identified in this manner, then the increasing slope of the Lynher water surface 

with time causes the inclined frontal zone to be pushed back in the upstream direction, 

effectively increasing the depth of the Lynher water layer. 

Considering now the lateral momentum balance, the two horizontal accelerations, 

u.3v / 8x and v.3v / 3y , both increase in magnitude from box 2N to box 4N. The 

variation of the w,3v / 3z term is more complex in all three boxes. It is negative in the 

shallowest layer, and then becomes positive at greater depths. However, in box 3N it 

reverts to being negative again at the deepest level. The magnitudes of w.3v / 3z are 

generally smaller than the other two accelerations over most of the depth in all three 

boxes. Unlike the longitudinal case, the magnitude of the baroclinic component 

increases with time, whereas the barotropic component increases f rom box 2N to box 

3N then decreases from box 3N to box 4N. The only Reynold's stress term of 

significance is the vertical su-ess gradient which decreases with time. Initially, in box 

2N, the baroclinic component is larger than the barotropic component, but the converse 

is true for the remaining two boxes. The relationship between the two pressure 

gradients is consequently less straightforward than in the longitudinal balance. 

However, in boxes 2N and 3N, the surface layer, which is again interpreted to be Lynher 

water, undergoes a lateral acceleration produced by the water surface sloping down in 

the -y direction. As the depth increases, the opposing baroclinic component starts to 

generate other spatial accelerations; in box 2N, the + v flow is accelerated along the +x 

axis and this + v flow also increases with depth, such that the deeper downstream water 

flows in the +y direction and the shallower upstream water flows in the -y direction. 

However, in box 3N, the w.3v / 3z term in the lowest layer shows that the + v flow is 

now decreasing with depth. In both boxes, the turbulent lateral momentum increases 
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with depth, such that the deeper westwards f lowing Tamar water is more turbulent than 

the Lynher water. In box 4N, the whole depth of water is accelerated by both pressure 

gradients, and neither force can be said to dominate the balance. This more complicated 

dynamic relationship highlights the fact that the distinction between the Tamar and 

Lynher water is less easy to make here than in the longitudinal balance. However, it still 

seems plausible that the Lynher f low is accelerated mainly by the barotropic component 

and the Tamar f low is more dependent on the baroclinic force. I f we can assume that 

wherever the barotropic magnitude exceeds the baroclinic magnitude, Lynher water is 

present and in the converse situation, Tamar water is present, then it can be seen that in 

box 2N, the change from Lynher to Tamar water (i.e. the frontal interface) occurs at 

about 2.2 m. In box 3N, it occurs presumably deeper than the measured base o f the box, 

as the baroclinic component is approaching the magnitude of the barotropic component 

as the depth increases. In box 4N, the frontal interface is at about 9.8 m. Admittedly, 

this analysis is crude, but it does suggest that the depth of the frontal interface is 

increasing over time which agrees, in principle, with observations made from the 

longitudinal balance. 

Boxes 5N and 6N 

Boxes 5N and 6N were surveyed on the first survey day, unlike the preceding 4 boxes 

which were surveyed on the second day. However, boxes 5N and 6N were surveyed at a 

slightly later stage in the ebb tide than the preceding boxes, and therefore it may be 

possible to infer how the dynamics have developed over this time period despite the lack 

of surveying continuity. 

Considering the implications of the momentum balances in boxes 5N and 6N, the 

longitudinal dynamics here are reasonably similar to those of boxes 2N, 3N and 4N. 

The most notable difference is that the lateral advection v.3u / 3y has increased in 

magnitude and significance in boxes 5N and 6N. However, the two pressure gradients 

have the same polarity as in the preceding boxes and hence the primary forcing 

mechanism is unchanged. Following the same argument used in boxes 2N, 3N and 4N, 

where the barotropic magnitude exceeds the baroclinic magnitude , the presence of 

Lynher water is inferred and in the converse situation the presence of Tamar water is 

inferred. Thus, it seems that the frontal interface between Lynher and Tamar water is at 

approximately 4.2 m in box 5N, whilst the dominance of the barotropic term throughout 
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the whole depth of box 6N suggests that most, i f not all of the box is Lynher water. The 

position of the frontal interface appears to have deepened from box 5N to box 6N which 

agrees with the interpretation offered for boxes 2N, 3N and 4N and is also concurrent 

with the flow behaviour described by figure 6.29, section 6.1. 

The lateral momentum balances for boxes 5N and 6N are very different to the balances 

of the preceding boxes because of the reversed polarity of both the baroclinic and 

barotropic pressure gradients. In boxes 2N, 3N and 4N, the water surface sloped 

downwards f rom the Lynher to the Tamar side of the box, and the Tamar water had a 

higher a density than the Lynher water. In 5N and 6N, the water surface is sloping down 

from the Tamar side to the Lynher side, with the water on the Lynher side being denser 

than water on the Tamar side. This density gradient is the result of water from the 

Lynher being slightly more saline and cooler than the Tamar water, as shown by the T-S 

bridge profiles taken during surveying. The reversal in the polarity of the pressure 

gradients suggests the presence of a wholly different dynamic regime on the day boxes 

5N and 6N were surveyed, compared to boxes 2N, 3N and 4N. An alternative 

explanation is that the reversal in polarity of both the lateral pressure gradients may be a 

typical temporal variation associated with the progressing ebb tide. I f we assume that 

all survey boxes were recorded during the same ebb tide, then given that box 4N was 

recorded from 1 hour 50 minutes to 2 hours 25 minutes after high water, and box 5N 

was recorded from 2 hours 24 minutes to 2 hours 57 minutes after high water, the lateral 

water surface slope must have changed direction in this short time. Likewise, in the 

case of the baroclinic pressure gradient, either intense lateral mixing has re-distributed 

the density within box 5N compared to box 4N, or water of different density has been 

advected into the box in the short time between surveying 4N and 5N. I t is thought that 

both of these scenarios are unlikely to be general features o f a typical ebb tide. 

Therefore, it is postulated that the basic longitudinal dynamic regime is more constant 

over the survey days in question that the lateral dynamic regime. Differences in the 

lateral dynamics are probably the result of variations in tidal range, river inf low, surface 

wind stress and the amount of vertical mixing in both the Lynher and Tamar rivers 

between the two survey days. 
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Box7N 

Because box 7N was surveyed on the third survey day, the question again arises as to 

whether the dynamic regime in the box can be treated as a general feature of a typical 

ebb tide, or whether it is the result of specific conditions in this part of the estuary that 

were prevailing on this survey day. Whereas the water surface slopes in the same 

direction in box 7N as in boxes 2N, 3N and 4N in the lateral balance, the longitudinal 

barotropic gradient in box 7N has reversed polarity. This change f rom a negative 

elevation gradient directed downstream to a negative gradient directed upstream may be 

a feature o f the ebb tide at this time after high water, such that the barotropic gradient 

now serves to reduce the positive longitudinal velocity as slack low water is approached. 

However, this scenario is considered to be unrealistic, and the calculated reversal in 

barotropic gradient is more likely the result of experimental errors. In both the 

longitudinal and lateral case, the baroclinic pressure gradients have diminished in 

magnitude to the extent that a more homogeneous density distribution is present in box 

7N, in comparison to the preceding boxes. As with boxes 5N and 6N, this suggests that 

either mixing is reducing the density gradients in the box, or that the density of the water 

advected into the box has changed, i f we assume that all boxes were surveyed during the 

same ebb tide. Considering now the Reynold's stress terms from both horizontal 

momentum balances, these show turbulent stress decreases with depth. This appears to 

agree with the interpretation offered in section 6.1 that the Lynher water forms a 

buoyant, turbulent jet in box 7N. Additionally, lateral turbulent momentum is higher on 

the northern side of the box and longitudinal turbulent momentum is higher on the 

southern side o f the box. This may be connected with the observations made f rom 

ADCP data earlier that the Lynher water enters the box with a strong eastwards velocity 

and therefore a large lateral flow component, and exits the downstream side o f the box 

with a strong southwards velocity and therefore a large longitudinal flow component. 

Hence the change in direction of the Lynher flow as it traverses box 7N may explain the 

distribution of turbulent momentum. It is postulated in section 6.1.3 that Tamar water is 

entrained into the Lynher jet, and this mixing may be at least partly the cause of the 

more uniform density distribution indicated by the baroclinic pressure gradients. 

Generally, the dynamic regime in box 7N can be adequately explained in terms o f the 
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front evolving into a turbulent, buoyant jet as described earlier, but it may equally be 

attributed to a different set of conditions (i.e. tidal range, tidal current strength, 

freshwater inflow, surface wind stress, water temperature) prevailing on the day o f the 

survey. 

Boxes lSand2S 

Boxes IS and 28 were surveyed from 12 minutes to 1 hour 22 minutes after high water, 

so care must be taken when interpreting the spatial accelerations as these wi l l inevitably 

include an element of temporal acceleration, as was the case in box I N . Examination of 

the u.3u / 3x terms for both boxes reveals that the longitudinal velocity was 

approximately zero on the upstream side of box IS, accelerating to about 0.24 m s'' on 

the downstream side. By the time box 2S was surveyed, the change in velocity between 

the two sides of the box is less pronounced, with the magnitudes both upstream and 

downstream being between 0.22 m s 'and 0.31 ms ' ' . I f the u .3u/3x term is taken to 

be purely a spatial acceleration, then it appears that the tide turns earlier downstream 

than it does upstream. In reality, the upstream side of box IS was surveyed before the 

downstream side, whereas the downstream side of box 2S was surveyed before the 

upstream side. Hence, in box IS the observed acceleration is almost certainly temporal 

because the box was surveyed so shortly after high water. When box 2S was surveyed a 

little later, the acceleration is probably both temporal and spatial. The v.3u / 3y term 

reaches its largest magnitude in the mid-depths of each box and in both cases is larger 

than u.3u /3x . The primary forcing mechanism to generate these accelerations changes 

slightly f rom box IS to box 2S. The barotropic component, representing a downwards 

surface slope downstream, is the dominant force in both boxes, so the longitudinal 

acceleration is effectively driven by the head of water further upstream, as would be 

expected at the start of the ebb tide. The smaller baroclinic component changes polarity 

f rom box IS to box 2S, such that the denser water is present on the upstream side o f box 

1S, and on the downstream side of box 2S. The comparatively small magnitude o f the 

baroclinic component suggests that this region is reasonably homogeneous 

longitudinally, and this again is expected close to the time of high water, although 

longitudinal density differences are becoming greater at depth especially in box 2S. The 

baroclinic component's change in polarity is possibly explained as follows; higher 

density water is advected into box IS through the upstream side but by the time box 2S 
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was surveyed, it has been advected in the +x direction such that it is now present on the 

downstream side of the box. At the base of both boxes, turbulent stress increases with 

depth which is attributed to the frictionaJ forces generated by the river bed. Turbulent 

stress is also higher on the west side of both boxes which may be because the water 

shallows on the west of the box, as the river bank is approached. 

Considering the lateral balance, both the water surface elevation and the density 

decrease from the east of boxes IS and 2S to the west. The lateral surface slope has 

increased from box IS to box 2S and when considered in conjunction with the 

longitudinal barotropic gradient, it can be seen that the northernmost comer of the box 

(comer F) is elevated so that overall, the surface slopes down in the downstream 

direction. The baroclinic magnitude remains the same for both boxes. These two 

primary forces are cancelled out by the Coriolis force and the vertical dynamic pressure 

down to 4.8 m in box IS and 6.8 m in box 2S, such that there is only a net acceleration 

below these depths. This suggests that the ebb tide commences sooner in deeper water. 

All spatial accelerations contain an element of temporal acceleration as described 

earlier, however looking at lateral velocity data from just one side of each box reveals a 

negative flow in the surface and a positive flow at depth. Given the orientation of the y-

axis in relation to the topography of the estuary, it is reasonable to interpret a - v 

component as indicative of a flood current and a + v component as indicative of an ebb 

current. As the shallower and deeper velocities are obviously recorded synchronously, 

this supports the suggestion that frictional effects cause the deeper flow to reverse 

direction earlier than the shallower flow at around the time of high water. Furthermore, 

turbulent stress increases with depth in both boxes which is ascribed to the increasing 

proximity of the river bed. These observations are also concurrent with the 

interpretation made for box IN which was also surveyed close to high water. 

Box3S 

Considering box 3S in terms of the interpretation in section 6.1, both the u and v 

components of flow increase from the northern comer to the southem comer of the box 

and decrease with depth. This accelerating, shallower flow is thought to be Lynher 

water which was accelerated across the northern box of the survey grid in a turbulent, 

buoyant jet in box 7N and continues to accelerate across the southem box of the grid, 

i.e. box 3S. The change from a positive lateral flow at the surface to a negative one at 
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depth is possibly the result of the curvature in the Tamar river, and therefore the change 

in lateral flow is not necessarily indicative of a change from Lynher water to Tamar 

water, as was the case in boxes 2N, 3N and 4N. The two baroclinic pressure gradients 

in box 3S are smaller than those in boxes 2N, 3N, 4N, 5N and 6N but slightly larger 

than those in box 7N. It may be the case that both Tamar and Lynher water was present 

in the northern boxes up to box 6N, but that the bulk of box 7N comprised Lynher 

water, hence the reduction in density differences. Following this argument suggests that 

box 3S may contain both Tamar and Lynher water, and the barochnic components show 

that the denser water is in the easternmost comer of the box. I f the increased density 

indicates Tamar water, its presence in the east of the box seems reasonable given the 

position of the survey grid. The lateral and longitudinal barotropic gradients of box 3S 

show that the eastern comer of the box (comer E) now has the highest surface elevation. 

An explanation for the surface slope may be that the volume of water flowing out of the 

Lynher mouth has at this stage of the tide diminished, such that the surface of the Tamar 

water on the east side of the survey box is elevated in comparison. 

6.2.3 Overview of the dynamics of a generalised ebb tide 

In this section, the variation in the hydrodynamic regime within the survey area in terms 

of the evolution of the Tamar-Lynher front from an initially convergent feature into a 

turbulent, buoyant jet during an ebb tide, will be discussed. To facilitate this, each term 

in the horizontal equations of motion has been depth-averaged for each survey box and 

plotted against the time after high water at which the box was surveyed. The results for 

the northern and southern boxes have been plotted separately, and these results are 

shown in figures 6.34a, b to 6.41a, b. Given that the boxes were surveyed on three 

separate days (see figure 6.33), any conclusions drawn conceming the development of 

the dynamics during the ebb tide will be of a generalised nature. However, an attempt 

will be made to discriminate between hydrodynamic variations which are Hkely to occur 

during every ebb tide, and those which appear to be more the result of changes in factors 

such as river inflow and tidal range over the three survey days. If we start by 

considering the primary forcing mechanism within the survey grid, this distinction is 

relatively easy to make for the barotropic pressure gradient. Figures 6.34a and b show 

that the surface elevation slope across both north and south boxes seems to vary 

predictably in the longitudinal direction during an ebb tide. At or close to high water, 

the surface elevation is approximately constant over the whole survey area. Over the 
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Figure 6,34a Longitudinal and lateral barotropic pressure gradients vs. time 

(northern survey box) 
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Figure 6.34b Longitudinal and lateral barotropic pressure gradients vs. time 

(southern survey box) 
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following two hours, the water surface upstream is becoming gradually more elevated in 

comparison to the water surface downstream. This trend then reverses so that the 

difference in the elevation from upstream to downstream is now decreasing. Between 

three and four and a half hours after high water, the surface elevation gradient again 

becomes zero. Its polarity then changes, such that the downstream water surface is 

elevated in comparison to the upsu-eam surface. It is possible that in the early ebb, the 

seaward flow of water in the lower reaches of the estuary leaves a head of water 

upstream whereas in the later stages of the ebb, the change in surface slope may be 

related to variations in the relative surface slopes of the Tamar and Lynher rivers. If this 

is the case, then the increased surface elevation downstream from about four and a half 

hours after high water may be caused by an increased volume of water exiting the mouth 

of the Lynher river in the form of a jet. The jet flows across the southernmost part of the 

northern survey box, and across most of the southern box, such that a downstream 

increase in surface elevation associated with the Jet is feasible. 

The lateral barotropic gradient varies much less predictably after high water, when the 

water surface elevation is constant over the whole survey area. From about 1 hour 50 

minutes after high water, the general trend in the north of the grid then appears to be an 

increase in the elevation of the Lynher side of the box in comparison to the Tamar side. 

However, boxes 5N and 6N show that the surface slopes in the opposite direction 

between 2 and 3 hours after high water. This reversal in surface slope is considered 

unlikely to be a feature of the generalised ebb tide, and more likely the result of specific 

conditions prevailing on the day on which 5N and 6N were surveyed. 

Addressing Just the positive lateral barotropic gradient, this may arise for similar reasons 

to the longitudinal gradient in the early ebb, i.e. the water downstream starts to flow 

seawards sooner than the water upstream to leave an up-river head of water. Given the 

orientation of the path of the Lynher river in relation to the survey grid, this provides an 

explanation for the positive lateral barotropic term in the early ebb, especially 

considering that the magnitude of both the longitudinal and lateral terms is comparable 

up to about 2 hours after high water. However, a different explanation is required to 

account for the sudden increase in the magnitude of the positive lateral gradient after 

high water plus 2 hours. After this time, it is postulated that the depth of water within 

the survey grid will have reduced to the point where the river bed topography may now 
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have an appreciable effect on the water suiface elevation. The bathymetric chart 

presented in section 6.1, figure 6.31 shows the river bed sloping down from the Lynher 

mouth towards the centre of the Tamar by 6 or 7 metres within the survey grid. At 4 

hours after high water, the average depth of water in the northern box is only about 7 

meu-es, so perhaps the slope in topography is reflected in the slope of the water surface, 

which may explain the large magnitude of the positive lateral barotropic term in the later 

stages of the ebb tide. Additionally, the volume of flow exiting the Lynher mouth may 

have reached its maximum at this point in time which would also explain the barotropic 

term's magnitude. 

