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2.1General Description

The Tagus estuary is one of the largest estuaries on the west coast of Europe, covering an area of about 300 km2 at low tide and 340 km2 at extreme high tide. The estuary is composed of a deep, straight and narrow inlet channel and a broad, shallow inner bay. The limit of tidal intrusion is Muge, 80 km from the ocean. 

The bay, which is about 25 km long and 15 km wide, has a complex bottom topography with channels, tidal flat areas and sand islands. The deepest channel, with water depths of 5-10 m, is a prolongation of the inlet channel, and extends half way up the bay. The upper part of the bay, between Vila Franca de Xira and the line Ribeira de Sacavém - Alcochete, is a truly interior delta, with a mean depth of 3 m, containing extensive tidal flats, islands, and several smaller channels. Intense sediment deposition and erosion is changing the bathymetry (Castanheiro, 1986; Freire and Andrade, 1993) and strongly damping and retarding the tides (Fortunato et al, 1996). The lower part, the Mar de Palha, contains inter-tidal mud-flat areas in the south, and  has a mean depth of 10 m. The waters retained in this bassin, create large currents, which entrain the bottom sediments downstream. 

The inlet channel, which is 15 km long, 2 km wide, and reaches a depth of about 40 m, constitutes the deepest part of the estuary. This channel is prolonged seawards by a canyon of about 20 m deep, limited on both sides by sand banks with depths of the order of 5 m : the Bugio bank to the South, and the Bico do Pato to the North. The continental shelf in this area extends only to about 15 km off the coast.

The general circulation is dominated by the tides, mainly semi-diurnal, with amplitudes in Lisbon ranging from about 1 m at neap tide to about 4 m at spring tide. The tidal wave is progressive, and at spring tide the high water is delayed by as much as two hours between Lisbon and Vila Franca de Xira. The subtidal volume of the estuary is 19 ( 108 m3 (Drena, 1979), and the volume of the tidal prism at an average tide is about 7.5 ( 108 m3 (Lemos, 1972). 

The Tagus River, which drains an area of 86000 km2, is the principal source of fresh water to the estuary with a mean river flow of 350 m3/s. River flow is highly variable. During the wet season (November to April), maximum monthly mean river flow is attained in February (860 m3/s), in the dry season (March to September) minimum mean monthly flow is attained in August (140 m3/s). The Sorraia river flow is about 8.5% of the Tagus river flow, while other rivers are not important.The residence time of fresh water varies from 65 days at a discharge of 100 m3/s to 6 days at a discharge of 2200 m3/s (Martins et al, 1984). 

The water column is generally well mixed during spring tides but is partially stratified during neap tides where residual currents were observed to be landward near the bottom and seaward near the surface (Neves et al,1991;Vale and Sundby, 1987). The large amount of energy supplied by the tides and geometry of the uppermost part of the estuary generates in fact important velocities in this region, preventing the existence of a salt wedge and, consequently, of significant stratification downstream. The mean salinity gradient ranges from 36 ‰ at the mouth to about 27,5 ‰ at Póvoa de Santa Iria, the maximum gradient occuring upstream to about 3 ‰ at Vila Franca de Xira. However, strong stratification may occur in the upper estuary during large river flow and low tidal range conditions (Martins et al, 1983).

Important sources of pollution include the Tagus river, domestic and industrial wastewaters from the Greater Lisbon area (population about 2.5 million) and the tributary rivers (mainly the Trancão river), with elevated organic loads. Despite these appreciable amounts of waste disposal in the estuary, the ecosystem is kept in equilibrium, thanks to the highly dynamical nature of the circulation in the estuary (Câmara et al,1987).

Mean River discharge
350 m3/s

Total Estuary Area
320 km2

Intertidal Area
130 km2

Mean Subtidal Volume
1.9 x 108 m3

Mean Tidal Prism Volume
7.5 x 106 m3

Table 1 : Principal characteristics of the Tagus estuary, adapted from Rodrigues et al (1986).

2.2 Hydrodynamical Regime

The hydrodynamical regime in the Tagus Estuary is dominated by the tidal propagation, whereas river flow and wind effects are relatively limited (Portela,1996). River flow is low compared with the tidal prism. In the Tagus estuary, mean river flow is about 350 m3/s for a mean tidal flow of about 9000 m3/s.
The Tagus estuary is mainly mesotidal. Mean spring and neap tidal ranges at the mouth (Paço de Arcos) are 3.2 m and 1.5 m, respectively. The tidal range increases by 12% in Lisbon (Terreiro do Paço, 14 km upstream) and 30% at Ponta da Erva (36 km upstream). Maximum tidal range occurs near Alverca (40 km upstream). The most significative tidal components are those typical for the Atlantic ocean : M2, S2 and N2, of bidiurnal type. 

