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Abstract 

La Picasa basin, an interjurisdictional endorreic basin of 5282 km2 located in the “Central Pampa” 

in Argentina, has suffered repeated flooding caused by an increasing water level of La Picasa lagoon, 

affecting livelihoods, infrastructure, transportation and agriculture. Although water infrastructure 

has been built to regulate water excesses, it has not been effective in reducing the flood risk. 

To improve the knowledge of the hydrological system, the master’s thesis aimed to develop a water 

balance model of La Picasa lagoon at a monthly time step between the hydrological years 

2007/2008 and 2016/2017. Specifically, the objectives were to identify and quantify the most 

important components and processes determining its water level, area and volume and to propose 

hypothetical simulation scenarios based on different pumping operation schemes. 

The description of the conceptual model and implementation of a sensitivity analysis allowed to 

identify the inflow and outflow components of the water balance and quantify their relative 

contributions, namely precipitation, water discharge from channels, surface runoff from 

surrounding sub-basins of the lagoon, evaporation and pumping. The performance tests applied to 

the model during the calibration and validation showed a very good performance. Additionally, two 

simulation scenarios were proposed, namely potential pumping and adjusted pumping, which 

reflected different trajectories of the water balance. 

The master’s thesis concluded that precipitation and evaporation were the most determinant 

inflow and outflow components in the water balance of La Picasa lagoon respectively.  However, 

the flooding event in 2016/2017 was caused by a simultaneous reduction of net evaporation and 

an increase in water discharge, surface runoff and intermittent pumping. The simulation scenarios 

suggested that an optimal operation of the pumping stations could have been effective to increase 

the storage capacity of the lagoon. However, during longer humid periods, it might not be enough 

to outweigh additional inflows. 
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Resumen 

La cuenca de la laguna La Picasa, una cuenca interjurisdiccional y endorreica de 5282 km2 ubicada 

en la Pampa Central Argentina, ha sufrido recurrentes inundaciones causadas por crecientes niveles 

de la laguna La Picasa, afectando viviendas, infraestructura, transporte y la actividad agrícola. A 

pesar de que ya se han construido obras de infraestructura para regular los excesos hídricos, las 

mismas no han sido eficaces para reducir el riesgo de inundación. 

Para mejorar el conocimiento del sistema hidrológico, el objetivo general de la tesis de maestría 

fue desarrollar un modelo de balance hídrico de la laguna La Picasa a paso mensual entre los años 

hidrológicos 2007/2008 y 2016/2017. Los objetivos específicos fueron identificar y cuantificar los 

componentes y procesos hidrológicos más importantes que determinan el nivel del agua, área y 

volumen de la laguna, y por otro lado proponer escenarios de simulación hipotéticos basados en 

diferentes esquemas de bombeo.  

La descripción del modelo conceptual y la implementación de un análisis de sensibilidad 

permitieron identificar los componentes de ingreso y egreso del balance hídrico y cuantificar sus 

contribuciones relativas, específicamente precipitación, caudal de canales de entrada, escorrentía 

superficial proveniente de subcuencas aledañas a la laguna, evaporación y bombeo. Los análisis de 

desempeño aplicados al modelo durante la calibración y validación mostraron un muy buen ajuste. 

Además, dos escenarios de simulación fueron propuestos, bombeo potencial y bombeo ajustado, 

reflejando diferentes trayectorias del balance hídrico. 

La tesis de maestría concluyó que la precipitación y evaporación representaron los componentes 

hidrológicos de ingreso y egreso más importantes del balance hídrico de la laguna La Picasa 

respectivamente. Sin embargo, las inundaciones ocurridas en 2016/2017 fueron causadas por una 

reducción de la evaporación neta simultáneamente con un incremento de caudal de llegada, 

escorrentía superficial y bombeo intermitente. Por su parte, los escenarios de simulación 

propuestos mostraron que una operación óptima del bombeo pudiera haber incrementado 

efectivamente la capacidad de regulación de los excedentes hídricos de la laguna. De todas 

maneras, durante largos períodos húmedos, el bombeo podría no ser suficiente para balancear los 

incrementos en ingresos. 
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1. Introduction 

Although floods have been recognized as one of the most important disasters worldwide (UNISDR, 

2009), there are many regions in the world that still lack a deeper understanding of the hydrological 

systems and the effective tools to counterbalance their negative effects (Cobby et al., 2009). One 

of these regions is the “Central Pampa” in Argentina, characterized by large flat areas, where the 

basins do not have clear limits due to undeveloped drainage networks (Latrubesse and Brea, 2009). 

In many cases, the water slowly flows through these networks creating temporal wetlands and 

finally occupying dells (shallow depressions), which are regularly flooded depending on the climatic 

conditions, forming larger lagoons or shallow lakes (Bohn et al., 2016; Iriondo and Drago, 2004). 

A representative example of a flat plain basin in the Central Pampa is La Picasa, an interjurisdictional 

endorreic basin characterized by a longitudinal depression and a dell located at its easternmost 

sector, which functions as a sink receiving the water excesses from the basin, where the 

homonymous lagoon “La Picasa” is formed (Pedraza, 2000). As many other lagoons in the region, 

La Picasa is sensitive to climate variability, such as the typical alternation between humid and dry 

periods that are expressed by floods, seasonal cycles and droughts (Giordano et al., 2017; Bohn et 

al., 2016). In response to these variations, the lagoon undergoes a considerable areal and volume 

increase or decrease in short periods of time, being reflected in the alteration of its water level. 

In the last two decades, the alternation between higher and lower water levels of La Picasa lagoon 

has caused two important flooding events. The first one occurred after intense precipitations over 

the basin between the hydrological years 1999/2001, when the water reached 105.3 m above sea 

level (Pereira et al., 2014; Pedraza, 2000). The second one happened between the hydrological 

years 2016/2017, when the water level exceeded that one of the previous flooding event, reaching 

105.75 m (SsRH, 2017). As a consequence, the repeated flooding has affected productive land 

destined to agriculture, damaged public infrastructure, disrupted transportation and the overall 

socio-economic development of towns and cities nearby, increasing the degree of conflicts 

between the different jurisdictions involved (Rosenstein et al., 2009). 

After the first flooding episode, a specific water infrastructure was built aiming to regulate the 

water excesses in the basin, thus reducing the flooding risk. It consists of a main channel that 

conducts the water coming from the fields through a series of regulation reservoirs, other channels 

connecting either the reservoirs to the lagoon as the final sink or a diversion channel that avoids 

the water flowing into the lagoon, and pumping stations to regulate the water level of the lagoon 

between 98.5 m and 102.5 m above sea level (INA, 2016; SsRH, 2015). However, the fact that a 

second and larger flooding event happened eighteen years after the first one clearly shows that not 

only changes in the hydrology of the basin might have occurred but also that the measures taken 

so far have not been as effective as required. Subsequently, there is a need to update the current 

scientific knowledge of La Picasa basin in general, and the lagoon in particular. 

In this respect, hydrological models aiming to improve the planning and management of the water 

resources of the basin and reduce the risk of overflow of the lagoon have already been conducted 

(Pedraza et al., 2010; A. Villanueva, personal communication, April 27th, 2018). Nevertheless, they 

have not attempted to develop a water balance model of the lagoon and to explain its most 
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important hydrological components and processes. In contrast, most of them have pursued to 

develop distributed or semi-distributed hydrological models to gain an overall understanding of the 

functioning of the basin. In this regard, Viessman and Lewis (as cited by Rodríguez et al., 2006) has 

already suggested that a water balance model should be the first approach in the analysis of any 

basin. 

Consequently, after the recent flooding event, there is a specific need to contribute to the 

knowledge of the hydrology of La Picasa lagoon in order to support appropriate and more effective 

planning and management practices by the basin committee, farmers, local and national 

governments to mitigate the negative effects of floods. Therefore, the master’s thesis aims to 

develop the water balance model of La Picasa lagoon in order to understand the most important 

hydrological components, their relationships and current status. The master’s thesis was conducted 

as a contribution to the Project ‘Aportes para una Gestión Integrada de una Cuenca Hidrográfica 

Interjurisdiccional de Impacto Nacional: Cuenca Laguna La Picasa (Córdoba, Santa Fe, Buenos Aires)’ 

in cooperation with LH-CETA, UNC, Argentina. 
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2. La Picasa basin 

The study area of the master’s thesis is La Picasa basin, an interjurisdictional endorreic basin of 

5282 km2 located in central Argentina between 33° 54’ and 34° 30’ South Latitude and 62° 05’ and 

63° 34’ West Longitude (Pedraza, 2000), between the provinces of Córdoba (46.6%), Santa Fe 

(36.2%) and Buenos Aires (17.2%). 

The basin is crossed from Southeast to Northwest by railways that were formerly used by the 

‘General San Martin’ Railways and the National Route 7, the so-called bi-oceanic corridor between 

Brazil, Uruguay, Argentina and Chile, being at the same time the main access between the most 

important cities in the basin, such as Rufino, Laboulaye, Aarón Castellanos and Diego de Alvear 

(Herzer, as cited in García Montaldo, 2012). In turn, La Picasa lagoon occupies a dell located in the 

Southeastern sector of the basin (Figure 1). 

 
Figure 1 Location of La Picasa basin 

Source: own elaboration based on SsRH (2017) 

The basin is part of the ecoregion Central Pampa, specifically the so-called Pampean Sand Sea 

(Iriondo and Kröhling, 2007; Iriondo and Drago, 2004). The geology of the region is characterized 

by two quaternary aeolian formations, the Teodelina Formation, a 10 to 12 meters thick layer 

composed by sandy coarse silt and silty fine sand formed in the Late Pleistocene, and the San 

Gregorio Formation, a 7 meters thick layer made of loose, massive and very fine to fine sand formed 

in the Late Holocene (Iriondo and Kröhling, 2007). 

Related to these geological formations, the geomorphology was described as the result of a 

sequence of aeolian sedimentary processes (Tripaldi and Forman, 2016), which fostered the 

configuration of a large flat landscape with slopes lower than 0.4% (Latrubesse and Brea, 2009; Fili 

et al., 2000). The landscape is dominated by longitudinal sand dunes in directions S-N and SSW-NNE 

corresponding to the San Gregorio Formation, partially covering a generally flatter area with an 

upper layer of loess sediments, which is the limit of the Teodelina Formation (Iriondo and Kröhling, 
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2007) (Figure 2). The thickness of the sand layers ranges from few meters to more than 10 meters 

in the ‘Diego de Alvear’ dune, the eastern limit of La Picasa basin (Fili et al., 2000). Another type of 

geomorphological formation is a dell, a shallow depression resulting from deflation processes, 

where wetlands and lagoons, such as La Picasa, are usually formed (Iriondo and Kröhling, 2007; 

Aradas and Thorne, 2001; Fili et al., 2000). 

 
Figure 2 Pampean Sand Sea 

Source: adapted from Iriondo and Kröhling (2007) 

The soils of the basin are mainly represented by Mollisols, which in the higher parts of the landscape 

are deep, well drained, with textures ranging between sandy loam to sandy (Viglizzo and Frank, 

2006). On the contrary, in the lower and depressed areas, soils are composed by finer textures 

varying from very fine silty sand with minor clay to fine silty sand, thus presenting a limited drainage 

capacity (Pedraza, 2000). 

Based on Thorntwaite classification, the climate ranges from sub-humid in the eastern sector to 

semi-arid in the western sector, with a mean annual precipitation of 900 mm and potential 

evapotranspiration of 1,247 mm (Pedraza, 2000). The climate shows an intra-annual variability, 

with a dry season between March and September and a humid season between October to 

February (Iriondo et al., 2009). However, it is important to highlight that one of the most typical 

climatic characteristics of the Central Pampa is the inter-annual variability, expressed by the 

occurrence of alternatively humid and dry periods (Tanco and Kruse, 2001) (Figure 3).  

 
Figure 3 Accumulated monthly precipitation anomaly in Laboulaye (1986-2015) 

Source: adapted from Giordano et al. (2017) 
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For instance, Figure 3 shows that between 1986 and 2015 the accumulated monthly precipitation 

anomaly in Laboulaye, a city located in the headwaters of the basin (see Figure 1), fluctuated 

following dry and humid periods that lasted for approximately 10 years. In the context of the last 

flooding event in the basin, it is also worthwhile mentioning that the Central Pampa is facing one 

of the humid periods that started in 2012 (Giordano et al., 2017). In this sense, it has been suggested 

that the inter-annual variability is mainly determined by ENSO (Guerra et al., 2016).  

Regarding the long-term climatic variability in the region, an aspect to consider is that during the 

first half of the twentieth century an overall decline of precipitation has been reported, after which 

a shift on the trend towards more humid conditions occurred (Iriondo et al., 2009; Viglizzo and 

Frank, 2006). Especially after 1970, a positive trend in mean precipitation, shown by a westward 

displacement of isohyets, has been highlighted in several studies (Pereira et al., 2014; Brandolin et 

al., 2012; Venencio and García, 2011; Viglizzo and Frank, 2006; Aradas and Thorne, 2001). In this 

case, the decadal to multidecadal variability is mostly defined by atmospheric-ocean coupled 

oscillations over the Atlantic and Pacific Oceans (Guerra et al., 2016). 

Originally characterized by native grasslands and later perennial pastures, the land cover of the 

Central Pampa has changed in the last four decades to agriculture, mainly annual monoculture 

production systems, such as soybean, wheat, maize, sunflower, or in rotation with annual pastures 

(oat, triticale, rye) or perennial pastures (alfalfa and grasses) for livestock production (Nosetto et 

al., 2015; Viglizzo and Frank, 2006). Thus, it became the core of the agricultural and farming 

production systems in Argentina (Labrubesse and Brea, 2009). Only a minor proportion of land 

remains uncultivated, such as dense grasslands and herbaceous plants in flooded areas (Figure 4). 

 
Figure 4 Land cover in La Picasa basin 

Source: own elaboration based on FAO-LCCS (2007) 

The geomorphological, climatic and vegetation features of La Picasa basin define its main 

hydrological processes. Since it is a flat basin, the water balance is generally determined by vertical 

components, namely precipitation, infiltration, percolation and evapotranspiration (Aradas and 
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Thorne, 2001). However, these processes show differences depending on the general climatic 

conditions, i.e. whether there is a humid or a dry period. During normal or dry periods, the 

hydrological dynamic is typically endorreic (Pedraza, 2000). When precipitation reaches the soils, 

the water is directly evaporated from bare surfaces or transpired by vegetation, while a proportion 

contributes to surface runoff, flowing through the undeveloped drainage network towards 

depressions (dells) or local lagoons (Iriondo and Kröhling, 2007; Pedraza, 2000). The remaining 

water is infiltrated into the soils and a proportion recharges the groundwater table due to deep 

percolation (Kuppel et al., 2015; Nosetto et al., 2012). On the other hand, during humid periods 

groundwater table rises to almost ground surface feeding local lagoons and, if their storage capacity 

is surpassed, they can in some cases link together to form temporary local flux networks, flowing 

towards water bodies, such as lagoons or lakes (Paoli, 2015; Latrubesse and Brea, 2009; Iriondo and 

Kröhling, 2007; Pedraza, 2000). In relation to the water flowing into these water bodies, it has been 

mentioned that the transportation of suspended solids is generally insignificant, yet the 

transportation of dissolved salts is high, especially chlorides (Iriondo and Kröhling, 2007). 

In particular, two different types of water bodies can be found in the study area, namely lotic and 

lentic (Iriondo and Drago, 2004). The first ones are commonly represented by transient marshes 

(‘bañados’), which are non-permanent wetlands occupying depressions of the landscape that are 

regularly flooded due to extreme precipitation events (Iriondo and Drago, 2004). From the second 

ones, most of them are permanent endorreic lakes or lagoons that exhibit marked intra or inter-

annual water level fluctuations, such as La Picasa lagoon (Iriondo and Kröhling, 2007; Iriondo and 

Drago, 2004). 