The lateral barotropic term in the southern part of the survey grid is negative throughout 

the ebb tide. Shortly after high water, its magnitude is very small indicating a constant 

surface elevation at the start of the ebb. At 5 hours after high water, the surface is 

elevated on the Tamar side of the box in comparison to the Lynher side. From the 

bathymetric chart, it can be seen that the river bed topography in this region is 

reasonably uniform, therefore it is suggested that the volume of water ebbing out of the 

Lynher mouth and flowing down the western side of the Tamar river has diminished in 

comparison to the volume of water flowing down the eastern side of the Tamar, which 

explains the calculated surface slope. 

Generally, it seems that the longitudinal barotropic gradient varies more predictably 

with the progression of the ebb tide than the lateral barotropic gradient, which is 

influenced by the river bed topography and the volume of water flowing out of the 

Lynher river. The effect of this latter factor may also explain why the lateral gradient 

appears to be more sensitive to variations in river inflow and tidal range over the 

combined survey period than the longitudinal term. 

In the case of the other primary force in the equations of motion, it again seems that the 

longitudinal baroclinic pressure gradient varies in a more predictable manner over the 

course of the ebb tide than the lateral term (see figures 6.35a and b). For both boxes of 

the survey grid, the longitudinal gradient is close to zero from high water until about 1 

hour later, after which it becomes positive with an average magnitude of 1 x 10^ m s'' 

until 5 hours after high water, which represents the end of the combined surveying 

period. Hence, at high water, the water within the survey grid has a longitudinally 

homogeneous density structure, which is interpreted to be the result of bottom friction 
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Figure 6.35a Longitudinal and lateral baroclinic pressure gradients vs. time 

(northern survey box) 
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Figure 6.35b Longitudinal and lateral baroclinic pressure gradients vs, time 

(southem survey box) 
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induced turbulent mixing during the flood tide. As the ebb tide progresses, a 

longitudinal density gradient develops such that the denser, more saline water is 

downstream, suggesting that the slower velocities during the ebb tide no longer have the 

necessary amount of kinetic energy required to maintain the degree of longitudinal 

homogeneity seen at high water. 

The lateral baroclinic pressure gradient varies in a more complex manner over the ebb 

tide. Considering the northern part of the survey grid, the pressure gradient is negative 

for the first 2 hours 20 minutes of the ebb tide, and then becomes positive until 4 hours 

after high water at which point it reduces to almost zero. The negative gradient reveals 

that the water on the Lynher side of the box is less dense than the water on the Tamar 

side, which agrees with observations made from T-S bridge data, from which Lynher 

water was identified by its higher temperature and lower salinity in comparison to 

Tamar water. However, boxes 5N and 6N have a positive gradient such that water on 

the Lynher side of the box is now denser than water on the Tamar side. A possible 

explanation for this is the advection of different density water into the survey box from 

both the Lynher and Tamar rivers, which then alters the lateral density distribution 

within the box. Alternatively, it is suggested that the change in polarity of the baroclinic 

term is the result of a change in the general conditions in the estuary between survey 

days. This assumption is supported by preliminary observations made from T-S bridge 

data in chapter 3, in which it was noted that the water column in the region of the survey 

grid was cooler and more stratified on the first survey day, when 5N and 6N were 

recorded, than on the following two. The reduction in the magnitude of the baroclinic 

gradient by 4 hours after high water represents an increase in the lateral homogeneity of 

the density structure in the northern box. This is thought to arise because the Lynher 

water forms a jet which extends across most of the area and all of the depth of the 

survey box. Therefore, there is no longer a contrast between Lynher and Tamar water to 

produce a lateral density gradient. Additionally, mixing by entrainment is occurring at 

the boundaries of the jet, which also serves to reduce any density differences in the 

survey box. 

In the southern part of the grid, the baroclinic gradient is again negative, albeit of a 

smaller magnitude than the gradient in the north. This is similarly interpreted to 

represent less dense Lynher water on the west of the box and denser Tamar water on the 
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east, such that a contrast between the two water masses is still detectable slightly 

downstream of the frontal region. 

To summarise the primary forcing mechanism within the survey grid, longitudinally it is 

provided by the relationship between the negative barotropic term and the positive 

baroclinic term. The barotropic gradient has the largest magnitude so that throughout 

the ebb, the surface slope forces the water to accelerate downstream, overcoming the 

upstream directed force generated by the presence of denser water downstream, which 

agrees with the findings of Parsons (1987). Laterally, it is also the larger barotropic 

gradient that overall dominates the negative baroclinic term to accelerate the flow in the 

north of the grid. Here, the barotropic term is positive and competes with the baroclinic 

term, whereas in the south of the grid, the barotropic term is negative such that it is 

complemented by the other pressure gradient. Both the longitudinal and lateral 

barotropic and baroclinic pressure gradients are practically zero at high water and thus 

any accelerations seen at this time must have been initiated outside the survey area. 

The Reynold's stress terms plotted against time after high water (figure 6.36a, b for the 

longitudinal equation and figure 6.37a, b for the lateral equation) provide an indication 

of how the distribution of turbulent stress varies throughout the ebb tide. Considering 

the terms in the longitudinal equation first, in the northern box the depth-averaged 

8(u'.u')/ 3x values are small and negative from high water to 2 hours 40 minutes later, 

after which they become positive and the magnitude increases dramatically. Hence, in 

the early ebb, longitudinal turbulent stress is slightly higher upstream but in the later 

stages of the ebb, it becomes much higher downstream. The same term in the southem 

box is close to zero in the early ebb and then becomes large and negative by 5 hours 

after high water, such that longitudinal turbulent stress is appreciably higher on the 

upstream side of the box. 

Over the whole survey grid, the depth-averaged 3(u'. v')/3y term is small, indicating a 

uniform lateral distribution of longitudinal turbulent stress. The depth-averaged 

9(u'. w')/9z term is initially positive at high water, in both the north and south boxes. 

In the north, it then fluctuates around zero before becoming large and negative in the 

later stages of the ebb. Similarly in the south, the term becomes negative towards the 

end of the ebb. The implications of the behaviour of all three terms seem to be that the 
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Figure 6.36a Longitudinal Reynold's stress terms vs. time (northern survey box) 
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Figure 6.36b Longitudinal Reynold's stress terms vs. time (southern survey box) 
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Figure 6,37a Lateral Reynold's stress terms vs. time (northern survey box) 
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Figure 6,37b Lateral Reynold's stress terms vs. time (southem survey box) 
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deeper water is more turbulent at or near high water, and this is associated with bottom 

friction inducing more turbulence at depth as the tide turned. Also, by the end of the 

ebb, the distribution of longitudinal turbulent stress strongly suggests the presence of a 

shallow, more turbulent layer extending across the middle of the whole survey grid, i.e. 

in the downstream part of the northem box and the upstream part of the southern box. 

This synopsis fits well with the idea of the formation of a turbulent, buoyant jet of 

Lynher water in the later stages of the ebb. 

In the case of the lateral Reynold's stress terms, both the depth-averaged 3(v'.u')/ 3x 

and 3(v'. v') / 3y terms are approximately zero until around 3 hours after high water, 

when they become negative and increase in magnitude in the northem box. In the 

southern box, both terms are initially close to zero and then become positive as the ebb 

tide progresses. This suggests that by the end of the ebb, lateral turbulent stress is 

highest in the most northerly and southerly comers of the survey grid (comers A and B 

respectively) with a lower level of turbulent stress in the central section of the grid. It is 

postulated that higher lateral turbulent stress is associated with the Tamar water into 

which the Lynher jet flows, with its higher longitudinal turbulent stress. In the northem 

box, the depth-averaged 3(v' .w ')/3z term is positive until about 2 hours after high 

water and then becomes negative. Similarly to the longitudinal case, this suggests that 

the deeper water is more turbulent in the early ebb as a result of bottom friction, whereas 

the presence of the Lynher jet has reversed this turbulence distribution by the end of the 

ebb. In the southem box, the 3(v' .w ')/3z term again shows turbulence increasing with 

depth at the start of the ebb, but it has decreased to zero 5 hours later, suggesting that the 

whole depth of the water column is now equally turbulent. This may be because the 

interface between the turbulent Lynher jet and the underiying Tamar water has deepened 

to the extent that the majority of the southem box is now filled with Lynher water with a 

reasonably uniform lateral turbulent stress distribution. The deepening of the Lynher-

Tamar interface during the course of the ebb tide was suggested eariier in section 6.2.2. 

In both horizontal equations of motion, the Coriolis acceleration is the least important 

term and varies predictably over the ebb tide as the average longitudinal and lateral 

velocities increase (see figure 6.38a, b). Over the whole survey grid, the lateral Coriolis 
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Figure 6.38a Longitudinal and lateral Coriolis accelerations vs. time 

(northern survey box) 

5.00E-05 T 

4.00E-05 + 

3.00E-05 + 

^ 2.00E-05 

l.OOE-05 

I—O.OOElOO* 
•50 

l.OOE-05 

0 
• 

Longitudinal 
Lateral 

Mins after HW 
H h 

50 100 150 200 250 

Figure 6.38b Longitudinal and lateral Coriolis accelerations vs. time 
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acceleration increases steadily from high water, and the lateral Coriolis acceleration is 

initially negative near high water, becoming positive 2 hours later. 

The depth-averaged total temporal and spatial acceleration in both the longitudinal and 

lateral directions is plotted against time after high water in figure 6,39a, b. Again, the 

longitudinal term shows a smoother and more predictable variation over the course of 

the ebb tide than the lateral term. In the northern box, the longitudinal acceleration is 

small and positive at high water, and reaches a maximum positive value 2 hours later. It 

then reduces to zero approximately 40 minutes later, after which it becomes very large 

and negative. Inspection of the component temporal acceleration and the three spatial 

accelerations in the longitudinal equation, which are plotted in figure 6.40a, b, reveals 

that the longitudinal flow is still accelerating in the downstream direction in the later 

stages of the ebb, but it is the combination of a temporal deceleration and, in particular, 

the large negative v.3u / 3y term which causes the total acceleration to change polarity 

2 hours 40 minutes after high water. This v.9u / dy term arises because of the strong 

acceleration in the longitudinal flow across the box from the Lynher side to the Tamar 

side. In other words, it is the spatial acceleration of the Lynher jet which dominates the 

total longitudinal acceleration in latter stages of the ebb tide. A similar development is 

seen in the depth-averaged total lateral acceleration (figure 6.39a) in the northern box. 

The total acceleration is small and negative until 2 hours after high water, after which its 

negative magnitude increases suddenly. The cause of the increase is attributed to the 

v.3v / dy term (see figure 6.41a) which shows that the - v flow on the Lynher side of 

the box is decreasing and the + v flow on the Tamar side is increasing as the tide 

progresses. Considered in conjunction with the v.du/dy term, this effectively 

represents a change in direction of the net flow as it crosses the northern box, and the 

net flow rotation is associated with the increasing strength of the Lynher jet in the 

northern box during the ebb. 

In both the longitudinal and lateral momentum balances, the longitudinal advection 

terms u.3u/3x and u.3v/3x respectively, remain positive throughout the ebb, 

increasing slightly in the latter stages as the jet of Lynher water accelerates down the 

river bed slope. Both vertical advection terms, w.3u / dz and w.9v / 9z, are zero at the 

start and end of the combined surveying period. From about 1 hour 40 minutes to 2 
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Figure 6.39a LongUudinal and lateral depth-averaged total accelerations vs. time 

(northern survey box) 
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Figure 6.40a Longitudinal spatial acceleration terms vs. time 

(northern survey box) 
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Figure 6.41a Lateral spatial acceleration terms vs. time 

(northem survey box) 
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hours 10 minutes after high water, their magnitudes increase. In the longitudinal 

balance, the term becomes negative and in the lateral balance, the equivalent term varies 

from negative to positive and then back to positive in this mid-ebb period. The increase 

of both these terms in the middle of the surveying period represents an increased degree 

of horizontal velocity shear in the vertical direction, which coincides with the 

development of a two-layer flow system in the northern box as the Tamar-Lynher front 

evolves, prior to the onset of the Lynher jet. 

The depth-averaged total accelerations in the southern box (see figure 6.39b) are 

significantly smaller in both horizontal directions than those in the northem box. 

Examination of the three spatial acceleration terms in each equation (figures 6.40b and 

6.40b) reveals that both longitudinal advection terms, u.du 13x and u.8v / 9x , are 

initially zero shortly after high water. They then have a small negative magnitude which 

has developed into a larger positive magnitude by 5 hours after high water. Hence, at 

this later stage both the longitudinal and lateral flow is accelerating downstream such 

that these two terms are now the largest spatial accelerations in their respective 

momentum balances. The lateral advection terms, v.3u/8y and v.3v/3y , are both 

small and negative shortly after high water. The negative magnitude of v.3v / 3y has 

reduced by 5 hours later, whilst v.3u / 3y has become positive because the longitudinal 

flow is accelerating from the Tamar side to the Lynher side of the box, which is the 

reverse of the situation seen in the northem box at around this time. Finally, the 

w.3u/3z is small and positive whilst the w.3v/3z term is small and negative just after 

high water. Both terms have a larger positive magnitude by 5 hours later, such that the 

net horizontal velocity is decreasing with depth. 

For a generalised ebb tide, we can draw the following conclusions from examining the 

acceleration terms. Firstly, there is little spatial acceleration over the whole survey grid 

at and shortly after high water. Approximately 2 hours after high water, the increase in 

vertical shear indicated by w.3u/9z and w.3v/3z marks the development of the 

Tamar-Lynher front in the north of the area, and its associated two-layer flow structure. 

At the end of the ebb, the onset of the Lynher jet is indicated by a large increase in the 

lateral advection of both longitudinal and lateral momentum, i.e. v.3u /3y and 

v.3v / 3y . Considered together, these two terms represent a rotation in the net flow, and 
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this rotation is thought to continue across the boundary between the northern and 

southern boxes so that in the south of the survey grid, the dominant spatial accelerations 

are now u.dufdx and u.3v/3x. 
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6.3 RICHARDSON NUMBER, V E R T I C A L MIXING COEFFICIEIVT AND 

F L U X RICHARDSON NUMBER ANALYSIS 

In this section, the overall Richardson number, the vertical mixmg coeflBcient and the flux 

Richardson number wiU be discussed for each box, and their variation during the ebb tide 

assessed. 

6.3,1 The Overall Richardson Number, Ri and Vertical Mixing Coefficient, £^ 

The overall Richardson number has been calculated for each sUce of every survey box. 

A total mean velocity was determmed for each shce from the sUce-averaged values of u 

and V, allowmg the change in mean velocity with depth to be found. The slice-averaged 

density values for the top two or three sUces, calculated from temperature and sahnity 

measurements, were extrapolated linearly to approximate the change in density with 

depth.. These two depth gradients were then used to find Ri, such that: 

\ dz J 

where p is slice-averaged density, g is gravitational acceleration and VT is the total mean 

velocity. The minus sign usually present on the right-hand side of equation 1 is omitted 

to account for the z-axis in our analysis bemg positive downwards. 

It should be noted that in some slices, the calculated values of Ri are very large because 

the change in V T over the thickness of the slice is very small. These values are discarded 

to allow the use of a reasonable scale when presenting the results graphically. All Ri 

values are presented as depth profiles for each box in figures 6.42a to 6.42j. Given the 

linear nature of the extrapolated density gradients, the variation in Ri within each box is 

primarily attributed to changes in velocity shear and the associated turbulence, rather 

than changes in the degree of density stratification in the water column. This is an 

inevitable consequence of the calculation method and the Richardson number results are 

interpreted with this in mind. 

The depth profiles for the northern survey boxes develop in the following way; in box I N 

(figure 6.42a), in wdiich the tide is turning, Ri is approximately constant with depth, with 

the exception of a maximum peak at 4.3 m depth. This increase in stabihty is the result 

of a more uniform localised flow in the upper part of the water column, such that 
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the flow reversal and its associated increase in velocity shear occurs below the peak m 

Ri, from around 6.3 m depth and below. The depth profiles for boxes 2N, 3N and 4N 

(figures 6.42b, 6.42c and 6.42d) all show high Ri vahies at the surface, which decrease 

from the surface to about 3.3 m and are then constant with depth. This generalised 

profile shape indicates that the near surface flow has a reasonably uniform velocity 

throughout its depth, \\diereas the deeper flow exhibits a higher degree of shear, v ^ c h is 

mterpreted to be ± e result of the fonnation of the frontal interface. I f this is the case, 

then the frontal mterface does not appear at a discrete depth from the Ri profiles; rather 

its presence is mferred from the mcreased velocity shear and turbulence over the depth 

range 3.3 m to 9.3 m Profiles for boxes 5N and 6N (figures 6.42e and 6.420 show very 

much higher Ri values over the whole depth than in the preceding boxes. This is 

interpreted as indicating a higher degree of ambient stratification on the day on which 5N 

and 6N were surveyed, in comparison to the other two survey days. The profile for box 

7N (figure 6.42g) has a similar depth variation to those of boxes 2N, 3N and 4N, such 

that a uniform flow m the surface layer overUes a more turbulent flow with higher 

velocity shear at depth. The transition between the two types of flow occurs at 

approximately 2 m depth. 

Considering the depth profiles for the southern boxes, IS and 2S (figures 6.42h and 

6.42i) both have two distmct maxima m Ri values at about 2 m and 9 m depth for I N , 

and shghtly deeper at 3 m and 10 m for 2N. The profile for 3S (figure 6.42j) also has a 

maximum at approximately 2 m depth, below which Ri remains constant with depth. It is 

postulated that the profiles for IS and 2S represent a two layer flow with Ri values being 

highest in the more uniform flow in each of the two layers, and lowest in the more 

turbulent environment between the two layers. Considering the early stage of the ebb 

tide at which these two boxes were recorded, the two layer flow structure is likely to be 

associated with the flow reversing earUer in the deeper layer than m the shallower layer. 

The mterface between the two layers appears to be centred at approximately 6.3 m depth 

in both boxes. In box 3S, the transition from uniform to more turbulent flow occurs 

between 3 m and 4 m depth. 

Having examined the Ri values for each box, a parameter describing the amount of 

vertical mixmg can be determined followmg the analysis of Munk and Anderson (1948). 

