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RESUMEN 

Este trabajo compila y resume los conocimientos actuales sobre la hidrología y circulación 

del Estuario del Río de la Plata, revisando la literatura existente sobre el tema. En primer 

lugar, se describen los principales forzantes de la circulación en el estuario -su geometría y 

batimetría, descarga, olas, mareas y vientos- enfatizando, cuando corresponde, en sus 

escalas temporales de variabilidad de intra a inter-anual. Luego, se discuten la estructura de 
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la densidad y los principales patrones de circulación, sintetizando los resultados obtenidos a 

partir de estudios basados en modelos y en observaciones. La descripción de la circulación 

se realiza en dos partes: (i) en primer lugar, se presenta la circulación barotrópica (media 

vertical) con gran impacto en el transporte neto de masa y, por lo tanto, en la variabilidad 

del nivel del agua en el estuario, (ii) en segundo lugar, se discute lo que se conoce acerca de 

las corrientes baroclínicas (que varían verticalmente) en la zona frontal y su influencia en la 

estructura de densidad. Finalmente, se describen los caminos de las masas de agua dulce de 

los principales afluentes a lo largo del estuario y se discuten los mecanismos que favorecen 

la retención en la zona frontal. 

Palabras clave: Estuario del Río de la Plata, hidrodinámica, circulación, escalas de mezcla 

 

ABSTRACT 

This work compiles and summarizes the current knowledge of the Río de la Plata Estuary 

hydrology and circulation, reviewing the existing literature on the issue. We firstly describe 

the main forcings of the circulation in the estuary -its geometry and bathymetry, runoff, 

wind-waves, tides and winds- emphasizing, when it applies, in their temporal scales of 

variability from intra to inter-annual. Then, we discuss the density structure and the main 

circulation patterns, synthesizing results derived from modelling and observational studies. 

The description of the circulation is done in two parts: (i) firstly reporting the barotropic 

(vertically averaged) motion, which strongly affects the net mass transport and sea surface 

height variability in the estuary and, therefore, is linked to the surges; and (ii) secondly, 

discussing what it is known about the baroclinic (vertically varying) currents in the frontal 

zone and their influence on the density structure. Finally, the paths of the freshwater masses 

of the main tributaries along the estuary are described and the mechanisms that favour 

retention in the frontal zone are discussed. 
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Introduction 

It has been estimated that 23% of the world population (1.2 × 10
9
 people) lives near the 

coasts (less than 100 km and up to 100 m above sea level), while the density of the 

population in these coastal regions is three times larger than the global average (Small and 

Nicholls, 2003). One of these densely populated sites is located in the Río de la Plata (RdP) 

Estuary, the most developed area of Southern South America, located at 35 ºS on the south-

western South Atlantic. 

The RdP (Figure 1) has large social and economic importance for the countries along its 

shores, Argentina and Uruguay. It drains the second largest basin of South America, formed 

by the Paraná and the Uruguay rivers. The estuarine area is 35,000 km
2
 and the fluvial 

drainage area is 3.1×10
6
 km

2
 (Depetris and Griffin, 1968), which ranks the RdP in fourth 

and fifth in the world in fluvial discharge and drainage area, respectively. The capital cities 

of both countries, Buenos Aires and Montevideo, and a number of harbours, resorts and 

industrial centres are located on its margins and influence zone. This estuary is the main 

source of drinking water for millions of inhabitants in the hinterlands, for whom it is also 

an important amusement area. The RdP constitutes the access to the most important 

harbours of southern South America, including those of Argentina and Uruguay; the 

navigation channels of these ports demands a continuous dredging. In addition, the transfers 

of commodities to Paraguay from and to overseas countries is also made though the estuary 

and its tributary rivers. The estuary contains one of the largest wetlands of the region in 

Samborombón Bay, which is the home for a number of species of fishes, turtles, crabs and 

migratory birds (Lasta, 1995; Canevari et al., 1998; Volpedo et al., 2005). 
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The drainage of rich in organic detritus and nutrients freshwater enriches the estuary and 

provides highly productive habitats for a large number of organisms. The convergence of 

fresh and salt water generates a border system (an ecotone) that favours spawning and 

nursery for several coastal species (e.g., Acha and Macchi, 2000; Berasategui et al., 2004; 

Rodrigues, 2005; Berasategui et al., 2006; Acha et al., 2008; Derisio et al., 2014). All these 

aspects are highly conditioned by the variability in the salinity and the sedimentology 

which, in turn, is mostly governed by the circulation (e.g., Simionato et al., 2007; Meccia et 

al., 2013; Moreira, 2016). 

In what regards the impact on the adjacent ocean, the fresh water plume of the RdP 

influences the shelf over a distance of more than 500 km to the north (Campos et al., 1999), 

exporting water, sediments, carbon and nutrients. Using the first remote observations of Sea 

Surface Salinity coming from Aquarius and SMOS, Guerrero et al. (2014) show how the 

Río de la Plata waters are exported towards the deep ocean in the region of Brazil-Malvinas 

Confluence. Consequently, this estuary has an obvious impact on the adjacent shelf and the 

boundary currents system (e.g., Machado et al., 2013; Combes and Matano, 2014). 

Many environmental questions in the RdP and the adjacent shelf are linked to the 

circulation, its variability and its principal forcings. Some of the most significant issues 

include drinking water resources, storm surges forecast (e.g., Dinápoli et al., 2017), floods 

alerts (e.g., Moreira et al., 2014), waste drainage, optimization of dredging operations (e.g., 

Cardini et al., 2002), understanding geomorphological change (e.g., Codignotto et al., 

2011; Cellone et al., 2016), contamination (e.g., Colombo et al., 2005; 2007; Avigliano et 

al., 2015), benthic ecology (e.g., Gómez-Erache, 1999), primary productivity (e.g., Gómez-

Erache et al., 2004; Huret et al., 2005) and fisheries (e.g., Jaureguizar et al., 2003a,b; Acha 

et al., 2008; Jaureguizar et al., 2008; 2016). 

The water circulation in the RdP Estuary and in the adjacent shelf is driven by the complex 
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interaction of several forcings (drivers) -the tributaries flow, the tides, the winds, the 

geometry and the bottom topography- and is affected by the rotation of the Earth. The high 

variability of the winds in the area and the large breadth of the estuary give to circulation 

particular features (e.g. Simionato et al., 2004a,b; 2006a,b; Meccia et al., 2009; 2013). 

Given the large impact of the RdP circulation on a number of scientific questions so as in 

management, the aim of this work is to compile, summarize and integrate most of the 

numerous papers that have been produce regarding the estuary circulation and hydrology. 

We hope that this work will facilitate the access to the information to a broad audience, 

particularly to those who are not specialized in physical processes in estuaries. 

 

1. Geographic setting and forcings 

2.1. Main bathymetric features 

An estuary can be defined as an embayment of the coast in which buoyancy forcing alters 

the fluid density from that of the adjoining ocean (Valle-Levinson, 2010; Geyer and 

MacCready, 2014). The RdP estuary (Figure 1), in particular, is one of the largest estuaries 

in the world (Shiklomanov, 1998). It is located on the eastern coast of southern South 

America at approximately 35ºS, and has a northwest to southeast oriented funnel shape 

approximately 320 km long, which narrows from 230 km at its mouth to 40 km at its upper 

end (Balay, 1961).  A complete description of its morphology and sedimentology can be 

found in Ottman and Urien (1966), Depetris and Griffin (1968), Urien (1972), Parker et al. 

