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INTRODUCTION 
 Estuaries are interface areas between rivers and the coastal sea. 

They are important feeding and nursery areas for many marine 

species. In recent years, due to an increasing urban and suburban 

development, they are being used as point source discharge of 

contaminants, which can affect estuarine biogeochemistry. The 

transport of dissolved matter in estuaries is closely related to 

residual circulation estuarine processes. Therefore, it is critical to 

study residual currents, which can modulate transport pathways in 

estuarine environments. In temperate estuaries, tidal motion is a 

key factor in the forcing of local circulation. However, the residual 

circulation which modulates the transport of contaminants and 

other passive tracers is mainly forced by the freshwater discharge 

from the major tributaries and also local wind stress. 

Understanding residual flows is important for issues like 

aquaculture, fisheries and understanding the estuarine 

environment. The influence of the tide in the residual circulation 

has been studied by several authors (Fischer et al., 1979; Wei et 

al. 2004; Lopes and Dias, 2007). Other authors have explored the 

influence of river discharge and wind stress in the establishment of 

residual flows (Garvine et al., 1992; Jay and Flinchem, 1997; 

Lopes and Dias, 2007). 

Residual circulation is often related to along- and cross-channel 

salinity structures, which could be used as proxy to establish 

transport pathways of dissolved water properties, since salinity is 

considered a natural tracer. As noted by MacCready and Banas 

(2012) residual circulation in many estuaries has the form of an 

exchange flow, which brings ocean water into the deeper part of a 

channel or estuary and exports low salinity surface water out of 

the estuary. 

Estuarine regions present, in many cases, high temporal and 

spatial variability in terms of current velocity due to complex 

topography. This, associated with scarce current velocity 

measurements, renders numerical models a common tool to study 

the generation of residual flows in estuaries (Lopes and Dias, 

2007; Valentim et al., 2013). 

The Tagus Estuary (Figure 1) is a coastal plain estuary located 

near Lisbon, and it is characterized by semidiurnal mesotidal tides 

and exposure to mean-to-high hydrological and meteorological 

conditions. In estuarine systems with fast tidal currents, long-term  
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residual circulation plays a key role in the transport of materials 

and their export to the coastal waters. Valentim et al. (2013) 

explored the effect of sea level rise in the establishment of residual 

flows (actual and future climate change scenarios), studying their 

generation through the interaction between tidal motion and 

topographic features of the Tagus Estuary. 

In this article a step forward is taken, and the depth-integrated 

high resolution model of the Tagus Estuary is applied to study the 

generation of residual flows inside the estuary. The forcing factors 

taken into account are tidal propagation, river discharge and wind 

intensity and direction for the actual climate scenario. This paper 

is structured as follows: first the study and model is described; 

then the residual circulation driven by different forcing is 

characterized and discussed and the general conclusions are 

presented.  

THE TAGUS ESTUARY 
The Tagus Estuary is coastal plain system located near Lisbon 

(Portugal). Tides are semidiurnal with amplitude ranging from 1 to 

4 m (over the local datum). With a surface area of about 320 km2 

and an average volume of 1900 106 m3, it is the largest 

Portuguese estuarine system (Figure 1). Intertidal areas, composed 

mainly of mudflats, occupy between 20 and 40% of the total 

estuarine area. 

The hydrography of the estuary is modulated by the tidal 

propagation and fluvial discharge from the major tributaries 

(Tagus, Sorraia). These interconnected elements induce the 

generation of sharp gradients of salinity (and other variables) 

inside the estuary with the formation of three distinct regions: a 

marine region (lower estuary), a mixing region (middle estuary) 

and a region where the freshwater inflow dominates (upper 

estuary). This is consistent with the observations by Vaz and Dias 

(2008) for other Portuguese estuarine systems, where they 

spatially characterized the salinity gradients of a tidal channel 

under different tidal forcing and river inflow conditions.  

The Tagus is considered as ebb-dominated, with floods 

typically 1 h longer than ebbs (stronger velocities during ebbs), 

and thus inducing a net export of sediments (Fortunato et al., 

1997). The area affected by tides reaches 80 km landward of 

Lisbon and maximum tidal currents are about 2.0 m/s (Gameiro et 

al., 2007). 