The tidal form number, defined as the ratio between amplitudes of the main diurnal (K1 and O1) and the main semidiurnal (M2 and S2) constituents is 0.10 at Cascais, implying a semi-diurnal type, and the main fluctuations in tidal range are due to the relative positions of Sun and Moon, giving a  to spring-neap variation. The form number decreases upstream (e.g. 0.08 at Ponta da Erva) due to a resonant mode (8 to 9 hours) that increases the amplitudes of semi-diurnal waves by roughly 40 % in the upper estuary, leaving the diurnal waves mostly unchanged (Fortunato et al., 1996). The phase lag of semi-diurnal constituents between Cascais and Vila Franca de Xira is 1 hour and 20 minutes. 

In funnel-shaped meso- and macro-tidal estuaries, maximum tidal currents often occur some distance landward of the inlet because of the magnification by the converging channel cross-section outweighs the frictional tidal energy dissipation. In contrast, the currents in the Tagus estuary are strongest in the inlet channel and decrease in a landward direction. The reason for this is that the Tagus is dominated by a broad and shallow bay with extensive tidal flat areas that are submerged around high tide. As the wetted cross-section of the inner bay varies considerably during the semi-diurnal tidal cycle, the energy of the incoming tide is dissipated by friction as the water spreads laterally over the intertidal mud flats. (Vale and Sundby, 1987)
Cascais

Lisboa (Terreiro do Paço)





Tidal component
Semi-amplitude (cm)
Phase
Tidal component
Semi-amplitude (cm) 
Phase

M2
 97.6
     93
M2
115.6
   134

S2
 34.7
   120
S2
  40.7
   165

N2
 21.0
     75
N2
  24.0
   117

K2
   9.7
   117
K2
  11.5
   162

K1
   6.7
     70
M4
    8.1
   356

O1
   5.9
   327
K1
   6.6
     89

Ponta da Erva

Vila Franca de Xira





Tidal component
Semi-amplitude (cm)
Phase
Tidal component
Semi-amplitude (cm) 
Phase

M2
             129.7
   145
M2
119.6
   161

S2
               44.7
   179
S2
  37.1
   200

N2
               26.4
   130
N2
  22.7
   149

K2
               12.3
   174
MSF
  11.6
     45

M4
                 8.9
     33
K2
  10.3
   193

K1
                 6.9
     98
SA
   9.0
   326

Table 2 : Principal Tidal Components, obtained by the Instituto Hidrográfico (Lisbon) from tidal gauges situated in Cascais, Lisbon, Ponta da Erva and Vila Franca de Xira.
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Figure 2 : Tidal Elevations and Bottom velocities during two tidal cycles at three points in the estuary



 (Model Results, X-axis : hours)

An idea of the tidal propagation and deformation of the tidal wave in the estuary can be deduced from figure 2. A detailed description can be found in Portela (1986). The tidal phase difference of high water between the estuary mouth and Cabo Ruivo is about 30 minutes, and between Cabo Ruivo and Vila Franca de Xira about 1 hour. For low water the phase differences are 1 hour 10 minutes  and 2 hours 20 minutes, respectively. This difference is reflected in the ebb and flood periods. The ebb period, which is 10 minutes superior to the flood period at the mouth, is about 1 hour 20 minutes superior to the flood period in the middle estuary and 3 hours 40 minutes at the head. Consequently, flood currents will be stronger than ebb currents, but ebb currents are maintained for a longer period. This assymetry in the tidal curve inside an estuary is a common phenomenon. As the tidal wave travels at a speed which depends on the water depth, the crest will travel faster than the trough. The water level will thus show a quicker rise and a slower fall. 

General Circulation Pattern


The circulation in the interior of the estuary generally follows the existing channels, and current directions are restrained by the estuarine morfology and bottom topography. In the major part of the domain these channels are parallel to the logitudinal axis of the estuary, but in the southernmost part of the bay, these are nearly perpendicular to the axis of the inlet channel, where water moves on and off the tidal flats. Around high and low tides the tidal currents are weak and directionally erratic. Four important vortices may be identified, namely in Cacilhas, Trafaria, Oeiras and Carcavelos, detectable only during a part of the tidal cycle.