In relation to the water resources management of La Picasa basin, since Argentina is characterized 

by a federal system of government and the basin is shared by three provincial states, a coordinated 

management is a complex task to solve. In this regard, Córdoba, Santa Fe and Buenos Aires have 

signed an agreement to create the Interjurisdictional Committee of La Picasa basin, whose objective 

is to implement a rational and coordinated water resources management and to develop projects 

and measures aiming to solve the problems of floods and droughts that regularly affect the basin 

(INA, 2016; García Montaldo, 2012). 
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3. Problem analysis 

La Picasa basin, as many others in the Central Pampa, is facing the consequences of a changing 

water balance. Not only a positive trend in precipitations has been suggested in the region 

(Giordano et al., 2017), but also land use changes from grasslands and perennial pastures to annual 

crops have diminished the water use from vegetation, one of the most important water losses in 

an endorreic basin (Nosetto et al., 2012). At the same time, the reduction in water lost due to 

evapotranspiration has led to an enhanced deep drainage, which fostered the elevation of the 

groundwater table (Nosetto et al., 2015). For example, in Laboulaye the mean groundwater table 

depth was at 5.23 m between 1916 and 1989, while between 1980 and 1989 it was already at 2.25 

m (Fili et al., 2000). The same happened Southeast of La Picasa basin, in the region A1 of the Río 

Salado basin, where it has risen 7 m since 1970 (Aradas and Thorne, 2001). In many cases, it 

continued to rise and reached the surface level, leading to an augmented surface runoff (Pedraza 

et al., 2010; Aradas and Thorne, 2001), resulting in an increased flooding risk (Nosetto et al., 2012).  

These changes caused not only groundwater flooding in many areas of the basin, but also led to a 

first flooding episode between 1999 and 2001, when the water level of La Picasa lagoon, which 

receives all the water excesses from the basin, rose up to 105.3 m above sea level (Pereira et al., 

2014). In this context, the Federal Plan for Flood Control (Plan Federal de Control de Inundaciones) 

was developed, aiming to diminish the frequency of flooding events, recover productive land and 

protect towns and infrastructure (SsRH, 2015). One of the objectives of the plan was to drain water 

excesses throughout the basin and regulate water fluxes coming into the lagoon to be able to keep 

the water level variations within a safe range between a minimum of 98.5 m and a maximum of 

102.5 m above sea level (INA, 2016). In this way, it would be possible to have a sufficient water 

storage capacity to retain water excesses during humid periods. 

This objective was supposed to be achieved through the execution of a specific regulation and water 

drainage infrastructure organized in three different modules (Figure 5). The Module I comprise a 

main channel with its associated water flux control structures and water discharge gauges 

connecting the reservoirs along the basin (SsRH, 2015). The Module II comprise a series of 7 

retention and regulation reservoirs that were built in lowlands along the main channel with the 

objective to alleviate discharge peaks and control the water fluxes, with the additional benefit of 

water evaporation from their surface (SsRH, 2015; Pedraza et al., 2010). The Module III comprise 

diversion channels and pumping stations, namely the North Pumping Station and South Pumping 

Station. The first one has a capacity of 5 m3 s-1, connecting La Picasa lagoon to ‘El Chañar’ lagoon 

through the channel ‘Alternativa Norte’ (SsRH, 2015) (Photograph 1). The second one connects La 

Picasa lagoon with the channel ‘Las Horquetas’. It is characterized by a drainage channel from La 

Picasa lagoon at 98.5 m above sea level to the station, which comprises 4 pumps of 1.8 m3 s-1 

capacity each, yet one of them is left for contingency cases (SsRH, 2015) (Photograph 2). 
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Figure 5 Water infrastructure 

Source: own elaboration based on SsRH (2015) 

The water infrastructure was designed in a way that during humid periods with water excesses, the 

water reaches the last regulation reservoir (R7) and from there it can flow either into La Picasa 

lagoon through two different channels (A45 and P5) or can be diverted to ‘Las Horquetas’ channel. 

At this point a specific diversion scheme was defined in order to cope with the limit imposed by 

Buenos Aires Province to accept a maximum water diversion of 5 m3 s-1 from Santa Fe Province. If 

the water flux reaching R7 is less than 5 m3 s-1, they continue to Buenos Aires through the diversion 

channel without entering to the lagoon and the rest of the discharge is completed with the South 

Pumping Station. If there is a water discharge above 5 m3 s-1, the exceeding discharge continues to 

the lagoon, either through the channel A45 or the channel P5 (INA, 2016). 

 
Photograph 1 North Pumping Station 

Source: SsRH (2015) 

Besides the problems of floods, the projected infrastructure generated a conflict between Santa Fe 

and Buenos Aires. The reason was the construction of a channel connecting the North Pumping 

Station with Teodelina in Santa Fe to alleviate the emergency situation (Bertoni, 2017), after which 
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the water was diverted to the Río Salado basin in Buenos Aires, before having agreed on a specific 

alternative. As a result, Santa Fe and Buenos Aires started a long-lasting conflict, which needed the 

intervention of the Supreme Court of Justice to arbitrate between the provincial governments 

(García Montaldo, 2012). 

 
Photograph 2 South Pumping Station 

Source: SsRH (2015) 

After the first flooding event and the construction of the water infrastructure, there was a period 

with no water fluxes in the main channel or flowing into the lagoon, especially during the years 

2008, 2009, 2011 and 2013 (SsRH, 2017). After 2015, when an increase in precipitations above 

average in the region was registered (Giordano et al., 2017), extraordinary water discharges of 

approximately 70 m3 s-1 were measured flowing into the lagoon (SsRH, 2017). In relative terms, it 

represented 20 m3 s-1 more than the maximum water discharge registered in the previous flooding 

event (Fili et al., 2000). Among the reasons of the increased water discharge, it was found that the 

design of the water infrastructure was inadequate, i.e. the regulation function of the reservoirs was 

not optimal (INA, 2016). In addition, the existence of several irregular drainage channels built by 

farmers throughout the basin to evacuate water excesses from their properties was reported 

(García Montaldo, 2012).  

It is also important to highlight that during this period the initial objective for which the pumping 

stations were built was partially achieved. This objective was expressed by Rodrigo Silvosa, Sub-

secretary of Hydraulic Infrastructure of Buenos Aires, who stated that these stations were an 

important component as a strategy to reduce the water level of the lagoon during dry periods and 

increase its storage capacity (Silvosa, 2017). However, the extraordinary water excesses coming 

into the lagoon could not be pumped as fast as required because the pumping stations were either 

out of service or needed maintenance (INA, 2016; SsRH, 2015; Raparo, 2009, 2012, 2015). In fact, 

although the water level of the lagoon was temporary kept bellow the maximum level of the safe 

range, after the noticeably increase in water discharge in 2015 and 2016, the pumping capacity was 

finally outweighed, thus it was no longer possible to keep the water level below 102.5 m. 

As a result, the combined natural and anthropogenic factors led to an extreme water level rise, 

reaching the historical maximum of 105.75 m in 2017 (SsRH, 2017). Hence, the region has been 

facing numerous negative consequences. The most important one is the higher flood risk to small 

towns located near the lagoon (INA, 2016). For instance, the towns that have borne the highest 
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direct flooding risk are Aarón Castellanos and Diego de Alvear (see Figure 1). In the first one, 

defenses against flooding have already been built with the help of Civil Protection and members of 

the Secretary of Water Resources of Santa Fe (Bertoni, 2017). Moreover, the city of Rufino, located 

approximately 30 km to the west of Aarón Castellanos, has been suffering indirect impacts of the 

increased water level of the lagoon. It was mentioned by local citizens that not only the general 

economy has been impacted, but there has also been a deterioration of the infrastructure and an 

overall social disorganization of the city and disruption of livelihoods (Rosenstein et al., 2009). 

The second consequence was the disruption of roads and transportation. On one hand, the most 

conspicuous indicator was the damage to public infrastructure, interrupting the local, national and 

international transportation, such as the National Route 7 and the railways (Photograph 3). 

Although it was already attempted to protect the National Route 7 with embankments against the 

effect of waves and water erosion, different degrees of deterioration were registered (INA, 2016).  

Since the lagoon flooded approximately 45,000 ha of the most productive land in Argentina 

(Sammartino, 2017), the third consequence was the considerable impact to local farmers, who lost 

most of their properties and belongings, such as houses, fences, roads and agriculture fields. 

 
Photograph 3 Disruption of infrastructure in La Picasa lagoon 

Source: J. Salva (2018) 

From the current situation, it is clear that La Picasa basin is another example in the Central Pampa, 

in which short-term solutions to reduce the flooding risk have been prioritized by the institutions 

involved (Collins, 2005) by building infrastructure to regulate the water excesses with a rather low 

effectiveness to control the water level of La Picasa lagoon. In any case, long-term solutions require 

to understand and integrate the underlying causes that have led to the flooding events. Therefore, 

to assist the Interjurisdictional Basin Committee in improving the knowledge of the hydrological 

system and to promote an integrated water management approach, it is critical to elaborate studies 

that quantify the hydrological balance not only of the basin in general, but of La Picasa lagoon in 

particular. It is particularly important to provide information on the main drivers that determine 

the temporal variations of the water level, area and volume and their relative importance in the 

overall water balance of the lagoon.
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4. State of the art 

The required knowledge of the temporal and spatial variation of the components and processes of 

a certain hydrological system can be pursued with the use of different types of hydrological models. 

In general terms, a model is a “simplified representation of a real-world system and consists of a 

set of simultaneous equations or a logical set of operations contained within a computer program” 

(Wheater, 2007). In other words, it is a mathematical representation of the dynamics of a real-

world system, characterized by components that are interrelated through certain processes 

(Rodríguez et al., 2006). In this sense, there is a myriad of models with different objectives, input 

data, degrees of complexity and representation of reality. According to their objectives, there are 

models that aim to predict future system behaviors under certain conditions or to understand and 

describe different hydrological components and processes (Devi et al., 2015). As can be deduced, 

the best model is the one whose outcomes represent the reality as accurate as possible with the 

minimum requirement of input parameters and model complexity (Devi et al., 2015). 

Based on the criteria considered, there are different classifications of hydrological models. One way 

of classifying them is differentiating between lumped or distributed models, based on the variation 

of the parameters as function of space and time (Devi et al., 2015). In the first case, the hydrological 

system (basin or lagoon) is analyzed as a single unit without considering any spatial variability, while 

in the second case the system is divided in discrete units and the spatial variability is considered by 

assigning different inputs to each unit and obtaining different outputs (Moradkhani and Sorooshian, 

2009). Another classification distinguishes between deterministic models, those which do not 

account for random variability, meaning that for the same group of input parameters there is only 

one possible output, from stochastic models, those which account for random variability (Rodríguez 

et al., 2006). Finally, one important classification is the one that separates models between 

empirical, conceptual and physically-based models. The difference between them is that empirical 

models are mathematical equations that involve the use of input data based on observations 

without considering the characteristics of the basin (Devi et al., 2015). On the other hand, the 

second and third ones consider the hydrological processes and the features of the basin, yet the 

second one represents them by a series of reservoirs (lagoon) connected by a certain number of 

processes of inflow (i.e. precipitation) and outflow (i.e. evaporation), while the third one uses 

variables that are measurable and are functions of space and time (Devi et al., 2015). 

In the Central Pampa, different models have been applied so far as a decision support tool to explain 

the components and processes of the hydrological systems in the frame of flooding situations. Since 

the region has a complex groundwater-surface water interaction, many distributed models 

attempted to simulate it. For instance, a distributed model MODFLOW was coupled with ISISMOD 

to generate flood risk maps, evaluate different drainage alternatives and predict existing flooding 

frequency in the Río Salado basin in Buenos Aires province (Aradas and Thorne, 2001). A second 

model also applied in the same basin was MIKE SHE, a distributed physically-based model suggested 

to account simultaneously for groundwater – surface water interaction within the same modelling 

framework (Badano et al., 2012). Similarly, the distributed physically-based model SHALL3 was 

applied in the Ludueña basin in Santa Fe province to represent the hydrological processes occurring 

in this flat area, linking the interactions between surface, vadose zone and saturated zone by means 
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of a vertical flow sub-model (Zimmermann and Riccardi, 2003). In turn, the AQUA model was 

applied to a smaller basin in the center of Buenos Aires province, using a relaxation parameter to 

account for flow resistance and an infiltration function to represent the downward movement of 

water coupled with a DEM obtained from radar interferometry to account for gradual topographic 

features (Dalponte et al., 2007). Finally, the model OCRED-2, a non-linear, continuous, distributed 

model based on the kinematic wave equations was applied to La Picasa basin with the use of 

FORTRAN programming language to simulate the overland saturation flow during the hydrological 

year 1999/2000 (Pedraza, 2000). Applying a rainfall-runoff method, the overland saturation flow 

was modelled with a variable effective area based on variations of groundwater table depth 

(Pedraza, 2000). This study concluded that there is not a lineal relationship in precipitation-runoff 

processes because of the effect of temporal variations of the groundwater table, which modify the 

area contributing to runoff (Pedraza, 2000). During dry periods, the area contributing to runoff is a 

small proportion of the basin, while during years with precipitations above average, the water 

excesses percolate and recharge the groundwater table, which rises accordingly. If these humid 

periods are maintained over time, the groundwater table might rise to the surface. Consequently, 

when these conditions in the basin occur, overland saturation fluxes appear. Therefore, the effect 

of groundwater table rises is that the area contributing to surface runoff is variable over time 

(Pedraza et al., 2010). 

A second type of model applied to the flat basins of the Central Pampa are semi-distributed models, 

such as SWAT and HEC HMS. The first one is a continuous, processed-based model. Although water 

balance is the main factor explaining all the simulated processes, it has been applied for different 

purposes. For example, SWAT was used in the Lower Carcaraña River basin in Santa Fe province to 

simulate the effects of different land management practices on water, crop yields, nutrient plant 

uptake as well as runoff and deep percolation processes under different soil types and land 

management conditions (Romagnoli et al., 2017). Furthermore, the same model was employed to 

simulate a long-term time series of soil water content in data scarce areas to simulate drought 

episodes (Havrylenko, 2016). The other semi-distributed model HEC HMS was applied to assess the 

interferences of the projected channel between the North Pumping Station and the Pavón creek to 

the adjacent sub-basins between La Picasa and Los Patos lagoon and to verify the design 

parameters of the channel in the frame of the project to divert the water excesses of La Picasa 

lagoon to the Paraná river (Giacosa et al., 2005). In addition, a HEC HMS model is currently being 

developed in the frame of an ongoing project from INA aiming to represent the hydrological 

processes of La Picasa basin (A. Villanueva, personal communication, April 27th, 2018). In this model, 

La Picasa lagoon is represented as a reservoir receiving water discharges from the channels, 

expressed as reaches concentrating water excesses from surrounding sub-basins, and losses water 

from the pumping stations or evaporation. 

A third type of model applied in the Central Pampa is the lumped parameter model, especially 

utilized to represent water balances, which means to represent the dynamic processes of the 

system with the use of mathematical equations that measure the balance between the storages 

and the transferences between them (Phillips et al., 1986). In particular, one of these hydrological 

systems can be a lake or lagoon, whose components are defined by storages, such as the water 

body “lagoon” itself, tributaries, effluent rivers, groundwater and atmosphere (Rodríguez et al., 

2006). Also, the components are linked by different transferences, such as inflow due to 
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precipitation or tributaries or outflow due to evaporation, effluents or seepage (Rodríguez et al., 

2006). These interactions can be represented by means of analytical solutions to DAE defined by 

the mass balance of water (Siniscalchi et al., 2018), which can be used for different purposes. For 

instance, they allow the acquisition of the value of an unknown parameter when all other 

parameters are known, or the simulation of scenarios when all parameters are known (Rodríguez 

et al., 2006). One of these models was applied in the Chasicó Lake, located in the Southwest of the 

Chaco-Pampean plain, with the aim to develop flood control strategies based on the determination 

of an optimal lake tributary diversion flowrate, which makes possible to keep the lake at a specific 

level (Siniscalchi et al., 2018). To achieve this objective, a simulation of scenarios was conducted 

based on climate and hydraulic data together with morphometric relationships of the lake 

(Siniscalchi et al., 2018). Another lumped-parameter model was applied in La Picasa basin in 2001, 

specifically a hydrodynamic unidimensional model called ISIS Flow, utilized to represent the 

behavior of the channel ‘Alternativa Norte’ connecting La Picasa lagoon to Los Patos Lagoon 

(Collins, 2005). 

In spite of their usefulness to explain the water balance of lakes, the lumped-parameter model has 

not been applied so far as a decision support tool to define flood control strategies to the case of 

La Picasa lagoon. Nevertheless, after a thorough antecedent analysis, it has been found that INA-

CRL (2007) had already developed a morphometric water level-area-volume relationship of this 

water body based on two bathymetries, which is a necessary step for the application of a water 

balance model.  