(1986), López Laborde (1987), Moreira et al. (2016), and references therein. Based on its 

morphology and on what is known or inferred about its dynamics, the RdP Estuary has 

been classically divided into two regions split by the Barra del Indio, a submerged shoal 

with a slightly convex shape and depths of 6.5-7 m which crosses the estuary between 
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Punta Piedras and Montevideo. The upper region is almost occupied by freshwater and is 

characterized by shallow banks with depths ranging from 1 to 4 m (Playa Honda and Ortiz 

Bank), which are separated from the coasts by deeper channels with depths varying from 5 

to 8 m (North, Oriental and Intermediate Channels) and limited to the south by the Barra 

del Indio. Eastwards the shoal, the Maritime Channel, a wide depression with depth 

increasing from 12 to 14 m at the north to 20 m at the south, separates Samborombón Bay 

to the west from a region of banks known as Alto Marítimo to the east. The Alto Marítimo 

is formed by the Arquímedes and English Banks, with depths ranging from 6 to 8 m, and 

the Rouen Bank with a depth of 10-12 m. To the north of those banks, the Oriental 

Channel, the deepest channel of the estuary with depths of up to 25 m, extends along the 

Uruguayan coast. Samborombón Bay is a very shallow and extensive area with depths 

ranging from 2 to 10 m that extends between Punta Piedras to the north and Punta Rasa to 

the south. 

 

2.2. The continental discharge 

Freshwater reaches the RdP Estuary through a number of tributaries (Figure 2), being the 

two major the Paraná and Uruguay rivers. Those rivers form the second largest basin of 

South America after the Amazon, with a mean discharge for the 1931-2016 period of 

23,000 m
3
s

-1
 (Borús and Giacosa, 2014; Borús et al., 2017). The Paraná River flows into 

the estuary forming a large delta; the two main branches are the Paraná Guazú-Bravo, 

transporting approximately 77% of the runoff, and the Paraná de las Palmas, transporting 

the remaining 23% (Nagy et al., 1997; Jaime and Menéndez, 2002). The mean transport of 

the minor tributaries is several orders of magnitude less and, therefore, the average 

continental discharge to the estuary can be almost evaluated as the result of the transport of 

the two major tributaries (Framiñan et al., 1999). 
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The RdP flow regime showed large inter-annual and inter-decadal variability. On inter-

decadal time scales a normal runoff cycle, that spanned between 1931 and 1943, a dry 

period during 1944-1970 and humid period starting in 1971 were reported (Jaime and 

Menéndez, 2002). The increment of the mean flow from the dry to the humid phase 

reported by Jaime and Menéndez (2002) was significant: 15% more than the historical 

mean and 33% more than the 1944-1970 mean. The mean runoff from 1971 to 2002 rose to 

24,000 m
3
s

-1
 (Jaime and Menéndez, 2002) and to 25,000 m

3
s

-1
 between 1997 and 2016 

(Borús et al., 2017). 

The runoff variability in inter-annual time scale has been studied by Mechoso and Perez-

Iribarren (1992), Robertson and Mechoso (1998), Jaime and Menéndez (2002; 2003). It 

displays a near-decadal component, and inter-annual peaks at El Niño - Southern 

Oscillation (ENSO) timescales. The near-decadal component, in which high river runoff is 

associated with anomalously cool sea surface temperatures (SST) over the tropical North 

Atlantic, is most marked in the Paraná River. Instead, ENSO timescale variability (with 

peaks at bands centred at about 2.5 and 3.5 years) is more pronounced in the Uruguay 

River, with El Niño (La Niña) associated with enhanced (reduced) stream flow. 

Additionally, another peak of variability centred at 6.5 years has been recorded for this 

river. It is related to a pattern of large SST anomalies in the central and western Pacific, 

with large off-equatorial anomalies farther east. This spatial pattern is characteristic of 

longer timescale variability over the tropical Pacific. Over the South Atlantic, the SSTs 

associated to this cycle resemble the semi-quadrennial one. However, the SST anomaly 

pattern over the tropical North Atlantic is of the opposite sign, with cold anomalies 

accompanying positive stream-flow anomalies. Peaks as large as 90,000 m
3
s

-1
 and as low as 

8,000 m
3
s

-1
 have been recorded in association with those cycles. 

The total discharge to the RdP Estuary displays a weak seasonality; this is because of the 

weak seasonality of the tributaries, and the fact that their cycles are out of phase, partially 
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compensating each other (Nagy et al., 1997). The mean seasonal cycle of the main 

tributaries and of the total runoff to the RdP is shown in Figure 3. The Paraná Guazú river 

displays a maximum runoff between March and June and a minimum in October (Figure 3, 

green line). The Paraná de las Palmas (blue line), with a lower runoff, has a maximum 

between March and May and a minimum in October. The Uruguay River displays two 

maxima, one in October-November and the other in May-June, and a minimum in January. 

This way, the total runoff is around 30,000 m
3
s

-1 
in winter and around 23,000 m

3
s

-1
 in 

summer. 

Meccia et al. (2009) and Saraceno et al. (2014) showed from numerical simulations and 

satellite observations that the runoff that reaches the RdP Estuary is the main modulator of 

the inter-annual time scale variability of the sea surface height (SSH). They estimated that 

the changes in the mean sea level associated to the extreme discharge conditions might vary 

from ±0.25 m at the uppermost RdP (Meccia et al., 2009), to the order of ±0.03 m at the 

exterior estuary. The variability on inter-annual time scales of the continental discharge has 

a strong impact on the position of the surface and bottom salinity fronts of the RdP 

(FREPLATA, 2005; Guerrero et al., 2010), the turbidity (Dogliotti et al., 2016), the 

retention properties at the estuary (Acha et al., 2012), the grow of marshes (Schuerch et al., 

2016), the chlorophyll-a  concentration(Machado et al., 2013)and the structure of the 

phytoplankton, with a significant reduction of diversity and decreases in biomass and 

phytoplankton density, during El Niño phases (Satchiq et al., 2015). Also, it has been 

reported that cyanobacteria are more abundant in the neutral periods, Chlorophyceae 

dominate during La Niña phase and Bacyllariophyceae dominate during El Niño (Satchiq et 

al., 2015). Finally, the warm-phase ENSO events increase the trophic state of the sediments 

because of the increased freshwater input (García-Rodriguez et al., 2014). The variability 

on seasonal time scale of the runoff has a large impact on turbidity (e.g., Moreira et al., 

2013) and a low impact on sea level (Meccia et al., 2009). 
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2.3. Tides 

The RdP is a microtidal system and the tidal regime is mixed, dominantly semidiurnal. The 

principal lunar semi-diurnal M2 is the most significant constituent (M2 has an amplitude of 

0.27 m at Buenos Aires and around 0.65 m in Samborombón Bay, Figure 4 upper panel, 

Simionato et al., 2004a); however, there are significant diurnal inequalities, mostly caused 

by the principal lunar diurnal constituent O1, with an amplitude of 0.15 m at Buenos Aires 

(D‟Onofrio et al., 1999). This way, maximum amplitude at Buenos Aires (upper estuary) 

can reach 1 m, whereas the mean is 0.6 m. At Punta Rasa, the maximum amplitude reaches 

1.43 m and the mean is of 0.76 m (SHN, 2017). 