The major source of freshwater is the Tagus River, with an 

annual average inflow between 300 – 400 m3s-1. The estuary also 

receives effluent discharges, mainly from several urban, industrial 

and agricultural sources. Another important freshwater tributary is 

the Sorraia River, which contributes approximately 1/10 of the 

freshwater outflow of the Tagus River. In general, the Tagus 

estuary is well-mixed and has an average tidal prism of 600 106 

m3. 

The wind regime in the region exhibits a marked seasonal 

pattern, presenting south/southwest predominant winds during the 

wet seasons, rotating to north/northwest during the dry season. 

The seasonal variability of meteorological conditions and river 

inflow induces a strong seasonal variability in the estuary 

hydrography and biogeochemical conditions (Vaz et al., 2011; 

Mateus et al., 2012). 

THE TAGUS ESTUARY MODEL 
The Tagus Estuary predictive model is an implementation of 

Mohid (www.mohid.com) for the study area. It is a baroclinic 

finite volume model, designed for coastal and estuarine shallow 

water applications, like the Tagus estuary, where flow over 

complex topography, flooding and drying of intertidal areas, 

changing stratification or mixing conditions are all important. 

Mohid allows an integrated modeling approach of physical and 

biogeochemical processes. A complete description of the model’s 

physics can be found in Leitão et al. (2005). 

The model has been used to different coastal and estuarine 

areas, showing its capability to simulate complex flows features 

(e.g. Vaz et al., 2009a, 2011; Santos et al., 2006; Bernardes, 2007; 

Malhadas et al., 2009). In this study, a previously validated setup 

of the MOHID-2D model for the Tagus estuary (Vaz et al., 2011, 

Valentim et al., 2013) is applied. Details of its accuracy in 

reproducing the tidal dynamics after model validation are 

described in Vaz et al. (2011). 

Given the intense vertical mixing of the estuary, the model was 

set in a 2D mode (Vaz et al., 2011). The numerical grid 

encompasses the whole extension of the Tagus estuary, having 

335 212 cells of 200 m each. This resolution was considered 

adequate to simulate hydrodynamic processes inside the estuary. 

Tides, meteorological variables and variable river inflow are the 

main forcing mechanisms for the circulation. On the open ocean 

boundary, the model input is the tidal forcing from a 2D tidal 

model (Vaz et al., 2009b). Meteorological forcing (wind intensity 

and direction, air temperature, relative humidity) and river 

discharge from the major tributaries (constant values representing 

mean and extreme discharges) are imposed at the surface and 

landward boundaries, respectively. Atmosphere-water interactions 

(e.g. heat fluxes, solar radiation and wind stress) and the 

interaction between the estuary bottom and the water column (e.g. 

cohesive sediments re-suspension and deposition) are handled by 

the model. 

The model was spun-up for 5 days, which is considered 

appropriate to achieve a stable estuarine hydrodynamic and the 

results from the spin-up period were not considered in the 

analysis. The time step is 15 s and the horizontal viscosity 5m2s-1. 

Initial conditions for the hydrodynamic model are null free surface 

gradient and null velocity in all points. 

The simulation period is generic, since the main objective of 

this work is to study the generation of residual flows due to wind 

stress and freshwater discharge. Several simulations were 

performed, imposing constant wind direction from the main 

quadrants in the model (N, NW, NE, S, SW directions) and 

considering a constant intensity for all the simulations (8 ms-1). 

Mean and extreme freshwater inflows from the Tagus River were 

 
Figure 1. The Tagus Estuary bathymetry and location (isolines in 

meters related to the local datum). 
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imposed as constant values of 350 m3s-1 and 2000 m3s-1, 

respectively. Freshwater inflows for the Sorraia River for the 

proposed scenarios are 1/10 of the Tagus river discharge. 

A simulation without freshwater discharge and null wind stress 

was also performed in order to simulate the tidally induced 

residual circulation. 

RESULTS 
Taking into account that the numerical model was previously 

validated (Vaz et al., 2011), generic simulations were conducted 

to determine the residual circulation in the Tagus Estuary. In this 

study the procedure adopted by Valentim et al. (2013) was 

followed, meaning that residual circulation was computed for all 

grid cells averaging the transient eulerian components of the 

velocity (u, v) during a fortnight cycle (multiple of the M2 and S2 

tidal periods). 