Their work determined empirically the following relationship; 
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Ev = Eo(l + 3.33Ri)-''' (6.2) 

where 8v is the vertical mixing coefiBcient, and 80 is the value of 8v for a flow with 

neutral stability. From equation 6.2, the parameter ZjEo can be found for each depth 

slice, and the results are presented as depth profiles for each box m figures 6.43a to 

6.43j. As expected, these profiles are closely and inversely related to the Ri depth 

profiles (figures 6.42a to 6.42j). Thus, m I N (figure 6.43a) the highest level of vertical 

mixing occurs at 9.3 m, near the base of the water column and is probably caused by the 

proximity of the river bed and the resulting fiiction-induced turbulence. In boxes 2N and 

3N (figures 6.43b and 6.43c) SjZo is small at the top and the base of the water column 

with a maximum in between, which is associated with the formation of the Tamar-Lynher 

fi-ont. Peak vertical mixing occurs at between 6 m and 7 m, \^^ch provides a good 

indication of the average depth of the fi-ontal interface at this point in the ebb. In boxes 

4N and 7N (figures 6.43d and 6.43g), ZjZo has increased by, on average, an order of 

magnitude in comparison to 3N. The general shape of the profiles has also changed such 

that &v/Bo starts to increase fi'om 4 m depth in 4N and 1 m depth in 7N. It seems that 

fi^om I N to 7N, the water column is becoming gradually more tiu-bulent, such that in 7N 

the majority of the water depth has a high vertical mixing coefBcient. This is consistent 

with the onset of the turbulent jet of Lynher water, which has been previously discussed 

and v\^ch dommates the hydrodynamics in box 7N. Boxes 5N and 6N (figures 6.43e 

and 6.43f) have thus far been omitted fi'om this discussion. This is because the vahies of 

8v/8o are very small in both boxes over the v^ole of the water depth, and whilst this may 

indicate a genuine reduction m the vertical mixing coefficient, the observed change m the 

ambient stratification on this survey day will aker the value of 80, such that no 

conclusions can be drawn about vertical mixing m these two boxes. 

In the southern part o f the area, values of E^JEq are small in IS and 2S (figures 6.43h 

and 6.43i) increasing dramaticaUy in 3S (figure 6.43j), such that the effect of the Lynher 

jet extends over the entire survey grid in the late ebb. 
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Figure 6.43/ Ev/EO vs. depth, box 6N 
CO 

8 
d 

Q I O 
o d 

% 
o 
d 

• • • i» » • : 
OJ NO 00 O CN 

Depth (m) 

Figure 6.43g Ev/EO vs. depth, box 7N 

d 

o 

O -L 
d 

• • 

O <N 
—r-

so 00 O 

Depth (m) 

Figure 6.43h Ev/EO vs. depth, box IS 

O T 
O 

o 
d 

o 

O «N ^ ^ 00 O (N 

Depth (m) 

Figure 6.43i Ev/EO vs. depth, box 2S 
o 
d 

Q g 

t2 ̂  

in 
d 

O CN ^ \0 00 O <N 

Depth (m) 

Figure 6.43j Ev/EO vs. depth, box 3S 

• 

5 

O 
d 

• 
{• h 

O ô 
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Considering both the Richardson number and the vertical mixing parameter together, it 

appears that the development of the flow within the survey area occiu's in several distinct 

stages over the ebb tide. Initially, as the tide turns, a uniform flow overUes a more 

turbulent flow, and the turbulence is interpreted to be the result of both bed-induced 

friction, and a non-synchronous flow reversal throughout the depth of the water colimm. 

Then, in the early stages of the ebb, the low tidal velocities allow the formation of two 

separate, uniformly-flowmg layers \ \^ch are separated by a layer of more turbulent flow. 

The upper layer of imiform flow is interpreted to be Lynher water, the lower layer is 

Tamar water and the turbulent, mtermediate layer is thought be the frontal interface. 

From one hour forty mmutes afler high water onwards, the evolution of the intermediate 

turbulent layer dominates the dynamic regime. Initially, the turbulence appears to erode 

the underlymg region of more uniform flow, and this process may be assisted by the 

mcreasing tidal flows generating more turbulence at the base of the water column, near 

the river bed. By two hours after high water, the more uniform layer of Tamar water 

has been eroded away completely so that the water column now comprises an upper, 

uniform layer of flow, below which the region of high turbulence and increased vertical 

mixing extends right to the base of the water column. By the late ebb, the turbulence has 

now eroded the upper uniform layer, so that the majority of the water depth now has a 

low Ri value and a high 8v/8o value. Only the uppermost metre of the water coliunn 

still has a very shghtiy more uniform flow structure. 

Exammation of the vertical density gradients for each box over the wliole survey grid 

shows a gradual decrease in dp/dz from high water to about 3 hours later, where it 

reaches a minimum value before increasing slightly as low water is approached. Thus it 

seems that there is a higher degree of stratification at the start of the ebb which is then 

mixed away as the ebb progresses. This is the converse of the generaUsed situation in 

estuaries, where a mbced water column at high water gradually becomes more stratified 

during the ebb. Therefore, it seems that the turbulence caused initially by velocity shear 

at the frontal interface and sustained in the form of the Lynher jet, serves to reduce the 

stratification during the ebb tide, effectively suppressing the more usual development of 

estuarine stratification as the tide ebbs. However, the e?q)ected increase in stratification 

is seen right at the end of the combined survey period from 5 hours after high water 

onwards. 
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6,3.2 Flux Richardson number Analysis 

For each of the four sides of every depth slice, two flux Richardson numbers have been 

calculated, one usmg longjtudmal velocity data and the other usmg lateral velocity data. 

In order to calculate flux Richardson numbers, the vertical eddy diffiisivity and viscosity 

must first be found. Considering first the eddy viscosity, this parameter describes the 

relationship between the Reynold's stress and the mean velocity gradient. With velocity 

data divided into three orthogonal components, there are nine dififerent Reynold's 

stresses vAuch can be calculated, however, we are primarily interested in the exchange of 

momentum by turbulent stress in the vertical direction. Hence, for each side of a depth 

slice, the following two equations were appUed to find two vahies of eddy viscosity, Nm 

and Nzv: 

-(ZW)=-N^ (6.3) 

- ( ^ = N . v ( ^ J (6.4) 

The Reynold's stresses are calculated from the turbulent fluctuations of longitudmal and 

vertical velocity m equation 6.3, and from the turbulent fluctuations in lateral and vertical 

velocity m equation 6.4. For each of the four sides of a survey box, depth profiles of the 

mean longitudinal and lateral velocities were plotted from the u and v values for each 

sUce. The profiles were mterpolated to give new values for u and v at the top and base 

of each sUce, allowing ^ / ^ ^ ^^dz ^® found for each sUce. 

The eddy diffiisivity coefficient, Kz relates the Reynold's flux to the vertical gradient of 

salinity and this coefficient can only be found in the top two or three shoes of the survey 

box v^ere salmity data is available. The following equation was appUed to each side of 

the top two or three shces; 

- K S = ) = K . ( 9 ^ (6.5) 

The Reynold's flux on the leil-hand side is calculated from the turbulent fluctuations in 

vertical velocity and salinity, and the depth profile of mean salinity was used to find the 

mean salinity gradient across the Im thickness of each sUce. 

Having found two eddy viscosities and an eddy diffusivity for each side of the top two or 

three depth slices, two flux Richardson numbers are calculated as follows; 
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Riu and Riv denote Richardson numbers calculated for each depth slice using slice-

averaged values of u and V respectively instead of the total mean velocity V T used 

previously in section 6.3.1. Thus, the two flux Richardson numbers are eflfectively 

expressing the fraction of the available kinetic energy from either the longitudinal or 

lateral flow which is used to mix the fluid, and thus becomes potential energy associated 

with the change in stratification. Values of Riu, Riv, Nni, N̂ v, Kz, Rfii and Rfv for each 

side of each depth slice are presented in table 7 of the appendix. 

Both the eddy viscosities and the eddy difrusivity should have positive values to be 

meaningfiil in terms of the physical processes they represent. This is because at any point 

in the flow, the Reynold's stresses and the Reynold's flux vidll, on average, have the 

opposite polarity to the mean gradients of either velocity or salinity respectively. 

Hence, all calculated values of Nzu, Nzv and K j should be positive. As the results in table 

7 (appendix) clearly show, this is not found to be the case in our analysis. Only 45% of 

the Kz values, 41% of Nzu values and 69% of Nzv values are positive. 

Initially, it was hoped that these results could be used to perform a similar analysis to 

that imdertaken by Linden (1980) in vMch the flux Richardson numbers are plotted 

against the overall Richardson numbers, for laboratory observations. However, not only 

are the eddy diffiisivity and viscosity results disappointing, but it is obvious from the 

definition of the flux Richardson niunber that this parameter cannot be greater than one. 

For our results, it was foimd that only 25% of Rfii values and 23% of Rfv values are less 

than one. In both the longitudinal and lateral directions, only about 10% of the total 

number of depth sUces had meaningful values of the flux Richardson number, eddy 

diffiisivity and viscosity, and thus it was considered to be statistically invahd to apply 

Linden's Rf versus Ri analysis to this data-set. 

Despite finding that the flux Richardson numbers m our analysis are, for the most part, 

erroneous, an attempt has been made to find the critical flux Richardson number, Rfc, for 

the longitudmal and lateral data sets. Followmg the work o^ originally, ElHson (1957) 

and more recently Odd and Rodger (1978), K/N^a and Kj/Nzv are plotted against Riu and 
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Riv respectively. Ellison stated that as Ri mcreases, Rf increases to a maximum vahie, 

Rfc, and KJN^ decreases fi-om imity and tends towards zero. The parameter Rfc 

expresses the maximum fi-action of the turbulent energy generated by internal shearing 

which is available for mcreasing the potential energy of the flow. In oiu" analysis, for 

both horizontal directions, only those depth sUces with positive values of Kz and or 

Nzv, and with Richardson numbers (Ri, or Riv) of less than 1000 were including, 

substantially reducmg the size of the data sets. The graph ofKJN^ vs. Riu is presented 

in figure 6.44 and Kz/Nzv vs. Riv is in figure 6.46. 

Figure 6.44 

K r / N t n V S . Riu 
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Rl< 

Considering first the longitudinal results, the data points on the graph He along a curve 

which has a similar shape to those plotted by EUison for varying values of Rfc and shown 

in figure 6.45. 

161 



Figure 6.45 Ellison's curve ofK^^ vs. Ri 

(from Odd and Rodger, 1978) 

However, the values of Kz/Nn, decrease from 0.3 m oiu" data, as opposed to 1 in 

Ellison's work, and no Riu values of less than 1 were found in oiu* analysis, so that a 

direct conq)arison between the two sets of results is impossible. It can be seen that 

Kz/Nzu does appear to tend towards zero though, as predicted. Whilst the limited 

number of data points on the Kz/N^u vs. Riu graph prevents a direct comparison, the 

general shape of the graph and the magnitudes of the values plotted are similar to results 

obtamed by Parsons (1987) from data collected during his survey in this part of the 

estuary during the ebb tide. The graph of Kz/Nzv vs. Riv in figure 6.45 has no 

relationship to the work of Ellison whatsoever. 
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Figure 6.46 

Kx/N.v vs. Ri, 

t 0.4 

900 

It is possible that the dynamics in the lateral direction are more varied and complex than 

this analytical approach allows for. 

From his results, EUison derived the following relationship; 

1 

K z = N , -
iN^jlRfc. 

UJ 
(6.8) 

It should be noted that in his work, EUison actuaUy used the momentum and solute 

mixmg lengths mstead of the eddy viscosity and diffiisivity. However, as the ratio of the 

solute mixing length to the momentimi mixing length is equal to the ratio of eddy 

diffiisivity to eddy viscosity, EUison*s original equation is equivalent to equation (8). 

This has been used to determme a value of Rfc in both horizontal directions, for the sake 

of completeness, fi'om each of the data points plotted in figures 6.44 and 6.45. The 

average value of Rfc m the longitudinal dhection is 0.36 and in the lateral direction is 

0.41. These values are considerably higher than EUison's, who found Rfc to be 0.15, and 

very much higher than Odd and Rodger's value of Rfc which is 0.08. Our results, which 

are obviously mconclusive, appear to suggest that a larger fraction of turbulent kinetic 

energy can be used to increase the potential energy of the flow than previously thought. 
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and that the energy transfer in our particular dynamic system is apparentiy more efficient 

than that found by previous authors. I f this is mdeed the case, then it impUes that less 

kinetic energy than e?q)ected is being used to produce internal waves wdiich are 

eventually dissq)ated by viscous effects, and thus more energy is available to mix the 

fluid. Internal waves require a sharp density interface along which to propagate, and it 

may be that the density interface within our survey area is not sufficientiy well-defined. 

Although in terms of the flow direction, there are two layers certainly m the early stages 

of front formation, the density contrast between these two layers may not be large 

enough to allow internal wave generation. Also, turbulence appears to mix away what 

littie contrast there is fairly rapidly m the early to middle stages of die ebb tide, and hence 

i f internal waves cannot form, more turbulent kinetic energy becomes available to mix 

the fluid, which is a possible explanation for the high Rfc values. Alternatively, because 

both of the layers identified in our survey appear to become increasingly turbulent as the 

ebb tide progresses, this may explain the high Rfc values. In EUison's work, only one 

layer was turbulent and it seems reasonable that the mixing efficiency would be increased 

in the presence of two turbulent layers in comparison to the efficiency determined for 

only one turbulent layer. 
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C H A P T E R ? 

CONCLUSIONS AND F U T U R E W O R K 

Before drawing any conclusions from the work conducted during this project, it should 

be noted that several equipment and logistical problems have reduced the overaU 

reUability of the results. The accuracy of the ETS results are particularly questionable 

owing to the fact that so many of the thermistors were faulty, and data from those 

thermistors which were fimctioning were considerably degraded by electronic noise. The 

ADCP results are generally more reUable, although having to use navigation data from a 

separate heading sensor may have introduced errors mto the data set. During the period 

of detailed surveying, it was not possible to conduct a con^lete and continuous survey 

of one w^ole ebb tide, for various logistical reasons. Given that the aim of the project 

was to examine frontal evolution during an ebb tide, the fact that the fieldwork was 

mterrupted produced a data set which was far from ideal. However, as the major part of 

± e fieldwork was conducted on three separate days, some conclusions can be drawn 

about the extent to which variable background conditions affecting the survey region of 

the estuary appear to influence the evolution of the front and its dynamics. Bearing this 

in mind, most of the conclusions that have been reached can only be considered as an 

approximate indication of what may be happenmg during the course of a generahsed ebb 

tide, based on the available data. 

7.1 BACKGROUND CONDITIONS W I T H I N THE SURVEY AREA 

I . There is a seasonal variation in temperature m the region of the Tamar-Lynher 

confluence of over 10°C, with the coldest ten^eratmes in January and the warmest in 

August. Sahnity is generally higher during the summer months than during the wmter. 

i7. The degree of stratification in this region of the estuary also varies seasonally, 

with high run-ofif during the winter increasing the stratification in con:q)arison to more 

homogeneous conditions during summer. On a shorter time-scale, periods of 

anomalously high rim-off are seen to stratify the water cohumi to a greater extent than 

expected from a consideration of just the seasonal variabihty m stratification. 

Hi. During the three detailed surveys, temperature and sahnity differences across 

± e Tamar-Lynher front were shght, with the Lynher water bemg warmer by 0.05°C to 
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0.1°C and more saline by up to l7oo than the Tamar water. The Lynher water column 

was also marginally more stratified than the Tamar water cohmm. 

7.2 EVOLUTION OF THE FRONT AND ITS CHARACTERISTICS 

I . The evolution of the fi'ont m the region of the Tamar-Lynher confluence 

appears to occur m two stages, the first being the formation of a convergent interface 

between south-westwards flowing Tamar water and south-eastwards flowing Lynher 

water. This phase commences approximately 1 hour 30 minutes after high water and 

continues until about 3 hours after high water. In the second stage, from 3 hours after 

high water onwards, the convergent front is pushed south-eastwards, fiirther out into the 

Tamar river and evolves into a jet which extends across most of the detailed survey area. 

The initial convergent front then forms the northernmost boundary of the jet with a 

second, less distinct front delineating the southernmost boundary. 

iV, During the first stage of frontal evohition, the interface between the two water 

masses is almost horizontal, being inchned by only about 6°. The marginally denser 

Tamar water forms a wedge underlying the Lynher water. 

I I I . During the second stage, the fronts on both the northern and southern 

boimdaries of the jet have an orientation which is now closer to vertical than horizontal 

such that the Lynher water now extends from the surface down to the river bed, within 

the jet. As the tide ebbs and the depth of the water column is reduced, the jet becomes 

increasingly constrained by the river-bed topography, with the position of both boundary 

fronts being approximately described by the 10 m depth contour. Flow within the jet 

itself is accelerating south-eastwards down a slope in the river-bed topography. 

iV. The vertical velocity averaged over the area of the survey grid and calculated 

from a consideration of continuity, is directed downwards m the northem half of the grid 

which is consistent with the down-welling expected at the convergent front formed in the 

early part of the ebb tide. The average vertical velocity increases initially as the 

convergent front becomes better estabhshed, but then decreases as the front evolves into 

a jet and down-welhng is reduced. In the southern half of the grid, the average vertical 

velocity is smaller and directed upwards throughout the ebb tide. It is possible that the 

influx of water into this part of the survey grid from the south-easterly flowing jet 

generates a slight up-welling in this region. 
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V. The cross-frontal transport of both water and salt across the northern 

boundary front is directed from the Tamar mto the Lynher jet, via entrainment by 

mterfecial waves. From the few estimates of entrainment velocity that have been 

obtained, it seems that the cross-frontal transport mcreases as the initial convergent front 

develops mto a jet. Across the weaker, southern boundary front, the transport of water 

and salt appears to be less con^ared with the northern boundary, and here the transport 

is dhected out of the Lynher jet back mto the surrounding Tamar water. It is postulated 

that this transport may be explained by the presence of eddies along the southern 

boimdaiy of the jet, a phenomenon which has been observed in laboratory studies of jets 

discharging into a cross-flow. 

7.3 THE M O M E N T U M BALANCE 

/. During the three detailed surveys, the longitudinal dynamics within the area 

vary m a more predictable manner throughout the ebb tide than the lateral dynamics, 

\^iiich are thought to be more susceptible to the mfluence of temporal changes in tidal 

range and river inflow. 