Tidal waves associated with the South Atlantic amphidromes reach the Continental Shelf 

while propagating northward (O‟Connor 1991; Glorioso and Flather 1995, 1997; Simionato 

et al., 2004a). As they propagate over the shelf, geographic setting modifies their 

propagation so that energy enters the estuary mainly from the southeast (Simionato et al., 

2004a). The tide (Figure 4 upper left panel) propagates as a Kelvin wave forced at the 

estuary mouth, leaving the coast to the left in the Southern Hemisphere; therefore, tidal 

amplitudes are larger and currents are stronger along the Argentinean coast than along the 

Uruguayan one (Simionato et al., 2004a). The tide propagates at the phase speed (c) of long 

external gravity waves c=λ/T=√gH, where λ is the wavelength, T is the period, g is the 

acceleration of gravity and H is the depth. In consequence, as the wave progresses towards 

the estuary head, H decreases and therefore, c and λ must decrease. Owing to this effect and 

the considerable length of the estuary, semidiurnal constituents have the unusual feature of 

nearly complete a wavelength within the estuary at all times (CARP, 1989). Tidal 

amplitudes are generally not amplified toward the upper part (Figure 4). The estuary is long 

and converges only at its innermost part, where it is extremely shallow and bottom friction 
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plays a fundamental role controlling the wave amplitude (Framiñan et al., 1999). This way, 

dissipation by bottom friction is large, and most of the energy is lost before the tidal wave 

reaches the upper estuary (Figure 4 lower panel); as a consequence, tides have small 

amplitude in the upper estuary and along its northern coast (Simionato et al., 2004a). 

Given that water level is easier to measure than tidal currents, observations of this last 

variable are scarcer, and much of what is known about its behaviour was inferred from 

numerical simulations. Maximum speeds occur at the northernmost and southernmost limits 

of Samborombón Bay whereas in its interior they are weaker (Figure 4 lower left panel). 

This last region displays a rotational feature, but at the upper and central estuary tidal 

currents tend to be more unidirectional; this last is also the case along the Uruguayan coast 

(Simionato et al., 2004a). The tidal ellipses have a clockwise rotation and a west-northwest 

to east-southeast orientation in the southern coast, and are elongated, with an east-west 

orientation and a counter clockwise rotation in the northern coast (Figure 4 lower left 

panel). The speed of the tidal currents range between 0.2 and 0.4 ms
-1

 at the salinity frontal 

zone (Simionato et al., 2006a).  

Luz Clara Tejedor et al. (2014) studied the influence of the large inter-annual changes in 

the continental discharge related to the ENSO cycles on the tidal amplitude and phase. The 

authors showed that significant non linear interactions occur, with an increase (reduction) 

of the runoff accompanied by increments (reductions) of the dominant tidal constituent M2 

phase and reductions (increments) of its amplitude. This is a consequence of the 

deformation that occurs because of the interaction between the tide and the currents. 

 

2.4. Winds 

Winds are the main forcing of the RdP Estuary circulation, particularly in its exterior area 
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and, as it will be discussed later, it affects estuarine circulation on every time scale. The 

atmospheric general circulation in the RdP region is controlled by the influence of the semi-

permanent South Atlantic high pressure system. The counter-clockwise circulation 

associated with this centre advects warm and moist air from subtropical regions over the 

estuary (Minetti and Vargas, 1990). On the other hand, cold atmospheric systems coming 

from the south drive cold air masses over the area with a dominant periodicity of around 4 

days (Vera et al., 2002). The passage of these cold fronts is in occasions associated with 

convective storms which are usually referred as „Pamperos‟. As a result of those features, 

an alternation of winds from the northeast to the southwest in a scale of a few days is the 

dominant characteristic of wind variability in the area (illustrated in Figure 5, from 

Simionato et al., 2008). It is modulated in intra-seasonal time scales by an alternating 

pattern of variability which is associated with precipitation variability and northeast to 

southwest changes in surface winds (Nogués-Paegle and Mo, 1997; Liebmann et al., 2004). 

Additionally, the RdP is located in one of the most cyclogenetic regions of the Southern 

Hemisphere (Gan and Rao, 1991), due to waves that move along subtropical latitudes of the 

South Pacific and South American regions -exhibiting maximum variability in periods of 

10 to 12 days- that interact with subtropical air masses over north-eastern Argentina, 

Uruguay and southern Brazil (Vera et al., 2002). Approximately 8 cyclones per year occur; 

when they develop over Uruguay, they can originate very strong south-easterly winds, with 

speeds that exceed 15 ms
-1

 (Seluchi, 1995; Seluchi and Saulo, 1996). These storms, known 

as „Sudestadas‟ produce storms surges and floods in the upper estuary (D‟Onofrio et al., 

1999; Santoro et al., 2013; Dinápoli et al., 2017), but they can be also produced by other 

meteorological conditions driving to strong and/or persistent winds from the east and 

southeast (Escobar et al., 2004). Sudestadas have a frequency of occurrence of around 2 to 

3 events per year (Escobar et al., 2004). 

An onshore to offshore alternation characterizes the seasonal variations of the surface 
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winds from summer to winter, associated to a larger frequency of north-easterlies in 

summer and a larger frequency of westerlies in winter (Simionato et al., 2005a; Guerrero et 

al., 1997a,b). 

A linear trend analysis over the last 40 years of 20
th

 Century showed a displacement of the 

summer-winter seasonal features to earlier months (Simionato et al., 2005a). On inter-

annual time-scales, the first leading pattern of variability describes east-west changes of 

surface winds (Simionato et al., 2005a) that seems to be forced by the semi-biennial 

tropospheric oscillation excited in the western tropical Pacific (Mo, 2000); the conditions 

over the RdP are influenced by such oscillation through an atmospheric Rossby wave train 

propagating out of the tropics (Simionato et al., 2005a). The second leading mode of 

variability is associated with anticyclonic/cyclonic wind rotations off the estuary on inter-

annual time scales which are related with changes in both atmospheric and oceanic surface 

conditions at Southern Hemisphere high-latitudes (Simionato et al., 2005a). Piola et al. 

(2005) and Meccia et al. (2009) suggested that variability at the ENSO frequencies in the 

RdP would not only be associated with runoff anomalies but also with surface wind 

anomalies over the estuary, which have a dominant westward (eastward) component during 

El Niño (La Niña) phase. The 850 hPa geopotential anomalies associated to the ENSO 

phases shown by Grimm et al. (2000) are consistent with those results. Those wind 

anomalies might be responsible for the relatively low extension of the RdP fresh plume to 

the north along the Brazilian coast, which is observed even under very high runoff 

conditions (Piola et al., 2005). 

 

2.5. Wind waves 

Considering the general orientation of the RdP (from northwest to southeast) and its 

shallowness, only the waves propagating from the southeast can reach the upper RdP 



Artículo en edición                                                   

13 

 

(Dragani and Romero, 2004). In general, the waves with relatively long period coming 

from the deep water of the Atlantic Ocean suffer refraction, shoaling and friction effects as 

they propagate to the interior of the estuary, that diminish wave heights by 94.9% (Dragani 

and Romero, 2004). Therefore, it is considered that local generation is the main cause of 

waves in the upper estuary (Halcrow and Partners, 1969; Dragani and Romero, 2004). 

