
© 3rd IAHR Europe Congress, Book of Proceedings, 2014, Porto - Portugal.  ISBN 978-989-96479-2-3  

1 

NW IBERIA SHELF DYNAMICS: THE RIVER DOURO PLUME 

I. IGLESIAS(1,2), X. COUVELARD(3), P. AVILEZ-VALENTE(1,2,4) & R.M.A. CALDEIRA(1) 

(1) Centro Interdisciplinar de Investigação Marinha e Ambiental, Universidade do Porto, Porto, Portugal 

iiglesias@fe.up.pt, rcaldeira@ciimar.up.pt 

 (2) Instituto de Hidráulica e Recursos Hídricos, Universidade do Porto, Porto, Portugal 

 (3) Centro de Ciências Matemáticas, Universidade da Madeira, Funchal, Portugal 

Xavier.Couvelard@ifremer.fr 

 (4) Faculdade de Engenharia, Universidade do Porto, Porto, Portugal 

pvalente@fe.up.pt 

Abstract 

The River Douro, one of the major rivers of the Iberian Peninsula, is located on the NW Iberian 
coast. Its daily averaged discharge can range from 0 to 13 000 m3/s, which impacts on the 
formation of the river plume and on its dispersion along the continental shelf. The scenarios of 
plume generation, retention and dispersion were simulated with the ROMS model. The results 
show that the plumes behaviour depends on the wind strength and direction and on the 
offshore geostrophic current system. It was also found that the plume might induce offshore 
mesoscale eddies that transport the plume waters across-shore. 
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1. Introduction 

One of the most important mechanisms that transport terrestrial materials to the ocean is the 
river plumes. Rivers carry essential nutrients, enhancing the phytoplankton productivity, and 
sediments, which settle on the seabed producing modifications on the bathymetry that might 
affect the navigation channels. The study and modelling of the river plumes is a key factor for 
the complete understanding of sediment transport mechanisms and patterns, and of coastal 
physics and dynamic processes. 

The three main processes that govern plume dynamics are the mixing induced by the 
turbulence, the alongshore current produced by the balance between the Coriolis force and the 
cross-shore pressure gradient and the acceleration produced by the balance between buoyancy 
and gravity forces (McClimans, 1986). Plumes are superficial structures that can be trapped in 
the inner shelves with a baroclinic boundary coastal current structure (Chao and Boicourt, 
1986) but they occupy a small portion of the total water column (Münchow and Garvine, 1993) 
and their behaviour varies with the wind characteristics, tides, bottom friction on shallow 
waters, and offshore currents. When the riverine waters reach the ocean, instabilities can be 
induced, and, on this mixing, several structures can be formed like, for instance, bulges, 
filaments, buoyant currents, fronts, current-jets, eddies, etc. 
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River plumes have been the subject of numerical modelling for the last two decades. Two of the 
first works on river plumes with simplified 3D primitive equations models were those of Chao 
and Boicourt (1986) and Chao (1988), which established a plume classification still in use. This 
classification distinguishes between subcritical and supercritical plumes according to the size 
of the two principal regions of a plume: bulge and coastal current. If the seaward extent of the 
bulge is comparable to the width of the coastal current the plume is subcritical. Otherwise, if 
the bulge presents a considerable seaward extent, for a narrow alongshore current, the plume 
is supercritical. 

The River Douro is one of the major rivers of the Iberian Peninsula. Its daily averaged 
flow rate, controlled 21.6 km-upstream from its mouth by the Crestuma dam, ranges from 0 to 
13000 m3/s. The river outflow presents an important inter-annual variability, and a normal 
annual variability, with strong fluxes in winter and weak ones in summer (see Table 1). About 
70 % of the annual precipitation in this region take place between October and May with the 
highest values between December and February, and lowers between July and September 
(Gómez-Gesteira et al., 2011). The weather characteristics are mediated by the Azores 
Anticyclone (Lorenzo et al., 2007), which produce winds with northerly and north-westerly 
directions (Ramos et al., 2011) more frequent in summer. These northern-direction winds 
produced upwelling events, where a narrow band of cold batter is formed along the coast 
(Alvarez et al., 2008; deCastro et al., 2008). The southerly, south-westerly and westerly winds 
are at their highest amplitude during the autumn and winter months. 

Table 1. River Douro mean temperature and monthly averaged discharge. 