The bathymetries of the lagoon conducted by INA were completed in two stages. The first one in 

2005, following transects in direction East-West with 500 meters distance between them (INA-CRL, 

2007). In 2007, the second stage was executed aiming to replace the perimeter transects to 

determine the contour line 102.5 m by parallel transects to the ones conducted in 2005 but this 

time separated every 125 m. The objective was to densify the measurements between 98 m and 

100 m above sea level, thus improving the precision of the DEM of the flooded areas of the lagoon 

(INA-CRL, 2007). Complementing these studies, another bathymetry was conducted by MAH in 

cooperation with SsRH during the years 2005, 2006 and 2007 with the objective to extend the North 

Channel that connects La Picasa lagoon with the North Pumping Station as part of the Federal Plan 

for Flood Control (SsRH, 2008). Thus, the bathymetric measurements of the northeastern area of 

the lagoon were densified following the same itinerary as INA-CRL (2007) (SsRH, 2008). 
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5. Knowledge gaps 

As already mentioned, although some research institutions elaborated distributed models or are 

currently attempting to develop semi-distributed models in La Picasa basin, none of them has 

applied a water balance model of La Picasa lagoon. The outcomes of this model would be important 

to provide sufficient technical information to define flood control strategies. In this sense, Viessman 

and Lewis (as cited by Rodríguez et al., 2006) stated that a water balance model should be the first 

approach in the analysis of any basin. In line with these authors, it is crucial to first develop the 

conceptual model of this water body to improve the understanding of the most important inflow 

and outflow components and processes of the hydrological cycle that determine its water balance. 

Despite the usefulness of the previously developed morphometric relationships water level-area-

volume of La Picasa lagoon, there is a need to update them to include modifications to the basic 

bathymetric studies for two reasons. First, in order to have more precise measurements in the 

deepest areas of the lagoon, it is necessary to densify the bathymetric results from INA below 98 m 

above sea level, which were not considered in their bathymetry conducted in 2007. Second, after 

the lagoon reached a historical maximum water level, there is a need to include new topographic 

measurements encompassing altitudes above 102.5 m for the whole perimeter, integrating the 

shallowest areas of the lagoon. 

Additionally, after eighteen years of the first hydrological modelling, La Picasa basin has undergone 

several changes not only in natural components of the water cycle, such as precipitation regime, 

but also in anthropogenic factors. Among these, the most important ones have been land use 

changes and the execution of the water infrastructure that regulated and modified the drainage 

and surface runoff. Therefore, the need to update the hydrological studies in the basin was already 

expressed in the frame of a public audience in the Supreme Court of Justice of Argentina (Silvosa, 

2017).  

In this context, one of the consequences of changing conditions in the basin is the lack of 

information regarding the drivers of floods, yet there is a certain consensus on highlighting the 

anthropogenic factor as the main one. For example, according to INA (2016) the last flooding did 

not occur during years with water excesses, stressing that the inflow volume from channels was 

considerably superior than precipitation. Furthermore, Bertoni (2017) also highlighted the 

anthropogenic factor as the main driver of the last flooding. However, there are not studies that 

quantify the relative contribution from natural or anthropogenic components to the water balance 

of the lagoon. 

Concerning precipitation, although Pedraza (2000) calculated the mean areal precipitation not only 

for the sub-basins but also for reservoirs, it was conducted for one hydrological year at a daily time 

step during the first flooding event. However, the volume accounted as inflow into the lagoon is 

determined by both the amount of precipitation and its area (Troin et al., 2010; Rodríguez et al., 

2006). In the subsequent years leading to the second flooding event, the proportion of the volume 

accounted as inflow due to precipitation remained a component of the water balance that still 

needed to be estimated (A. Raparo, personal communication, April 19th, 2018). 
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Likewise, the total volume of water accounted as outflow due to evaporation is a component of the 

water balance that is function of the area of the lagoon (Troin et al., 2010; Vallet-Coulomb et al., 

2006; Rodríguez et al., 2006). Despite the drawbacks that have already been investigated in the use 

of evaporation pans to estimate evaporation for large water bodies (Wang et al., 2018; Vallet-

Coulomb et al., 2006; Morton, 1983a), the evaporation estimations for La Picasa basin and La Picasa 

lagoon used in the previous models have been obtained from evaporation pans. For instance, 

Pedraza (2000) estimated evaporation in La Picasa basin using monthly time series from 

evaporation pan from INTA in Pergamino. More recently, SsRH (2017) estimated the mean daily 

evaporation from La Picasa lagoon for each month also by means of an evaporation pan from UNRC 

but located in Laboulaye (see Figure 1). Finally, the evaporation time series currently being used as 

input of the HEC HMS modelling are mean monthly values (A. Villanueva, personal communication, 

April 27th, 2018), which do not consider their intrinsic variability. Therefore, based on the analysis 

of the available evaporation estimates for the lagoon, there is a need for a systematic quantification 

of evaporation rates based on more accurate and reliably methods. 

One of the water balance components that still remain unclear is the linkage between groundwater 

and the lagoon. As it is known in this flat region, groundwater and surface water interactions are 

complex (Aradas and Thorne, 2001). In this respect, there are authors that have suggested that 

some of the water flowing into the basin might be part of groundwater discharge areas of other 

basins, representing an inflow component as well (Alconada Magliano et al., 2011). Conversely, Fili 

et al. (2000) expressed that both groundwater inflow from aquifers (approximately 0.02 m3 s-1) and 

seepage from the bottom of the lagoon have no influence in the water balance. So far, the effects 

of groundwater have been only considered in La Picasa basin as increasing or reducing the amount 

of surface runoff according to the groundwater table depths (Pedraza et al., 2010; Pedraza, 2000). 

Nevertheless, it is not clear whether this contribution has changed in the last eighteen years and 

what could be its relative contribution to the dynamic water balance of the lagoon. 

So far, the only alternative to mitigate the impacts of floods has relied on the use of pumping 

stations. Though, it is not clear whether the pumping component is capable of reducing and 

controlling the water level of the lagoon, since in the current situation they continued to rise. 

Indeed, it is not known whether the water level rose because the pumping stations worked 

intermittently or because their pumping capacity is not sufficient in the overall water balance of 

the lagoon. In this sense, Juan Carlos Bertoni expressed that this alternative represents a medium-

term solution and its importance lies on its continuous contribution over time, suggesting the need 

to couple the pumping stations with a channel connecting La Picasa lagoon with the Paraná river as 

a new alternative to increase the outflows (Bertoni, 2017).  

Therefore, two main knowledge gaps related to the pumping component can be identified. In first 

place, there are no clear definitions neither from the governmental institutions nor from local 

stakeholders or researchers on what is the real contribution of the pumping stations to the overall 

water balance of La Picasa lagoon and what is their temporal variability. Secondly, in the current 

scenario any other alternative suggested to cope with the flooding situation in the short term would 

not be based on a water balance of the lagoon, thus there is a risk to repeat a wrong design and 

construction of the water infrastructure that might not effectively reduce its water level and the 

flood risk in the region. 
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6. Objectives 

The flooding situation in La Picasa basin has been recognized as a disaster, not only by governments 

but also by local citizens and stakeholders (Rosenstein et al., 2009). The solutions attempted so far 

have involved either the reduction in water inflows with diversion channels or the increase in water 

outflows with pumping stations. In this context, given the importance of the impact in one of the 

most productive land in Argentina, new solution approaches are being projected aiming to transfer 

the water excesses to other basins. Either way, the alternatives have not been successful in 

controlling the water level of the lagoon or mitigating the impacts of floods to towns, infrastructure 

or agriculture in the short term.  

At the same time, the suggested solutions have been designed upon incomplete information about 

the factors determining the water balance of La Picasa lagoon, their temporal variability and relative 

importance. Therefore, it is considered that any future solution should be based on information 

about which components of the water balance play a major role. 

In order to contribute with answers to the recognized knowledge gaps, the goal of the master’s 

thesis is to develop a water balance model of La Picasa lagoon as a decision support tool to 

elaborate effective mitigation measures aiming to tackle the current flooding situation in the basin. 

Therefore, the general objective is to define and quantify the most important components 

determining the actual volume of the lagoon, thus the water level and its variability. To reach this 

objective, it is necessary to update the morphometric relationships water level-area-volume of the 

lagoon together with a quantification of the relative contribution and variability of inflow and 

outflow components to employ as inputs in the water balance model. Once all the components are 

known, the second objective is to propose hypothetical simulation scenarios based on different 

pumping operation schemes aiming to analyze the possible dynamics of the water volume of the 

lagoon. 

 



 

 

    27 

 7. Methodology 

HYDROLOGICAL MODELLING OF LA PICASA LAGOON (ARGENTINA) 
Juan Sebastián Salva 

7. Methodology 

7.1. Conceptual model 

The conceptual model describes all the components of the hydrological system that define the 

water balance of La Picasa lagoon. It shows the sub-systems representing the different physical 

elements, such as the lagoon, atmosphere and water reservoirs (rectangular prisms), 

interconnected by water fluxes (arrows) (Figure 6).  

 
Figure 6 Conceptual model 

Source: own elaboration 

La Picasa lagoon, the water body under analysis, represents one of the components of the 

hydrological system for which a dynamic water balance model was applied to estimate the volume 

variations based on the inflows and outflows. These are expressed as a function of the water level, 

obtained from the quantitated morphometric relationships water level-area-volume.  

The atmospheric component interacts with the lagoon via two vertical inflow and outflow 

processes, namely precipitation and evaporation. These have been suggested to be the most 

important hydrological processes affecting the status of the lagoon (Fili et al., 2000). The reason is 

the limited slope of the basin, which has led to extremely low groundwater and surface water 

hydraulic gradients, thus preventing the development of reaches and drainage networks, a typical 

characteristic of the basins in the Central Pampa (Badano, 2010). In other words, these basins 

normally show a reduced horizontal water transport, which causes that the water balance is 

primarily driven by precipitation and evaporation (Kuppel et al., 2015). 

One of the water reservoirs considered in the conceptual model are the drainage channels 

(tributaries), specifically the Module I and Module II of the water infrastructure described in Figure 

5. In spite of the low hydraulic gradients described before, it was mentioned that the water 
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infrastructure had an effect on the drainage, not only increasing the velocity of water transport 

throughout the basin (INA, 2016), but also receiving and accumulating water drainages from 

irregular channels (García Montaldo, 2012). The inflow represents the water flowing into the lagoon 

from the channels A45 and P5. 

The surrounding sub-basins also represent a water reservoir in the sense that the precipitation 

occurring over them and being transformed into surface runoff is not considered within the 

Modules I and II because the sub-basins are located downstream in relation to the water 

infrastructure. Therefore, the surface runoff originated from them mainly flows into the lagoon 

from West, Southwest and Northwest. Moreover, it is also believed that water inflows from East 

might be considerable, especially during humid periods, but very irregular (Fili et al., 2000). 

Although surface runoff was considered as part of the inflow processes, it was mentioned that it 

might play a secondary role in explaining the water balance of the lagoon (Kuppel et al., 2015; Fili 

et al., 2000). Even less important is groundwater inflow from aquifers, which was suggested to be 

not considered as playing a relevant role in the water balance because it represents a negligible 

inflow of approximately 0.02 m3 s-1 (Fili et al., 2000). 

On the other hand, since La Picasa lagoon is an endorreic water body, the outflow is mainly due to 

evaporation. Groundwater outflow due to seepage from the bottom of the lagoon has no influence 

in the water balance, thus was not considered as part of the conceptual model (Fili et al., 2000). In 

addition, the pumping stations were designed as part of the Module III of the water infrastructure 

in the basin to work as an artificial outlet. Therefore, they were considered as one of the water 

reservoirs, being interconnected to the lagoon by one of the outflow processes described as water 

lost from pumping. 

The variation of the volume of La Picasa lagoon was calculated with a deterministic water mass 

balance model combining the inflow and outflow parameters together with the quantitated 

morphometric relationships water level-area-volume equations. The structure of the model 

represents the components and processes described in the conceptual model as expressed in 

Equation 1:  

 

Source: own elaboration 

Where: ΔV(h)/ΔT is the variation of the volume at a monthly time step, estimated with the 

morphometric relationship water level-volume; A(h) is the area of the lagoon also estimated as a 

function of the water level (h); P is the precipitation over the lagoon; EV is the evaporation from 

the open water of the lagoon; QA45 and QP5 are water discharges from the channels A45 and P5; 

SR represents the surface runoff from surrounding sub-basins; AN and AS represent water outflows 

from the North and South Pumping Stations.  

The model was built based on the study of the relationships between parameters considering a 

period of ten hydrological years between September 2007 to August 2017 (Pedraza, 2000), taking 

the period between 2007 and 2016 for the calibration process and the last hydrological year for the 

validation process. 
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7.2. Bathymetry 

A bathymetry was conducted together with researchers from LH-CETA, SRH and a private company 

in charge of the GPS in two field trips, the first one between April 17th to April 20th, 2018 and the 

second one between the May 8th to May 12th, 2018. It aimed to update and complete the existing 

bathymetric studies, densifying the measurements in the deepest area of the lagoon, that is below 

the altitude of 98 m above sea level (Figure 7). To achieve the objective, different itineraries were 

defined, either parallel lines with varying directions and width or spirals. Finally, the chosen 

itinerary was characterized by transects every 300 meters and a total length of 70.78 km. 

 
Figure 7 Previous bathymetries and projected itinerary 

Source: own elaboration 

Aiming to increase the redundancy of the collected data, three different equipment were used. The 

first one was an Echo-Sounder SDE-28S coupled to a GPS, namely a GNSS with an RTX Spectra 

Precision System. The precision obtained with this equipment is approximately 0.1% of the water 

depth (South, 2014), which considering a mean depth of La Picasa lagoon of 2 meters, represents 

0.002 m. The coupling of a GPS to the Echo-Sounder was done in order to join the geographical 

coordinates and water depths measurements. The connectivity between the Echo-Sounder and the 

GPS was tested in situ and a hook between the antenna carrying the equipment and the boat was 

adapted so that it was rigid. The second and third equipment were two ADCP Sontek River Surveyor 

M9, with a precision of 0.03 m (Sontek, 2011), that were carried from the boat with ropes, as length 

as required to avoid interferences with the boat.  

Before the measurements, a system test was performed according to the pre-measurement test 

suggested in the manual of the equipment (Sontek, 2011), during which cables and connections of 

both River Surveyor M9 were checked and different parameters were calibrated, such as battery 

voltage, compass, temperature sensor, among others (Photograph 4). 
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Photograph 4 Calibration of ADCP Sontek River Surveyor M9 

Source: J. Salva (2018) 

After the calibration process, the measurements were conducted with two boats, one belonging to 

SRH and the other one to Civil Protection from Santa Fe. The equipment was distributed in both 

boats, one carrying the Echo-Sounder coupled to the GPS/RTX together with one of the ADCP 

Sontek River Surveyor M9 and the other one carrying another ADCP Sontek River Surveyor M9. Both 

followed the same itinerary, with a frequency of measurements of 1 meter in each case 

(Photograph 5). Although the boats followed the same itinerary without interferences with the 

measurements and all of the equipment registered bathymetric levels, the data collected with the 

Echo-Sounder SDE-28S coupled to the GPS/RTX was considered for the current study because of 

the its higher precision. 

 
Photograph 5 Boat with Echo-Sounder SDE-28S and ADCP Sontek River Surveyor M9 

Source: J. Salva (2018) 

In the first field trip, the itineraries started where the calibration process took place, this is from 

the western border of the lagoon located next to the National Route 7, while in the second field 

trip a better access was found nearby Aarón Castellanos. In both cases, the distance travelled 

between the starting point and the area of interest in the lagoon was not considered. As a result, 

the complete itinerary registered with the Echo-Sounder SDE-28S were eight transects, which after 

a post-processing of the data were combined into one (Figure 8). 
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Figure 8 Bathymetric transect with the Echo-Sounder SDE-28S 

Source: own elaboration 

After the raw data from the Echo-Sounder was collected, a post-processing was conducted. The 

first step was the format transformation of the files retrieved from the equipment. Indeed, these 

files were acquired with a ‘.org’ format and were subsequently transformed to ‘.csv’ format for the 

eight files corresponding to the transects to make them directly readable. The data recorded of 

every transect were the geographical coordinates of the points from GPS/RTX, the altitude of the 

GPS, length of the antenna between the GPS and the Echo-Sounder and the water depth. The 

altitude of the Echo-Sounder was calculated as the difference between the altitude of the GPS and 

the length of the antenna. The geographical coordinates were projected to a coordinate system 

UTM 20 South with a Datum WGS84. Afterwards, all the transects were compiled into one file in 

order to reduce the post-processing time. 