Observations gathered in the area of Costanera Sur of Buenos Aires (Molinari and 

Castellano, 1990) showed that the most frequent periods are between 3 and 4 seconds, 

being unlikely those of more than 7 seconds. These results are consistent with those derived 

by EIH (1985). The most frequent range of significant heights are between 0.20 and 0.60 

m, being unlikely waves higher than 1,50 m. At the exterior RdP, Dragani and Romero 

(2004) showed that the wave climate is a combination of "swell" (waves not related to local 

winds) and "sea" (waves generated by local winds), with dominant heights between 0.5 and 

1.5 m and periods from 4 to 6 s for sea and 10 to 12 s for swell. The highest waves are more 

often associated with the presence of cyclones located either on the continental shelf 

(northern 40° S) or on the Uruguayan and southern Brazilian region (Dragani et al., 2013). 

Dragani et al. (2010) reported a possible increase in wind wave heights in the south-

western South American continental shelf between 32° S and 40° S during the last decades, 

that suggest that could be related to a shift of the semi-permanent anticyclone. This change 

could be associated, in turn, with the increased erosion observed in the outer estuary 

(Codignotto et al., 2012). 

 

3. Mean salinity, temperature and density patterns and their seasonal cycle 

Density in the RdP is controlled by salinity, whereas the changes in temperature, even 

though important from one to other season, only show small horizontal gradients (see 

discussion below). The stratification is controlled by the confluence of fresh waters from 
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the tributary rivers over the denser waters from the Continental Shelf (Figure 6, adapted 

from Guerrero et al., 2010), which enter into the system as a topographically controlled salt 

wedge (Figure 7, from Guerrero et al., 1997b) with an extension of between 100 and 250 

km (Guerrero et al., 1997a,b). This wedge determines the occurrence of a bottom saline 

front (see discussion below), associated with a zone of maximum turbidity (e.g., Framiñan 

and Brown, 1996; Moreira et al., 2013; Dogliotti et al., 2016). The location of the wedge is 

strongly anchored to the Barra del Indio shoal, but presents some mobility with the runoff, 

the tides and the winds (Meccia, 2008; Meccia et al., 2013; Moreira et al., 2013; Dogliotti 

et al., 2016). 

The seasonal cycle of temperature and salinity in the RdP was first reported by Guerrero et 

al. (1997a) using 1600 hydrographic stations gathered during 29 years (from 1966 to 1995). 

Since then, many more observations were collected, but the pattern described by those 

authors has not qualitatively changed (see, for instance, FREPLATA, 2005; Lucas et al., 

2005; Guerrero et al., 2010). They defined a warm period from December to March 

(summer in the SH), whereas the period from June to September characterizes the cold 

season (winter in the SH). During summer (Figure 6 upper panels), a marked gradient along 

the estuary axis is observed, with temperatures decreasing offshore. The bottom gradient is 

more abrupt than the surface one. During the cold season the distribution is more 

homogeneous, with similar temperatures (11 to 12 ºC) over the intermediate and exterior 

RdP, and in both the upper and bottom layers. 

The lower panels of Figure 6 (adapted from Guerrero et al, 2010), shows the horizontal 

distribution of salinity at the surface (right panels) and near the bottom (left panels) for the 

warm and cold seasons, respectively. A similar distribution is observed near the bottom 

during both seasons, with a gradient along the estuary axis and high values in the maritime 

zone, decreasing to the inner RdP. The main differences from one to other season occur at 

the surface layer. During the cold season the freshwater plume of the RdP moves to the 
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north along the Uruguay coast reaching southern Brazil (Möller et al., 2008; Piola et al., 

2008), whereas during the warm season the freshwaters displaces to the south reaching 

Cabo San Antonio. Wind anomalies have been considered responsible for the movement 

and the extension of the RdP fresh plume because of the seasonal variation of the surface 

winds from summer to winter (Guerrero et al., 1997a,b; Simionato et al., 2001; Lucas et al., 

2005; Simionato et al., 2007), with a larger frequency of north-easterlies in spring-summer 

and a larger frequency of south-westerlies in fall-winter (Simionato et al., 2005a). 

SST variability on seasonal time scale and its relation to wind variability was explored by 

Simionato et al. (2010) using satellite SST and sea surface winds. They found that the 

seasonal cycle can be explained in terms of two modes. The first one, characterizing fall-

early winter/spring-early summer, is related to the radiative cycle. The second one, 

corresponding to late summer and winter, displays warm/cold anomalies along the 

Uruguayan coast forced by the prevailing winds during those seasons. The SST seasonal 

cycle over the estuary is uncoupled from that on the open ocean, and the maxima and 

minima occur sooner. This is because the upper and intermediate RdP are very shallow and 

rapidly respond to radiation, and the reason why the thermal amplitude of the Argentinean 

Shelf maximizes at the upper estuary. 

 

4. Circulation patterns 

4.1.The barotropic circulation and its effects on sea level 

4.1.1. Circulation forced by the runoff and the winds 

The barotropic (or vertically averaged) component of the flow dominates the variability of 

the SSH and has a strong impact on the net mass transport. For the RdP, it has been studied 
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by means of numerical simulations (Jaime and Menendez, 1999; Simionato et al., 2004b, 

2006b; Piedra-Cueva and Fossati, 2007; Fossati and Piedra-Cueva, 2008; Meccia et al., 

2009) and from direct currents observations (Simionato et al., 2006a). Their main features, 

as they can be summarized from those works, are discussed in what follows. 

The barotropic subtidal flow (figures 8 and 9) is highly influenced by the geometry and 

bathymetry, the rotation of the Earth and, specially, the winds (Simionato et al., 2004b). In 

the upper estuary, after the discharge of the tributaries, the flow concentrates along the deep 

North and Intermediate channels (Jaime and Menendez, 1999; Simionato et al., 2004b; 

Piedra-Cueva and Fossati, 2007; Fossati and Piedra-Cueva, 2008). As the freshwater 

reaches the central part of the estuary, the effect of the rotation of the Earth (Coriolis effect) 

becomes to play a role and the transport concentrates to the north. Even though the RdP is 

shallow, the (barotropic) Rossby radius of deformation is of only 100 km (Simionato et al., 

2004b). Even though the Arquimedes and English banks divide the flow into two branches 

in the exterior part of the estuary, in the absence of winds (Figure 8, left panel) they meet 

again after flowing through this region. Despite the fact that the transport increases 

(reduces) for higher (lower) runoff conditions, the described pattern is preserved 

(Simionato et al., 2004b) 

The estuary‟s spatial patterns of circulation in response to wind variability are determined 

by wind direction more than by wind speed (Simionato et al., 2004b) and develop rapidly, 

occurring in a scale of between 3 and 9 hours (Simionato et al., 2006a). Both observations 

(Simionato et al., 2006a) and models (Simionato et al., 2004b) indicate that the barotropic 

wind driven circulation of the estuary can be explained in terms of two modes (or 

characteristic spatial structures) of circulation associated to winds with either a cross-

estuary or an along-estuary dominant component. This way, the estuary circulation can be 

sketched in terms of four patterns associated to each of the positive and negative phases of 

the modes (Figure 9, from Simionato et al., 2004b). The patterns corresponding to the first 



Artículo en edición                                                   

17 

 

mode (Figures 9 a, b and e, f) are related to an inflow/outflow of water at the exterior part 

of the estuary, whereas the second mode (Figures 9 c, d and g, h) dominates when the wind 

blows along the estuary axis, that is, from the SE or from the NW (Simionato et al., 2004b, 

2006a). The first mode accounts for the seasonal signal observed, for example, in the 

salinity field (Figure 6 right panel) and the second has a very distinctive pattern of 

significant SSH increase or reduction at the upper part of the estuary, respectively 

(Simionato et al., 2004b, 2006a). This last mode accounts for two extreme situations often 

observed at the RdP (Simionato et al., 2004b): the Sudestada, causing floods, and the 

persistent north-westward wind, causing low levels that in occasions collapse the fresh 

water supply to Buenos Aires city (Campetella et al., 2007). 