MONTH Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

             
T (ºC) 7 8 9 10 12 15 18 20 18 14 12 10 

Q (m3/s) 1083 855 762 522 402 272 165 101 160 273 473 862 
             

 

The NW Iberian coast, where the Douro plume evolves, presents prominent capes, 
promontories and submarine canyons (see Figure 1) with a continental shelf 30–40 km-wide 
between Galicia and Aveiro, 50–55 km-wide between Aveiro and Lisbon, and less than 20 km-
wide south of Lisbon (Pinheiro et al., 1996; Mason et al., 2006; Relvas et al., 2007). The 
semidiurnal tides present an amplitude between 2 and 3.4 m (Benavent et al., 2009), with a 
small amplification along the northern Portuguese shelf and a south–north propagation of the 
tidal wave as a Kelvin wave with a phase lag of 1 h between the south and the north of 
Portugal (Marta-Almeida and Dubert, 2006; Sauvaget et al., 2000). The effect of all the sources 
of fresh water on the Western Iberian coast (the Galician Rias, and the rivers Minho, Mondego, 
Lima, Vouga and Tejo) produces the Western Iberian Buoyant Plume (Peliz et al., 2002), 
extending along the coast and forming a front with the warmer and more saline surface waters. 
It increases the stratification and produces a vertical retention keeping the plume materials 
(biological materials, sediments, pollutants, etc.) inshore (Martins et al., 2008; Relvas et al., 
2007; Silva et al., 2008; Otero et al., 2009). 
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Figure 1. Model domain limits and 
bathymetry (m). 

The aim of this work is to study the River Douro plume and its dynamic on the inner- and 
cross-shelf regions, building on the long-term objective of generate a Douro River plume 
forecasting system as part of the RAIA and RAIA.co projects. 

2. Material and methods 

The Regional Oceanic Modeling System (ROMS) (Shchepetkin and McWilliams, 2003, 2005) 
was selected to perform the study of the Douro river plumes. It is a split-explicit, free-surface 
and terrain-following vertical coordinate oceanic model. A larger time-step is used for the 
temperature and salinity transport equations and baroclinic momentum equation, while a 
smaller time-step is used for the barotropic momentum and continuity equations. It contains a 
two-way procedure for the barotropic mode satisficing the 3D continuity equation, and a third-
order, upwind, dissipative advection scheme for momentum allowing for steep gradients and 
thus enhancing the resolution of the solution for a given grid size (Shchepetkin and 
McWilliams, 1998). The atmospheric forcing, the initial and boundary conditions and the 
model grid were constructed using the ROMS TOOLS package (Penven et al., 2007). The 
bottom topography was extracted from the GEBCO 30 arc-second grid resolution database 
(GEBCO, 2010). The initial conditions and forcing at the oceanic boundaries, temperature and 
salinity were retrieved from the World Ocean Atlas climatology (Antonov et al., 2006; 
Locarnini et al., 2006), the atmospheric fluxes,  water and heat, came from COADS (da Silva et 
al., 1994), while tidal forcing resulted from the OSU tidal data inversion (Egbert and Erofeeva, 
2002). The computational domain has 35 vertical levels with stretched S-coordinates (Song and 
Haidvogel, 1994), thus ensuring an acceptable resolution of the upper layer, and extends on the 
Earth’s surface from 10.75° W to 8° W and from 39.5° N to 42.5° N (see Figure 1), on a 1°/80 (∼1 
km) regular grid. 

A 3 year spin-up simulation without river flux is needed for the volume averaged kinetic 
energy to reach a steady-state condition. After this 3 year-long simulation, a 1 month-long tide-
ramp simulation was performed. The outcome of this procedure is to be used as initial 
conditions for the case-study simulations, where the river flow is added like a point source 
located at the River Douro location with a specified temperature and null salinity. 
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A monthly mean flow rate at the Crestuma dam, averaged for the Jan/1996–Jan/2012 period 
(SNIRH, n.d.) was used. For analysis, the computed salinity and current velocity distributions 
were used to represent the orientation, structure and propagation of the formed plumes. 