Flow patters at the mouth are very different on ebb and flood. On ebb, a tidal jet forms along the canyon prolonging the channel, with two large eddies on each side. The eddies form near the coast, and move outward as ebb progresses. The eddies are strongest and move further away from the coast at spring tides. The largest velocities occur over the Bugio bank and along the main channel. On flood, the currents over the sand banks are large, while the currents in the canyon are relatively small. As the two coastal eddies dissipate, a clockwise eddy forms inside the channel, between Paço de Arcos and Pedrouços.

The residual velocities are quite large ( up to 0.5 m/s over the Bugio bank), with three well defined eddies. One eddy develops in the mouth, between Paço de Arcos and Pedrouços, and two others develop on both sides of the tidal jet, the one to the north rotating clockwise, and the one to the south rotating counterclockwise.

2.3 Sediments in the Tagus Estuary

The bottom sediment in the Tagus estuary consists of a mixture of fluvial and marine-derived material (Oliveira, 1967; Gaudêncio et al., 1991). The inlet channel is floored with sand and gravel, whereas the interior bay in addition contains abundant areas of mud deposits. The sediment distribution appears to respond to changes in current and riverflow conditions, as evidenced by frequent interlayering of mud and sand facies (Oliveira, 1967). Dredging activities are restricted to the southern part of the bay. There have been no reports of fluid muds, such as observed in several macro-tidal European estuaries (Allen et al., 1980 ; Vale and Sundby, 1987). Mean annual dredging amounts to 1 ( 106 m3 (Vale et al., 1989). Supply of fine fluvial sediment is estimated at 400 ( 106 kg/y (Vale and Sundby, 1987).

The granulometric distribution of bottom sediments is shown in figure 3. Coarsest sediments are found at both extremities of the estuary : Medium and coarse sand (0.23 mm < (  < 2 mm) of marine origin at the mouth and the inlet channel, medium and fine sand (0.10 mm < (  < 0.46 mm) of fluvial origin in the upper estuary (around Mouchão de Alhandra and upstream). The sediments in the inner part of the estuary are mainly silt and clays. Muds exported from the estuary are found at the ocean bottom downwards from the 30 m isobath.

Figure 3 : Granulometric distribution of bottom sediments, adapted from Gaudêncio et al (1991).

The exterior of the estuary is occupied up to a depth of about 25-35 m, by fine sands, with which hydrodynamic actions construct two accumulations (sand banks) : the Bico do Pato to the north of the prolongation of the inlet channel, and the Bugio bank to the south. This last one penetrates the inlet channel along the left margin, followed by medium sands to fine sands further upstream. Coarser sands, essentially of biogene origin, accumulate along the rocky coast of the right margin at the entrance of the inlet channel. Upstream along the right margin, these coarse sands get gradually more muddy and the following heterogeneous muddy sands to mud reflect well the opposite action of the penetrating flood currents (more important along the southern margin), and the returning ebb currents (more important along the northern margin). (Gaudêncio et al, 1991)

The interior of the estuary is mostly occupied by muds. Fine sands of fluvial origin, mixed with muds are deposited along the northern margin of the Mar de Palha, with a large pointed bank of medium sand, just above the 5 m isobath at the confluence of the Cabo de Ruivo and Samora channels. Downstream along the Samora channel until Cacilhas lies a narrow band of medium sand.  


Erosion and deposition zones of fine sediments are dificult to delimite. The latter usually occur in deep areas and in areas with strong velocities, where coarser sediments predominate, the former in shallow areas and low currents, allowing fine sediments to deposit. Castanheiro (1984) concludes from bottom profiles that these zones have been varying irregularly during the past century, moreover, the sedimentation rate in every point is extremely variable in time as well (Vale, 1990). It thus seems that the Tagus estuary is characterized by a large sediment redistribution in its interior. Responsible for this situation is the constant perturbation caused by the fluctuation in tidal energy associated to the spring-neap tide cycle and by dredging activities.

Suspended matter distribution in the estuary varies with the tidal cycle, the spring-neap tide cycle and seasonally with river flow. Fluctuations of the suspended sediment concentrations occur throughout the entire estuary and are mainly determined by the tidal amplitude. Maximum near-bottom values measured during a campaign (Vale and Sundby, 1987) ranged between 50 mg l-1 at neap tide to about 1000 mg l-1 at spring tide. High water concentrations are always lower than low water concentrations, due to the erosion of the extensive intertidal flats by ebb currents and the sediment deposition onto these flats during flood. The zone of the turbidity maximum is centered on the shallow upper bay region.