The tidal effect was removed from the results by subtracting the 

tidally induced residual velocity to the results of the simulations 

with wind stress and freshwater discharge, in order to study their 

isolated effects. 

The local wind in the Tagus Estuary is highly variable. During 

the winter, the wind circulation has predominant directions from 

northwest (NW), north (N) and southeast (SE) (SMN, 1974), and 

the predominant wind intensity ranges from 1.5 ms-1 (8.5% 

occurrence) to 14 ms-1 (7.5% occurrence). During the spring, 

predominant winds are mainly from the north, northwest and 

northeast (NE) and their intensity range from 1 ms-1 (~5% 

occurrence) to 15 ms-1 (~20% occurrence) (SMN, 1974). For the 

analysis of the wind driven residual circulation, the model was run 

with the wind stress and tidal forcing and then the tidal effect was 

removed following the procedure previously described. For this 

paper, will be shown results only for three predominant directions 

(N, NE and SW) considering the wind intensity equal to 8 ms-1. 

Residual circulation induced by freshwater 

discharge 
The residual flows induced by the freshwater inflow are 

depicted in Figure 2. In general, higher velocities are generated 

due to the high freshwater discharge (Figure 2a). Also, higher 

residual velocities are found in the deeper areas of the estuary for 

all three cases. The freshwater discharge generates residual flows 

higher than 0.3 ms-1 in the deeper channels of the estuary (Figure 

2a), reducing to values of about 0.1 (0.05) ms-1 in the medium 

(No) discharge scenario. 

From the results two corridor flows are evident in the upstream 

and central region of the estuary. In fact, the flow associated with 

the Tagus and Sorraia River favors the generation of two visible 

corridor flows near the north margin and central region, 

respectively. 

In the central region of the estuary, outside the corridor flow 

(shallow region near the south margin), no influence of the river 

discharge is visible. In this area, the residual currents are of the 

order of 0.01 ms-1 and driven by the back and forth movement of 

the tide. 

Near the estuary mouth a less organized pattern exists. Here, the 

residual currents range between 0.1 (medium and no discharge) to 

0.3 ms-1 in the high discharge scenario. Moreover, a noticeable 

feature of this region is the generation of eddies due to interaction 

of the estuarine circulation with the complex local bathymetry, 

which increases the nonlinearity of transport processes in this 

region. In a previous study of the Tagus Estuary mouth, Fortunato 

et al. (1997) observed the generation of these eddies, relating them 

with the spring and neap tidal cycle, and highlighting their 

importance to mixing processes in this region. 

Residual circulation induced by winds 
The model was forced with wind from three dominant 

directions with an intensity of 8 ms-1, a value which represents the 

mean value for the Tagus Estuary region. The resulting circulation 

(Figure 3) is similar for the three scenarios. However, looking 

closely there are some differences in the horizontal spatial 

variability, especially in the shallow areas near the south margin 

of the estuary. The residual flows are generally one order of 

magnitude lower than the flows induced by the freshwater 

discharge. Typically, the wind induced residual flows can reach 

0.07 ms-1 for a wind intensity of 8 ms-1. For the scenario of 

northerly wind (Figure 3a), the residual currents present the lowest 

values, with a maximum residual flow of 0.02 ms-1. This may be 

due to the orientation of the estuary, where the main channels are 

orientated from NE to SW. For the NE scenario (Figure 3b), the 

 
Figure 2. Residual flow in the Tagus Estuary for a) High freshwater discharge of 2000 m3s-1; b) Medium freshwater discharge of 350 m3s-

1 of the Tagus River and c) No freshwater discharge. The small arrow at the lower right corner represents a velocity of 0.1 ms-1. 
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maximum residual flow is higher, presenting values of ~0.07 ms-1. 

In this scenario, the residual flow vectors are orientated to SW due 

to the northeastern wind. For the SW scenario (Figure 3c), the 

maximum values of residual are again of 0.08 ms-1, and the flow 

vectors are orientated toward the NE due to the southwestern wind 

forcing. 