A plume classification based on phenomenological parameters was performed. Chao (1988) 
classifies the plumes according to the ratio between the maximum width of the plume bulge 
and the coastal current width. For a ratio bellow 1.7, the plume is subcritical, otherwise it is 
supercritical. The Rossby deformation radius, Rd, could be used to quantify the planetary 
rotation effect on the plume structure. This number is defined as:  

 
N h

 Rd ,
f

=  [1]  

where, h is the local ocean depth scale, and f is the Coriolis parameter given by:  

 f 2 sin ,φ= Ω  [2]  

with Ω = 7.29 x 10-5 rad/s being Earth’s rotational velocity), and φ the local latitude. N is the 
Brunt-Väisälä frequency calculated from: 

 
g

N .
z
θ

θ

ρ
ρ

∂= −
∂  [3]  

In Eq [3], g is the acceleration of gravity, ρθ is the monthly mean potential density and z is the 
geometric height. 

The Kelvin number, Ke, is the ratio between the local plume width and the Rossby deformation 
radius. For Ke << 1, the Coriolis force will have a weak effect over the plume structure and the 
advection due to momentum will be strong. If Ke >> 1 the situation is the opposite: strong 
Coriolis force effect and weak advection (Garvine, 1995, 1999).  

The densimetric Richardson number, Ri can be defined as:  

 2

g'h
 Ri ,

U
=  [4]  

where U is the horizontal depth averaged velocity, and g’ is the reduced gravity, given by  

 
b s g ' g .

ρ ρ
ρ
−=  [5]  

In Eq [5], ρb and ρs are the bottom and surface water densities, and ρ is the depth averaged 
water density. This number characterises the water column stability. Ri = 20 is the upper limit 
for occurrence of turbulent mixing near the halocline. For Ri < 20 a weak stratification situation 
exists, while for Ri > 20 the mixing is negligible. For Ri < 2 the mixing will be fully developed 
(Schiller and Kourafalou, 2010; Vaz et al., 2012)  

Three types of simulations were performed: 1. schematic winds simulations with prescribed 
river outflow, and wind speed and direction; 2. a multi-year climatological simulation, with 
monthly prescribed river outflow and water temperature; 3. extreme case simulation, based on 
the Entre-os-Rios accident situation.  

 
 



5 

3. Results 

3.1 Schematic wind simulations 

The 1 month-long simulations were performed with January climatic initial conditions at the 
open ocean lateral boundaries. The wind and river flow conditions for each scenario are 
summarized on Table 2. 

Table 2. Schematic wind scenarios performed with the ROMS model. 

Scenario WIND DIRECTION WIND VELOCITY RIVER FLOW 

    
  (m/s) (m3/s) 

A1 North 12 1000 
A2 South 12 1000 
B1 North 1 1000 
B2 South 1 1000 
C1 North 12 100 
C2 South 12 100 
D1 North 1 100 
D2 South 1 100 
E1 No wind No wind 1000 
E2 No wind No wind 100 

    
 

The main results can be seen on Figure 2. For the no wind cases, the plumes developed weak 
poleward travelling coastal currents and bulges. Comparing scenarios E1 and E2 with the other 
cases, a strong wind response can be related with river plumes propagating with the wind 
direction near the coast. Weak wind simulations, i.e. scenarios B1, B2, D1 and D2, produce the 
larger plume bulge widths, which can cross the continental shelf, in the case of a simultaneous 
strong river outflow, as in scenarios B1 and B2. For a strong wind, scenarios A1, A2, C1 and C2, 
the bulges are small or even non-existent. The southerly winds generate poleward travelling 
plumes which might reach the Galician Rias when a strong river flow occurs. The northerly 
winds produce plumes with south-westerly direction and south alongshore currents. As can be 
seen on Table 3, the maximum plume widths are obtained for strong river outflows.  

Table 3. Chaos’s plume classification. 

Scenario BULGE WIDTH (km) 
COASTAL 

CURRENT 

WIDTH (km) 

CHAO’S 

RATIO 
 

      
 Maximum River mouth    

A1 45 5 15 3.0 Supercritical 
A2 — 5 10 0.1 Subcritical 
B1 48 37 14 3.4 Supercritical 
B2 32 30 15 2.1 Supercritical 
C1 — 3 5 0.1 Subcritical 
C2 — 3 10 0.1 Subcritical 
D1 24 17 5 4.8 Supercritical 
D2 24 12 10 2.4 Supercritical 
E1 30 24 10 3.0 Supercritical 
E2 12 8 5 2.4 Supercritical 
EE 33 30 15 2.2 Supercritical 
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Figure 2. Mean salinity and current vectors for the one month schematic wind 
scenarios simulations, A1 to E2, and for the extreme event study, EE. 