I I . At high water, there are no primary forces acting either longitudinally or 

laterally, such that the initial velocities seen at this time must have originated outside the 

survey area. Longitudinally, the flow is accelerated downstream primarily by the 

pressure gradient arising from the slope of the water surface, and it is resisted by the 

upstream-directed force arismg from the density distribution. Hence, the longitudinal 

dynamics are characterised by the conq)etition between the barotropic and barocUnic 

terms. Laterally, the situation is more complex, but again the flow is primarily 

accelerated by the barotropic term It should be noted that the complexity m the 

variation of the lateral dynamic balance is possibly due to an inadequate assessment of 

the ciuvatiue term in the equation of motion. 

I I I . In the early stages of the ebb tide, turbulent stress increases with depth owing 

to fiiction effects at the river bed. Longitudinally, there is a reasonably homogeneous 

density distribution within the survey area, as evidenced by the small barochnic gradient. 

Laterally, the advection of less dense Lynher water and denser Tamar water into the two 

sides of the survey area promotes a comparatively larger lateral barocUnic gradient. 
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iv. Approximately 2 hours after high water, there is a marked mcrease m the 

vertical shear m horizontal velocity associated with the development of the near-

horizontal frontal mterface between Tamar and Lynher waters. 

V. A two-layer flow structure has now developed in v ^ c h the Lynher water 

overlies the Tamar water. In both the longitudinal and lateral directions, the Lynher flow 

is primarily accelerated barotropically, whereas the Tamar flow is mainly accelerated by 

the baroclmic force. The barotropic and barochnic pressure gradients produce forces 

which oppose each other, and the depth at which these two forces cancel each other out, 

such that there is no net primary forcmg mechanism, is interpreted to be the depth of the 

frontal interface. 

vi. From 2 to 3 hours after high water, a comparison of the magnitudes of the 

barotropic and barochnic pressure gradients suggests that the depth of the frontal 

interface is increasing with time. Turbulent stress is now decreasing with depth, such 

that the overlymg Lynher water is more turbulent than the imderlying Tamar water. 

viV. At approximately 3 hours after high water, the two-layer flow structure has 

now been replaced by a turbulent, buoyant jet of Lynher water across the area. Lynher 

water now extends from the surface to the river bed throughout most of the survey grid, 

and turbulent stress is highest near the surface within the jet. 

viVi, Generally, the level of turbulent stress in the water column (w^ch is now 

predominantly Lynher water within the survey area) has increased considerably from high 

water. Mixing by entrainment at the boundaries of the jet is occurring such that lateral 

differences m density between Lynher and Tamer waters are now reduced, and there is a 

corresponding decrease in the magnitude of the lateral barochnic term 

ix. Towards the end of the ebb tide, the formation of the Lynher jet results in 

large spatial accelerations in both the longhudinal and lateral directions vMch represent a 

rotation in the net flow of the jet, from having a large eastwards velocity conq)onent as it 

enters the survey area in the north, to having a dominantly southwards component as it 

exits the survey area in the south. 

jc. Classically, river flow is forced barotropically, the flow m coastal seas is 

forced barochnically and estuarine flow is forced by both barotropic and baroclinic 

pressure gradients. Thus, perhaps it can be said that the dynamics of the Lynher flow are 

more 'riverine'm nature than those of the Tamar flow. I f this is the case, then we would 
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Qxpect the Lynher flow to be particularly influenced by variations in fresh water nm-off 

Given the orientation of the survey grid with respect to the topography of the Lynher 

river, it seems feasible that the lateral dynamics in the survey area are strongly affected 

by the behaviour of the Lynher flow. As this flow appears to be more sensitive to 

variations m run-off than the Tamar flow, this provides a possible explanation for the 

mconsistent behaviour of the lateral dynamics in comparison to the longitudmal 

dynamics, during the three days of detailed surveymg. Additionally, variations m other 

factors such as tidal range and wind stress may also be responsible, all of wliich will 

affect the formation and behaviour of the front. From his work in the region of the 

Tamar-Lynher confluence. Parsons (1987) also postulates that mixing, river discharge 

and tidal range may strongly mfluence the structure and dynamics of the front. 

7.4 M I X I N G 

/. From Richardson number and vertical mixing coefficient profiles, the flow 

structure and mixing regime within the survey area can be seen to develop in several 

distinct stages during the course of an ebb tide. 

I I . As the tide turns, a uniform flow overUes a more turbulent flow, where the 

turbulence is beUeved to be the result of bed-mduced fiiction, and internal velocity shear 

associated with a non-synchronous flow reversal throughout the depth of the water 

column. 

I I I . In the early stages of the ebb, a two-layer flow structure evolves in which the 

upper layer is interpreted to be Lynher water and the lower layer is interpreted as Tamar 

water. These two uniformly-flowing layers are separated by a region of more turbulent 

flow thought to represent the frontal interface. 

I V . From I hour 40 mmutes afler high water, the intermediate turbulent region 

expands such that initially, the turbulence erodes the underlying layer of uniform flow, 

assisted by mcreasing tidal currents generating more turbulence at the base of the water 

column, due to bed fiiction. By 2 horn's afler high water, the more uniform layer of 

Tamar water has been eroded away conq)letely. 

V. By the late ebb, the turbulence has now eroded the upper uniform layer, such 

that the majority of the water depth now has a low Richardson number and a high 
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vertical mixmg coefficient. This stage of the flow development represents the 

estabhshment of the Lynher jet. 

vi. Consideration of the vertical density gradients shows that there is a higher 

degree of stratification at the start of the ebb v ^ c h is then mixed away as the ebb 

progresses. The classical situation in estuaries is that a mixed water column at high water 

gradually becomes more stratified during the ebb, thus it seems that turbulence induced 

by velocity shear at the frontal mterface and sustained by the Lynher jet suppresses the 

expected development of stratification as the ebb tide progresses. 

viV. Results from the flux Richardson number analysis are inconclusive. 

However, the estimate of the critical flux Richardson number is higher than expected 

from previous work by various authors. Possible explanations are that there is an 

insufficient density contrast in the water column to allow the formation of mteraal waves, 

hence more kinetic energy is available for mixing. Alternatively, it may be that previous 

experimental work was conducted with one uniform layer and one turbulent layer, 

whereas in our case, both layers rapidly become turbulent, which may account for the 

discrepancy between values of the critical flux Richardson number. 

In terms of the classification of estuarine fronts reviewed m chapter 1, the Tamar-Lynher 

front cannot be easily categorised. The first stage of the front's development is perhaps 

best described as a phune front (section 1.2.1) in vAAch the less dense Lynher water 

spreads out and flows over the denser Tamar water. The dynamics of a phune front are 

observed by Bowman (1988) to be controlled by surface pressure gradients, interfacial 

fiiction and entrainment. Given that the Lynher flow is accelerated barotropically, and 

turbulent stress is highest at the frontal interface, describing the first stage of the front as 

a plume front seems reasonable. The second stage in the front's development is perhaps 

better described as a turbulent jet rather than a front; however the boundary of the jet 

does have some similarities to a tidal mixing front (section 1.2.2) in that it separates the 

more turbulent Lynher water with its increased vertical mixing, from the less turbulent 

Tamar water. 
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7.5 RECOMMENDATIONS FOR FUTURE W O R K 

This thesis has attempted to describe and quantify the structure and dynamics of the 

Tamar-Lynher front throughout its development during an ebb tide. Recommendations 

to improve the work conducted for this project will be described, followed by a summary 

of suggestions for ftiture work arising from the conclusions of this thesis. 

I . Perhaps the most obvious in:Q}rovement would be to obtain a more complete 

and reUable set of tenq)erature results from the ETS. The front should also be surveyed 

continuously from high water to low water in order to make a more comprehensive 

assessment of its evolution and behaviour. 

/ i . Given that the density within an estuary is predommantiy controlled by the 

sahnity, measurements of both the fluctuating and time-averaged components of salinity 

over the area of each side of the survey grid would allow the equations of continuity and 

motion to be calculated more accurately. 

Hi. Wherever possible, the time taken for one box to be surveyed (usually 

between thirty and forty minutes) has been accounted for in the analysis and 

interpretation of results. Ideally, a more truly synoptic approach to surveying would 

permit a better resolution of the dynamics operating at various stages throughout the ebb 

tide. As such, using two or more research vessels to complete each box of the survey 

grid would significantly reduce the surveying time and in^rove accuracy. 

iv. The ambient temperature and salinity characteristics within the survey region 

could be better defined using continuously recording instruments mounted on fixed 

moorings at each comer of the survey grid. 

V. Drogue-tracking or dye-release e?q)eriments m the survey region would 

provide information on the pattern of surface convergence at the front. Additionally, the 

stream-lines determmed from, for example, a drogue-tracking experiment would allow a 

far more accurate assessment of the curvature term in the lateral dynamic balance to be 

made. 

As mentioned earher, whilst the surveying strategy in this project was not ideal, it has 

mdicated that the evolution and dynamics of the Tamar-Lynher front may vary from day 

to day, dependmg on factors such as river inflow, tidal range, ambient temperatiu*e, 

salinity and stratification and wind surface stress. The lateral dynamics m particular seem 
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to be mfluenced by variations in these factors, whereas indications are that the 

longitudinal dynamics are more 'robust' and less variable. Hence an e?q)eriment designed 

to concentrate more exclusively on determming the lateral dynamic regime across the 

front for a range of tidal and run-ofl* conditions, would lead to a better understanding of 

the relationship between the general conditions in the estuary and the formation of the 

front. 
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Figure 3a V T . S vs. time after high water, 20.04.94 
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Figure 4a Average vertical salt flux vs. 
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Tnhlp 1 Excess/deficit volume fluxes for boxes traversing the front 
+ = volume flux excess, - = volume flux deficit 
Box 2N Volume flux in Volume flux in Box 4N Volume flux in Volume flux in 

Slice Volume A (m^ s'*) Volume B (m^ s') Slice Volume A (m** s**) Volume B (m^ s'*) 

0 -99.3 -1508.9 0 2.7 -1984,9 

1 56 -1.1 1 55.1 80.3 

2 43.5 326.9 2 80.6 677 

3 108.1 -246.9 3 37 -65.1 

4 48.2 350.2 4 50,5 347 

5 70.2 70 5 67.2 -171.5 

6 52.2 240.3 6 48.2 902.1 

7 83.3 103.3 7 33 56.1 

8 46.2 -241.6 8 51.2 184.9 

Box 3N Volume flux in Volume flux in Box 4N Volume flux in Volume flux in Volume flux in 

Slice Volume A (m^ s"') Volume B (m^ s"') Slice Volume 1 (m^ s"̂ ) Volume 2 (m^ s*) Volume 3 (m^ s"") 

0 -183.5 -1370.3 0 -295 -2048.7 -603.3 

1 77.3 71.3 1 -38.8 80 175.8 

2 164.5 419.5 2 -37.6 -11.6 95.2 

3 67.4 -193.8 3 -102.1 88.2 278.2 

4 92.7 422.1 4 51.8 399.4 308.8 

5 98.6 155.8 5 14.6 99.5 1.2 

6 89 482.9 6 
7 16 115.5 
8 51.8 -117.8 



Figure 5a u vs. time after high water, 20.04.94 
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Figure 5b v vs. time after high water, 20.04.94 
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Figure 6a u vs. time after high water, 22.04.94 
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Figure 7a u vs. time after high water, 25.04.94 
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Table 2 Loneitudinal equation of motion i 1 
t 

Box I N ( lU/dt |U.dU/dx V.dU/dy VV.dU/dz 1/dcns.dP/dx elev/dx If.V ld/dx(u'.u') i/dy(u".v') i/dz(u'.w') 

Slice ( 
i21 1 -
m s"*) i ( m s ' ) m s ' ) m s ' ) i(m s ' ) ( m O 

0 4.79E^5i -2.74E-05 6.23E-06 O.OOE+00 -5.25E-06 -5.59E-06I I.07E-06 -2.75E-06 -l.21E4)5 O.OOEiOO 

1 4.79E-05! -2.74E-05 6 . 2 3 E ^ -2.39E-06 .8.16E-06 -5.59E-06I 1.07E-06 -2.75E-06 -1.21 E-05 5.30E-O6 

2 4.79E-051 -2.i3E-05 9.66E-06 -1.82E-06 -LOSERS -5-59E^I 5^2E-08 -3.46E-05 -6.33E-06 2JOE-05 

3 
dl 

4.79E-05! -2.38E-05 I.42E-05 9.54 E-08 -1.23 E-05 -5.59E-06i lJIE-06 .3J7E-05 -1.59E^5 3.04 E-05 3 
dl 4 7gR4)5: -2.36E^5 3.96E-06 3.90E-O6 -I.49E-05 .5.59E-061 2.07E-06 -3.44 E-05 -2.15E-05 4.64 E-05 

<;l 4 79E^5! -I.58E-05 -5.99 E-06 9.00E-O6 -I.73E-05 -5.59E-06! I.31E-06I -3.10E-O5 -IJ5E-05 3J5E-05 

6 4.79E-05i -1.87E-05 -3.94 E4)6 I.62E-05 .1.96E-05 -5.59E-06I 1.84E-06 -3.90E-O5 -1.90E^5 4.35E-05 6 
4.79E-05! -2.I8E-05 .2.92E-06 2J8E-05 -2.20E-O5 -5.59E-06i 9.I3&07 -3.85 E-05 -2.20E-O5 4.00E-O5 

6 

4.79E-05: -2.0SE-05 -4.34 E^5 3.60E-O5 .2.43E-05 -5.59E-061 -8.39E-07 -4.01 E-05 .2.49E-05 7.44 E-05 

9| 4.79E-05I -8.33E-06 -4.65E-05 4.71E-05 .2.67E-05 -5.59E-06I -2.84E-06 -2.98E-05 -2.45E-05 4J5E-05 

10 4.79E-05i -5.30E-O6 .4.67E-05 6.02 E^5 .2.90E-O5 -5.59E-06I -3.13E-06 -3.21 E-05 .2.29E-05 3.03 E^5 
t 

hox2N dU/dt !U.dU/dx V^U/dy W.dU/dr 1/deas.dP/dx g j j cicv/dx If.V d/dx(u'.u') d/dy(u'.V) d/dz(u-.W) 

Slice l(ms'^) ;(ms'*) (m s ' ) (m s ') (ms*) i (ms^) (m s ') (ra s ' ) 

0 4.79E-05: I.14E-04 -8.83E-06 O.OOE-fOO 4.41 E-05 -1.61E-04t -3.64E-06 -3.79E-05 -1.91E-06 O.OOE+OO 

l{ 4.79E-05 1.14E-CM -8.83E-06 -3.87E-06 6.85E-05 -1.6IE-04I -3.64E-06 -3.79E-05 -1.91E-06 -2.06E-O5 

2| 4.79E-05; I.IOE-04 -1.8IE-05 -6.02E-06 1.00E-04 -1.61E-04i -4.57E-06 .4.26E-05 -9.6SE-06 -2.50E-05 

31 4.79E-05' l.OSE-04 .I.76E-05 -8.65E-06 134E-04 -I.61E-04I -4.26E-06 -3.11E^5 -5.14E-06 -7.07 E-05 

4| 4.79E-05; 1.09E-04 -2.52Er05 -1.13E-05 1.62E-04 -1.6IE4)4I -3.89E-06 -4.62E-05 -l.OOE-05 -6.89E-05 

51 4.79E-05: I.lOE-04 -3.11E-05 -I.36E-05 I.92E-04 -1.6IE-04I -X83E-06 .2.77E-05 -2.3IE4)6 -1.17E-04 

6 4.79E-05: I.06E-04 -5.38E-05 -l^6E-05 2.22E-04 -1.61E-04! -I.84E-06 -3.36E-05 5.09 E-07 -1.14E-04 

?! 4.79E-05 I.I4E-04 -S.WE-OS -1.77E-05 2.52E-04 -I.61E-04I -6.94E-07 -5.15B^5 .2.66E-06 -l.OlE-04 

81 4.79E-05- 1.13E-04 -l.lOE-04 -1.99E-05 2.82E-04 -1.6IE-04! -1.48E-07 -2.13E^5 -I.14E-05 -1.20E-O4 

9| 4.79E-05: I.15E-04 3.12E-04 

10 4.79E-05: 3.42E-04 
-1— —. . t 

dU/dt .U.dU/dx V.dU/dy \V.dU/dr iydcns.dP/dx K.d elev/dx If.V !d/dx(u'.u*) d/dy(u'.v') d/dz(u*.w') 

Slice ( m s ' ) (ms*) ( m s ' ) (m s"*) i(m s ') l(m s ') ( r a s ' ) 

0 4.79E-05: I.I4E-04 1J7E^5 O.OOE+00 4.40E-05 -1.75E-04i 1.90E-06I -3.79Er05 -7.19E-06 O.OOE-fOO 

1 4.79E-05 1.I4E-04 1J7E-05 -1.95E-05 6.85E-05 -1.75E-04I 1.90E-06 .3.79E-05 -7.19E-06 - 4 . 9 5 E ^ 

2 4.79E-05 l.lOE-04 6.80E-06 -3.04 E-05 1.00E-C4 -I.75&WI 2.14E-07 -4.26E-05 -I.24E-05 -4.30E-06 

3i 4.79E-05- 1.08E-O4 2.72E-05 -4.I5E-05 134E-04 -I.75E-04! -2.27E-07 -3.11 E-05 -I.02E-05 -5.98E-05 

4 4.79E-05' 1.09E-04 2.78E-05 -5.19E-05 1.62E^04 -1.75E-04: -5.30E-07 -4.62E-05 -1.34E-05 -6.07E-05 

5 4.79E^5: l.lOE-04 l.84E^S -6.14E-05 I.92E-04 -1.75E-04I 3.33E-07 -2.77E-05 -4.76E-06 -9.93E-05 

6 4.79E-05: 1.06E-O4 2.17E-05 -7.00E-05 2.22E-04 -I.75&<M! -9.23E-08 -3.36E-05 -7.70E-06 -1.12E-04 

7 4.79E-05; 1.14E-04 -9.07E-07 -7.76E-05 2J2E-C4 -I.75E-04! 2.74E-07 .5.15E-05 - IJIEr05 -9.38E-05 

8 4.79E-05i 1.13E-04 4.34 E-06 -8.47E-05 2.82E-04 -1.75E-041 -9.31E-07 .2.I3E-05 -2.88E-05 -1.39&04 

9 4.79E-a5; I.I5E-04 3.12E-04 1 
10 4.79E-05i 3.42E-04 i 

1 1 

Box 4N dU/dt iU^U/dx V.dU/dy WJU/dz ]ydeiis.dP/dx elev/dx f.V d/dx(u'.u') d/dy(u'.v*) d/dz{u'.w*) 

Slice (m s^) i(m s-') (ms') (ms*) (ra s-') 

0 4.79E^5! I . 2 7 E ^ IJ7E-05 O.OOE-fOO 3.9aE-05 -2.02E-04 -4.69E-07 -2.09 E-05 -7.19E-06 O.OOE-tOO 

I 4.79E-05I I.27E-04 IJ7E-05 -5.I7E4)6 6.07E-05 -2 .02E^ -4.69E-07 .2.09E-O5 -7.19E-06 -1.65E-05 

2 4.79E-05i I.19E-04 6.80&O6 -1.89E-05 8.75E-05 -2.02E-04I -1.86E-06 -3.37E-05 -1.24 E-05 4.00E-O6 

3 4.79E-05: 1.20E-04 2.72&05 -4.08E^5 1.17E-04 -2.02E-04 -ilOE-06 .3.76E-05 -I.02&O5 -2.35E-05 

4 4.79E-05i 1.I9E-CM 2.78E-05 -6.99E-05 1 . 4 I & ^ -2.02E-04 -1.94E-06 -4.07E-05 -1.34 E-05 -I.18E-05 

5 4.79E-05! I.I5E-04 1.84E-05 -I.05E.04 1.67E4)4 -2.02E-04 -9.84 E-07 -2.38E^5 -4.76E-06 -1.43E-05 

6 4.79E-05! 1.09E-O4 2.17E-05 -1.44E-04 I.93E-04 -2.02E-04 -1.42E-07 -3.52E-05 -7.70&O6 1.66E-05 

7 4.79E-05i 1 .06E^ -9.07&O7 -1.86E-04 2.2aE-04 -2.02E-04 1.07E-06 .2.72E-05 -1.51E-05 5.87E-05 

8 4.79E-05! 9.61E-05 434E-06 -2 .29E^ 2.46E-04 -2.02E-O4 1J5E-06 -1.84E-03 -2.88E-05 8.59E-05 

9 4.79E-05I 9.40E-05 2.72E-04 

10 4.79E^5i 2.98E-04 
I . 