In the deeper channels of the estuary, the wind induced residual 

flows are of the order of 0.01 ms-1, a low value that shows that in 

deeper areas the residual flows are mainly driven by the 

freshwater discharge or tidal propagation. 
Near the south margin of the estuary (close to the estuary 

corridor) is located the region where the influence of the wind is 

more visible. In fact, the shallowness of this region, with depths of 

about 1 m over the local datum, turns the surface circulation in 

this region quite susceptible to the wind stress effect. 

Theoretical transport pathways inside the estuary 
Residual currents generated by freshwater discharge and wind 

stress forcing may induce different theoretical transport pathways 

of dissolved material. In Figure 4 the proposed transport pathways 

are depicted for the Tagus Estuary. 

In an estuarine region a parcel of water will move up and down 

the estuary during the flood and ebb due to the tidal propagation. 

In the absence of residual currents and other perturbing influences, 

the parcel of water will return to its original position after one tidal 

period. But, if the effects of the residual circulation are 

incorporated, then the parcel position at the end of the ebb will be 

somehow different from its position in absence of residual 

currents. The difference between these two positions defines the 

residual displacement. 

The results presented in this paper allow the definition of 

different paths for dissolved properties within the estuary. In fact, 

the river discharge may induce the dispersion and transport of 

properties through two well defined corridors passing through the 

deeper areas of the estuary (the navigation channels). The outflow 

of the Tagus and Sorraia produces a downward transport of 

properties (black arrows in Figure 4), which is visible in the 

central area of the estuary, corresponding to its mixing area. Then, 

the transport turns more chaotic due to the particular features of 

the bathymetry of the estuary in the area close to its mouth. 

Moreover, the corridor flow is highly dependent on the river 

discharge. A Tagus river discharge of 2000 m3s-1 (and a 200 m3s-1 

for the Sorraia) produces two well-defined corridor flows. Under 

the average and no river outflow scenarios, these corridor flows 

decrease their extent and are confined to the upstream region of 

the estuary. 

The wind stress plays a key role in the establishment of residual 

flow in the shallow areas of the estuary (close to its south margin). 

In this region, the wind direction may induce clockwise or 

counterclockwise residual flows according to the direction of the 

wind. A southwest wind generates a counterclockwise circulation 

and a north/northeast wind may induce a clockwise circulation as 

depicted in gray color in Figure 4. 

DISCUSSION 
In a coastal plain estuary with complex bathymetry and high 

tidal currents, the residual circulation can be modulated by the 

spring-neap tidal variability of the turbulent mixing due to tidal  

 

 
Figure 3. Residual flow in the Tagus Estuary for a) North wind scenario; b) Northeast wind c) Southwest wind. The small arrow at the 

lower right corner represents a velocity of 0.1 ms-1. 
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currents (Ribeiro et al., 2004). At longer time scales, variations in 

river flow may change vertical and horizontal gradients of density,  

promoting a decrease in vertical mixing and intensifying the 

gravitational circulation. Moreover, river flow can vary by an 

order of magnitude or more just over a few days due to storms or 

dam releases, changing the circulation patterns inside an estuary 

(MacCready, 1999). Therefore, estuarine circulation results from a 

complex interaction, between several forcing factors, over a wide 

range of time scales. 

In the Tagus Estuary, Neves (2010) revealed that the residual 

circulation is modulated by the spring-neap cycle by setting the 

vertical thermohaline structure. But no clues were revealed about 

the role of river discharge or wind stress in the residual circulation 

patterns. 

In this paper the tidal role is not directly explored and the study 

is focused in the river discharge effect and wind stress role. In a 

shallow system like the Tagus Estuary, which is considered a 

well-mixed system (Vaz et al., 2011; Valentim et al., 2013), a 2D 

approach was considered the best to study subtidal dynamics 

inside the estuary. 

The freshwater inflow from the main tributaries (Tagus and 

Sorraia rivers) produces significantly residual flows in the deeper 

areas of the estuary, generating two corridor flows in the central 

area of the estuary. In shallow areas, the freshwater discharge 

induces a more chaotic circulation pattern strongly dependent on 

the bathymetry of the area. In fact, this freshwater inflow forcing 

appears to generate a kind of nonlinear interaction with the 

bathymetry, producing this chaotic pattern, similar to the one 

produced by the tide as studied by Guyondet and Koutitonsky 

(2008). The residual flows due to the freshwater discharge are of 

the same magnitude as the ones due to tidal motion, presenting 

values of about 0.05 ms-1. As observed by Carballo et al. (2009) 

for their study of the Muros (NW Spain), the river driven case 

causes an outflow throughout the water column in the upstream 

region of the Tagus Estuary, close to the river’s mouth. 