There are three different zones of the RdP in terms of their different response to geometry, 

bathymetry, Earth‟s rotation and winds (Simionato et al., 2004b). The upper part of the 

estuary has the lowest influence of the Earth‟s rotation and has essentially a fluvial regime, 

mostly dominated by continental runoff and bathymetry; this is because it is narrow and 

relatively small (Simionato et al., 2004b). The circulation pattern here is relatively 

insensitive to changes in the mean winds, but SSH has the maximum response in this area 

(Figure 9, right panel). The second zone is Samborombón Bay, which particular geometry 

isolates it from the northern portion of the estuary; the fresh water has relatively little 

impact here because of the Coriolis effect. Its circulation (Figure 8, inset) is weak and from 

the south, as a result of tidal rectification, in absence of winds; the bathymetry induces a 

small anticyclonic gyre on the south and a cyclonic one on the north (Simionato et al., 

2004b). Having a wide mouth and being very shallow, this part of the estuary is very 

sensitive to the wind direction. The bay has a weak and retentive circulation pattern for 

winds blowing from directions between the NE and E (Simionato et al., 2004b). As these 

winds prevail during the warm season, it could favours the biota, favouring the region to 

become an area of nursery for several coastal species during that period of the year (e.g., 



Artículo en edición                                                   

18 

 

Acha and Macchi, 2000; Berasategui et al., 2004; Rodrigues, 2005; Berasategui et al., 

2006; Acha et al.,2008; Jaureguizar et al., 2016). The third zone, the exterior part of the 

estuary, has more oceanic characteristics; here the circulation is influenced by the 

thermohaline structure. The area is naturally sensitive to the winds with a more oceanic 

Ekman type response (Simionato et al., 2004b). 

The scales of variability of the wind forced barotropic circulation were studied by Meccia 

et al. (2009) from a 40-years long numerical simulation forced by realistic winds and 

runoff. Inter-annual variability accounts for almost 10% of the variance. Those authors 

show that first mode of SSH variability on this time scale is forced by runoff and (in a 

lesser extent) winds changes associated with the ENSO cycles. As a result, a mean anomaly 

of approximately 0.25 m occur at the upper estuary. Other two modes linked to weaker 

SSH anomalies which are consistent with the inter-annual modes of wind variability 

reported by Simionato et al. (2005a). Those modes have periodicities at around 2.5 and 10 

years and are important, particularly if they act in phase, because they can provide a 

background for higher surges (Meccia et al., 2009). In contrast with the salinity and 

temperature field, SSH variability on seasonal time scales accounts for a relatively small 

percentage of variance and it is the combination of an annual and a semi-annual signal 

forced by the steric heating, the winds and the runoff (Saraceno et al., 2014). 

Approximately 90% of the SSH variance is due to wind driven variability on sub-annual 

time scales (Saraceno et al., 2014). The most significant SSH anomalies in this band are 

associated with cyclogenetic events in the atmosphere, occurring either over Uruguay or 

over the Patagonian Shelf, whereas the strengthening or weakening of the semi-permanent 

South Atlantic anticyclone displays a relatively less influence (Meccia et al., 2009). 

 

4.1.2. Storm surges 
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The RdP is often affected by positive/negative storm surges due to strong and/or persistent 

south-easterly/north-westerly winds, which sweep the upper and intermediate estuary. 

While positive surges cause severe flooding, negative surges affect navigation and drinking 

water supply. Those surges have been studied by D'Onofrio et al. (1999, 2008), Escobar et 

al. (2004), Campetella et al. (2007) and Dinápoli et al. (2017), among others. 

The positive surges, known as "Sudestadas", affect, in particular, the Metropolitan Area of 

Buenos Aires City (MABA, Moreira et al., 2014). Balay (1961) defined risk water levels 

over the Tidal Datum of the RdP at MABA in 2.50 m for alert, 2.80 m for emergency and 

3.20 m for evacuation. Since records began in 1905, the maximum water level at MABA 

was registered in 1940. Enhanced by strong south-easterly winds, it reached 4.44 m above 

the Tidal Datum, being the tidal height overcome by 3.18 m. More recently, for instance in 

1989 and 1993, extreme floods were also experienced at the city. Water levels reached 4.06 

m and 3.95 m above the Tidal Datum, being the storm surge maximums of 3.25 m and 2.49 

m, respectively (D'Onofrio et al., 1999). Even though the events are not always so extreme, 

they are frequent, taking place several times per year (Escobar et al., 2004). It had been 

suggested that the flooding is mainly due to combination of tides and surge (D'Onofrio et 

al., 1999), but recent studies show that the nonlinear interactions between the surge, the 

tides and the large continental discharge that characterizes this estuary are very important 

(Dinápoli et al., 2017). 

Studies on changes in the frequency, duration, and height of storm surges over the period 

1905-2003 show that the decadal averages of frequency and duration for positive surges 

have increased in the last three decades of 20
th

 century, but they have decreased for 

negative surges (D'Onofrio et al., 2008). The average decadal trends of the maximum 

positive and negative surges in each year, +1.46 ± 0.08 mmy
-1

 and +1.02 ± 0.09 mmy
-1

, 

respectively, compare well with the relative mean water-level rise for Buenos Aires: +1.68 

± 0.05 mmy
-1

 (D'Onofrio et al., 2008). 
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4.2. The baroclinic circulation and its effects on the density structure 

The lack of direct observations has limited the study of the baroclinic circulation(or 

vertically varying) in the RdP for long time. In the frame of the UNDP/GEF FREPLATA 

Project (FREPLATA, 2005), 6-month long ADCP current vertical profiles were measured 

at two locations in the RdP (denoted as ARG and PON in Figure 1, left panel). Those data 

together with salinity profiles gathered at and around the same locations were analyzed by 

Simionato et al. (2005b, 2006a, 2007), Meccia (2008) and Meccia et al.(2013), providing a 

first picture of the baroclinic flow in the frontal area of the estuary. Tides only account for 

25% of the variance in the frontal zone, whereas the other 75% of the kinetic energy is 

related to internal waves in tidal frequencies (25%, at least in summer) and wind forced 

three-dimensional currents (50%) (Simionato et al., 2005b, 2006a, 2007). In the next 

subsections every of those different motions will be discussed. 

 

 4.2.1. Internal waves 

Internal oscillations with inertial, semidiurnal and diurnal periods were observed in the RdP 

salinity front over long periods of the year, accounting for as much energy as the tides 

(Simionato et al., 2005b). Those authors show that inertial oscillations result of wind 

relaxation, whereas semidiurnal and diurnal oscillations seem to be forced by the tides and 

the sea breeze, respectively, and that wave activity is clearly affected by the stratification 

conditions and result weaker during the observed fall than during the summer. This could 

be a typical feature given that in autumn both, the number of storms destroying the 

thermohaline structure increases, and land/sea breeze is less frequent. This suggests a likely 

seasonal cycle in the diurnal wave activity in this area, given that those unfavourable 
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conditions are even more marked during winter. Internal waves are important as they can 

have an effect on mixing and the resuspension and transport of the sediments. Presumably, 

they can also affect the marine fauna, given that the salinity front is a region of spawning 

for several coastal species during the warm season (Simionato et al., 2005b). 