Box 5N dU/dt iU.dU/dx V^U/dy W.dU/dz l/densulP/dx e.d elcv/dx f.V d/dx(u*.u') d/dy(u'.v*) d/dz(u'.w') 

Slice (ms*) !(ms*) (m s ' ) (ms') (m s ' ) ( m s ' ) 

0 1.86E-05 6.77E^5 -2.85E-05 O.OOE+OG 3.5I&05 -1.03E-O4 -2.49E-06 l.lOE-0! -3.29E.0e O.OOE+OO 

1 1.86E-05 6.77E-03 -2.85E-03 -i88E-07 5J8E-05 -1.03E-O4 -i49E-06 l.lOE-0! -3.29E-Oe .2.04E-O5 

2 1.86E-0S: 6.18E-OS -4.8IE-05 -4.57E-07 8.54 E-05 -1.D3E-04 2.47E-06 3.00E-OJ -1.45E-05 2.83E-06 

3 I.86E-05i 6.65E-05 -8.43E-03 -7.88E-07 l.09E-0^ -I.03E-04 6J5E-0fi -5.29E-0( ) .1.59E^f 2.16&05 

4 1.86E-05I 7.I7B^3 .1.47E-W -1.I8E-Ce 1J4E-W -1.03E-04 1.26E-05 -2.10E^! -1.37E^: 7.41 E-05 

S 1.86E-05! 7.62E-0f -I.41E-0^ -I.83E-Oe 1.59E-W -l.a3E-04 IJ5E-03 -2,07E-Oi > -IJ8E-0' 2.62E-05 

l.86E^5l 7.07E-0; -l.21E-aS -2.I5E-06 l.84E-a: -I.03E-O4 I.43E-03 -4.92E-a ) -8.99E-0< ) 2.52B-05 

7 I.86E-05I 7.27E-0i -1 .06E^ -2.37E-0e 2.09E-a! -I.03E-04 1.20E-0; -3.07E^. i -2.98E-0( > -4.35E-05 

8 I.86E-05! 6.36E-Of -9.69E-0i -2.43E-0« 2J4E-0^ I -1.03E-O4I 9.96E-0( -3.07E-0. ) .I.29E-0i I -6.06E-05 

9 I.86E-05: -7.I0E-0; 2J9E-0' \ 
IC 1 1.86E-05! -3.96E-0! 2.84E-0' \ 



Table 2 continued i ! _ - 1 -
1 1 

B Q X 6 N ( lU/dt UxlU/dx V.dU/dy W.dU/dz l/densjJP/dx ] XA elev/dx I .V d/dx(u'.u*) J/dy(u'.v') l /dr(u' .w') 

Slice ms'*) ms*) ms*) ms*) { m s *) (m s-*) ms*) ms*) 

0 1.86E-0S 7 J 7 E ^ 5 -2.85E-05 O.OOE+00 9J5E-07 -9.91 E-05 .Z45E-06I 332E-05 -3.29E-06 O.OOEiOO 

1 I.S6E-05 7J7E-05 -2.85E-05 -3.06E-07 1 . 52E^ -9.91 E-05 -2.45E-06I 3.52E-05 -3.29E-06 -2Ji6E-07 

2 1 .S6E-05 7.48E-05 -4.81 E-05 -4.86E-07 5.14E-06 -9.91 E-05 2.IOE-06| I.75E-05 -1.45E-05 4.83E-05 

3 1.86E-05 7.14E-05 .8.43E-05 .7.49E-07 6.65E-06 -9.91 E-05 5.66E-06 1.22E^5 -I39E-05 9.69&05 

4 

5 
1.86&05 659E-05 -1.47E-04 -1.27E-06 8.70E-06 -9.91 E-05 1.11 E-05 j l .48E^5 -1.37E-05 1.64E-04 

4 

5 1.86E-05 6.22E-05 - I . 4 1 E ^ -2^1E-06 l.OSE-05 -9.91 E-05 1.15E-05| 8.15E-07 -1.38E-07 l.62E4)4 

6 l .86E^5 6.26E-05 - 1 . 2 1 E ^ -2.80E-06 1.28E-05 -9.91E4)5 1.26E-05 -1.95E.05 -8.99E-06 1.70E-O4 

7 1.86E-05 7.21E-05 -I.06E-O4 -3.41E-06 I.49E-05 -9.91 E-05 1.06E-O5 5.12E-06 .2.98E-06 l . l lE -04 

8 i.86E-OS 5.84 E-05 -9.69E-05 .3.48E-06 1.69E-05 -9.91 E-05 9.40E-O6| -1.17E-05 -1.29&05 1.40E-O4 

9 1.86E-05 -7.10E-O5 1.89E-05 1 
~ l o i I.86E-05 -3.96E-05 2.10E-05 ! ~ l o i 

; 

nox7N IdU/dt UulU/dx V.dU/dy \V.dU/di 1/deRS.dP/dx elev/dx If.V d/dx(u'.u') d/dy(u'.v') d /d2(u ' .w') 

Slice :<ms'^) (m s*) (m s*) (ms*) (m s*) (m s"*) :(m s'*) (ms*) (m s-*) (ms*) 

0' -5.77E-05 3.79E-04 -7.59E4)4 O.OOE+00 1.31E-05 3.06E-O41 2.13E-05 IJ6E-04 -1.54 E-05 O.OOE+00 

I . -S.77E4)5 3.79E-04 -7.59E-04 -2.24E-06 2.04 E-05 3.06E-041 2.13E-05 1.56E-04 -IJ4E-05 -5.04 E-06 

21 

J : 
41 

.5.77E-05 3.71E-04 -6.44 E-04 -3.48E-06 2.77E-05 3 .06E^ i 1.89E-05 1J7E-04 -5.66&05 -6.09E-O5 21 

J : 
41 

-5.77E-05 3.62E-04 -6.17E-04 -2.63E-06 3.52E-05I 3.06E-04! 1.79E-05 I.28E-04 -3.59&05 -9.98E-OS 
21 

J : 
41 .5.77E-05 3 . 4 3 E ^ -5.34 E-04 -2.1IE-06 4.24E-05 3.06E-04I 1.46E-05 1.19E-04 -1.06E-05 -1.91E-04 

5l -5.77E-05 3.26E-04 -3.96E-04 -2.79E-03 4.97 E-05 3.06E-04| l.lOE-05 1.0S&O4 -2.36E-05 -3.01 E-04 

6i -5.77E-05 2.99E-04 5.71 E-05 ! 

71 -5.77E-05 2 . 9 0 E ^ ! 6.44E-05 1 

81 -5.77E-05 7.17E-05 i 
91 -5.77E-05 7.91E-05I : 

10: -5.77E-05 8.64 E-051 1 
i 1 

Box IS idU/dt U.dU/dx V.dU/dy W.dU /d2 l/dcns-dP/dx E.dclev/dx If.V d/dx(u'.u') d/dy(u'.v') d/dz(u'.w*) 

Slice i(m s'̂ ) (m s ' ) (m s ' ) (ms*) (ms*) (ms*) (ms*) (ms*) (ms-*) (m s *) 

oj 4.79E-05 4.41E-07 -1.52E-05 O.OOE+00 -4.58&06I -4.12E-05 ^ . l lE -06 -1.62B-05 2.47E-05 O.OOE-fOO 

11 4.79E-05 4.41E-07 -1.52E-05 3.45E-08 -7.12E-06 -4.12E-05 -4.11E-06 -1.62E-05 2.47E-05 2.51B-06 

2j 4.79E-OS -9.6SE-06 -3.07E-05 1.05E-O5 -8.52E-06 -4.12E-03 -5.17E-06 - 2 . 2 3 E ^ 2.43E-05 4.48E-06 

3; 4.79E-05 -6.64E-06 -3.61 E-05 2.59E-05 -9.66E-06 -4.12E-05 -4.58E-06 6.03E-06 l .25E^5 -3.29E-06 

4; 4.79E-05 1.19B-06 -5.12E-05 4.15E-05 • 1.16E-05 -4.12E-05 -4.86E-06 2J6E-06 I.02E-05 -4.23Er06 

5 4.79E-05 . 3 . 6 6 E ^ -4.87E-05 5.23 E-05 -1.33E-05 -4.12E-05 -4.33E-06 6.22E-06 1.23E-05 -1.62E-05 

6 4.79E-05 S.51E-06 -6.06E-05 5.41 E-05 -1.49E-05 -4.12E-05 -i82E-06 1.13E-05 2.28E-05 -2.77E-05 

71 4.79E-05 5.43E-06 -3.76E-05 4.25 E-05 -1.66E-05 -4.I2E-05 -Z29E-06 1.43E-05 I.65B-05 -3.35E-05 

81 4.79E-05 4.02E^7 -2.38E^)5 137E-05 -1.83E-05 ^.12E-05| -1.46E-06 7.25 E-06 1.94 E-05 -6.82E-06 

91 4.79E-05 -6.19E-06 -9.41 -3.53E-05 -1.99E-05 ^.l2E-05 -9.41E-07 1.41E-05 I.91E-05 2.99E-05 

101 4.79E-05 2J0E-07 -5.48E-06 -1.07E-04 -2.16E-05 -4.12E-05 -6.03E-07 2.64 E-06 1.87E-05 1.05 E-04 

1 

BoxZS tdU/dt UuJU/dx V^U/dy \V.dU/dz 1/dens.dP/dz elev/dx f.V d/dx(u'.u') d/dy(u'.v') d/dz(u*.W) 

Slice t(m s'̂ ) (m s ') (ms*) (ms*) (ms-*) (ms*) (ms-*) (ms*) (m s-*) 

01 4.79E-05 2.08E-05 -1.52E-05 O.OOE-fOO 9.78E-06 -l.OlE-04 -6.54E-06 6.39E-06 2.47E^5 O.OOE-fOO 

1: 4.79E-05 2.0SE-O5 -1.52E-05 -2.18E-07 132E-05 -l.OlE-04 -6.54 E-06 6.39E-06 2.47EP05 -5.22E-06 

2i 4.79E-05 ).80E-O5 -3.07 E-05 8.01E-07 2J5E-05 -l.OIE-041 -7.17E-06 1.01 E-05 2.43E-05 -7.29E-08 

3! 4.79E-05 7.08E-06 -3.61 E-05 3.07 E-06 3J6E-05 -l.OIE-04 -7.40E-06 6.98B4)6 1.25 E-05 L86E-05 

4; 4.79E-05 -2.78E-05 -5.12E-05 6.00E-06 4.02E-05 -l.OlE-04 -8.06E-06 1.19&05 1.02E-05 5J6E-05 

5 4.79E^5 -4J0E-O5 -4.87E-05 7.74E-06 4.82E^5 -l.OlE-04 -730&O6 1.47E-05 1.23&OS 5.66E-05 

6 4.79E-05 -6.73E^5 -6.06E-05 7.42Er06 5.61 E-05 - I . O I E ^ -5.13E-06 7J4E-06 2.28&05 8.I9E-05 

7 4.79E^5 -8.23&05 -3.76E-05 5J7E-06 6.40E-05 -l.OIE-04 - 4 . 1 3 E ^ I.I7E-05 1.65E^5 7.I2E-05 

8 4.79E-05 -9.7lEr05 -2.38Er05 1.47E-06 7.19E-05 -l.OlE-04 -1.97E-06 ^.58E-06 1.94E-05 8.38&05 

9 4.79E-05 -6.66E-05 -9.41E4)6 -2.92E-0e 7.98E-05 -1.01E-04 -1.20E-06 1.07 E-05 1.91E-05 2.12E-05 

10 4.79E-05 -7.06E4)5 -5.48E-06 -6.59E-06 8.77E-05 -I.OlE-04 -I.57E-07 8J7&06 I.87E-05 2.08E-O5 

Box3S dU/dt Uj lU/dx V.dU/dy W.dU /d2 1/dciis.dP/dx f,A elev/dx rv d/dx(u*.u*) d/dy(u'.v') d/dz(u'.w') 

Slice (m s"') (m s'*) (m s*) (ms-*) (ms*) (ms*) (ms-*) (ras-*) (ms-*) (ms-^) 

0 -5.77E-05 S.89E-05 1.49E-05 O.OOE-fOG 3.I4E-0S 9.11E-05 5.69Er06 -1.66E-0^ 3 . 0 6 E ^ O.OOE-fOO 

I -5.77E-05 8.89E-05 1.49E-05 l.88E-0e 4.89&05 9 .II&05 5 . 6 9 E ^ -I.66E-04 3.06E-Oe -1.93E4)5 

2 -5.77E-05 8J2E-05 1.07 E-05 1.09E-03 6.73E-03 9 . I I E 4 5 3.74E-06 -I.87E-04 5.62BOC .2.28E-05 

3 -5.77E-05 4.94 E ^ 5 1.24E-05 2J0E-03 8.60E-03 9.11 E-05 1.84 E-06 .1.34E-0^ -6.60E-Oe -6.35E-05 

4 -5.77E^5 5.85E-05 I.62E-05 4.I6E-03 1.04 E-04 9.11E^5 3.71E-07 -1.7IE-0^ 6.51E-0f -8.87E-05 

5 -5.77E-03 4J5E-05 3.09 E-03 5.79&0* 1.22E-04 9.I1E-03 -1.75E-06 -1.69E-Oi -1 .91B^ -1.21E-04 

6 -5.77E-03 5J2E-05 1.40E-04 
1 -5.77E-05 2J9E^3 139E-0^ 
8 -5.77E-05 1.77E^ 
9 -5.77E-05 1.95E-0< 

10 -5.77E-03 2.l3E-a! 

XII 



Table 3 Lateral equation of motion 

Slicf 
.3.I5E-06 

15H-()6 

IM>06 

3 56E-07 
^ 56|- -()7 
1 ()7h-0R 

V.dV/dy 

-4 38H-06 
-4 38F.-06 

71E-06 

-3 ISE-06 
- ^ lMv()6 

4 SKh-r)6 

-7 3KH-06 

W.dV/d/ 

-1 56E-05 
9 (X> 

5 32E-06 

BQi iJ i dV/dl 
Slice ( m s ^ 

0 3 15E-06 

l.dV/dx 

Slice 

•3 I5E-06 
4 W)|--0^ 
4 WIL 

649E-07 
-7 HlK-()7 
-: 28E 07 

1 :2I:-0S 

s ^ 4 r 0 -

1 74h-<:K) 
2 26l-: (X, 
I 16K-06 

-2 26E (M. 
.8.93E-06 
-2.03E-05 

l/dciLs.dP/d) 

-2 36E-0? 
3 67E-05 

g.d elc% d> f.l ddx N .u I d d j 

S-) 

d/dz(V.w) 
(m $ 

6'.lh-0S .H49t-<>^ -6 r'H-06_ -2 07h-05 0 {X)E*<K) 
6.6IE^5' -8.49E-06 -6 I3E-06 -2.07&OS I.22E-05 

-4.93E-0SI 
-6 24t 0 '̂ 

"•7.52E^ 
-88IE-05 
-I mv. w 

6 6IE-05 -8 4IE-06 -5 63E-06_ 
(S61l-:-05 

6ME-ns' 
6.6IE-OS •9.1I&06! 

-9 

-9 ^6l-.-'K. 
3 12E-06 

I I3E-05 

66IE-05; 
6.6IE-05^ 

.7 61U-'K. 