3.2 Extreme event study 

On the 4th March 2001, the river Douro flow rate reached 7000 to 8000 m3/s. This extremely 
strong discharge provoked the collapse of a bridge at Entre-os-Rios, and one bus and several 
were carried downstream. A few days after the accident, some corpses and car debris were 
found on the Galician coast. For the simulation, QuikSCAT (Dunbar et al., 2006) real wind data, 
and a mean river flow of 8000 m3/s were used. River water salinity and temperature were set 
to null and 9 ºC, respectively. The results are shown in Figure 2. The plume displays a huge 
bulge and a northward coastal current that can explain the corpses and car debris on the 
Galician coast. The wind presents a southerly wind component, driving the plume waters to 
the north. 
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3.3 Multi-year climatological simulation 

On this 3 year-long simulation the river water salinity was kept null and the temperature and 
flow rate change according to the values shown in Table 1. The temperature values were 
extracted from previous works (Azevedo et al., 2006; Pinto, 2007). Figure 3 shows the variation 
of the plume structure with the climatological conditions in the area. On January, a southwest 
protruding jet-like plume can be seen, while on December the bulge and the coastal current 
seem to evolve to the north. On May the bulge evolved towards southwest but a small 
northward component is present, and on August, due to the small river flow, the bulge is 
small. Although this fact concurs with the climatic wind conditions, the analysis of the daily 
snapshots shows that the Douro plume is reactive to the offshore (alongshore) current and 
there are times when the wind and the plume propagate in opposite directions. This happens 
when the offshore current is at its highest strength and travels opposite to the wind. This 
simulation displays a wide range of plume scenarios: jet-like features, bifurcations, jets 
protruding either to north or to south, patches, flapping filaments and mesoscale eddies. These 
structures interact with inshore waters and advect the plume waters across the shelf 
transporting them to remote locations.  

 

                             January                     May                      August                  December 

 
 

 
Figure 3. Monthly mean salinity and current vectors for four months of the multi-
year climatological simulation. 

3.4 Plume classification 

This Chao’s classification was applied to the 1 month-long simulations and to the extreme 
event study (EE). This led to the classification of 3 plumes as subcritical, and 8 plumes as 
supercritical (see Table 3). 

Deformation radius ranging from 5 to 10 km, and reaching up to 18 km for the EE, show that 
the Douro plumes are not diffusive. The Kelvin number is close to 0 for the subcritical plumes 
and between 1.8 and 5.6 for the supercritical ones, which shows that the subcritical 
plumes have a stronger effect of advection and that the supercritical plumes have an important 
influence of the Coriolis force. 

The largest Richardson numbers, Ri > 20, were registered for low or absent wind and visible 
bulges, and for the EE as well. This means that there was no efficient mixing in those cases. 
Scenarios C1 and C2 present Ri < 2, suggesting strong mixing. 
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4. Conclusions 

The simulations shown the typical structure of a river plume, i.e. bulge plus coastal current. 
The schematic wind case-studies suggest that the plume of the Douro is wind-driven, showing 
remarkable differences in their structure and dispersion pathways depending on the wind 
strength and direction. Southerly winds push the river water to the north, being possible to 
find water from the River Douro within the Galician Rias, while upwelling favourable winds 
induce plumes with a narrow coastal current. The high surface salinity on the plume regions 
during strong wind events suggests that the wind enhances the vertical mixing. The plume is 
affected by the Coriolis force but its influence is mitigated by a strong wind forcing. 

The multi-year climatological study showed that the plume response depends as well on the 
behaviour of the offshore geostrophic current system. Offshore eddies and filaments are also 
responsible for the cross-shore transport, through the horizontal advection of plume waters. 
Extreme river discharges, associated with southerly winds, can transport debris to the Galician 
coast, helping to explain the outcome of the tragic events of the Entre-os-Rios accident of 
March 2001. 

Analysis of both the Rossby deformation radius and the Kelvin number confirm that the Douro 
supercritical plumes are strongly affected by the planetary rotation. The supercritical plumes 
coincided with the coastal current maximum widths and the values obtained for the 
densimetric Richardson number showed that the supercritical plumes are less mixed than the 
subcritical ones. 
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