 

 4.2.2. Wind forced baroclinic currents and their impact on the density structure 

Due to the estuary shallowness, currents in the stratified part of the RdP rapidly respond to 

wind changes at every level with a response time from 3 to 9 hours (Simionato et al., 

2007). Currents vertical structure is highly dependent on wind direction and can be 

explained in terms of two modes (or two current vertical patterns) which structure of 

correlation to wind is similar to that found for the vertically averaged component 

(Simionato et al., 2004b; 2006a). For winds with a dominant component perpendicular to 

the estuary axis, the response is in the form of vertically decaying currents (Figure 10, left 

panel, from Simionato et al., 2007); instead, for winds with a dominant component along 

the estuary axis, a marked inversion in current direction between upper and lower levels 

occurs (Simionato et al., 2007). This is a result of the geometry and bathymetry of the RdP 

Estuary: for winds with a dominant component perpendicular to the estuary axis the flow is 

not inhibited by bathymetry, whereas for winds parallel to the estuary axis the presence of 

the coast at the inner estuary requires a compensation of the inflow (outflow) at upper 

layers by an outflow (inflow) at the lower ones, originating the observed inversion in 

currents (Simionato et al., 2007). 

The occurrence of different currents vertical structures (Figure 10, left panel) for different 

wind directions has implications on the vertical density structure that, consistently, can be 

observed in in situ vertical salinity profiles (Figure 10, right panel), so as in numerical 

baroclinic models solutions (Meccia et al., 2013). North-easterly (south-westerly) winds 
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produce a change in the salinity field consistent with an extension towards the southern 

(northern) coast of the surface front and an enhancement of the stratification along that 

coast. Cross-estuary winds from the SW (NE) can cause downwelling (upwelling) between 

Montevideo and Punta del Este (Pimenta et al., 2008; Simionato et al., 2010; Meccia et al., 

2013), with unknown consequences on the biota (see Section 4.4). When wind blows 

parallel to the estuary axis, the occurrence of an inversion in currents direction between 

upper and lower layers either enhance or weaken the vertical salinity structure (Simionato 

et al., 2007; Meccia et al., 2013). Weakening, and eventually breakdown of stratification 

can only occur as a consequence of persistent and/or intense south-easterly winds 

(Simionato et al., 2007; Meccia et al., 2013). Figure 11 (from Meccia et al., 2013) displays 

composites (or averages) of historical CTD salinity observations for different wind 

directions. Data from cruises with NE, SE, SW and NW modal wind within 10 days of the 

observations were composed. The inserts present the wind, from Pontón Recalada 

meteorological station (close to PON, Figure 1) modal distributions for each assemblage. It 

is interesting to note that the above described features about the response to winds can be 

even observed in composites collected for different wind speeds and for diverse persistence 

conditions in this highly variable system. It implies that the response of the salinity field is 

also fast, probably taking place in only a few hours (Simionato et al., 2007). This fast 

response was confirmed with time series of temperature and salinity data gathered at a buoy 

anchored in the area of the salinity front (Moreira et al., 2013).  

As an alternation of winds from north-easterlies to south-westerlies is the dominating 

feature of surface wind variability in synoptic to intra-seasonal scales in the region, winds 

are in general favourable to the maintenance of a salt wedge in this estuary (Simionato et 

al., 2007). Even though north-westerly winds are commonly neither strong nor persistent in 

the region, their effect is also an intensification of stratification. Moreover, strong south-

easterly winds that can destroy the vertical structure are not frequent, but occur only a few 
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times per year in association with Sudestada events. Therefore, the combination of the 

estuary geometry and the prevailing wind variability makes the system itself efficient in 

maintaining the salinity structure (Simionato et al., 2007; Meccia et al., 2013) that a 

number of fish species use for their reproduction and that is the base of a rich ecosystem 

(e.g. Acha et al., 2008; Jaureguizar et al., 2016). Moreover, the semi-permanent 

stratification condition in the estuary make the sediment and detritus rich surface plume an 

almost continuous vector of productivity toward the adjacent continental shelf and open 

ocean (Moreira et al., 2013; Guerrero et al., 2014); this condition is occasionally reduced 

when rich surface estuarine water is mixed with pour underneath salt wedge water coming 

from the shelf (Simionato et al., 2007; Meccia et al., 2013). 

The fact that stratification is highly affected by short term variability indicates that the 

reported „seasonal cycle‟ (Section 2.4) can be explained not as a result of the mean winds 

for that season but as a consequence that summer (winter) is characterized by a higher 

frequency of winds from the northeast (west-southwest) sector; actually, conditions 

classically though as characteristic of „summer‟ or „winter‟ can take place during any 

season with high variability (Simionato et al., 2007). 

 

 4.2.3. Upwelling in the northern coast of the exterior RdP 

Several works have concentrated on the intermittent and strong cold SST anomalies 

observed in the coastal region of the RdP located between Montevideo and Punta del Este 

when persistent north-easterly winds blow over the area (e.g., Framiñán, 2005; Pimenta et 

al., 2008; Simionato et al., 2010). As an example, Figure 12, from Simionato et al. (2010), 

show the formation and fading of a cool cell observed during February 18
th

 and March 8
th

, 

2008 at the eastern coast of Punta del Este. Note that the temperature in the cell is several 

degrees lower than the temperature of the surrounding waters. 
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The shallowness of the area might raise doubts about the possibility of occurrence of 

upwelling, but the phenomenon so as the associated processes have been well documented. 

Pimenta et al. (2008) linked upwelling in the area with the winds and the stratification in 

the shelf and suggested that the process might have a marked seasonality. This was 

confirmed by Simionato et al. (2010). They showed that the phenomenon corresponds to 

the prevailing mode of SST variability on intra-seasonal time scales at the northern 

Argentinean-Uruguayan Continental Shelf and that it is more frequent in spring and 

summer, whereas in fall and winter only a few cases are observed. Nevertheless, it must be 

emphasised that even if upwelling around Punta del Este occurs in winter, the bottom shelf 

waters -Subantarctic Shelf Waters- in the region have, during this period of the year, a 

temperature that makes them nearly indistinguishable from estuarine water temperatures 

(Guerrero et al., 1997a,b; Simionato et al., 2010). The stratification plays a role on 

upwelling in this area, Pimenta et al. (2008) and Simionato et al. (2010) suggested that the 

continental discharge might modulate its occurrence. When continental discharge is high 

(low), the surface front extends (retracts) offshore (onshore) the estuary thus increasing 

(reducing) the stability of the column along the northern coast, what would be unfavourable 

(favourable) to upwelling (Simionato et al., 2010). Those events have been found to be 

frequent and very persistent, lasting for up to almost one and a half months (Simionato et 

al., 2010).  

 

 4.2.4. Gravitational circulation 

A remaining question is whether gravitational circulation occurs or not in the RdP Estuary. 

The ADCP observations collected during the UNDP/GEF FREPLATA Project 

(FREPLATA, 2005) at PON and ARG stations (see locations in Figure 1) show that 

temporal means are different from one to other observed period, very close to zero and with 
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standard deviations that exceed them by between five to ten times (Simionato et al., 2007). 