-2.4 IE-OS 
-I.I4E-05 
- 1 44i-;-o^ 

I.82E-05; 
1.98&0S 

1 46E-05 
2 85h-U^ 

7 26E-06 -I30E-05 

-I 77i-;-os 
.228E-05 

V.dV/dy 

-3 58l-:-()̂  

VV.dV/dz 

. | . I 4 E ^ 
^L27E-04 6.6IE-OS| -6.21E-06i 
.!4iir.-(>4 6 n< -4 87K-U6 - I L ^ E O'; 

62E-05 

-I 53E-04 

l/dens-dP/dy 

3 -3.I5E-06 
21 - 3 . I S E ^ i 4.77E-05 

4 . S 4 E - ^ 
4 
4 30[-:-05 
4 4 3|-:-()s' 

-3 I5E-06 

mO («« ) I 
.7 44E-0? ()(XJF-:*<M) 
•7.44E-0S -2.33E-06I 
•8.9SE-0S| 
-9 79E-0'; 
-8 70h-OS 

9 39r:-Os' 

5 4Hh (>6 
1 4ii-:V 

-4 Mh-O^ 
-7()6t-0^ 
-9.49E-0S 
-1.206-04 
-I.4SE-04 

6 6IE-05 3.16E-06 -2 35E-05 

g.d clc>/d\ f.L ddM> .u I 
T 31 1̂  -iv (m s 

5.9 IE-OS 
<.S0E-06| 6 . ^ E ^ 
lOSE-OSl 8.74&OS 

66E-05 
-2 56E-06 
-56IE-06 

32E-05 

I 22E-04 
I 52E-04 

2.4IE-04 

d/d>(' .V , d;d/.% ) 
(ms- i 

692E-05 3.24E-05 -208E-05 
6 92E-05 3.24E-05 -2.08E-05 
692E-05 3 I5E-05 -I I5E-05 
6 92E-05 
6 92E-05: 

3.I4E-0S! •690E-06 
3.10&0SI -5 4 0 E ^ 

-3 I5E-06 •6.87E4)S| 2.S4E-0SI -I.69&04I 6.92E-0S 3.04E4)S) -7.00E-06 

-3 I5E-06 
.3.ISE-06I S.78E-OS 
3 I S E ^ 8 . I 6 E 4 ) S 

-3 I5E-06 6 7IE-05 
-3 I5E-06 

-9 79E-05 
I I7E-04 

3 88E-05 -1 94E-04 
-2.19E-04 

-I58E-04 7 40E-05 -243E-04 

dV/dl lJ.dV/dx V.dV/dy \V.dV/dz 

-2 68E-04 
:9M-:-o4 

692E-05 3 04E-05 -192E-07 
6 92E-05 2.97E-0SI S.74&06 
6 92E-05 2 94E-05 -4 44E-06 

2.I4E-06 

.3 87E-06 
I 12E-05 
I.27E-05 
1 61E-05 
1 I6E-05 
9 0 ( . E - ( X ) 

5.61 E-06 

2.76E-05 
6 18E-05 

9 ( , * : E - 0 ' ^ 

I 04E-04 
1 06E-04 
I 49E-04 

1/dens.dP/dy 

•3 1 5 E - ( X , 

-3 1M ; (K . 

i 4.60&OS| 
4.60E-05 

(ms') (ms*) 
-4.30E-04 GOOE+OC -h 82E-05 

g j d d < v / d y | f . U 

(tn.s-l 

2 -3 I5E-06 
• 3 I5E-06 
^ 1 ( w , 

5 -3.I-SE-06 

I^E-CX) 

4 77E-05 
4 54E-05 
4 54E-05 

-4 30E-04 
-399E-04 143E-04 

-3.53E-04 -286E-05 1.79E-04 

.2 78E-04 
-2 29E-04 4J0E-05 

4.43E-0S| 1.8SE-04 
S.78E-OS -I .SSE^M 
K O.V - I 2()E O-t 

10 

1 I3E-()6 
3 26E 05 

-2.17E-04 

3 wi-:-o^ 
-5 01E-05 
-2 6M-:-04 

P9X4N 
Slice 

dV/dt 

3 I5E-(M> 
3 15E (K. 

V.dV/dy 
«-) |(ini-*) 
lOE-04* -4 30E-04 

UuJV/dx W.dV/dz 

I 

I t -3.ISE-06 
3 -3 ISE-06 

-3 I5E-06 
3 I5E-06 

lOE-04 
1 IIE-04 

9 25E-05 
7 75E-05 

-3 15E-06 4 79E-05 
7 .3.ISE-06 3.S2E-0S 
t «3.ISE-06| 2.0IE4)S 
f -3.IS&06I 7.2IE-06I 

10 ^ IM (K> 

-4 30E-04 
•399E-04 
-3 53E-04 
-2 78E-04 
-2 29E-04 
1 K M ; (VI 

OOOE+OO 

•2 54E-04 
• 29IE-04 

-U.M-.-04 
-4 03I-, t)4 
-4 40E-04 

l/den-s.dP/dy 
(m s') 

•2.00E-05 
-682E-05 

I.25E-05 

2 78E-05 

1 (K,[- 04 

-E43E-04 

-2.I7E-04 
5 33E-05 ; Mh-CM 

d/dx<v.u') d/dy(r ' .V)d/d«(tr ' .w') 

4.56E-04 
4.56E-04 

3.63E-05 -208E-05 
(m s ') (m O 

.l.60E-0Si O.OOE-fOO 

4,56E-04 
4.56E-04 
4 56E-04 

4 56E-04 
4.56E-04 

g.d elev/dy 
iin.s-l 

V59E (M 
3.59E-04 
3.59E-04 

7.7IE-05 
-I 65E-04 9 60E-05 
• I.20G-O4 1.07E-04 

-2 9IE (M 
28E-04' 

-3 65E 04̂  
•4 03E-04' 

3 59E-04 

3.63E-05 -208E-05 
3.52E-05 -IISE-OS 
>̂ 4HI-; 0̂  
3 42F.-(̂ ^ 
3.37E-05 
3.25E-05 
3.I3E-05 

3.75E-05 
3.75E-05 
3.66E-05 
3 63E-05 
3.55E-05 
3 45E-05 

-5 4ilI>(K. 

-7iH)E (K. 
1.92E-07 
5 74E-06 

-4 44E-06 

d/dMV'.ll) 

1 IOE-05 
1 IOE-05 
1.70E-05 
2.34E-05 
2 62E-05 
2.17E-05 

1.97E-05 
-I.75E-05 
•3. IOE-05 
-I 04E-05 
-9.59E-06 

i06E-06 
-7.38E-06 

d/dy(v'.v' 

I HA- 0 ^ 

1.60E-O5 
I.97E-05 

-I.75E-05 
3. IOE-05 

5 97E-05 
743E-05 
5.26E-05 
1.97E-06 

-6.I4E-05 
-7.43E-05 
4.06E-06 

d/d/i>' 

o(xii;.oo 
5.78E-05 
5.40E-05 
2.5IE-05 

-1 O4E-05 
I.I7E-05 

-4.90E-05 

3 59E-a4 

-4 401 I K : 

B J U L ^ M dV/dt 
Site (•••*) ( 

UulV/dx V.dV/d> 
(ni s * I 

0 I 42E-05 
42E-05 

I 42E 0^ 
I42E-05 
142i-:-o^ 
I 42E 05 
I42E-05 

3 82E-05 -3.3IE-05 
^ K2E 0^ 

1 44E-05 
I 82E-05 

-3 3IE-05 

I 24E-04 

7 I42E-0S 
t I.42E-05 
» I.42E-0S 

! • I.42&0S 

1.3 IE-OS; 
8 59E-06 
8 •̂ 7E-0f, 

•2.45E-04 
1 9(,E-04 

\V.dV/d/ 1/dens.dP/dy g.d elev/dy f . l 

0 0OE*O0 
4.25E-06 

936E-0S -I.61E-04 
1.49E-04I -I.61E-04 

8 64E-06 2 24E-04 

1 54E-04 
-8 8IE-05 

I 3IE-05 745E-05 
3 99E-05 
2 48E-05 

1 54E-05 
1 9(>E-05^ 
1 87E-05" 
6 72E-07" 

.3.IIE-O5! 

2.85E-04 
50E-04 

4 I5E-04 
4 80E-04 

6IE-04 
E6IE-04 

-1.6IE-04 
-E6!E-04 
1.6IE-04 

04 -I.6IE-04 
•7.29E-05 6 IOE-04 

6.74E-04 
7 39E-04 

1 ML-04 

3 2"E-0^ 
3.05E-05 
2.89E-05 

2.I4E-05 
2 65E-05 
2 35E-05 
2 95E-05 

d/dx(v'.u') d.d>(%'.Vl 

243E-05 
243E-05 

2 2KE-"< 
2 35E-05 
2.37E-05 
2.33E-05 
2 30E-05 
2.22E-05 

3 52E-06 

MOE-05 
-243E-05 
-323E-05 

-3 IIE-05 
•3.27E-05 

-9 59E-06 

-7 38E-06 

2 70E-0^ 

1,97E-05 
I.I2E-05 

-9 32E-06 
-9 71 E-06 

45E-05 

I.I3E-05 
I .IIE-05 

-I 86E-05 

.90E-05 

.24E-05 
-4.27E-05 

d/dz(v*.w') 

O.OOE+00 
-5 93E-05 
-7.36E-05 
-7 ioi-:-05 

1.9IE 05 
-8 IIE-05 

; 4M (»4 
-2.53E-04 

Kill -'w; 

X I I I 



Table 3 continued 
- 1 

Box 6N ( IV/dt Uj lV/dx ' ̂ .dV/dy ' tV.dV/dz /deas.dP/dy f i.d clcv/dy 1 .U c l/dx(v'.u') c l/dy(V.v') ( l/dz(v'.w') 

Slice (m s"̂ ) ( m s ' ) ( ms-') ( ms-') ( m s ' ) ( m s ') < ms-') ( m s ') ( 

0 1.42Er05 3.9QE-05 -3.31E-05 O.OOE^ 9J7E-05 -1J3E.04 
1 r\A 

2.46E-05 
2.46E-05 

-1.31E-05 
-1.31 E-05 

2.76E-05 
2.76E-05 

O.OOE+OO 
-5.75E-05 

1 
2 

l.42E^5 
1.42E-05 

3.90E-O5 
8.49E-06 

-3.31E-05 
-6.62E-05 

2.44 B-06 
4.71E-06 

1 AybAy* 
2.24 E-04 

- 1 J J C - I W 
-I.53E-04 2.47E-05 -I.33E-05 1.97 E-05 -6.34 E-05 

3 1 45P-0S 8.63E-06 .1.24E-04 7J6E-06 2.85E-04 -I.53E-04 2J2E-05 -1.71E-05 i.l2E-05 -5.61 E-05 

4 1.42E-05i -5.25E-06 .2.45E-04 1.06E-05 3.50E-04 -I.53E-04 2.30E-05 -3.44E-05 -9.32E-06 4.85E-05 

5 
_ 6 

7 

I.42E-05I -1.40E-05 -1.96E-04 I.32E-05 4.15E-04 . 1 J 3 E ^ 2.25 E-05 -4.0aE-05 -9.71E-06 -5.27E-05 
5 

_ 6 
7 

1.42E-05I -2.64E-05 -I.54E-04 1 j6E-06 4.80E-O4 -I.53E-04 2.25E-05 -4.42E-05 -I.45E-05 -1.27E-04 
5 

_ 6 
7 1.42E-051 -3.20E-O5 -8.81 E-05 -I.96E-05 5.45E-04 -1.53E-04 2J0E-05 -4.0SE-05 -2.68E-06 -2.46E-04 

s I.42E-05I -1.93E-05 -7.45E-05 -4.75E-05 6.10E-04 -I.53E-04 2.17E-05 -3.33E-05 -I.13E-05 -3.07E-04 

9 1.42E-05I -3.99E-05 6.75E-04 - l . l lE-05 

10 I.42E-05I -2.48E-05 7.39E-04 -I.86E-05 

j 
Box 7N 

j 
Box 7N dV/dl |U.dV/dx V.dV/dy \V.dV/di 1/dens.dP/dy E.d elcv/dy f.U d/dx(V.u') d/dy(V.v') d/dz(V.w') 

Slice (m s'^) l(m s'̂ ) (m s*) (m s ' ) (m s ' ) (m s-') 

ol -I.95E-05I 6.89E-05 -6.09E-04 O.OOE-fOO 9.7aE-06 6.69E-04 4.51 E-05 -7.53E-05 -8.86E-05 O.OOE+00 

I 
2 

-I95E-05I 6.89E-05 ^.09E-04 -2.5IE-06 I.51E-05 6.69 E-04 4JIE -05 -7J3E-05 -8.86E-05 -2.88E-06 
I 
2 .1.95E^5| 7.21E-05 -4.85E-04 -7.37E-06 l.76E^5 6.69E-04 4.39E-05 -1.03E-04 -7.90E-O5 -1.09E-01 

-195E^5! 6.89E-05 -4.96E4)4 •8.I8E-06 I.95E4)5 6.69E-04 4.43E-05 -9.47E-05 -8.35E-05 -9.96E-05 

A\ .1 g5E-05: 7.76E-05 .3.7IE-04 -8.66E-06 2.36E-05 6.69 E-04 4.20E-O5 -7.S0E-O5 .1.22E-04 - 2 . I 3 E ^ 

5 -l.95E-05i 7.85E^5 -2.37E-04 -1.42E-07 2.68E-051 6 . 6 9 E ^ 4.I4E-05 -8.71 E-05 - l . l lE -04 -3.60E-O4 

6 -1.95E-05. 3.7IE-05 3.00E-05 -7.53Er05 

7! . I 95E-05. 3.73E-05 3J3&05 -9.56E^5 

8 
9 

-1 QSE-OS: 3.65E-05 8 
9 -1 95E-05I ! 3.97E-05 

101 .1 95E-05- 1 4J0E-05 

Box IS 

• 
1 

Box IS dV/di iU.dV/dx V ^ V / d y WjJV/dz 1/dens.dP/dy g.d clev/dy f.U d/dx(v'.u') d/dy(v'.v') d/dz(v'.w') 

Slice (m s'̂ ) i(m s'̂ ) (m s'*) (ms-') (ms-*) (ms-*) (m s-') ( m s ' ) (ms*) 

0 -3.l5E-06j -1.32E-07 -4.I7E-06 O.OOE+00 -2.37E-05 -1.66E-05 2.28E-05 I.47E-05 1.02E-05 O.OOE+OO 

1 -3.l5E-06i -1.32E-07 -4.17&06 6J66B^ -3.68E-05 -1.66E-05 2.28E^5 1.47E-05 1.02E-05 6.49E-06 

2 -3.15E-06i 2.24E-06 -2.30E-O5 2.16Er06 ^.57E-05 -I.66E-05 2J2E-05 1.I3E-05 I.I6E-05 3.79&05 

3! -3.15E-06I 1.82E-06 -174E-05 -6.49E-06 -5.37E-05 -1.66E-05 2.29E-05 1.13E-05 1.21 E-05 5.92E-05 

4i -3.I5E-06! -2.98E^7 -4.52E-05 -1.81&05 -6.46E-05 -1.66E-05 2.08E-05 1.93E-05 2.43E-05 8J5E .05 

5l -3.I5E-06, 1.09E-O6 -4.39E-05 -3.02E^5 -7.44 E^5 -I.66E-05 I.93E-05 1.80E-O5 I.42E-05 1.16E-04 

61 -3.15E4)6: -1.79E-06 -5.42E^5 -4.04 E-05 -8.43E-05 -1.66E-05 1.80E-0S 1.69 E-05 1.43E-05 1.51 E-04 

7i -3.l5E-06i -2.42E-06 -3.12E-05 -4.66E-05 -9.41B-05 .1.66E-05 1.76E-05 I.82E-05 4.38E-06 1.54 E-04 

8i -3.I5E-06; -1.65E-07 -2.40E-05 -4.64 E4)5 -1.04 E-04 -1.66E-05 1.79E^5 1.35E-05 5.96E-06 1.57E-04 

91 .3.l5E-06i 1.80E-06 .5.33E.06 -3.84&05 -I.I4E-04 -I.66E^5 1.81 E-05 9.72E-06 738E-06 1.40E-04 

10 1 -3.15E-06I -5.84E-08 -2.79E-06 -2.07E-05 -1.24E-04 -1.66E-05 1.78E-05 IJ2E-05 535E-06 1.31E-04 10 

Box2S idV/dl IU.dV/dx V,dV/dy W.dV/dz iydcn5.dP/dy E.d cicv/dy f.U d/dx(v'.u') d/dy(v'.v') d/dz(v'.w') 

Slice ^ i 
(m s *) (m s ' ) (ms*) ( m s ' ) (m s-') 

0 -3.15E4)6 5.10E-06 -4.17E-06 O.OOE+00 -2.37E-05 -2.82E-05 2.96E-05 1.43E-05 I.02E-05 O.OOE+OO 

l l -3.I5&06! 5.10E-06 ^.l7E-06 1J7E-C6 -3.68E-05 -2.82E-05 2.96E-05 i.43E-05 1.02E-05 1.18E-05 

2 -3.15E-06! 4.38E-06 -2.30E-05 6.92E-07 -4.57E-05 -2.82E-05 3.06E.05 7.52E-06 1.16E-0S 4J3E-05 

3 -3.15E-06 2.33E-05 -2.74E-05 -I.03E-O6 -5.37&05 -2.82E^5 3.01 E-05 1.25 E-05 1.2 IE-OS 3 J 6 E ^ 5 

4 
5 

1 -3.15E-06 4.88E-05 -4.56E-06 -6.46E-05 -2.82E-05 2.85E-05 I.66E-05 2.43E-05 2.75E^5 4 
5 1 -3.I5E-06 3.I2E-05 -4.39E-05 -8.54E-C6 -7.44 E-05 -2.82E^5 2.76E-05 I.I4E-0S I.42E-05 7.40E-05 

6] -3.I5E-06 9.33E-06 -5.42E-05 -1.16E-0S -8.43E-05 -2.82E-05 2.63E-05 1.20E-05 1.43E-05 I.20E-04 

71 .3.15E-06 -3.74E-05 -3.12E-05 -I.38E-05 -9.42E-05 -2.82E-05 2.62E-05 12SBr06 4J8E-06 1.70ErO4 

81 -3.15E-06 -7.70E-05 -2.40E-O5 -I.36E-05 -1.04 E-04 -2.82E-05 2.67E-05 2 . 2 7 E ^ 5.96E-06 2.15E-04 

9 -3.15E-06 -6.25E^5 -5.33E-06 -I.I8E^S -I.I4E-04 -2.82E-05 2.68E-OS 4.48E-07 7J8E-Oe 1.90E-04 

10 -3.15E-06 -7.41E^5 -2.79E-06 -8.87E-06 -1.24E-04 -2.82E-03 2.62E-03 -1.87E-06 5J5E-Oe 2.I1E-04 

1 

Box3S dV/dt UJV/dx V,dV/dy W^V/dz l/deos^P/dy RJI clev/dy f,U d/dx(v'.u') d/dy(v'.v' d/dz(v'.w') 