In the second step, a correction of the altitude of the Echo-Sounder was conducted by calculating 

the orthometric altitudes at each measured point. In general terms, altitude is a measure of the 

elevation of a point above a predetermined reference surface (Odumosu et al., 2018). In the case 

of GPS devices, the predetermined reference surfaces commonly used are ellipsoids, which in the 

present study was WGS84. In turn, the orthometric altitude was defined as the “distance of a point 

above a specified surface of constant potential; the distance measured along the direction of gravity 

between the point and the surface” (Odumosu et al., 2018).  

In practical terms, the orthometric altitude of the Echo-Sounder was calculated as the difference 

between the ellipsoidal altitude and the geoid undulation (Rabah et at., 2017) (Figure 9). To 

calculate the geoid undulation at every measured point, the data was processed with the tool 

‘Calculadora Online Geoide-AR 16’, which uses a gravimetric geoid model (Geoide-Ar 16) adjusted 

to POSGAR 2007 (IGN, 2016). Firstly, the data was transformed to shapefile format (.shp) and 

projected in POSGAR07. With the new coordinates, the correction factor accounting for the geoid 

undulation calculated for every measurement point resulted in 18.7443 m. 
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Figure 9 Relation between ellipsoid altitude, orthometric altitude and geoid undulation  

Source: Rabah et al. (2017) 

Third, atypical values were checked and removed. To that end, the altitudes were ordered from 

smallest to largest and those ones resulting in “zero” were removed. This might have been due to 

the movement of the boat because of waves, where the Echo-Sounder did not correctly register 

the water depths. 

The resulting values could not be directly used to calculate the altitude of the bottom of the lagoon 

because of the effect of waves. Therefore, in the fourth step a bias correction was performed. The 

concept is that the altitude registered by the Echo-Sounder varies because of the waves along a 

range that contains the mean value. Hence, a statistical analysis was carried out, after which the 

mean value of the altitudes of the Echo-Sounder of every transect was calculated. This value was 

used instead of the median since the data presented normal distributions, with kurtosis and 

skewness values within normal ranges. 

Fifth, the altitude of the bottom of the lagoon at each point was calculated as the difference 

between the altitude of the Echo-Sounder, the mean altitude for each transect (wave correction 

factor) and the water depths registered. 

Finally, the resulting bathymetry was merged with those conducted by INA and MAH. Since it 

comprised measurements below and above the limit of 98 m set at the beginning, it was found that 

above 98 m there was a certain degree of overlapping. In those cases, it was decided to adopt the 

values from INA and MAH. 

7.3. Morphometric relationships water level-area-volume 

The estimation of the morphometric relationships water level-area-volume of La Picasa lagoon was 

conducted in three steps. The first step comprised the calculation of a TIN with a GIS software based 

on the merged bathymetry. A TIN is a “terrain surface modelled by several triangles generated from 

a set of points distributed over the space according to some selected criteria, each point defined 

by a triple (x, y, z) with x and y being the coordinates on the horizontal plane, and z being the 

elevation” (Freitas et al., 2016). Afterwards, the generated TIN was used as input to calculate the 

area and volume of the lagoon at predefined water levels with the tool ‘Surface Volume’ with the 

aforementioned software. This tool calculates the area and volume of the region between a surface 

provided by the TIN and a predefined reference plane. In this case 97.5 m was adopted as the 

minimum altitude above sea level, increasing the water levels every 1 m until the threshold 102.5 

m. This threshold was chosen based on the coverage of the available bathymetry points. 
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The second step comprised the calculation of the area and volume of the lagoon between the 

altitudes 102.5 m and the maximum threshold of 105.5 m, which represents the areas without a 

complete bathymetry. The reason is that INA set a threshold at 102.5 m in 2007 and also because 

these areas were partially covered by the study of 2005 and by MAH due to the maximum water 

level of the lagoon at that moment. The threshold of 105.5 m was set according to the maximum 

water level reached by La Picasa lagoon in 2017. In this sense, a series of contour lines were 

provided by a technical report conducted by members of LH-CETA (Pagot, 2018). In this study, the 

contour lines were calculated based on a DEM derived from satellite images from ALOS. These 

images have a spatial resolution of 12.5 m and a vertical precision of 1 m approximately (Pagot, 

2018). Since the DEM was not available, a raster file was first calculated using the contour lines 

between 102.5 m to 105.5 m as input of the ‘Topo to Raster’ tool in the GIS software. With this 

raster, the areas and volumes below each contour line were afterwards calculated with the tool 

‘Surface Volume’. To estimate the areas and volumes only corresponding to the regions between 

specified reference altitudes, the differences between them were calculated. The results were then 

merged to the areas and volumes calculated in the previous step. 

In the last step, a linear regression analysis was conducted to develop the morphometric 

relationships water level-area-volume. To this end, the paired values water level-area and water 

level-volume were plotted in a scattered plot to graphically analyze their distribution and possible 

best-fitting functions. With the regression coefficients calculated in both cases the morphometric 

relationships were built.  

7.4. Precipitation 

The precipitation over La Picasa lagoon was calculated as an interpolation of the precipitation 

registered in meteorological stations. Although many stations were found from different sources, 

not all of them were close enough to the lagoon or contained complete time series for the required 

period. For example, the automatic stations from INTA, MAGyA and BCCBA had two years of data 

in the best cases. On the other hand, the manual stations from INTA which had longer time series 

were located beyond a reasonable distance to obtain accurate results for the interpolation. Based 

on the criteria to select the closest stations to the lagoon and at the same time with complete 

monthly time series between the hydrological years 2007 and 2017, the following meteorological 

stations were considered for the calculations: Rufino (Sociedad Rural de Rufino), Aarón Castellanos 

(Escuela Agrotécnica), North Pumping Station (Estación de Bombeo Alternativa Norte) and Diego 

de Alvear (Estancia La Catalina). The data was acquired from SsRH (2017). The location of the 

stations relative to the lagoon is shown in Figure 10. 

The interpolation of monthly precipitation time series was conducted with a GIS software in three 

steps. First, a spatial interpolation of a weighting factor of the meteorological stations was defined 

with the IDW method. This method estimates the value of the weighting factor in a specific point 

or cell (W(x)) calculated by means of a linear combination of weighting factors corresponding to 

where the stations are located (Wj), weighted by an inverse function of the distance from the point 

of interest to the stations (Equation 2). The assumption is that the influence of the weighting factor 

set for each ground station on the specific cell decreases proportionally to the inverse distance 

between them. 
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Source: Keblouti et al. (2012) 

As a result, four raster files encompassing the lagoon with spatial interpolated weighting factors 

were calculated, each one of them defined by setting a weighting factor of 1 for the respective 

ground station (for example Aarón Castellanos in Figure 10) and setting the others to 0. 

 
Figure 10 Interpolation of a weighting factor among precipitation ground stations  

Source: own elaboration 

In the second step, for each of the four raster files corresponding to the ground stations the mean 

areal weighting factor within the limits of the lagoon corresponding to the contour line 105.5 m 

was calculated with the tool “Zonal Statistics” in the GIS software (W1, W2, W3 and W4 in Equation 

3). Finally, the monthly precipitation over La Picasa lagoon was calculated as the sum of the monthly 

precipitation of each ground station multiplied by their respective mean weighting factors 

(Equation 3): 

 

Source: own elaboration 

Where P1 is the precipitation in Rufino, P2 in Aarón Castellanos, P3 in North Pumping Station and P4 

in Diego de Alvear. 

Since the volume of water considered as inflow is also function of the area of the lagoon, the 

amount of water due to precipitation in volumetric terms was calculated as the monthly 

precipitation multiplied by the mean area of the lagoon in the respective month using the 

previously developed morphometric relationship water level - area. 
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7.5. Evaporation 

Several methods have been reported to be useful to estimate water evaporation from lakes, 

although their performance varies according to the different conditions where they are applied 

while their use depends on the available data. The empirical methods, such as pan evaporation, are 

not recommended to estimate evaporation from large lakes. Although they can be adjusted using 

correction coefficients, they show many uncertainties caused by pan types, lake characteristics and 

the different meteorological settings (Wang et al., 2018; Vallet-Coulomb et al., 2006; Morton, 

1983a). Bulk transfer methods, like Dalton Method, provide good approximations, although they 

require a previous parameter optimization (Wang et al., 2018). Water budget methods may not be 

accurate due to errors occurred during measurements of the water budget components, for 

instance other water losses like seepage from the bottom of the lake or lateral outflows (Wang et 

al., 2018). On the other hand, if water heat storage can be calculated, the Energy Budget Based 

methods are an adequate option (Vallet-Coulomb et al., 2001). For example, the Bowen Ratio 

Energy Budget, Penman, Priestley-Taylor, Brutsaert-Stricker and DeBruin-Keijman were evaluated 

using eddy covariance observation-based reference datasets and their results proved to be 

consistent (Wang et al., 2018). In the case that input data is limited, the CRLE Model has also shown 

to be an accurate method to estimate evaporation from lakes (Troin et al., 2010; Dos Reis and Dias, 

1998; Morton, 1983a, b). 

Since no systematic measurements of water surface temperatures were available, the Bowen Ratio 

Energy Budget Method, commonly chosen as a standard reference method (Wang et al., 2018), 

could not be applied. Instead, two other energy budget methods were applied to estimate the 

monthly water loss from La Picasa lagoon due to evaporation between the hydrological years 

2007/2017, namely the Penman Method (Penman, 1948) and the CRLE Model (Morton, 1983a, b). 

The Penman Method has been already widely applied to estimate daily evaporation from open 

waters under different conditions with standard meteorological data without considering surface 

temperatures (Shuttleword, as cited in Valiantzas, 2006; Penman, 1948). However, one of its 

disadvantages is the requirement of many weather variables that are sometimes missing in 

meteorological stations (Valiantzas, 2006).  

On the other hand, the CRLE model bares the advantage that requires fewer input data at the 

monthly time step (Troin et al., 2010). In fact, it has been already applied in another closed lake in 

Argentina and in Brazil to estimate monthly evaporation, obtaining relatively accurate results in 

comparison to Penman and Priestley-Taylor methods (Troin et al., 2010; Dos Reis and Dias, 1998). 

After obtaining and analyzing their results, one of the methods was chosen as input of the water 

balance. 

The input parameters for both methods were obtained from a meteorological station from INTA 

Pergamino, approximately 150 km away from the lagoon (Figure 11). This station contained the 

most complete time series with all the parameters required for calculations. In few cases, where 

daily gaps were found, they were completed using data collected from another meteorological 

station from INTA San Pedro. 
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Figure 11 Evaporation ground stations 

Source: own elaboration 

The first method considered was the Penman Method, which estimates daily evaporation as a result 

of a combination of an equilibrium evaporation, a lower limit evaporation from moist surfaces, and 

considering the departure from this equilibrium in the atmosphere (Wang et al., 2018; Penman, 

1948). More specifically, evaporation from a saturated surface (lagoon) is calculated based on a 

combination of an aerodynamic approach which considers the effect of the turbulent vapor 

transport on evaporation rates by a process of eddy diffusion and at the same time an energy-based 

approach in which evaporation is considered as an energy transformation of the incoming radiation 

(Penman, 1948). Therefore, this combination is used to calculate daily evaporation rates expressed 

in Equation 3 as follows: 

  

Source: Valiantzas (2006) 

Where E is potential – open water – evaporation [mm day-1], Rn is net radiation at the surface [MJ 

m-2 day-1], Δ is the slope of the saturation vapor pressure curve [kPa °C-1], γ is the psychrometric 

coefficient [kPa °C-1], λ is the latent heat of vaporization [MJ kg-1] and fu is a wind function. Since 

this method requires a considerable number of meteorological parameters and other physical 

factors, the calculation was conducted based on a description of the steps suggested by Valiantzas 

(2006). The parameters highlighted in blue represent those that are already known or are obtained 

directly from ground stations (Table 1). Finally, the total monthly evaporation was calculated by 

summing the daily evaporation rates of each corresponding month. 
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Table 1 Steps and equations to calculate evaporation with Penman Method 

 

Source: adapted from Valiantzas (2006) 
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The second method applied to estimate evaporation was the CRLE model. This method estimates 

the evaporation rate of a shallow-lake considering the equilibrium air temperature and the rate of 

change of stored enthalpy as substitutes of the water surface temperature. The principle of this 

model is based on Bouchet’s theory (Bouchet, 1963), which states that there is a complementary 

relationship between potential evapotranspiration (ETP) and actual evapotranspiration (ET), in which 

for a specific amount of available energy the decrease in actual evapotranspiration due to water 

restrictions results in a symmetrical increase in potential evapotranspiration and the sum of both 

equals twice the evapotranspiration of a wet-environment (ETW), which can be considered as a 

shallow-lake evaporation as expressed by the Equation 4:  

 

Source: Vallet-Coulomb et al. (2001); Morton (1983b) 

According to Morton (1983a), shallow-lakes are those which do not undergo significant variations 

in seasonal subsurface heat storage. On the contrary, the estimation of evaporation from a deep-

lake requires a storage routing technique, which is basically affecting the shallow-lake evaporation 

by a time delay, depending on the lake depth and total dissolved solids, and the results are 

afterwards routed through a linear “heat” reservoir based on a storage constant (Dos Reis and Dias, 

1998).  

The shallow-lake evaporation was obtained in two consecutive main steps. First, an equilibrium 

temperature, the temperature at which the energy balance equation equals the vapor transfer 

equation for a saturated surface, was estimated after solving those equations simultaneously 

(Morton, 1983b). Afterwards, the equilibrium temperature was used as input in an equation similar 

to Priestley-Taylor’s to calculate the shallow-lake evaporation (Equation 5): 

 

Source: Dos Reis and Dias (1998); Morton (1983b) 

Where EW is the shallow-lake evaporation [mm month-1], b1 [13 W m-2] and b2 [1.12 W m-2] are 

constants, Δp is the slope of the saturation vapor pressure curve at the equilibrium temperature 

[mbar °C-1], γp [0.66 mbar °C-1], and RTP is the net radiation at the equilibrium temperature [W m-2]. 

The model requires the ground station parameters, such as latitude, altitude and an estimate of the 

mean annual precipitation (Morton, 1983a). On the other hand, it is necessary to provide few 

meteorological parameters, for instance mean monthly air temperatures, mean monthly dew-point 

temperatures and the ratio of observed to maximum possible sunshine duration (Morton, 1983a). 

The required meteorological parameters, the steps followed to estimate the monthly evaporation 

and the equations used in each step are summarized in Table 2. The parameters highlighted in blue 

were either directly obtained from ground stations, such as maximum and minimum temperature, 

or constants and coefficients previously known and used as inputs of the corresponding equations. 
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Table 2 Steps and equations to calculate shallow-lake evaporation with CRLE Model 

 

Source: adapted from Morton (1983b) 
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After having estimated the shallow-lake evaporation, the effective depth “d” (meters) (Equation 6), 

routing constant “k” (months) (Equation 7) and time delay “t” (months) (Equation 8) were 

calculated to decide whether La Picasa lagoon should be considered as a shallow or deep lake based 

on the need to consider the effects of seasonal changes in subsurface heat storage: 

 

Source: Morton (1983a) 

Where “dA” is the mean depth (m) and “s” is total dissolved solids (ppm). The total dissolved solids 

were obtained from literature and accounted for approximately 4,622 ppm (Iriondo and Kröhling, 

2007), the mean depth was calculated as the mean ratio between the volume (m3) and the 

respective surface area (m2) for every month. As a result, the mean effective depth of La Picasa 

lagoon was 1.78 m for the simulation period and the required time delay to account for subsurface 

heat storage resulted in 0.12 months (between 3 and 4 days). Consequently, since the time delay 

was less than the time step of the evaporation analysis, the shallow-lake evaporation values were 

considered for the water balance. To calculate the amount of water evaporation in volumetric 

terms, the results of evaporation of the CRLE model were multiplied by the mean monthly area of 

the lagoon. 

7.6. Water discharge 

Water discharge was considered as the monthly water inflow to the lagoon from the channels A45 

and P5 (see Figure 5). Daily time series of water discharge measurements in different discharge 

gauges located along the main channel (Module I) and the reservoirs (Module II) were acquired 

during a field trip to the study area (A. Raparo, personal communication, April 19th, 2018). When 

data for the corresponding channels was not available, the total water discharge was calculated as 

the sum of water discharge at the outlet of the reservoir OR7 and the contribution of surface runoff 

calculated for the sub-basins whose outlets are the channels A45 and P5. 

The data provided consisted either in water discharges [m3 s-1], which were used directly in the 

calculations, or height readings [m] in the scales at each gauge. However, in these cases the 

geometry of the gauge was not available, for which the flow rating curves H-Q had to be calculated. 