Near the mouth of the estuary, the river inflow driven case 

shows the formation of two eddies, one inside the estuary and 

another just outside. The generation of these eddies were studied 

by Fortunato et al. (1997) in a 3D modeling study of the dynamics 

of this region. They related the eddy formation with asymmetry 

between ebb and flood currents and the particular bathymetry of 

the region. 

The analysis of wind driven scenarios revealed that the higher 

wind induced residual flows are generated in the shallow areas of 

the estuary near the south margin. In this region, the wind, 

depending on the direction induces the generation of clockwise 

and counterclockwise patterns. Moreover, the higher velocities are 

visible in the NE and SW wind scenarios, mainly due to the 

natural orientation of the estuary (NE-SW direction). In this case, 

the wind creates a torque which causes the estuarine water to 

rotate. Moreover, the wind may induce the generation of surface 

waves that may induce changes in the circulation of shallow areas 

of the estuary. However, this issue will be studied in the future.  

The estuarine dynamics inside the Tagus Estuary allow the 

identification of channels of preferential flows. This is a common 

feature of many estuarine systems where the bathymetry and 

orientation of the channels induces preferential flow corridors 

(Vaz et al., 2009a). In the Tagus Estuary, these corridor flows are 

visible in the deeper channels in the central area of the estuary. 

These corridor flows are dependent on the freshwater discharge 

from the main tributaries, being highlighted by a strong river 

outflow. 

CONCLUSIONS 
In this work, the results of a two-dimensional depth integrated 

hydrodynamic model (MOHID, www.mohid.com) were used to 

study the residual circulation in a coastal plain estuary: the Tagus 

Estuary, Portugal. The main objectives of this study were to study 

the generation of residual flows, highlighting the role of the 

freshwater discharge and wind stress in their generation and also 

the spatial patterns of variability. 

The simulations considered three scenarios of freshwater 

discharge, comprising extreme, mean and no river inflow. The 

results depicted show the effect of different freshwater discharges. 

Among the effects, the generation of specific corridor flows in the 

central region of the estuary is visible. As stated, these corridor 

flows are highly dependent on the magnitude of the river outflow. 

In fact, under extreme river inflow, these corridor flows are visible 

in all the central area of the estuary, occupying the navigation 

channels. The river inflow driven circulation also highlighted the 

generation of two eddies located near the estuary mouth. This 

eddies are generated due to asymmetries between ebb and flood 

currents and the particular topography of the estuary mouth. 

The wind driven residual circulation results highlighted the 

generation of residual currents in the shallow areas of the estuary, 

near the south shore. In fact, depending on the direction of the 

wind forcing, it is visible a cyclonic or anti-cyclonic rotation of 

the water in this particular region of the estuary. 

The spatial patterns of residual circulation allow the 

establishment of preferential transport pathways of dissolved 

properties. In fact, along the deepest areas of the estuary, a 

downstream long term transport may be induced by downstream 

residual flows. On the contrary, the wind may turn and modulate 

the transport of dissolved matter in periods of low river outflow. 

It was also noted that the high spatial residual flow variability is 

closely connected not only with the major forcing, but also with 

the interaction between estuarine circulation and the bottom 

topography of the estuary, which is highly non-linear. 

This study reveals that a simple approach as the one followed 

here may produce sound results, which reveal much of the 

common features of a classical coastal plain estuary like the 

Tagus. Improved simulations may be made with the 

implementation of a three-dimensional model to study the 

generation of residual flows inside the estuary and its influence in 

 
Figure 4. Sketch of the transport pathways inside the estuary. In 

black is depicted the theoretical river discharge effect and in gray 
is depicted the wind effect on the transport pathways. 
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the horizontal and vertical mixing processes. To that end, a salt 

and heat transport model is being implemented, and the results 

will be explored in future studies of estuarine circulation. 
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