Slice (in s'̂ ) (m s ' ) ( m s ' ) ( m s ' ) (ms' ' ) 

C -I.95E-05 7J7E-05 -7.68I>0'3 0.00E-»<X -I.16E-03 -l.SOE-0^ 3.80E-Oi 5.89E-Oi 3.89E-0! O.OOE+OO 

1 -1.95E-05 7J7E-0! -7.68E-0'3 8.79E-0e -1.80E-O* 3.80E^; 5.89E^! 3.89E-0f > -2.36E-06 

3 -1.9SE-05 5.80E-O! -2.65E-0< > I.75&0* -2.04E-0f -l.80E-a: \ 3.67E-0f 5.31E-0: 4.46E-0; ) I.22E-05 

1 \ -1.958^5 5.19E-0! -3.76E-Oe ) 2.84E-0: -2.I7E-0! -l.80E-0^ t 3.62E-0! 5.74E^! 6J6E-0. ) -I.29E-05 

t -1.95E-05 5.31E-0! -1.32E-0! 3.93E-0! -2.64E-0! -1.80E-0' I 3.52E-Oi ) 7.75B^. > 4.38E-0. S -1.02E-05 

t ) -1.95E-05 2J5E-0! -2.97E-0! ) 4.87E-0: » -2.97E-0; ) -I.SOE-O' 1 3.14E^. i 5.49E-0. i 5.70E-0. ) 4.11&05 

t i i -1.95E-05 4.39E-0< -3.30E-0. 5J8E-0, 

71 -L95E-05 -3.63E-0. 6.25E-0. S 

i i -1.95E^5 -3.97E-0 S 

) -1.95E-05 -4.30E-0 s 

1( ) -I.95E-05 -4.63E-0 s 
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Figure 8a Slice-averaged u vs. depth, box IN 

oo 

•« P X 
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y = O.OOl Ix^ - 0.009 Ix - 0.0623 
R2 = 0.971 

Depth (m) 
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d 

Figure 8b Slice-averaged v vs, depth, box IN 

y = -0.0001 x̂  + 0.0012x^ - 0.0022x + 0.0081 • 
R ' = 0.8782 

Depth (m) 

00 

d 

Figure 9a Slice-averaged u vs. depth, box 2N 

y = 9E-06x^ - 0.0036X + 0.2945 
R2 = 0.9757 

T t VO OO 

Depth (m) 

Figure 9b Slice-averaged v vs. depth, box IN 

^ S 
Q y = -O.OOOlx̂  + 0.0012x^ - 0.0022x + 0.0081 • 

R^ = 0.8782 

Depth (m) 
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Figure 10a Slice-averaged u vs, depth, box 3N 
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d 

y = -0.0066x +0.3362 
R ' = 0.9678 

Depth (m) 
oo 

Figure 10b Slice-averaged v vs. depth, box 3N 

^ y = -O.OOOlx̂  + 0.0021x^ - 0.0126x^ + 0.0225x + 0.0058 
R2 = 0.9097 

Depth (m) 

d 
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Figure 11a Slice-averaged u vs. depth, box 4N 

y = -0.0013x^ + 0.004X + 0.3301 
R2 = 0.9947 

H 1 

Depth (m) 
00 

s 
Figure lib Slice-averaged v vs. depth, box 4N 

y = -0.000 Ix^ + 0.003 Ix^ - 0.02x + 0.0201 . 
= 0.9247 

Depth (m) 
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Figure 12a Slice-averaged u vs. depth, box 5N 
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y = •0.0019X +0.2185 
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Figure 12b Slice-averaged v vs. depth, box 5N 

y = -0.001 Ix^ + 0.0l26x^ - 0.012x - 0.0321 
R^ = 0.9709 

Depth (m) 

Figure 13a Slice-averaged u vs. depth, box 6N 

y = -0.0032X + 0.2243 
R ' = 0.8222 

\o oo 
Depth (m) 

d 

Figure 13b Slice-averaged v vs. depth, box 6N 

y = -0.0009x^ + 0.0097x^ - 0.0045x - 0.0367 
R^= 0.9671 

Depth (m) 

xvu 
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Figure 14a Slice-averaged u vs. depth, box 7N 

y = -0.0071x +0.4152 
R2 = 0.8698 
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Figure 14b Slice-averaged v vs. depth, box 7N 

e o 

y = -0.0035x^ + 0.0082X + 0.1853 
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Figure 15a Slice-averaged u vs. depth, box IS 
y = 0.0003x^ - 0.0048x^ + 0.0178x + 0.1878 

R ' = 0.9537 

1 h 
vO CO 

Depth (m) 
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Figure 15b Slice-averaged v vs. depth, box IS 
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y = -O.OOOlx̂  + 0^031x^ - a0173x - 00164 
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Figure 16a Slice-averaged u vs. depth, box 2S 

y = 0.0002x^ - 0.0038x^ + 0.0153x + 0.2502 
R^ = 0.893 

• • 

Depth (m) 
00 
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Figure 16b Slice-averaged v vs. depth, box 2S 

y = -0.000 Ix^ + 0.0036x^ - 0.0223x - 0.03 
R ' = 0.9611 

Depth (m) 
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Figure 17a Slice-averaged u vs. depth, box 3S 

y = -0.0029x^ + 0.01 Ix + 0.3274 
R^ = 0.9507 

1 1 -
VO 00 
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Figure 17b Slice-averaged v vs. depth, box 3S 

y = -0.0014x^ - 0.0034X + 0.0603 
R ' = 0.9854 
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INTERNATIONAL EQUATION OF STATE OF SEAWATER (1980) 

p = + (999.842594 + 6.793952 x 10"̂  x T ) - (9.095290 x 10"̂  x T^) + 

(1.001685 X 10"* X T^) - (1.120083 x 10"̂  x T") + (6.536332 x 10"' x T^) + 

(8.24493 x 10"' x S ) - (4.0899 x 10'^ x T x S ) + (7.6438 x 10"̂  x x S ) -

(8.2467 X 10"̂  X X S ) + (5.3875 x 10"' x x S ) - (5.72466 x 10"̂  x S^'^) + 

(1.0227 X 10"̂  X T X S^'^) - (1.6546 x 10"̂  x x S '̂̂ ) + (4.8314 x 10^ x S^) 

where T is temperature, S is salinity and p is density. 
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TnMp 4 Curvature term estimates for Tamar and Lynher Rivers 

• • — — 

Box IN \Lynher Curvature Tamar Curvature Difference between the Unknown term for comparison 

Slice * two curvature terms 

01 2.56E-06 3.60E-06 1.04E-06 6.61 E-05 

1 2.56E-06 3.60E-06 I.04E-06 6.61 E-05 

21 1.12E-06 4.55E-06 3.43E-06 6.61 E-05 

" w I.02E-06 6.77E-06 5.75E-06 6.61 E-05 

4i 3.59E-07 9.46E-06 9.10E-06 6.61 E-05 

5i 7.42E-08 1.06E-05 1.05E-05 6.61 E-05 

61 2.89E-07 1.02E-05 9.94E-06 6.61 E-05 

7; 2.32E-07 8.44E-06 8.21E-06 6.61 E-05 

8. " 5.5IE-07 6.00E-06 5.45E-06 6.61 E-05 

9 5.11E-07 4.02E-06 3.51E-06 6.61 E-05 

10: I.07E-06 2.80E-06 1.73E-06 6.61 E-05 

BoxlN . Lynher Curvature Tamar Curvature Difference between the Unknown term for comparison 

Slice two curvature terms 

0' 4.14E-05 2.09E-05 -2.05E-05 6.92E-05 

\ ' 4.14E-05 2.09 E-05 -2.05E-05 6.92E-05 

2; 3.45E-05 2.08E-05 -1.37E-05 6.92E-05 

3i 3.55E-05 2.08E-05 -1.47E-05 6.92E-05 

4! 3.05E-05 2.11 E-05 -9.37E-06 6.92E-05 

5' 2.47E-05 2.I0E-O5 -3.66E-06 6.92E-05 

6 2.28E-05 2.34E-05 5.93E-07 6.92E-05 

7! 1.49E-05 2.25E-05 7.57E-06 6.92E-05 

8. I.20E-05 2.24E-05 1.04E-05 6.92E-05 

Box3N [Lynher Curvature Tamar Curvature Difference between the Unknown term for comparison 

Slice two curvature terms 
4.I4E-05 1.54E-05 -2.60E-05 4.56E-04 

l ! 4.I4E-05 1.54E-05 -2.60E-05. 4.56E-04 

2i 3.45E-05 I.36E-05 -2.09E-05 4.56E-04 

3i 3.55E-05 1.15E-05 -2.40E-05 4.56E-04 

4! 3.05E-05 9.26E-06 -2.12E-05 4.56E-04 

2.47E-05 8.05E-06 -1.66E-05 4.56E-04 

6; 2.28E-05 6.79E-06 -1.60E-05 4.56E-04 

7= 1.49E-05 6.32E-06 -8.59E-06 4.56E-04 

8. I.20E-05 4.49E-06 -7.5IE-06 4.56E-04 

Box 4N [Lynher Curvature Tamar Curvature Difference between the Unknown term for comparison 

Slice two curvature terms 

0: 4.I4E-05 1.54 E-05 -2.60E-05 3.59E-04 

It 4.14E-05 1.54E-05 -2.60E-05 3.59E-04 

2| 3.45E-05 1.36E-05 -2.09E-05 3.59E-04 

3t 3.55E-05 I.15E-05 -2.40E-05 3.59E-04 

4l 3.05E-O5 9.26E-06 -2.12E-05 3.59E-04 

si 2.47E-05 8.05E-06 -1.66E-05 3.59E-04 

6i 2.28E-05 6.79E-06 -I.60E-05 3.59E-04 

71 1.49E-05 6.32E-06 -8.59E-06 3.59E-04 

8j I.20E-05 4.49E-06 -7.51E-06 3.59E-04 

X X I 



Table 4 continued 
t 

i 

Box 5!^ Lynher Curvature Tamar Curvature Difference between the \Unknown term for comparison 

Slice two curvature terms 1 

0 9.49E-06 i.52E-05 5.70E-06I -1.61E-04 

I 9.49E-06 I.52E-05 5.70E-06I -1.6IE-04 

2 1.14E-05 1.55E-05 4.03E-061 -1.6IE-04 

3 8.03E-06 1.44E-05 6.34E-06I -J .6IE-04 

4 7.69E-06 I.63E-05 8.60E-06I -I.61E-04 

5 6.60E-06 1.63E-05 9.73E-06j .1.61E-04 

6 7.07E-06 I.58E-05 8.78E-06I -I.61E-04 

7 1 5.18E-06 1.67E-05 I.I5E-05! -I.61E-04 

8i 4.92E-06 1.67E-05 1.17E-05I .1.61E-04 

9 1 3.72E-06 1.65E-05 1.28E-05I -1.6IE-04 

lOl 4.81E-06 l.lOE-05 6.20E-06i -I.61E-04 

t 

Box6N \Lwnher Curvature Tamar Curvature Difference between the ' Unknown term for comparison 

Slice : two curvature terms 

0: 9.49E-06 I.52E-05 5.70E-06: -1.53E-04 

1 9.49E-06 1.52E-05 5.70E-06' -I.53E-04 

r 1.14E-05 1.55E-05! 4.03E-06 -I.53E-04 

"3 8.03E-06 1.44E-05 6.34E-06 -1.53E-04 

4 i 7.69E-06 1.63E-05 8.60E-06 -1.53E-04 

5 6.60E-06 1.63E-05 9.73E-06 -1.53E-04 

1 7.07E-06 1.58E-05 8.78E-06 -I.53E-04 

7 J 
i 

5.18E-06 I.67E-05 1.15E-05 -1.53E-04 

81 4.92E-06 I.67E-05 i .nE-05 -1.53E-04 

9| 3.72E-06 I.65E-05 I.28E-05 -I.53E-04 

101 4.8IE-06 l.lOE-05 6.20E-06 -1.53E-04 
1 
1 

Box7N \Lynher Curvature Tamar Curvature Difference between the Unknown term for comparison 

Slice \ two curvature terms 1 

01 1.49E-06 6.4IE-05 6.26E-05I 6.69E-04 

I ; 1.49E-06 6.4IE-05 6.26E-05 6.69E-04 

21 I.64E-06 5.92E-05 5.75E-05 6.69E-04 

3! 2.89E-06 5.99E-05 5.70E-05 6.69E-04 

A 1 1.25E-06 5.47E-05 5.34E-05 6.69E-04 

5 1 1.98E-06 5.20E-05 5.00E-05 6.69E-04 

X X I ) 



Tnhlfi ^ Primary longitudinal momentum balance 
1 1 

Box IN du/dt ujJu/dx vjlu/dy w.di]/dz 1/d.dP/dx E.dE/dx !f.v |d/dx(u'.u') d/dy(u'.v*) d/dz(u'.w') 

0 1 2 1 1 
"' i 1 

3 
3 

2 
I 
i: 

2 
1 1 2 

3 h 4 1 1 2 5 3 

4 i: 4 6 1 3 5 2 

5 
6 

ll s 4 1 3 6 2 5 
6 | l 6 4 3 5 2 

7 ll 7 4 Sor6 3 5or6 2 

8 2t 8 3 5 7 4 6 1 

9 li 3 2 6 ( 5 7 4 

10 2i 3 1 6 4 7 5 

Box 2N i 
0 31 2 1. 

4| 2 3 I- ! 5 6 

2 4| 2 7 3 1; 1 5 6 

3 5! 3 7 2 1 ! 6 4 

4 i I 7- I 

5 5i 4| 6 I 2 1 7 3 

6 41 5 I 
i 

3 

7 3 5 1 2i i 4 

8 4 1 3̂  2 

Box3N 
_0 

' 1 
" 2 

3! 2 4 I: 5 _0 
' 1 
" 2 

2 3 i; 
_0 

' 1 
" 2 4 2 6 3 li 5 

3 3 2 li 4 

4 2 l ! 

5 ! ! 2: 

6 6 4 5 1 21 3 

7 3 5 I 2: 4 

8 4 5 I 2! 3 

Box4N 
0 3 2 4 11 

1 ! 2 3 i! 
2 i 2 3 i; 

3 1 2 3 11 

4 t 3 4 2 I: 

5 51 3 4 2 1; 6 

6 2 1: 

7 1 2! 

8 2 I ! 

Box SN 1 

0 2 3 li 
1 2 4 3 II 
2 3 4 2 1̂  

3 I 21 

4 1 
1 I 2 

5 \ 4\ 2 I J ! 5 

6 4 2 I 3i 5 6 

7 
8 

2 1 3i 7 
8 ! 4 3 I 21 1 6 5 

X X l l l 



Table 5 continued 

Box 6N du/dt u.du/dx v.dii/dy w.du/dz 1/d.dP/dx KxIE/dx r.v d/dx(u'.u') d/dy(u'.v') d/dz(u'.w') 

0 2 I 3 

1 1 2 1 3 

2 1 
5 

2 4 I 3 

3 1 2 

4 51 4 2 • 

5 5i 4 2 • 

6 1 4 2 5 

7 1 2 
8 1 4 3 i 

Box 7N 
0 5 2 1 4 

5 2 1 4 

2 2 I 

3 6 2 1 4 5 

4 6 2 1 4 5 

5 6 2 1 4 5 

Box IS 
0 1 
1 1 

2 1 3 4 

3 1 3 4 

4 2 1 3 
5 3 2 I 5 

6 3 I 2 
7 I 4 2 6 8 7 5 

8 1 
9 1 3 4 

10 1 2 

Box2S 
0 2 4 1 3 
1 2 4 1 3 

2 2 6 3 5 I 4 

3 2 8 3 4 I 7 6 5 

4 4 3 5 1 2 

5 5 6 3 4 1 7 8 2 

6 1 2 

7 5 2 4 1 3 

8 5 2 4 I 3 

9 4 2 ! 6 5 

10 4 2 1 6 5 

Box 3S 
0 2 
1 2 

2 2 

3 5 7 3 2 4 

4 6 8 7 2 3 4 

S 6 8 5 2 4 3 

X X I V 



Tnhle 6 Primarv lateral momentum balance i 
1 ! 

Rnv IN idv/dt u.dv/dx vjv/dy w.dv/dz I/djJP/dy lR.dE/dy r.u d/dx(v'.u') d/dy(v'.v') d/dz(v'.w') 

Ol 2j 1 4 3 

~ I ! 2! 1 5 3 4 

1. 2. 1 5 4 3 

3* 2 1 

4 1 1. 2 I 

5 
— - W 2 5 4 6 3 

'i. 6 li 3 4 5 2 

7 2: 1 

's ' 6 7 4 21 3; 5 1 

9i 7 5 4 2t 3: 6 1 

lOl 3 2i I 

Box2N 1 ! i 

01 1 2; 

li 4 1 2i 3 5 
2! 5 2 li 3 = 4 

3' 5 2 1; 4 . 3 

4! 5 3 1! 4- 6 2 

si 5 3 7 1! 2 6 4 

6: 5 3 6 1. 4 i 7 2 

7; 5 2 6 li 4 . 7 3 

8t 4 2 5 li 6 7 3 

Box3N ; • 

01 2 : li 

li 2 l i 

2| 2 3 li 4 

3i 2 3 1: 4 

41 4 2 3 1| 
51 3 2 II 
61 3 2 ll 
7: ; 4 3 2 1! 

8; 1 6 5 3 2I I ' 4 

Box 4N ! i 
3 1 4i 2: S 

1 3 1 4 21 5 
2 4 I 31 2i 5 

„ 1 2 1 It 
4 4 2 3! 1 1 5 
5 4 3 5 2 l l 
6 6 3 4 2 ll 7 5 
7 6 3 4 2 1 7 5 
8 1 2 

Box 5N i 

0 3 4 2 ll 6 5 
1 2 II 
2] 1 2| 3 

31 3 1 21 
41 2 1 31 
Si 1 2 1 3! 4 

61 1 3 1 2i 4 

71 i 4 5 1 31 2 

81 i 4 | 5 II 3i 2 

X X V 



Table 6 continued i 
• 

Box6N dv/dt u.dv/dx vjv/dy vfjiv/dz 1/d^P/dy cdE/dy Ir.u d/dx(v'.u') d/driv-.v') d/dz(v'.w') 

0 3 4 2 1! 6 5 

I 2 I . 