To fulfil this step, dates with both heights and water discharges were chosen to construct a scatter 

plot with the paired H-Q data. In general, the most common equation suggested to explain H-Q 

relationships is Equation 9, where Q0, n and h0 are calibration parameters (Manfreda, 2018). Before 

conducting a simple linear regression analysis, the variables of the function were linearized by 

calculating the natural logarithms as shown in Equation 10. Using this equation as the linear 

function to conduct the simple regression analysis, the calibration parameters Q0 and n were 

obtained from the regression coefficients and h0 was obtained from trial and error. 
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Source: Manfreda (2018) 

In a second step, the calculated water discharges were used to build the daily time series. However, 

the measurements were scarce and obtained on an irregular basis, thus presenting a considerable 

number of gaps. Therefore, a linear interpolation between daily measurements was conducted to 

fill these gaps and then the daily values were summed up to calculate the monthly time series 

(Helsel and Hirsch, 2002). 

7.7. Pumping 

The estimation of the monthly volume of water accounted as outflow due to pumping was the 

result of the aggregation of measurements on both pumping stations. The time series were built 

with data mainly obtained from SsRH (2017, 2015) and subsequently conducting a cross-checking 

with two other sources. One of them was the time series used as input in the HEC HMS model of La 

Picasa basin (A. Villanueva, personal communication, April 27th, 2018). The other one was a series 

of technical reports about the operational status and maintenance of the pumping stations, the 

number of hours that the pumps worked and further required maintenance activities (Raparo, 

2015, 2012, 2009). 

The North Pumping Station is composed by three pumps (Raparo, 2015), with a maximum pumping 

capacity of 5 m3 s-1 (SsRH, 2015). Although this station was already projected and executed in 2000 

as an emergency response to the first flooding event (Bertoni, 2017), it started operating in 2006. 

The following year, that is during the first year in the simulation period, the pumping station 

evacuated 1.5 m3 s-1. From 2008 to 2012, the pumping station was out of service (SsRH, 2015). From 

the beginning of September 2012 until July 2013, it worked with two pumps and a capacity of 2.5 

m3 s-1 and afterwards with one pump and a capacity of 1 m3 s-1 until December 2013 (SsRH, 2015). 

During 2014, this only pump continued to work but intermittently also draining 1 m3 s-1. The 

following three years, the pumping station was out of service in 2015 (SsRH, 2015), afterwards it 

started operating again in 2016 but this time sporadically with a mean discharge of 0.25 m3 s-1. For 

example, 0.5 m3 s-1 were registered the 20th of July 2016 in the water gauge located 20 km 

downstream the North Pumping Station (Photograph 6). Finally, in 2017 the station stopped 

operating again. 

 
Photograph 6 Water gauge downstream North Pumping Station 

Source: A. Raparo (2016) 
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The South Pumping Station was designed to pump the water from the lagoon at 98.5 m above sea 

level with the objective to regulate its water level (SsRH, 2015). It has four pumps with a pumping 

capacity of 1.8 m3 s-1 each, yet its total pumping capacity is 5.4 m3 s-1 because one of them was 

considered to operate only in contingency cases (SsRH, 2015). It was not part of the water 

infrastructure of the basin during the first half of the simulation period. Although its execution 

already started in 2009, it took two years to be completed in 2011 (SsRH, 2015). Among the reasons 

of the delay to finish the station was the need to conduct an expropriation of the land where the 

pumping station was supposed to be built (Sogno, 2009). From 2012 onwards, the pumping station 

could not work properly because a channel connecting the lagoon to the pumping station needed 

to be constructed. Since this channel has considerable dimensions, 9 meters depth and 50 m width 

where it connects to the pumping station, the construction had to be conducted in stages, draining 

the groundwater table from the area (SsRH, 2015). As shown in Photograph 7, this channel was still 

under construction the 5th of September 2013. 

 
Photograph 7 Connection of South Pumping Station with La Picasa lagoon, Sep. 5th, 2013 

Source: SsRH (2015) 

Since in 2015 precipitations above average were expected together with the emergency situation 

of an increasing water level of the lagoon, a smaller channel started to be constructed in order to 

rapidly connect the lagoon to this station. Finally, the South Pumping Station could be connected 

to the lagoon in December 2016 and started its operations (SsRH, 2017). 

7.8. Surface runoff 

Aiming to estimate the total amount of water flowing into the lagoon originated from surface 

runoff, a previous analysis of the characteristics of the basin was conducted. In this respect, La 

Picasa basin was divided in a series of sub-basins in the framework of the preliminary results of the 

aforementioned HEC HMS model (A. Villanueva, personal communication, April 27th, 2018).  

Based on this subdivision, the surface runoff occurring upstream Reservoir 7 was already accounted 

as water discharge measured in the gauge station OR7 of the corresponding reservoir (Figure 12). 

Downstream OR7, there are two channels flowing into the lagoon with their respective gauge 

stations (A45 and P5). The precipitation occurring downstream OR7 over the sub-basins whose 

outlets are the channels A45 and P5 were already accounted as part of the inflow to channels (Sub-

basin A45 and P5 in Figure 12). In fact, since there were months when the only water discharge 

measurement available was in OR7, the results of the surface runoff of these two sub-basins were 
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summed up to their water discharge. Consequently, the total surface runoff accounted as inflow in 

the water balance was the sum of the direct contribution of all the sub-basins surrounding the 

lagoon. As shown in Figure 12, there is a sub-basin (Ext) which was not considered by SsRH (2017) 

as being part of La Picasa basin, yet it was considered in the HEC HMS model. 

 
Figure 12 Surface runoff 

Source: own elaboration based on A. Villanueva (personal communication, April 27th, 2018) 

The estimation of direct surface runoff was conducted in a series of sequential steps based on a 

conceptual model of the water balance of the sub-basins surrounding the lagoon (Ponce and Shetty, 

1995). These authors stated that precipitation (P) is either transformed into surface runoff (S) or 

into the so-called catchment wetting (W). Afterwards, this component of the water balance is 

transformed into baseflow (U) or lost by vaporization (V), with is the combined contribution of 

direct evaporation (E) and transpiration (T) (Figure 13). 

 
Figure 13 Components of the water balance in the sub-basins 

Source: Ponce and Shetty (1995) 
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Although deep percolation was neglected by these authors, arguing that it only accounts for less 

than 1.5% on a global scale (Ponce and Shetty, 1995), in the current water balance it was considered 

as an important component recharging the groundwater table. On the other hand, although the 

authors further divide evaporation in sub-components, the total amount of water lost due to 

vaporization (E+T) was completely accounted in the calculations of evapotranspiration. Re-

arranging the equations shown in Figure 13, the water balance can be expressed with the following 

equation: 

 

Source: Ponce and Shetty (1995) 

Since Equation 11 represents an annual water balance of a basin, the soil moisture storage from 

year to year was neglected. However, since the time step selected in this water balance is monthly, 

this component was also considered within the calculations. In this sense, there are two different 

storages in the sub-basins and the areas of reservoirs that are currently not under water, a sub-

surface storage (root zone) and groundwater storage (Pedraza et al., 2010). 

Following the processes of the water balance presented by Ponce and Shetty (1995), first monthly 

precipitation time series between the hydrological years 2007/2017 were calculated for each sub-

basin. This was conducted by means of precipitation interpolations using the same meteorological 

stations showed in the section “7.4 Precipitation”. Although the same methodology was applied, 

the limits taken to calculate the mean weighting factors were each sub-basin respectively. 

Second, surface runoff for each sub-basin was estimated based on the SCS-CN method (SCS-USDA, 

1986). This method computes surface runoff (Q) based on precipitation (P), initial abstraction (Ia), 

which are losses before surface runoff begins, and potential maximum retention (S), which are 

losses after surface runoff begins. Particularly, the initial abstraction set as conditional threshold 

was established to account for water retained in surface depressions, water intercepted by 

vegetation, evaporation or infiltration (SCS-USDA, 1986). If the precipitation does not surpass the 

threshold Ia, then the runoff does not occur (Equation 12). It was found by empirical 

approximations that Ia = 0.2S (Shadeed and Almasri, 2010). 

 

Source: SCS-USDA (1986) 

The potential maximum retention (S) is function of the CN basin parameter, which ranges from 0 

to 100, where a high CN means high runoff and low infiltration and vice versa (Equation 13).  

 

Source: Shadeed and Almasri (2010) 
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The CN was calculated based on two factors. One of them is the HSG, a classification of soils into 

four categories (A, B, C, D) based on their minimum infiltration rate obtained for bare soils after 

prolonged wetting, where Soils A have high infiltration rates and low surface runoff potential and 

vice versa (SCS-USDA, 1986). Nevertheless, since soils are found under different conditions 

depending on the study area, the HSG categories are determined indirectly based on the proportion 

of different soil textures, ranging from sandy (A) to clay (D) (SCS-USDA, 1986). The other factor is 

land cover, specifically type and hydrologic condition, which indicates its effects on the surface 

runoff potential (SCS-USDA, 1986). For each land cover type, standard tables have been developed 

with four associated CN curves depending over which HSG they are found. Thus, the aggregated CN 

of each sub-basin was calculated with Equation 14 as the combination of sub-areas with different 

CN values, which represent different combinations of soil types and land covers: 

 

Source: Shadeed and Almasri (2010) 

To calculate Equation 14, a GIS-based method suggested by Shadeed and Almasri (2010) was 

followed. First, global soil types were acquired from the HWSD (FAO/IIASA/ISRIC/ISS-CAS/JRC, 

2012). After extracting the soil types from the global scale to the basin scale, the HSG were 

calculated based on the proportion of each texture. Afterwards, land covers were obtained from 

(EU, 2003). Also, from the global dataset an area encompassing La Picasa basin was extracted. Based 

on these land covers, the respective CN values were added from a standard table (SCS-USDA, 1986). 

Afterwards, having obtained the CN values for each sub-basin with Equation 14 and calculating their 

potential maximum retention with Equation 13, monthly time series of surface runoff were 

calculated applying Equation 12.  The restrictive conditions were employed, that is when 

precipitation was less or equal to the estimated initial abstraction the surface runoff was equaled 

to zero, if not it was considered for the monthly time series. To calculate the volume of water as 

inflow from each sub-basin, the estimated precipitation being transformed to surface runoff was 

multiplied by each corresponding area. The total volume was obtained as the sum of the volume of 

surface runoff of each sub-basin surrounding La Picasa lagoon. 

Since during humid periods an enhanced lateral movement of water in the basin takes place 

(Pedraza, 2000), the further steps in the calculations of the water balance of the sub-basins were 

conducted aiming to verify possible water inflows due to interflow. Therefore, following the model 

suggested by Ponce and Shetty (1995) the third step after having accounted for the amount of 

water transformed into surface runoff, was the calculation of the catchment wetting as the 

difference between the precipitation and surface runoff. 

Fourth, from the amount of water considered as catchment wetting a modification to the model 

suggested by Ponce and Shetty (1995) was included to account for the second storage identified by 

Pedraza et al. (2010), that is the deep percolation recharging the groundwater table. An assessment 

of the soil water content using SWAT in the headwaters of the Arrecifes basin, whose westernmost 

part is located at approximately 67 km from La Picasa basin, showed that the deep aquifer 

percolation fraction, which is the fraction of percolation from the root zone which recharges the 

deep aquifer, was around 0.47 (Havrylenko et al., 2016). 
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Afterwards, from the remaining unsaturated soil water the Reference Potential Evapotranspiration 

(ETO) was calculated with the FAO Penman-Monteith Method (Allen et al., 1998), as expressed in 

Equation 15: 

 

Source: Allen et al. (1998) 

Where ETO is the reference potential evapotranspiration [mm day-1], Rn is the net radiation at the 

crop surface [MJ m-2 day-1], G is the soil heat flux density [MJ m-2 day-1], γ is the psychrometric 

constant [kPa °C-1], T is the mean daily air temperature at 2 m height [°C], u2 is the wind speed at 2 

m height [m s-1], es is the saturation vapor pressure [kPa], ea is the actual vapor pressure [kPa], (es - 

ea) is the saturation vapor pressure deficit [kPa] and Δ is the slope of the saturation vapor pressure 

curve [kPa °C-1]. To achieve this step, the same meteorological data from INTA Pergamino as used 

for the calculation of evaporation was employed. 

After that, the crop potential evapotranspiration ETC [mm day-1] was calculated by multiplying the 

values of ET0 with the crop coefficient Kc, which accounts for the characteristics that distinguish the 

crop from reference grass, namely crop height, albedo, canopy resistance and evaporation from 

soil (Allen et al., 1998). In this case, a Kc = 0.80 was selected to represent the mean value between 

the typical crops produced in the region, similar to the Kc employed as input of the HEC HMS model 

(A. Villanueva, personal communication, April 27th, 2018). The following step was the aggregation 

of the ETC to the monthly time step.  

Afterwards, the monthly crop potential evapotranspiration values were subtracted from the 

catchment wetting. A conditional procedure was established because when the difference in 

precipitation and crop potential evapotranspiration resulted in negative values during a specific 

month, the amount of water remaining in the soil was neglected. 

Finally, the remaining soil water content was accounted as interflow with the assumption that the 

water available in a specific month reached the outlet of the respective sub-basin the following 

month. The assumption was based on lateral flow travel times of 51 days (Havrylenko et al., 2016), 

which is the time that a water particle in the soil layer spends travelling in the subsurface through 

the basin until it reaches the outlet (Rinaldo et al., 2011). As shown in Figure 12, the outlets of the 

sub-basins EXT and 2 reach the sub-basin 5. Therefore, their contributions were accounted as part 

of the interflow from sub-basin 5 to the lagoon with the respective lateral flow travel time. 

7.9. Sensitivity analysis 

After quantifying the monthly contributions of the hydrological components to inflow and outflow 

of the water balance of La Picasa lagoon, a sensitivity analysis was conducted aiming to determine 

the model structure and comprehend the relationships between the model and the most dominant 

physical processes occurring in the lagoon and associated components of the water balance 

(Atkinson et al., 2002).  
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This type of analysis basically assists in defining the rate of change of the simulated values as a 

response to variations in the input parameters (Moriasi et al., 2007). In other words, it is commonly 

used to recognize which parameters are more important to determine the model and their 

precision during the calibration process (Ma et al., as cited in Moriasi et al., 2007).  

Sensitivity analyses have been already applied to the case of identifying main factors defining lake 

variations. For example, Troin et al. (2010) performed this analysis as a way to compare the 

potential contribution of each hydrological component to the water level variations of Mar Chiquita 

lagoon in Córdoba, Argentina. Similarly, Vallet-Coulomb et al. (2006) conducted a sensitivity 

analysis to study the responses of lake Ihotry (Madagascar) to potential climate and hydrological 

changes. 

There are different possibilities to test the sensitivity of the input parameters. In this regard, Troin 

et al. (2010) examined the impact of each input parameter by increasing or decreasing their values 

in 10% and computing the resulting change in proportion of lake level variations. In the current 

study, the sensitivity analysis was conducted following the methodology suggested by Schulze (as 

cited in Aduah et al., 2017). In this regard, after the parameters were modified iteratively by 

increasing and decreasing their values by 10%, their effects on the model output were accounted 

with Equation 16: 

 

Source: Aduah et al. (2017) 

Where ∆𝑂% is the percentage of change in volume of the lagoon, 𝑂𝑏𝑎𝑠𝑒 is the volume of the lagoon 

corresponding to the initial parameter and “𝑂” is the output volume of the lagoon after changing 

the value of the parameter.  

The sensitivity of each parameter was assessed based on the ranking shown in Table 3, where ∆𝐼 is 

the change in input parameter: 

Table 3 Sensitivity criteria 

 

Source: Aduah et al. (2017) 
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7.10. Calibration 

Calibration is a process aiming to include slightly changes to the model to adjust as much as possible 

its predictions of the measured values (Rodríguez et al.,2006). It can also be defined as the process 

by which the model parameters are modified, within logical limits, until the simulated values yield 

reasonable results compared with the observed ones (Aduah et al., 2017).  

The calibration process assisted in the confirmation if the conceptual model previously developed 

accurately represented the hydrological system of La Picasa lagoon and if the chosen parameters 

were able to explain its water balance (Troin et al., 2010). It was mainly conducted on the model 

parameters whose results were obtained from estimations, such as precipitation, evaporation and 

surface runoff. The reason is that these parameters could be adjusted to account for possible 

prediction errors, thus improving the overall model performance. Although the parameters that 

resulted from measurements, such as water discharge and pumping, might also present 

measurements errors, their prediction errors might be smaller compared to the estimated ones 

(Vallet-Coulomb et al., 2001). For example, it was suggested that part of the uncertainties or 

prediction errors occurring during the use of Penman Method or CRLE Model to estimate 

evaporation are due to assumptions, empirical equations or coefficients, whose errors are difficult 

to estimate (Vallet-Coulomb et al., 2001).  