The analysis of the observations could not separate a significant signal occurring for all 

wind directions. Evidently gravitational circulation is very small compared to the wind 

forced signal that dominates in this estuary. Therefore, a much larger observation period 

would be necessary to filter out the synoptic, intra-seasonal and seasonal wind forced 

variability in order to properly discriminate gravitational circulation (Simionato et al., 

2007). 

 

4.2.5. Classification in the Geyer and MacCready scale 

In order to compare the RdP with other estuaries of the world, we computed the Geyer and 

MacCready (2014) scales to locate it in the estuarine parameter space. This space is based 

on the freshwater Froude number (Fr) and mixing number (M), defined as: 

 

𝐹𝑟 =
𝑈𝑅

 𝛽𝑔𝐻𝑠𝑜𝑐𝑒𝑎𝑛
  𝑀2 =

𝐶𝐷𝑈𝑇
2

𝜔 𝑁0𝐻2 

 

where: 

 

 UR is the current associated to the river discharge, or river volume flow, divided the 

cross area of the estuary; 

 β is a coefficient of saline expansion (of the order 7.7×10
-4

), such that the density 

𝜌 = 𝜌0 1 + 𝛽𝑠  grows with the salinity from a reference value (0), for fresh water; 
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 g is the acceleration of gravity; 

 H is the depth; 

 socean is the ocean salinity; 

 CD is the drag coefficient (with values between 1×10
-3

 and 2.5×10
-3

); 

 UT is the tidal velocity amplitude; 

 is the tidal frequency; 

 N0 is the Brunt-Väissälä frequency. 

 

This way, M is based on the ratio of the tidal timescale to the vertical mixing timescale. 

Estuaries with high M values exhibit strong tidal nonlinearity while those with small M 

values have a more conventional estuarine dynamics. Estuaries with intermediate mixing 

rates show marked transitions between these regimes at timescales of the spring-neap cycle 

(Geyer and MacCready, 2014). 

Due to the large geographical extension of the RdP and the broad range in continental 

discharge that it presents, both scales show a relatively large range of possible values. M 

varies between 0.35 and 0.7, whereas Fr goes from 0.006 to 0.03. This way, the RdP is, 

according to this classification, a „strongly stratified‟ estuary, similarly to Chesapeake Bay 

and Hudson River (Geyer and MacCready, 2014). For the largest observed tidal speeds, the 

RdP can fall in the "partially mixed" area of the estuarine parameters space, so as those two 

other estuaries do. 

Therefore, the Río de la Plata has essentially a „conventional estuarine dynamics‟ and 

maintains a strong stratification according to Geyer and MacCready (2014) classification. 

This classification does not take into account the effect of the winds. But, as we discussed 

in the previous sections, because of its breadth, the RdP is strongly affected by winds, 
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which natural variability is also favourable to the maintenance of the stratification during 

most of the time, so as the only forcing able to break it under some specific wind direction 

(Simionato et al., 2007; Meccia et al., 2013). 

 

4.3. The path of the freshwater masses of the main tributaries and the flushing time 

scales 

 4.3.1. The path of the freshwater masses of the main tributaries 

The freshwater masses of the main tributaries to the RdP along the upper and intermediate 

estuary have been studied by means of numerical simulations by Re and Menéndez (2004), 

Piedra-Cueva and Fossati (2007) and Simionato et al. (2009), and is sketched in Figure 13 

(adapted from Simionato et al., 2009). Even though there are some minor discrepancies 

between the different simulations‟ results and their interpretation, there is agreement that 

for mean runoff conditions the waters of the major tributaries of the RdP flow through the 

estuary along three differenced paths. The Uruguay and Paraná Guazú-Bravo waters mainly 

occupy the northern (Uruguayan) coast and the central part of the channel with some 

mixing between them, whereas the Paraná de las Palmas waters flow along the southern 

(Argentinean) coast. The occurrence and pattern of the path of the freshwater masses are 

controlled by the runoff and geometry and bathymetry of the estuary. This way, Uruguayan 

coast is mostly affected by waters of the Uruguay River and Argentinean coast by waters of 

the Paraná de las Palmas. Even though this flow scheme has been derived from numerical 

simulations, it is consistent with what can be inferred from the specific conductivity and 

bottom sediments distribution in the estuary, so as from colour satellite images (Simionato 

et al., 2009; Moreira et al., 2016). 

The results of the simulations of Simionato et al. (2009) indicate that during the most 
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frequent storm events (Sudestadas and Pamperos), even though mixing occurs, the identity 

and general pattern of the freshwater masses paths are preserved. Nevertheless, during 

those events, due to its shallowness, Argentinean coast is significantly affected by 

advection and mixing. The persistence of the signal introduced by the storms depends on 

the location, but does not exceed one week (Simionato et al., 2009). 

 

 4.3.2. Flushing time scales 

The simulations of Simionato et al.(2009) also allowed for the estimation of the flushing 

scales for the RdP. At its upper and upper intermediate parts flushing scales are mainly 

related to the runoff with scarce influence of the mean winds. Given the broad range of 

discharge conditions observed in the estuary, time scales can be half (twice) the 

corresponding to mean conditions for low (high) discharge. For mean runoff, the elapsed 

time to the arrival of the leading edge of the Paraná de las Palmas at Buenos Aires is of 

around 3 days, whereas those of the Uruguay and Paraná Guazú-Bravo are of 7 and 5 days, 

respectively. The elapsed time to the peak concentration of a "tracer cloud" for a typical 

mean runoff scenario is of around 20 days at Buenos Aires. For that condition, the flushing 

times of the upper and upper intermediate estuary range between 10 and 60 days 

(Simionato et al., 2009). Compared to typical net algal growth rates of the order of 0.1 per 

day, the weak flushing would permit the accumulation of nutrients and algal blooms (e.g., 

Silva et al., 2014). 

 

5. Retention mechanisms associated to circulation in the frontal zone 

Apparently favoured by retention processes, the bottom salinity front of the RdP is a 
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spawning ground for several coastal fishes (e.g., Acha et al., 2008; Derisio et al., 2014; 

Jaureguizar et al., 2016) and it is known as an area where sediments and debris remain 

trapped (e.g., Moreira et al., 2013; Silva et al., 2014). This estuary is shallow and 

essentially wind driven and, moreover, in time scales relevant to biota, estuarine circulation 

is wind dominated and highly variable (Simionato et al., 2004b, 2006a,b, 2007). Two 

intriguing questions are, therefore, how this system can favour retention and what the 

involved mechanisms are. These questions were studied by Simionato et al. (2008) and 

Acha et al. (2012) applying numerical simulations in which neutral particles were released 

along the bottom frontal zone (following the Barra del Indio Shoal) and tracked for 

different wind conditions. Results suggest that retentive features should be a consequence 

of estuarine response to natural wind variability acting over bathymetric features. For winds 

from most directions, particles either remain trapped near their launching position or move 

north-eastward to south-westward along the Barra del Indio shoal. As alternation of winds 

that favour along-shoal motion is the dominant feature of wind variability in the region, a 

retentive scenario results from prevailing wind variability. Additionally, winds that tend to 

export particles with a poor chance of being restored to the front are neither frequent nor 

persistent. Therefore, physical forcing alone generates a retentive scenario at the 

intermediate part of this estuary. The physical retention mechanism is more effective for 

bottom than for surface launched particles (Simionato et al., 2008) and for low runoff 

conditions than for high discharge (Acha et al., 2012). Wind statistics indicate that the 

proposed mechanism has different implications for retention along the seasons. Spring is 

the most favourable season, followed by summer, when particles would have a larger 

propensity to reach the southern area of the estuary (Samborombón Bay). Fall and winter 

are increasingly less favourable (Simionato et al., 2008). All these features are consistent 

with patterns observed in the region in organisms having different life history traits. 
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Figure captions 

Figure 1: Bathymetry of the Río de la Plata Estuary (in m) and main geographical and 

topographical features in a 3-dimensional view (right) and a plant view with isobaths 

(left). Note that in the 3-d view, vertical and horizontal scales are different. The points 

denoted as ARG and PON show the sites where ADCP data were gathered during the 

FREPATA Project. Adapted from Moreira (2016) and Simionato et al. (2008) reprinted 

with permission from Elsevier. 