2 3 I 2! 

3 3 1 2i 1 
4 2 1 3i ; 4 

5 2 1 3: 1 4 

6 2 1 3, \ 5 4 

7 4 I 3: 1 5 2 

8 4 5 I 3i 6 2 

Box 7N '. 

0 2 1: 3 

1 2 t: 3 

2 2 II 1 4 3 

3 2 I 1 4 3 

4 6 2 I: 7! 5 4 3 

S 6 3 li 7! 5 4 2 

Box IS 1 
0 1 2| 

1 I 3: 2 4 5 

2 1 I 
t 2 

3 2 1 I 

4 3 2 4 

5 3 2 i 1 

6 3 2 1 

7 4 3 2 7 6 5 1 

8 3 2 I 

9 3 2 t 4 1 

10 2 I 

Box2S 
1 

0 21 1 

1 I i 2 

2 1 1 2 

3 I 3 2 

4 2 3 I 5 1 4 7 6 

5 1 2 

6 3 2 I 

7 3 4 2 i 
8 3 2 4| 

9 3 2 ! I 

10 3 2 1 
Box3S 

0 2 I 4 
1 2 1 4 

2 2 I 5 4 

3 4 I 2 

4 3 I 4 

5 4 1 2 5 

X X V I 



Tnhlp 7 Richardson numbers, vertical eddy viscosities, 
vertical eddy diffusivities andfl ux Richardson numbers 

EE02 
BOX SLICE Ri u Ri V Nzu Mzv Kz R R i u n Ri V 

TN 0 

I N I 40.0454 298.152 O.I 1599 4.05308 -0.00786 -2.71439 -0.57837 

I N 2 165.7 181.939 0.05465 -18.3717 -0.00624 -18.9116 0.06177 

I N 3 140977 251.551 0.07306 0.34466 -0.0027 -5206.45 -1.96933 

EE03 
BOX SUCE Ri u Ri V Nzu Nzv Kz FI Ri u R Ri V 

I N 0 

I N 1 40.0454 298.152 0.6767 -0.62562 0.0058 0.34326 -2.76433 

I N 2 165.7 181.939 1.98583 -2.01745 0.00946 0.78935 -0.85313 

I N 3 140977 251.551 2.24903 0.20769 0.0246 1542.03 29.7958 

EE04 
BOX SLICE Ri u Ri V Nzu Nzv Kz R R i u R Ri V 

I N 0 

I N 1 40.0454 298.152 0.29127 0.25396 0.00297 0.40831 3.48662 

I N 2 165.7 181.939 0.26145 -0.08538 -0.00916 -5.80356 19.514 

I N 3 140977 251.551 0.336 -0.01471 0.02625 11012.4 -448.747 

EE05 
BOX SLICE R i u Ri V Nzu Nzv Kz Fl Ri u R Ri V 

I N 0 
I N I 40.0454 298.152 -0.84466 0.67394 0.0108 -0.51199 4.77759 

I N 2 165.7 181.939 -0.67046 1.00505 0.00817 -2.0194 1.47915 

I N 3 140977 251.551 0.36094 -1.05433 0.01654 6460.81 -3.94659 

EEIO 1 
BOX SLICE Ri u Rj V Nzu Nzv Kz F l R i u R Ri V 

2N 0 
2N I 39.0914 107.69 13.7572 -0.29243 -0.0009 -0.00256 0.33191 

2 N " j 2 39.088 160742 7.17602 -0.14682 0.00057 0.00312 -627.135 

' 2 N " 3 39.0862 97.3374 -2.54371 -0.49293 -0.00897 0.13789 1.77202 

E E I I 
BOX SUCE Ri u Ri V Nzu Nzv Kz F Ri u R R i V 

2N 0 
2N 1 39.0914 107.69 -0.27711 -0.77988 0.02198 -3.10068 -3.03507 

2N 2 39.088 160742 -1.46435 -1.01362 0.00091 -0.02431 -144.408 

2N 3 39.0862 97.3374 -0.09669 -190.175 -0.06661 26.9242 0.03409 

EEI2 
BOX SUCE Ri u Ri V Nzu Nzv Kz F l R i u R R i V 

2N 0 
2N 1 39.0914 107.69 -0.3347 0.18335 

2N 2 39.088 160742 -0.37588 0 . I3I33 

2N 3 39.0862 97.3374 -0.54156 -0.12458 

EEI3 
BOX SUCE R j u Ri V Nzu Nzv Kz R R i u R Ri V 

2N 0 
2N I 39.0914 107.69 -0.32605 0.69965 -0.08368 10.0322 -12.8792 

2N 2 39.088 160742 -0.47942 0.90558 -0.07601 6.19724 -13491.9 

2N 3 39.0862 97.3374 -4,21546 3.66744 -0.10108 0.93718 -2.68264 

E E I I 
BOX SUCE Ri u Ri V Nzu Nzv Kz R Ri u R Ri V 

3N C 
3N I 10.5116 8.40 n -0.27711 -0.77988 0.02198 -0.83376 » -0.23679^ 

3N 2 10.5106 7.27852 -1.46435 -1.01362 0.00091 -0.00654 -0.00654 

3N 3 10.5103 22.1541 -0.0966S -190.175 -0.06661 7.2398? • 0.00776 

X X V I l 



Table 7 continued 

EE12 
BOX SLICE Ri u Ri V Nzu Nzv Kz R R i u R Ri V 

3N 0 
3N 1 10.5116 8.4017 -0.3347 0.18335 

3N 2 10.5106 7.27852 -0.37588 0.13133 

3N 3 10.5103 22.1541 -0.54156 -0.12458 

EEI3 
BOX SLICE Ri u Ri V Nzu Nzv Kz Fl Ri u R Ri V 

3N 0 
3N 1 10.5116 8.4017 -0.32605 0.69965 -0.08368 2.69764 -1.00481 

3N 2 10.S106 7.27852 -0.47942 0.90558 -0.07601 1.66642 -0.61092 

3N 3 10.5103 22.1541 -4.21546 3.66744 -O.IOIOS 0.25201 -0.61057 

EE14 
BOX SLICE Riu Ri V Nzu Nzv Kz Fl Riu R Ri V 

3N 0 
3N 1 10.5116 8.4017 1.73207 0.10858 0.02841 0.17241 2.19818 

3N 2 10.5106 7.27852 0.4778 0.05136 0.01467 0.32279 2.07945 

3N 3 10.5103 22.1541 0.53176 0.04146 -0.02606 -0.51505 -13.9251 

EE12 
BOX SLICE Riu I R I V Nzu Nzv Kz R Ri u R Ri V 

4N 0 
4N 1 135.052 9.07523 -0.3347 0.18335 

4N 2 24.4637 56.0514 -0.37588 0.13133 

4N 3 9.86947 837.372 -0.54156 -0.12458 

EEI3 
BOX SLICE Riu Ri V Nzu Nzv Kz Fl Riu R Ri V 

4N 0 
4N 1 135.052 9.07523 -0.32605 0.69965 -0.08368 34.6591 -1.08536 

4N 2 24.4637 56.0514 -0.47942 0.90558 -0.07601 3.87862 -4.70467 

4N 3 9.86947 837.372 -4.21546 3.66744 -0.10108 0.23664 -23.0781 

EEI4 
BOX SLICE Ri u Ri V Nzu Nzv Kz R Ri u R Ri V 

4N 0 
4N 1 135.052 9.07523 1.73207 O.I 0858 0.02841 2.21509 2.3744 

4N 2 24.4637 56.0514 0.4778 0.05136 0.01467 0.7513 16.0137 

4N 3 9.86947 837.372 0.53176 0.04146 -0.02606 -0.48365 -526.335 

EE15 
BOX SLICE Ri u Ri V Nzu Nzv Kz R R i u R R i V 

4N 0 
4N 1 135.052 9.07523 -0.17697 -1.94147 -0.01801 13.7402 0.08416 

4N 2 24.4637 56.0514 -0.28761 0.8306 -0.05163 4.39124 -3.48384 

4N 3 9.86947 837.372 0.54193 0.24624 0.16006 2.91493 544.295 

DD03 
BOX SLICE Ri u Ri V Nzu Nzv Kz R Ri u R Ri V 

5N 0 
5N I 1537.9 7.02997 0.10808 0.12842 -0.00011 -1.55554 -0.00598 

5N 2 1536.82 4.29915 -0.87731 0.04727 -0.00116 2.03958 -0.1059 
DD04 
BOX SLICE Ri u Ri V Nzu Nzv Kz R Ri u R Ri V 

5N 0 
5N 1 1537.9 7.02997 -0.21226 0.04151 0.00161 -11.6546 0.27242 

5N 2 1536.82 4.29915 0.26007 0.01004 0.00132 7.77386 0.56316 
DD05 
BOX SUCE Ri u Ri V Nzu Nzv Kz R Ri u R Ri V 

5N 0 
5N 1 1537.9 7.02997 -0.10849 -0.01007 -0.00536 75.9742 3.743 
5N 2 1536.82 4.29915 -0.10218 -0.02779 0.00292 -43.9664 -0.45231 
DD06 
BOX SLICE Riu Ri V Nzu Nzv Kz R R i u R Ri V 

5N 0 
5N 1 1537.9 7.02997 0.93417 0.03821 0.00089 1.4626 0.16347 
5N 2 1536.82 4.29915 -0.22164 0.01659 0.0023 -15.918S 0.59498 

X X V I I I 



Table 7 continued 
1 

DD04 
BOX SLICE Ri u Ri V Nzv Kz R R i u R Ri V 

6N 0 
6N I 486.351 7.64055 -0.21226 0.04151 0.00161 -3.68569 0.29609 

6N 2 486.03 5.16059 0.26007 0.01004 0.00132 2.45854 0.676 

DD05 
BOX SLICE Ri u Ri V Nzu Nzv Kz R R i u R Ri V 

6N 0 
6N I 486.351 7.64055 -0.10849 -0.01007 -0.00536 24.0263 4.06809 

6N 1 2 486.03 5.16059 -0.10218 -0.02779 0.00292 -13.9047 -0.54295 

DD06 ! 
BOX 'SLICE R i u Ri V Nzu Nzv Kz Fl Riu R Ri V 

6N : 0 
6N I 486.351 7.64055 0.93417 0.03821 0.00089 0.46254 0.17766 

6N 2 486.03 5.16059 -0.22164 0.01659 0.0023 -5.03444 0.7142 

DD07 1 
BOX SLICE Ri u Ri V Nzu Nzv Kz n Ri u |F1 Ri V 

6N 0 1 
6N 1 I 486.351 7.64055 -0.27414 0.33711 -0.00212 3.75749' -0.048 

6N 1 2 486.03 5.16059 -0.50904 0.05808 0.00572 -5.46 0.50807 

FF05 1 i 

BOX ISLICE Ri u Ri V Nzu Nzv Kz F l R i u I F l R i v 

7N 1 0 1 
7N ! 1 5.4363 4.32008 0.06263 0.4537 -0.01335 -1.15915 -0.12715 

7N 2 5.43602 1.21462 0.04323 0.41904 -0.01475 -1.85513 -0.04276 

7N 3 5.43596 0.56228 -0.08868 0.34674 -0.0882 5.40657 -0.14302 

FF06 
BOX SLICE Ri u Ri V Nzu Nzv Kz Fl Ri u R Ri V 

7N 0 
7N I 5.4363 4.32008 -0.66417 0.62271 -6.6E-05 0.00054 -0.00046 

7N 2 5.43602 1.21462 -0.34148 0.25336 0.00117 -0.01865 0.00562 

7N 3 5.43596 0.56228 -0.40626 0.25118 0.01508 -0.20173 0.03375 

FF07 
BOX SLICE Ri u Ri V Nzu Nzv Kz Fl Ri u R Ri V 

7N 0 
7N I 5.4363 4.32008 -1.89467 -1.18256 0.01632 -0.04682 -0.05962 

7N 2 5.43602 1.21462 -6.46848 -0.63837 -0.01167 0.00981 0.0222 

7N 3 5.43596 0.56228 0.92675 -0.40335 0.0635 0.37245 -0.08852 

FF08 
BOX SLICE Ri u Ri V Nzu Nzv Kz Fl R iu R Ri V 

7N 0 
7N I 5.4363 4.32008 -3.33786 2.77557 0.2335 -0.3803 0.36343 

7N 2 5.43602 1.21462 -0.29471 0.10415 -0.21992 4.0565 -2.56475 

7N 3 5.43596 0.56228 1.51314 0.24784 -0.12746 -0.45789 -0.28916 

EE05 
BOX SLICE Ri u Ri V Nzu Nzv Kz R Ri u R Ri V 

IS 0 
IS I 1222960 32.9019 -0.84466 0.67394 0.0108 -15635.8 0.52722 

IS 2 32.1987 758.528 -0.67046 1.00505 0.00817 -0.39241 6.16676 

IS 3 11.4047 181.067 0.36094 -1.05433 0.01654 0.52266 -2.84076 

EE06 
BOX SLICE Ri u Ri V Nzu Nzv Kz R Ri u R Ri V 

IS 0 
IS 1 I22296C 32.9015 7.394 IS 0.1013e t 0.0076J 1269.44 2.49132 

IS 2 32.1987 758.528 -1.68672 0.11197 0.00681 r -0.13123 46.5721 

IS 3 11.4047 181.067 -0.156U > 0.1357c > 0.0307' f -2.2472S 41.0307 

X X I X 



Table 7 continued 
1 

RRn7 : 1 
BOX jSLiCE RI V Mzv Kz Fl Ri u iFl Ri v 

IS 0 
IS I 1222960 32.9019 0.4409 2.90038 -0.00918 -25469" -0.I04I6 

IS 2 32.1987 758.528 -0.22448 73.1049 -0.00052 0.073921 -0.00535 

IS j 3 11.4047 181.067 -0.06198 0.53132 -0.00135 0.247811-0.45897 

EEOS 1 
BOX iSLlCE Ri u Ri V Nzu Nzv Kz R Ri u jR Ri V 

IS i 0 
IS 1 I 1222960 32.9019 -0.59042 -0.11228 -0.00044 909.6671 0.12869 

IS i 2 32.1987 758.528 -0.31739 0.01094 0.00047 -0.04767i 32.593 

IS ; 3 11.4047 181.067 0.59863 -0.03813 0.0058 O.I 1057: -27.5625 

EE06 1 
BOX i SLICE Ri u RI V Nzu Nzv Kz R R I u R R i v 

2S ' 0 
2S ; 1 480.669 12.2244 7.39419 0.10136 0.00768 0.49894; 0.92562 

2S ! 2 85.906 115.195 -1.68672 0.11197 0.00687 -0.35013: 7.07274 

2S 1 3 21.6516 192.566 -0.15616 0.13579 0.03077 -4.26644 : 43.6365 

EE07 1 
BOX ISLICE Ri u Ri V Nzu Nzv Kz R Ri u IR RI V 

. 1 — 

2S 1 0 
2S 1 1 480.669 12.2244 0.4409 2.90038 -0.00918 -10.0103: -0.0387 

2S ! 2 85.906 115.195 -0.22448 73.1049 -0.00052 O.I972Ii -0.00081 

2S ! 3 21.6516 192.566 -0.06198 0.53132 -0.00135 0.47047: -0.48812 

EEOS : 
BOX ISLICE Ri u Ri V Nzu Nzv Kz R Ri u R Ri V 

2S 0 
2S I 480.669 12.2244 -0.59042 -0.11228 -0.00044 0.35753: 0.04781 

2S 2 85.906 115.195 -0.31739 0.01094 0.00047 -O.I2719i 4.94979 

2S 3 21.6516 192.566 0.59863 -0.03813 0.0058 0.20992! -29.3129 

EE09 ! i 

BOX SLICE Ri u Ri V Nzu Nzv Kz R Ri u iR Ri V 

2S 0 1 

2S I 480.669 12.2244 0.56043 -3.88669 -0.00423 -3.62843 0.01331 

2S 2 85.906 II5.I95 0.77617 0.58591 -2.2E-05 -0.00245 -0.00435 

2S 3 2L65I6 192.566 0.23745 0.32458 -0.01753 -1.5982 -10.3988 

FF12 
1 
1 

BOX SLICE Ri u Ri V Nzu Nzv Kz R R i u i R R i v 

3S 0 I 

3S 1 I 97.0049 4.45757 -0.59748 0.3I3I8 -0.0004 0.065061 -0.0057 

3S 2 7.05819 2.71063 -1.42949 0.I85I2 -0.00456 0.022511 -0.06676 

3S 3 2.35755 1.82061 -2.75673 0.1304 -0.01513 0.01294! -0.21123 

FFI3 i 

BOX SLICE Ri u Ri V Nzu Nzv Kz R R i u i R R i v 

3S 0 
3S I 97.0049 4.45757 0.70183 0.41702 0.01494 2.0646 0.15967 

3S 2 7.05819 2.71063 0.1339 0.27959 -0.0074 -0.390171 -0.07176 

3S 3 2.35755 1.82061 0.4599 0.45981 -0.01771 -0.09081) -0.07014 

FF14 1 
BOX SLICE Ri u Ri V Nzu Nzv Kz R Ri u |R Ri v 

3S C : 

3S I 97.004S 4.4575'3 0.79334 0.05284 -0.01793 -2.19l89i -1.51222 

3S 2 7.058 IS 2.71063 0.3834S 0.03671 -0.01521 -0.279991 -1.12315 

3S : 2 2.3575* 1.82061 0.217J 0.4032J t -O.0427S > -0.463I3I -0.19316 

FFI5 
BOX SLICE RI u Ri V Nzu Nzv Kz R R i u I R R i v 

3S C ) 
3S 1 97.0045 ) 4.4575' r -1.1391 i -0.528 U J -0.0185: > 1.57619 0.1563 

3S . 7.058l( ) 2.7106: 1 0.5811 -0.2627^ } 0.0026: ! 0.03177 -0.02698 

3S ( 2.3575! > 1.8206 -0.0242: i -0.5428: i 0.0008* 1 -0.08485 -0.00292 

XXX 