From the simulation period considered for the water balance model, nine hydrological years 

between September 2007 to August 2016 were selected for the calibration process. To assess the 

accuracy of simulated values compared to measured values during the calibration process, three 

quantitative statistics were selected based on recommendations from Moriasi et al. (2007). The 

first one was the Nash-Sutcliffe Modelling Efficiency Index (NSE): 

 

Source: Nash and Sutcliffe (1970) 

where 𝑌𝑖
𝑜𝑏𝑠 is the ith observation of the volume of the lagoon, 𝑌𝑖

𝑠𝑖𝑚 is the ith simulated volume of 

the lagoon, 𝑌𝑖
𝑚𝑒𝑎𝑛 is the mean observed volume of the lagoon and n is the total number of 

observations. This index ranges from -∞ to 1 inclusive, where 1 is the optimal value. Values between 

0 and 1 represent acceptable levels of performance and values less than 0 are considered with 

unacceptable performance (Moriasi et al., 2007). This is a common performance test used in 

hydrological modelling and has already been used to test the performance from a water balance of 

lakes (Troin et al., 2010) or basins (Aduah et al., 2017).  

The second one was the Percent Bias (PBIAS): 

 

Source: Gupta et al. (1999) 
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Where PBIAS expresses the deviation of the simulated values in percentage; 𝑌𝑖
𝑜𝑏𝑠 is the ith 

observation of the volume of the lagoon and  𝑌𝑖
𝑠𝑖𝑚 is the ith simulated volume of the lagoon. This 

error index calculates the mean tendency of the simulated values to be larger or smaller than the 

observed ones (Gupta et al., 1999). The optimal value is 0, while positive values indicate 

underestimation bias and negative values vice versa (Gupta et al., 1999).  

The third one was the RMSE-Observations Standard Deviation Ratio (RSR): 

 

Source: Singh et al. (2005) 

Where RSR standardizes the root mean square error with the standard deviation of the measured 

values. 𝑌𝑖
𝑜𝑏𝑠 is the ith observation of the volume of the lagoon and  𝑌𝑖

𝑠𝑖𝑚 is the ith simulated volume 

of the lagoon and 𝑌𝑖
𝑚𝑒𝑎𝑛 is the mean observed volume of the lagoon (Singh et al., 2005). The 

optimal value is 0, which indicates zero residual variation, thus perfect model simulation. However, 

a general rule suggests that a lower the RSR represents a better performance (Moriasi et al., 2007). 

7.11. Validation 

Validation is understood as the comparison between measured values and simulated values of the 

model, calculated with input data that are different from those used to build the model (Rodríguez 

et al., 2006). In particular, to validate a model is making use of the input parameters defined in the 

calibration process and analyzing if the model is capable of providing “sufficiently accurate” 

simulations (Moriasi et al., 2007).  If the simulated values yield an acceptable coincidence with the 

measured values, the model is considered validated (Rodríguez et al., 2006). 

As previously mentioned, the suggested water balance model was validated with data from the last 

hydrological year of the simulation period between September 2016 and August 2017, for which a 

complete data set with all relevant variables was available. The performance was evaluated with 

the same criteria as used in the calibration method. 
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8. Results 

8.1. Precipitation 

The interpolations conducted during the simulation period resulted in a mean monthly 

precipitation of 77.5 mm over La Picasa lagoon. In addition, the distribution of monthly 

precipitations resembled the typical intra-annual variability of the Central Pampa, showing a dry 

season and a humid season (Iriondo et al., 2009).  

The dry season, with a mean precipitation of 42 mm, started in May and prolonged until September. 

In this month, the start of a new hydrological year, as proposed by Pedraza (2000), was 

characterized by a considerable higher amount of precipitation in comparison with the preceding 

months. For example, the mean precipitation in September was 48 mm higher than August, clearly 

marking a change in the intra-annual patter of precipitations. 

Complementary, the humid season presented a mean precipitation of 111 mm. It started in October 

and lasted until April. The months with the highest precipitation rates were January and February, 

with 130 mm and 127 mm respectively. Between September 2007 and August 2017, the estimated 

absolute maximum monthly precipitation was 282.4 mm in February 2012. Conversely, four months 

did not account for precipitation, three of them during the years 2008 and 2009 (Figure 14). 

 
Figure 14 Monthly precipitation over La Picasa lagoon (mm) 

Source: own elaboration 

Although the monthly precipitations clearly illustrate an intra-annual pattern, they do not depict a 

trend throughout the simulation period. In this regard, after aggregating them to an annual time 

step, two aspects became more evident. First, the mean annual precipitation resulted in 931 mm, 

barely higher than the historical mean annual of the basin (Pedraza, 2000) (Figure 15). That means 

at first sight that the simulation period was not characterized by water excesses. However, the 

second aspect is that the annual precipitation displayed increasing values on the second half of the 

period (Figure 15). For instance, even though that the three months with the largest precipitations 

values occurred before 2013/2014, after aggregating them to an annual time step, the data showed 

that from the beginning of the simulation period to 2011/2012 the mean annual precipitations were 

about 133 mm below the historical mean annual. Contrarily, the last four hydrological years 

presented more humid conditions, surpassing the historical mean annual in approximately 200 mm 

(21%). It was especially marked in 2017, when the total precipitation was 1,328 mm, 43% higher 

than the historical mean annual. 
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Figure 15 Annual precipitation over La Picasa lagoon (mm) 

Source: own elaboration 

The mean monthly volume of water inflow due to precipitation resulted in 13.1 hm3. As expected, 

the intra-annual variability did not present the same pattern as shown in Figure 14, since the 

variable area of the lagoon played an important role in enhancing or diminishing the total monthly 

water inflow. Despite it was possible to differentiate dry and humid seasons, the mean maximum 

water inflow was calculated in September (18.4 hm3) and the mean minimum in March (5.5 hm3). 

In absolute terms, 7 out of the 10 maximum monthly water inflows during the simulation period 

occurred in the last two hydrological years 2015/2016 and 2016/2017, with an absolute peak 

reaching 89.1 hm3 in April 2017 (Figure 16). 

 
Figure 16 Monthly water inflow to La Picasa lagoon from precipitation (hm3) 

Source: own elaboration 

After these values were aggregated to the annual time step, the mean annual water inflow from 

precipitation resulted in 157 hm3 (Figure 17). In addition, the inter-annual variability was 

characterized by a slightly decreasing trend from the beginning of the simulation period until 

2011/2012, after which it almost steadily increased until the end of the simulation period. This 

behavior was not only explained by changes in the annual precipitation (Figure 15) but also by 

changes in the area of the lagoon. 

An enhancing effect of the area of La Picasa lagoon on this hydrological component was more visible 

in the last part of the simulation period. In this regard, from September 2007 to August 2015, the 

inflow was approximately 33% less than the mean annual. On the other hand, from September 2015 

onwards, the inflow surpassed this threshold in 50% (312 hm3), being the year 2017 the one with 

the highest contribution to water inflow, exceeding the mean annual in 171% (425 hm3). 
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Figure 17 Annual water inflow to La Picasa lagoon from precipitation (hm3) 

Source: own elaboration 

8.2. Evaporation 

After applying the Penman Method and the CRLE model to estimate the open water evaporation 

from La Picasa lagoon, the mean monthly evaporation resulted in 191 mm and 131 mm respectively. 

However, the intra-annual variability of these methods presented considerable differences. On one 

hand, the seasonality of the CRLE model was more evident, expressed by range of 162 mm. More 

specifically, larger evaporation rates were estimated from October to March, with the maximum 

mean monthly in January (221 mm), while smaller evaporation rates from April to September, with 

the minimum mean monthly in June (59 mm) (Figure 18). Contrarily, the Penman Method showed 

a less marked intra-annual variability, with a range of 57 mm. Surprisingly, larger evaporation rates 

occurred from March to September, with the maximum mean monthly in April (216 mm), a similar 

value to CRLE model but three months afterwards, while smaller evaporation rates were estimated 

from October to February, with the minimum mean monthly in February (159 mm), considerably 

higher than the CRLE model (Figure 18). 

 
Figure 18 Mean monthly evaporation estimated with Penman Method and CRLE model 

Source: own elaboration 

Considering the estimations obtained with the CRLE model and aggregating them to the annual 

time step, the mean annual evaporation resulted in 1,574 mm. It is also important to highlight that 

this value did not remain constant throughout the simulation period because it showed a marked 

inter-annual variability with an overall descending trend. In this regard, the range between the 
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maximum and minimum annual evaporation totalized 330 mm. In addition, the first half of this 

period showed values above average in approximately 80 mm, with a maximum in the hydrological 

year 2008/2009 (1,758 mm), while the second half showed evaporations below average in 79 mm, 

with a minimum in the hydrological year 2013/2014 (1,428 mm). 

Similar to the estimation of water inflow from to precipitation, the area of La Picasa lagoon was 

also a key factor enhancing or diminishing the volume of water lost from evaporation. On a monthly 

time step, the mean water outflow from the lagoon was 22 hm3. However, unlike precipitation, it 

showed a smaller variability throughout the simulation period with a total range of 60 hm3, 

determined by a maximum monthly water outflow of 66.6 hm3 and a minimum monthly of 6.5 hm3.  

In turn, when the values were aggregated to the annual time step, the effect of the area of the 

lagoon became more explicit, copying the behavior of the variations in the water level (SsRH, 2017). 

In this sense, Figure 19 stresses a descending trend in annual evaporation rates from 346 hm3 in the 

beginning of the simulation period until the absolute minimum annual evaporation of 174 hm3 in 

2013/2014. Afterwards, the water lost due to evaporation increased substantially, reaching the 

absolute maximum of 491 hm3 in 2016/2017, which represented 85% more than the mean annual 

evaporation of the simulation period. 

 
Figure 19 Annual water outflow from La Picasa lagoon from evaporation (hm3) 

Source: own elaboration 

When the difference between both vertical hydrological processes, namely precipitation and 

evaporation, was calculated to estimate the annual net evaporation rates during the simulation 

period, the mean value resulted in 644 mm (Figure 20). More importantly, the inter-annual 

variability of net evaporation showed a substantial reduction during the simulation period (Figure 

20), caused by a coupled effect in descending trend of evaporation and ascending trend in 

precipitation.  

Furthermore, the difference between the maximum of 1,057 mm in the hydrological year 

2010/2011 and minimum of 157 mm in the last hydrological year (2016/2017) increased in relation 

to those from evaporation and precipitation, totalizing 901 mm, which represented 39.9% more 

than the mean net evaporation for the simulation period. It is also worthwhile mentioning that the 

net evaporation presented values below average from the hydrological year 2012/2013 onwards, 

suggested as the starting point of a more humid period in the region (Giordano et al., 2017). 
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Additionally, when the net evaporation was analyzed in volumetric terms, it was noticeably that 

the increase in the area of the lagoon, which enhanced the total water lost due to evaporation, 

could not outweigh the descending trend in net evaporation. For instance, when these values were 

summed to the annual time step, the mean volume of net evaporation totalized 108 hm3, as shown 

in Figure 20. But the variability of the volume of water lost due to net evaporation during the period 

under analysis showed a descending trend with two marked periods. Figure 20 stresses that the net 

evaporation was above the mean value from the beginning of the simulation period until 

2010/2011. After that, it continued to fall below the mean, with the 3 lowest values in 2013/2014, 

2014/2015 and 2016/2017, which represented barely 53%, 54% and 62% of the mean net 

evaporation in the simulation period respectively. 

 
Figure 20 Annual net evaporation 

Source: own elaboration 

8.3. Surface runoff 

The estimated CN of the sub-basins surrounding the lagoon did not show great differences between 

them, meaning that the characteristics affecting their hydrological behavior, such as HSG and land 

cover, did not have a high spatial variability. For example, the CN of all sub-basins contributing with 

direct runoff resulted in 74, thus the potential maximum retention of these areas was calculated in 

89 mm. From the sub-basins indirectly contributing with surface runoff to the channels A45 and P5, 

only the latter one presented a different CN of 73, which means a slightly higher potential maximum 

retention of 94 mm (Figure 21). 

Half of the area of the sub-basins surrounding the lagoon was characterized by the fraction A of the 

HSG. In turn, the fractions B and D represented 30% and 20% respectively. Consequently, most of 

the soils presented sandy, sandy loam or loamy sand textures, followed by patches with sandy clay 

loam and a smaller proportion of finer textures, such as clay loam or sandy clay. Regarding land 

cover, approximately 90% was represented by intensive agriculture or parts of agriculture with 

degraded vegetation.  
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Figure 21 Spatial distribution of Curve Numbers (CN) 

Source: own elaboration 

After having interpolated the precipitation to all the sub-basins surrounding the lagoon, the mean 

monthly surface runoff resulted in 4.8 hm3 during the simulation period. Additionally, a high intra-

annual variability was apparent, naturally following the pattern of precipitations (Figure 22). In this 

sense, higher values during summer months between October to February were estimated, with a 

maximum mean surface runoff of 9.5 hm3 in January, while lower values occurred during winter 

months from March to September, with a minimum mean surface runoff of 0.1 hm3 estimated in 

July. Nevertheless, it is important to stress that April also resulted with a mean surface runoff of 8.4 

hm3 mainly due to relatively higher values registered in 2016 (23.1 hm3) and 2017 (21.9 hm3). In 

absolute terms, there were certain months with no contribution of surface runoff to the water 

balance of the lagoon, while in some others this contribution ascended to an absolute maximum 

above 25 hm3. 

 
Figure 22 Monthly surface runoff (hm3) 

Source: own elaboration 
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Afterwards, when the monthly contribution of surface runoff was aggregated to the annual time 

step, the amount of water flowing into the lagoon was variable. Under relatively dry conditions, it 

accounted for 23 hm3, while in the last hydrological year with more humid conditions it ascended 

to a maximum of 92 hm3, representing approximately 9.4% of the mean volume of the lagoon in 

the same year.  

Like precipitation estimations, the contribution of surface runoff to the water balance also showed 

a positive trend throughout the simulation period, determined not only by an increase in the total 

amount of precipitation over the sub-basins but also by a variable proportion of precipitation being 

transformed into surface runoff. As shown in Figure 23, from the total water fluxes in the sub-

basins, the mean surface runoff for the simulation period resulted in 22%, ranging from 12% in the 

hydrological year 2008/2009 to a maximum of 30% in 2016/2017. On the other hand, the mean 

percolation during the period under analysis resulted in 13% of the total water fluxes. However, it 

presented a slightly different behavior than surface runoff because its standard deviation was 

1.16% in comparison to 6.97% of the latter one, with a minimum of 11% and a maximum of 15%. 

Lastly, the third component of evapotranspiration showed a decreasing trend in relative 

proportions to the increase in surface runoff, showing a mean proportion of the total water fluxes 

of 65% but ranging from a maximum of 77% in the hydrological year 2008/2009 to a minimum of 

56% in the last one. The outcomes of the analysis of the water balance in the surrounding sub-

basins showed that the proportion of interflow in the total water fluxes was negligible. 

 
Figure 23 Relative contribution of surface runoff, evapotranspiration and percolation 

Source: own elaboration 

8.4. Water discharge 

The water discharge gauges considered to calculate the inflow from channels to the lagoon were 

OR7, A45 and P5. However, only the channel A45 consisted in water discharge data. The other two 

gauges consisted either in water discharges or scale measurements at each gauge. In these cases, 

two flow rating curves were developed by least-squares fitting. In the first case, the gauge OR7 

consisted in 20 available measurements with both water discharge and height (m) of the scale. After 

having plotted the paired H-Q data, the flow rating curve obtained was a power function (Figure 

24). The coefficient of determination (R2) obtained showed a very good performance. Therefore, it 

was used to estimate the water discharge of the measurements where only heights were available. 
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Figure 24 Rating curve OR7 

Source: own elaboration 

In the second case, following the same procedure as in OR7, most of the water discharges in P5 

were estimated by developing a flow rating curve. In contrast to the first gauge, P5 only presented 

7 available measurements with both water discharge and heights of the scale. Despite the limited 

availability of data, especially those with higher flow readings, the performance of the least-squares 

fitting expressed by R2 was very good, showing a good fit between the rating curve and the 

discharge samples extracted from the data provided (Figure 25). 