Figure 2: Colour image collected by the Moderate Resolution Imaging Spectroradiometer 

on board of Terra satellite (MODIS-TERRA) in April 12
th

, 2007. The image shows the 

Río de la Plata Estuary and its main tributaries, so as geographical references. Adapted 

from Visible Earth, http://visibleearth.nasa.gov. 

Figure 3: Monthly mean discharge (m
3
s

-1
) for the Uruguay river (red), the Paraná de las 

Palmas River (blue), the Paraná Guazú River (green) and for the total of the three 

(black) for the period 1980 to 2016. 

Figure 4: Tidal amplitude (m) and phase (º) for the M2 tidal constituent (upper left and right 

panels), current ellipses (ms
-1

, gray colour indicates clockwise rotation and white colour 

indicates anti-clockwise rotation, lower left panel) and energy dissipation by bottom 

friction (in wm
-2

, lower right panel). The figure shows how the wave propagates 

upstream as a Kelvin wave and that it loses its energy by bottom friction, particularly at 

the tips of Samborombón Bay and along the southern coast of the estuary. Adapted from 

Simionato et al. (2004a), reproduced with permission from the Coastal Education and 

Research Foundation, Inc. 

Figure 5: Four-daily wind vectors stick diagrams for the four seasons of an arbitrary year 

(in this case, 1995) from the NCEP/NCAR reanalysis at 35.2°S 54.37°W. The main 
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feature of wind variability in the region is their alternancy from northeast to southwest; 

north-easterlies are more frequent in summer and south-westerlies, in winter. Reprinted 

from Simionato et al. (2008) with permission from Elsevier. 

Figure 6: Mean sea temperature (left panels) and salinity (right panels) for the warm and 

cold seasons for the surface (upper panel) and bottom (lower panel) layers. All the 

figures correspond to a normal (around the mean) continental discharge condition. The 

figure shows the most characteristic seasonal pattern of the salinity field in the RdP, with 

the freshwater mass extending offshore along the northern coast of the estuary in winter 

and retracting south-westward in summer. From Guerrero et al. (2010). 

Figure 7: Vertical salinity profiles (in PSU) in the RdP along three different sections (a) 

north, (b) central and (c) south, for the warm (left) and the cold (right) seasons. The 

extension and changes in the stratification during the year can be appreciated, in 

particular along the northern section.  From Guerrero et al. (1997b). 

Figure 8: Model derived residual (subtidal) transport stream function (thousands of m
3
s

-1
) 

at the RdP and a detail for Samborombón Bay (inset) for a runoff of 20,000 m
3
s

-1
 in 

absence of winds. The magnitude of the transport between two isolines equals the 

difference between their associated values. Reprinted from Simionato et al. (2004b), 

with permission from Elsevier. 

Figure 9: Main residual transport stream function (in thousands of m
3
s

-1
) patterns (left 

panel) and mean sea surface elevation (cm) patterns (right panel) at the RdP estuary 

related to winds blowing from different sectors. The magnitude of the transport between 

two isolines equals the difference between their associated values. The RdP is very 

sensitive to the winds and behaves as a semi-enclosed basin. For winds from the 

southeast/northwest the circulation induces an increment/reduction of the level at the 

upper estuary. For winds with a component perpendicular to the estuary axis the 
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circulation is characterized by changes over the northern and southern coast of the 

estuary. Adapted from Simionato et al. (2004b), reprinted with permission from 

Elsevier. 

Figure 10: Left: Characteristic current profiles for winds blowing from different sectors as 

derived from ADCP data collected at ARG (see location in Figure 1). Right: Composites 

of salinity profiles in the vicinity of ARG for winds blowing from the NE, SE, SW and 

NW directions. For winds with a dominant component perpendicular to the estuary axis, 

the response is in the form of vertically decaying currents, whereas for winds with a 

dominant component along the estuary axis, a marked inversion in current direction 

between upper and lower levels occurs. The vertical density structure responds to 

currents: for north-easterly/south-westerly winds an extension towards the 

southern/northern coast of the surface front and an enhancement of the stratification 

along that coast occur; only for south-easterly wind stratification can be broken. Adapted 

from Simionato et al. (2007), reprinted with permission from Elsevier.  

Figure 11: Composites of observed surface salinity fields (PSU) for winds blowing from 

different sectors. CTD data from oceanographic cruises and winds at Pontón Recalada 

station (close to PON, figure 1) were used. The insets show the wind histograms 

corresponding to the data composed. The response to winds can be observed in 

composites collected over different times of the year, indicating that it is very fast and 

that variability dominates in this estuary. From Meccia et al. (2013), reproduced with 

permission from the Coastal Education and Research Foundation, Inc. 

Figure 12: Upwelling event observed during February 18
th

 and March 8
th

, 2008 offshore 

Punta del Este, observed from satellite blended SST (combination of infrared and 

microwave observations, contours in °C). The arrows represent the wind in ms
-1

 from 

the NCEP-NCAR reanalyses. When the wind starts blowing from the northeast, the 
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development of a cold cell occurs very rapidly. The cell also rapidly decays when the 

wind direction changes. Reprinted from Simionato et al. (2010) with permission from 

Elsevier. 

Figure 13: Schematic representation of the path of the water masses of the RdP Estuary 

main tributaries. The Uruguay, Paraná Guazú-Bravo and Paraná de las Palmas waters 

tend to flow along the northern, central and southern portions of the estuary, 

respectively, even though lateral mixing occurs, particularly to the northeast of the 

Martín García and Oyarvide islands and downstream Colonia del Sacramento, where the 

orientation of the coast changes. Reprinted from Simionato et al. (2009). 

  



Artículo en edición                                                   

50 

 

 

 

Figure 1. 

  



Artículo en edición                                                   

51 

 

 

Figure 2. 

 

  



Artículo en edición                                                   

52 

 

 

 

Figure 3. 

  



Artículo en edición                                                   

53 

 

 

 

Figure 4. 

  



Artículo en edición                                                   

54 

 

 

 

Figure 5. 

  



Artículo en edición                                                   

55 

 

 

 



Artículo en edición                                                   

56 

 

 

Figure 6. 

  



Artículo en edición                                                   

57 

 

 

Figure 7. 

  



Artículo en edición                                                   

58 

 

 

 

 

Figure 8. 

  



Artículo en edición                                                   

59 

 

 

 

 

 

Figure 9. 



Artículo en edición                                                   

60 

 

 

Figure 10. 

  



Artículo en edición                                                   

61 

 

 

 

 

Figure 11. 

  



Artículo en edición                                                   

62 

 

 

Figure 12. 



Artículo en edición                                                   

63 

 

 

Figure 13. 

 

 