 
Figure 25 Rating curve P5 

Source: own elaboration 

Applying the flow rating curves previously developed, calculating daily water discharge by means 

of a linear interpolation and aggregating them to the monthly time step between September 2007 

and August 2017 resulted in a mean monthly water discharge of 12.74 hm3. This value was rather 

not representative of the time series, since the aggregation to monthly time step also helped to 

visualize the irregular contribution of water discharge to the total inflow to the lagoon. In this 

regard, the intra-annual variability showed that between June and December water discharges 

were below the monthly mean, with a minimum mean of 6.8 hm3 in August, while from January to 

May these were above, with a maximum mean of 27.4 hm3 in April. In absolute terms, during the 

period under consideration, there were months with no water discharge, while others showed peak 

discharges, such as 125 hm3 in April 2017 (Figure 26). 
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Figure 26 Monthly water discharge (hm3) 

Source: own elaboration 

Relative to the other inflow components, the water discharge represented approximately 26% of 

the total water inflow to the lagoon. However, the influence of this component increased in the last 

two hydrological years (September 2015 to August 2017) when it accounted for almost 60%. This 

represented a mean ratio between water discharge to volume of the lagoon of 0.06, an increase of 

roughly 140% with respect to the previous hydrological years. 

Afterwards, the monthly water discharges were aggregated into the annual time step, showing a 

mean value of 152.9 hm3. During the simulation period, it ranged from a minimum of 0 hm3 in the 

hydrological year 2008/2009, when no water flowed through the channels, to a maximum of 648.3 

hm3 in 2016/2017 (Figure 27). 

 
Figure 27 Annual water discharge (hm3) 

Source: own elaboration 

Interesting is to focus that throughout the simulation period, only water discharges in the last two 

hydrological years exceeded the mean annual value in 182% and 324% respectively. Since these 

extreme values might have distorted the mean water discharge, the median was calculated 

resulting in 72.7 hm3. In this case, although there were also some hydrological years above the 

median, particularly the water discharges in 2015/2016 and 2016/2017 clearly showed that they 

were extraordinary values, exceeding the median in 493% and 792% respectively. 

Organizing the water discharges to the calendar year as calculated by SsRH (2017), the results 

showed a similar behavior most of the simulation period. Nevertheless, the water discharges 
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calculated in the current study resulted in general 25% larger than those suggested by SsRH (2017), 

except for the year 2010 when it resulted 3.9% less. This difference was variable throughout the 

period. Although the maximum difference occurred in 2014 (90.6%), the last two hydrological years 

presented the biggest differences in absolute terms, with 192 hm3 in 2016 and 76 hm3 in 2017 

(Figure 28) 

 
Figure 28 Comparison annual water discharge (hm3) 

Source: own elaboration 

The contribution from surface runoff of the sub-basins A45 and P5 to water discharge of the 

respective channels showed a variable behavior. After having estimated the rating curves, an 

increase in water discharge was observed between the gauge OR7 and the effective discharge to 

the lagoon from A45 and P5. In cases when no water discharge was measured in OR7 but there was 

inflow to the lagoon, it was totally explained by this hydrological process. In absolute terms, the 

difference ranged from barely 0.0012 m3/s the 4th of February 2012 to 5.97 m3/s the 12th of January 

2013. In cases when water discharge was measured in OR7, these differences ranged from 0.36 

m3/s the 9th of April 2014 to 23.65 m3/s the 20th of February 2017. However, in relative terms, in 

the first case the water discharge almost doubled that one registered in OR7 (107%) while in the 

second case it totalized more than quadruple of the discharge in OR7 (438%). 

8.5. Pumping 

The estimation of total monthly outflow from both pumping stations showed that there were at 

least 60 months of the simulation period with no pumping, specifically between October 2008 and 

August 2012 and between December 2014 to December 2015 (Figure 29). That is the same to say 

that the only outflow component of La Picasa lagoon in half of the period considered was 

evaporation.  

Considering the months with active pumping, the mean monthly water outflow was 4.12 hm3, 

ranging from 0.63 hm3 in February 2016 to 12.26 hm3 in May 2017. Relative to the volume of La 

Picasa lagoon during these months, the pumping represented a minor proportion (1.13%). 
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Figure 29 Monthly pumping (hm3) 

Source: own elaboration 

When the monthly pumping was aggregated to the annual time step, the mean annual outflow 

resulted in 25 hm3. However, the annual pumping ranged in absolute values from no pumping 

between the hydrological years 2009/2010 and 2011/2012 to a maximum pumping of 79 hm3 during 

the last one (2016/2017), followed by 2012/2013 with 71 hm3 (Figure 30).  

It is important to stress that simultaneously with an increase in water inflow from precipitation, 

water discharge and surface runoff in the last two hydrological years, the contribution from 

pumping to outflows was important only in the last one, when it exceeded the mean annual in 

approximately 220%. This also represented an increase in the ratio between the water outflow from 

pumping and the mean volume of La Picasa lagoon of 7.1% in the period. 

 
Figure 30 Annual pumping (hm3) 

Source: own elaboration 

8.6. Morphometric relationships water level-area-volume 

The measured water level of La Picasa lagoon between September 2007 and August 2017 presented 

three well-defined periods (Figure 31). The first one, between September 2007 and September 

2012, was characterized by a general negative trend. In particular, the water level dropped from 

103.3 m to 100.83 m, a total decrease of 2.47 m in 61 months, representing a mean reduction rate 

of 4 cm per month. In contrast with this general trend, there was a short interval between 

November 2009 and April 2010 (6 months) when the water level increased 73 cm (12 cm per 

month).  
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The second period, between September 2012 to February 2015, showed an intermittent behavior. 

It was characterized by two positive intervals, the first of which showed a relatively high increase 

rate of 24.2 cm per month, followed by two negative ones. Despite this erratic behavior, the water 

level varied within a restricted range between a minimum of 100.83 m and a maximum of 101.20 

m. This determined an overall slightly ascending trend, characterized by a total increase of only 37 

cm in 30 months, that is a mean increase rate of 1.2 cm per month. 

The third period, between February 2015 and August 2017, was marked by a clearly positive trend, 

yet with variable increase rates. The total water level ascended 4.49 m in 31 months, from 101.2 m 

to 105.69 m, representing a mean increase rate of 14.48 cm per month. Nevertheless, in this 

interval the maximum increase rate reached 64 cm in April 2017 followed by 38 cm in May. 

 
Figure 31 Variation of the water level of La Picasa lagoon (September 2007 – August 2017)  

Source: own elaboration based on SsRH (2017) 

The DEM resulting from the bathymetry conducted in the frame of the current study and 

complemented with the processing of satellite images by Pagot (2018) and the bathymetric studies 

from SsRH (2008) and INA-CRL (2007) is shown in Figure 32. To better visualize the results, the red 

colors indicate the deepest areas of the lagoon while the blue the shallowest ones. The legend 

indicates the altitude of the bottom of the lagoon above sea level in meters.  

The outcomes showed that the mean slope of the bottom of the lagoon is approximately 0.19%, 

with a minimum altitude of 97.36 m above sea level. Since during the bathymetry the water level 

was 104.78 m, the maximum altitude of 105.5 m above sea level shown in Figure 32 corresponds 

to the contour line calculated with satellite images (Pagot, 2018). 
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Figure 32 DEM of La Picasa lagoon 

Source: own elaboration based on own bathymetry and Pagot (2018), SsRH (2008) and INA-CRL (2007) 

After applying the two sequential steps mentioned in the methodology, the area and volume of La 

Picasa lagoon at different bathymetric water levels were calculated, starting from 97.5 until 105.5 

m (Table 4). Due to the shape of the bottom of the lagoon and the mean slope, these results showed 

that the incremental volume of the lagoon when the water level increased 1 m varied from a 

minimum of approximately 14.39 hm3 between 97.5 to 98.5 to a maximum of 352.4 hm3 between 

104.5 to 105.5. Similarly, incremental values of the area ranged from a minimum of 2,532.3 ha to a 

maximum of 11,989.3 ha for the same water level intervals. 

Table 4 Estimated area and volume of La Picasa lagoon 

 

Source: own elaboration 

The morphometric relationships water level-area-volume developed based on the results of Table 

4 are shown in Figure 33. After a first graphical analysis, it was decided to adjust two different 

polynomial functions. First, a quadratic function best fitted the distribution of the area of La Picasa 

lagoon as a function of the water level (Z). In the second case, a cubic function was found to be 

more appropriate to the distribution of the paired values volume and water level (Z). 
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Figure 33 Morphometric relationships water level-area-volume 

Source: own elaboration 

8.7. Sensitivity analysis 

The ranking of sensitivities of the components considered to build the water balance model 

stressed the noticeable differences among them (Table 5). 

Table 5 Ranking of sensitivities 

 

Source: own elaboration 

Based on these results, the remarkable aspect among the natural components of the water balance 

is that the most sensitive parameter was evaporation. A variation of 10% in its contribution to the 

overall outflow modified the volume of La Picasa lagoon in 339% on average. The second most 

sensitive parameter was precipitation, assessed as highly sensitive. Although a rather small change 

in their values had a great impact in the volume of the lagoon, it represented almost half of the 

effect of evaporation. These outcomes certainly highlight the importance of both vertical physical 

processes in determining the volume variations of the lagoon over the lateral ones, such as surface 

runoff, which resulted in moderately sensitive.   

On the other hand, the anthropogenic components considered in the water balance were generally 

less sensitive. For example, the current functioning of the pumping stations resulted in slightly 

sensitive, reflecting its rather low influence relative to the total volume of the lagoon at the monthly 

time step. Additionally, water discharge resulted in moderately sensitive, same as surface runoff. 

Despite the sensitivity of water discharge represented approximately half of the precipitation 

component, the outcomes clearly show that this inflow component, as well as surface runoff, can 

have a considerable impact on the variations of the volume of the lagoon during humid periods. 
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8.8. Performance tests 

During the calibration process, four simulations were conducted by introducing different 

modifications to the water balance model. The results of the performance tests applied to the 

simulations are shown Table 6. 

Table 6 Performance tests for calibration and validation 

 

Source: own elaboration 

The first simulation considered four parameters to estimate the water balance, namely 

precipitation, evaporation, water discharge and pumping. The component of direct surface runoff 

was initially neglected, considering only the contributions of surface runoff to the channels A45 and 

P5, which were accounted as part of their water discharge. Furthermore, the evaporation was 

estimated with the Penman Method. The first results showed that the behavior of the model 

relatively reproduced that one of the measured values, yet it consistently underestimated them 

(Figure 34). The NSE confirmed that the performance was unacceptable because its value was 

below zero. In addition, the considerable underestimation of the volume of the lagoon was 

corroborated by the results of the PBIAS, which indicated a mean tendency of underestimation bias 

of approximately 75%. Likewise, the RSR displayed that the residual variation almost doubled the 

standard deviation of the measured volume. Therefore, in light of the outcomes of the performance 

tests, the first simulation was considered not adequate to estimate the water balance of La Picasa 

lagoon. 

A second simulation was performed applying the evaporation estimations from the CRLE model 

instead of the Penman Method. Although the simulated values remarkably improved in comparison 

to the first simulation, the water balance model still underestimated the measured values (Figure 

34). After applying the performance tests, the NSE showed that also the second simulation was not 

acceptable because the index resulted in a negative value (Table 6). Although improving 

approximately 24%, the PBIAS still yielded a high positive bias, proving that the model 

underestimated the measured volume of the lagoon. In turn, the RSR showed that the residual 

variation was above acceptable levels of the standard deviation of the measured volume.  

Consequently, the results of the performance tests suggested the existence of an additional 

hydrological process leading to an increased water inflow, thus reducing the underestimation of 

the simulated values rather than an outflow component, since these were already identified. In this 

regard, the evaporation was considered and calibrated. In turn, the pumping component not only 

showed a reduced sensitivity but was also considered as a measured component. That means that 

its estimation error is small compared to the estimated parameters and would not require further 

calibrations. Therefore, one of the hydrological processes considered to be responsible of 

additional water inflows to the lagoon was direct surface runoff and interflow from surrounding 
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sub-basins. In this regard, after having pursued the calculations of the water balance on these sub-

basins and considering the proportions of surface runoff, evapotranspiration and percolation in 

their total water fluxes, the component of interflow was already discarded from the water balance.  

Having included the component of surface runoff as part of the water balance, a third simulation 

was conducted. In this opportunity, the results considerably improved, almost reproducing the 

variation of the volume of the lagoon in the calibration period (Figure 34). This was reflected in the 

results of the NSE, which showed that the performance was not only acceptable but also close to 

its optimal (Table 6). The conclusion from this test reinforces the inclusion of the surface runoff 

from surrounding sub-basins as an inflow component of the water balance of La Picasa lagoon. 

Another point to consider are the result of the PBIAS and the RSR tests. Although the second one 

showed a reduced residual variation relative to the standard deviation of the measured volume, 

being in line with the results from NSE, the first one expressed a slightly overestimation of the 

simulated values over the measured ones. 

In view of the outcomes of the third simulation, a fourth simulation was performed including an 

adjustment factor to optimize the model. Following the results of Vallet-Coulomb et al. (2001), this 

factor was included to the evaporation estimation with the CRLE model to account for errors in the 

predictions and optimize its results. The adjustment factor that yielded the best performance was 

3%. As a consequence, the results of the NSE showed an almost optimal performance of the water 

balance model (Table 6). In turn, the PBIAS test also displayed an almost perfect fit between the 

measured and simulated volume of the lagoon, with a slightly overestimation (Figure 34). Similarly, 

the RSR presented a residual variation of the model of approximately 20% of the standard deviation 

of the observed variations. As a result, the water balance model of La Picasa lagoon was considered 

calibrated. 

After having assessed and defined the structure of the model, seeking to include the most 

important components explaining the water balance of La Picasa lagoon, the validation process was 

applied using the model already calibrated but to the hydrological year 2016/2017. In this context, 

both the NSE and PBIAS tests showed an acceptable performance (Table 6), but with a slightly 

underestimation. In turn, the RSR showed a very good performance, since the residual variation of 

the model was approximately 39% of the standard deviation of the measured volume. Based on the 

results of the performance tests, the modelled values yielded an acceptable coincidence with the 

measured ones. Therefore, the model was considered validated. 

8.9. Water balance of La Picasa lagoon 

After having conducted the performance tests for the calibration and validation, the most 

important components and processes of the water balance of La Picasa lagoon were defined, either 

representing inflows or outflows, thus allowing to reproduce the monthly volume variation of the 

lagoon with a high degree of accuracy. In Figure 34, the measured volume (red solid line) was 

obtained with the use of the morphometric relationship water level-volume, utilizing as input the 

water level measurements provided by SsRH (2017). As can be seen, the calibrated and validated 

hydrological model corresponding to the Simulation 4 fitted the measured volume with a high 

performance and a minor overall overestimation. 
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Figure 34 Monthly volume variation of La Picasa lagoon (September 2007 – August 2017) 

Source: own elaboration 

The mean monthly relative contribution to inflow and outflow of each component of the water 

balance stressed the importance of the natural hydrological processes, such as precipitation and 

evaporation, above the considered anthropogenic ones, such as water discharge from channels and 

pumping (Figure 35). More specifically, despite that three months of the simulation period did not 

account for any water inflow, particularly May 2008, August 2008 and July 2012, for the rest of the 

months precipitation was the most important component with a mean monthly contribution of 

59%. Analyzing the variability of its contribution along the hydrological year and recognizing that it 

showed increases and decreases between certain months, a general descending trend from the 

beginning to the end of the hydrological year could be observed. For instance, it ranged between a 

maximum of 68% in September to a minimum of 52% in August of the following year. This abrupt 

change in two consecutive months might be explained by an increase of the mean monthly 

precipitation from 14 mm in August to 62 mm in September at the beginning of the hydrological 

year, since water discharge not only did not show a reduction in the same period, but also an 

increase of 0.5 hm3. The variability of the contribution of precipitation was more evident when the 

results were analyzed in absolute terms, since there were months with no precipitation and others 

when it was the only inflow.  

The mean monthly contribution of the second and third inflow components in importance, namely 

water discharge and surface runoff, accounted for approximately 27% and 14% respectively. The 

behavior of water discharge was different than precipitation in the sense that its contribution 

presented an ascending trend throughout the hydrological year with a range double than its mean 

value between the minimum contribution of roughly 15% in October to a to a maximum of 45% in 

August. Again, in absolute terms there were months with no water discharge and others when the 

inflow to the lagoon was exclusively explained by this component. Similarly, the mean monthly 

contribution from surface runoff also presented a considerably variability, with very limited 

contributions in winter (almost no contribution in June with 0.3%) to larger contributions in summer 

(23% in January). Although this component was on average less determinant than the other ones, 

there were some months when it explained almost half of the inflow to the lagoon. 
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Regarding outflows, it is undoubtedly that evaporation was the most determinant component of 

the water balance, since its mean monthly relative contribution ascended to 92% during the 

simulation period. In contrast to the inflow components, it displayed a more limited variability 

between a minimum of 87% in December to a maximum of 96% in June. Although evaporation was 

the only outflow component in half of the simulation period in absolute terms, its contribution 

decreased to almost half of it in specific months with active pumping. In this regard, the reduction 

of the contribution during summer months was not explained by a decrease in evaporation rates, 

since it was already shown that the CRLE model yielded larger evaporation rates in this period of 

the year (see Figure 18), but rather by an increase in the contribution of the pumping. 

The pumping component represented a minor contribution during the simulation period, 

accounting for 8% of the total water outflows. Contrarily to evaporation, it presented higher relative 

values in summer with a maximum of 13% in December and lower relative values in winter with a 

minimum of 4% in June. Rather than a recognized seasonality, its intra annual variation can only be 

explained by the erratic functioning of both pumping stations. In addition, complementing the 

contributions from evaporation, this component ranged from months with no pumping to months 

when it almost accounted for half of the outflow in absolute terms.  

 
Figure 35 Mean monthly relative contribution of the water balance components 

Source: own elaboration 

The inter-annual variability in the contribution to inflow and outflow of each component of the 

water balance in absolute terms facilitated the observation of their combined effects determining 

the evolution of the volume of La Picasa lagoon and their relative changes (Figure 36). In this regard, 

the results showed that there were hydrological years in the simulation period when the annual 

water loss from the lagoon reached 178 hm3 (2007/2008) and others when the water surplus 

ascended to 594 hm3 (2016/2017). Nevertheless, the most remarkable aspect was that the overall 

water balance showed a clear positive trend, mainly driven by an increment in water inflows rather 

than a decrease in water outflows. In fact, taking 2013/2014 as a base year, both total inflow and 

total outflow increased, yet the first one did it at a considerable higher rate than the second one, 

specifically 74% and 45% respectively. 

Figure 36 also stresses that the main reason of the relatively large positive water balance of La 

Picasa lagoon in the last two hydrological years was the water discharge rather than precipitation 
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or surface runoff. For instance, considering only these two components in the hydrological year 

2016/2017, the total inflows would have surpassed the outflows only by 25.5 hm3. However, the 

contribution from water discharge of 648.3 hm3 led the total water inflow to outweigh the outflow, 

thus resulting in a positive balance of 594.36 hm3. 

On the other hand, it is also worthwhile indicating the low impact of the pumping factor to reduce 

the water level of the lagoon in the current scenario, stressing that evaporation was the main 

outflow component to counterbalance the inflow. For example, during years when the water 

balance was negative, the evaporation itself showed to be higher than all the combined inflows 

together, while pumping contributed with a small fraction of water losses, as shown in the 

hydrological years 2007/2008 or 2008/2009 (Figure 36). 

 
Figure 36 Absolute annual contribution of the water balance components 

Source: own elaboration 

8.10. Simulation Scenarios 

Once having identified the most determinant inflow and outflow components with the sensitivity 

analysis together with the water balance model that explains the variations of the volume of La 

Picasa lagoon with an acceptable performance, two hypothetical simulation scenarios were 

proposed to reflect the trajectories of the volume based on different pumping operation schemes. 

A first hypothetical simulation scenario ‘Potential pumping’ was developed, characterized by a 

continuous operation of the North Pumping Station at full capacity from the beginning of the 

simulation period and the South Pumping Station from 2011 onwards (when it should have been 

finished according to SsRH (2015)) (Figure 37). 

For this scenario, the mean monthly pumping discharge would have risen to 15.51 hm3 between 

the hydrological years 2007/2008 and 2010/2011 and to 27.36 hm3 for the rest of the period. At the 

annual step, this would have represented a mean annual water outflow of 158 hm3 until August 

2010, after which this would have ascended to 217 hm3 in the hydrological year 2010/2011 and 

finally to 328 hm3 in the remaining period. In this case, the pumping would have been the most 

important outflow component for the simulation period, draining approximately 15% more water 

than evaporation. 
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A second hypothetical simulation scenario was proposed called ‘Adjusted pumping’, in which the 

operation of the pumping stations would have been adjusted according to the climatic conditions 

and the operation of the water infrastructure. The aim of this scenario would have been to increase 

the pumping efficiency aiming to fulfil the objective of regulating the water level of La Picasa lagoon 

between 98.5 m and 102.5 m above sea level (corresponding to the Minimum projected volume of 

14.5 hm3 and Maximum projected volume of 394.6 hm3 in Figure 37). This is the range that would 

theoretically allow the lagoon to have a sufficient storage capacity to buffer the increased water 

discharges, surface runoff and precipitation during humid periods. Therefore, three operation 

periods were defined (Figure 37). 

The ‘Adjusted no pumping’ was defined for a period characterized by net evaporations above 

average and without considerable water discharges or surface runoff. It consisted in not operating 

the pumping stations because they would have not been required to regulate the water level. In 

turn, the ‘Adjusted minimum pumping’ was matched with the time interval when the start of more 

humid conditions were suggested. It was estimated that both stations operating continuously with 

one pump each would have been capable of maintaining the water level within a safe range. Lastly, 

the ‘Adjusted full capacity pumping’ would have tried to cope with the noticeably increase in water 

discharge and surface runoff coupled with the reduction in net evaporation in the last two 

hydrological years by utilizing both pumping stations at its maximum capacity. 

For this scenario, the mean monthly pumping discharge would have obviously been 0 hm3 from 

September 2007 to August 2012, ascending then to 9.12 hm3 between September 2012 until August 

2015, finishing with 27.36 hm3 until the end of the simulation period. At the annual step, this would 

have represented a mean annual water outflow of 109 hm3 for the minimum pumping and 328 hm3 

for the full capacity pumping as already expressed for the potential pumping scenario. 

It is also important to highlight the possible trajectories of the volume of the lagoon according to 

the hypothetical simulation scenarios developed. In the case of ‘Potential pumping’, the Figure 37 

stresses that most of the simulation period would have presented negative monthly balances, 

causing La Picasa lagoon to be almost dried up except during exceptionally humid periods, such as 

between December 2009 and July 2010 or between October 2012 and January 2013 coincident with 

the start of the humid period. Furthermore, it is vital to remark that despite a potential functioning 

of both pumping stations, the water excesses estimated in the last two hydrological years would 

have outweighed the pumping capacity of both stations operating together. Consequently, the 

volume of the lagoon would have increased to 534 hm3, representing a water level of 103.16 m. 

With respect to the second scenario, the water level would have also been kept between the 

minimum and the maximum projected volume during most of the simulation period (Figure 37). 

Nevertheless, it would have anyways surpassed the latter one, reaching 626 hm3, which represents 

a water level of 103.55 m. More specifically, the first period of this scenario stresses that the 

pumping component would not have been required, since the water level would have also followed 

a descending trend, copying the actual measured ones. In the second period ‘Adjusted minimum 

pumping’, the use of one pump per station would have been enough to break the ascending trend 

in the water level and even draining more water than the increased inflow. Lastly, although both 

pumping stations working at full capacity would have not avoided the water level of the lagoon to 

exceed the maximum projected volume, it would have rather limited them at 103.55 m. 
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Figure 37 Monthly volume variation of La Picasa lagoon for the simulation scenarios 

Source: own elaboration 

Finally, the inter-annual variability in the contribution of each component considering the ‘Potential 

pumping’ scenario is shown in Figure 38. The difference is that the increased water outflow due to 

the pumping component would have caused to have more noticeably water losses during most of 

the simulation period, reaching 395 hm3 in the hydrological year 2010/2011. Simultaneously, the 

maximum water surplus would have been reduced to 346 hm3 in 2016/2017, representing a 

reduction of 42%. Moreover, the longer positive trend shown in Figure 36 starting in 2011/2012 

would have been shortened, showing that the pumping component balanced most of the additional 

water inflows during the humid period. However, even a pumping at full capacity could not have 

coped with the incremental growth of water inflows in the last two hydrological years, which 

basically determined the positive water balances in this period. A last important remark is the fact 

that the pumping component would have been the main outflow of the lagoon. 

 
Figure 38 Effect of a potential pumping on the absolute annual water balance 

Source: own elaboration 
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9. Discussion 

Although previous studies have already estimated the mean areal precipitation with interpolation 

methods from ground stations in La Picasa basin (A. Villanueva, personal communication, April 27th, 

2018; Pedraza et al., 2010), this thesis provides the first estimation of the monthly volumetric inflow 

from this component to the overall water balance of La Picasa lagoon. Therefore, it contributes to 

previous modelling approaches, which sought to quantify the components and processes of the 

water cycle at the basin scale and analyze this water body without having estimated the volumetric 

inflow from precipitation. In addition, as mentioned in the section “4. State of the Art”, the previous 

attempts to measure the volume of water flowing into the lagoon considered either inflow from 

reservoirs and channels (SsRH, 2017; Pedraza et al. 2010; Pedraza, 2000), accounted in this study 

as part of the water discharge component, or from surface runoff coming from the surrounding 

sub-basins (A. Villanueva, personal communication, April 27th, 2018; Pedraza et al. 2010; Pedraza, 

2000). However, the analysis of the relative contribution of the hydrological factors to the water 

balance revealed that precipitation over the lagoon should also be considered as one of the most 

determinant components, since it explained 59% of the monthly water inflow during the simulation 

period. 

The mean annual precipitation of 931 mm for the overall simulation period corresponds to the 

findings of INA (2016), who suggested that La Picasa basin has not experienced a period with water 

excesses during the time interval under analysis. Indeed, this value resulted only 3.5% above the 

historical mean of the basin (Pedraza, 2000). Nevertheless, the evolution of precipitations showed 

a positive trend leading to exceed the historical mean in the last four hydrological years in 

approximately 26%. This trend is in line with the conclusions of Giordano et al. (2017), who stated 

that from 2012 onwards a humid period is taking place in the region. In this regard, the relatively 

high monthly precipitation values estimated between December 2016 and April 2017 might have 

been a result of a series of precipitation events over Córdoba, northern Buenos Aires and center 

and south Santa Fe, which fostered the existence of water excesses over the Central Pampa in this 

specific period of time (Giordano et al., 2017). 

The outcomes of precipitation also implied the existence of a feedback loop between the volume 

of precipitation and the area of the lagoon. More specifically, not only does the total volume 

accounted as inflow depend on the amount of precipitation, but it has also a strong dependency on 

the area of the lagoon as an enhancing or lessening effect. In other words, high precipitation values 

increase the area of the lagoon, which in turn enhances the total volume of water as inflow from 

precipitation. For example, the consecutive hydrological years 2011/2012 and 2012/2013 

accounted for a very similar total annual precipitation of 934.4 mm and 933.7 mm respectively. 

However, between these years the surface of La Picasa lagoon increased by approximately 3,116 

ha due to other factors. As a result, the total volume from precipitation showed an incremental 

growth of 24 hm3. In relative terms, this represented 7.57% of the total water inflow of the 

hydrological year 2012/2013. Although the last four hydrological years were above the historical 

mean, the enhancing effect of the area of the lagoon played a key role in the last two, when 

precipitations were above mean 11% and 43% respectively, but their inflow volume were 27% and 

171%. 
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All the previous estimations of evaporation conducted in the basin were obtained from evaporation 

pans (SsRH, 2017; Pedraza et al., 2010; Pedraza, 2000). In this context, this thesis provides the first 

quantification of evaporation from the open waters of La Picasa lagoon using Energy Budget Based 

methods, such as the Penman Method and the CRLE model. 

It is important to highlight that both methods showed different degrees of prediction error. For 

example, after including the component of surface runoff in the water balance model and without 

considering any adjustment factor, the mean prediction error of the simulated values of the volume 

of the lagoon compared to the measured ones during the calibration period were 73% for the 

Penman Method and 14% for the CRLE model. These results are in line with the higher cumulative 

prediction error of the Penman Method compared to the CRLE model suggested by Vallet-Coulomb 

et al. (2001). After equalizing all errors in the input variables to 10%, these authors found that the 

Penman Method provided a consistent inter-annual evaporation rate with a cumulative error of 

20.1%, while in the case of the CRLE model the cumulative error was 9.3%. Other studies aiming to 

assess lake water balances also compared both methods. In this regard, Troin et al. (2010) applied 

the CRLE model to estimate the evaporation from Mar Chiquita lagoon and obtained an estimation 

3% higher than the one by Shipper (as cited by Troin et al., 2010), who applied the Penman Method. 

It is possible that the larger prediction errors of both Energy Budget Based methods in this study 

might have been due to the lack of meteorological input data near the lagoon. The use of a ground 

station located in Pergamino could have certainly increased the amount of uncertainties and errors 

of the input variables beyond 10% as suggested by Vallet-Coulomb et al. (2001). However, even 

considering these uncertainties, the prediction error of CRLE model only surpassed the suggested 

cumulative error in 4.7% while in the case of Penman Method it ascended to 52.9%.  

The lower performance of the latter one may have arisen from its disadvantages, namely the great 

number of required weather variables and parameters. Since most of them are not directly 

available from ground stations, they are commonly estimated from other variables (Valiantzas, 

2006), thus increasing the magnitude of its uncertainties (Troin et al., 2010). 

Therefore, the CRLE model has some advantages over the Penman Method. One of them is the 

reduced input requirement (Dos Reis and Dias, 1998). Additionally, it has been mentioned that the 

influence of wind speed, required in the Penman Method, is eliminated by an empirical coefficient, 

which may result in less errors because it does not require any site-specific calibration (Troin et al., 

2010).  Moreover, when a layer of air over a moist area is saturated with vapor and there are small 

changes in temperature and vapor pressure at different altitudes and times (the case for a lake or 

lagoon), it is recommended to use a method that takes the equilibrium evaporation in a state of 

low advection, such as the case of the CRLE model (Wang et al., 2018). In light of these advantages, 

the results implied that the CRLE model was more appropriate for the study area with the available 

data. 

The aggregation of evaporation and pumping components provided enough evidence to state that 

the first one was the main outflow of La Picasa lagoon during the simulation period, being in line to 

what has been previously expressed by INA (2016). Although the estimated mean monthly 

evaporation rate during the simulation period (131 mm) resulted only 11 mm higher, the intra-

annual variability resembled the findings from these authors, showing that the summer 

evaporation is the highest with a mean of 204 mm per month, that is 138 mm more than during 
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winter. At the annual time step, it was assumed that the estimated evaporation also yielded 

acceptable results, based on comparisons with annual evaporation rates from SsRH (2017) and Fili 

et al. (2000). Despite the mean evaporation for the simulation period resulted 334 mm higher than 

the one reported by Fili et al. (2000), it was only 74 mm above the results from SsRH (2017), who 

estimated a mean annual evaporation in the basin of 1500 mm between 2005 and 2013.  

Conversely, the mean annual net evaporation calculated for the simulation period showed 

differences to the 500 mm specified by SsRH (2017). Although it was 144 mm higher, the analysis 

of the time series showed a negative trend throughout this period, driven by a decreasing 

evaporation coupled with an increasing precipitation. From September 2014 onwards, the mean 

annual net evaporation was less than the estimated by SsRH (2017), reaching a minimum of 157 

mm in 2016/2017. This effect fostered an important reduction in the water losses from the lagoon 

to the atmosphere equivalent to a volume of 117 hm3 in the mentioned year.  

The inclusion of surface runoff from the surrounding sub-basins to the lagoon as a component of 

the water balance is supported by the results of Pedraza et al. (2010). They proposed surface runoff 

as one of the mechanisms of water transport in La Picasa basin, the so-called “superficial saturation 

flux”. This mostly occurs during years with water excesses in which the reduction of water table 

depths saturates the soil profile, reducing its infiltration capacity. Similarly, Fili et al. (2000) also 

suggested that during long humid periods, instead of the predominant vertical processes, namely 

precipitation, evaporation and infiltration, the soil storage capacity is saturated and surface runoff 

takes place. In this regard, it is interesting to note that the ascendant trend in this component 

occurred especially after the hydrological years 2011/2012, simultaneously with the start of a 

humid period in the region indicated by Giordano et al. (2017). 

One of the key inputs to estimate surface runoff was the calculation of the Curve Numbers (SCS-

USDA, 1986). Although Pedraza et al. (2010) included a modification of the original SCS-CN method, 

proposing variable CN at a daily time step to account for the mean soil humidity based on the water 

table depths, the estimated CN values calculated with the traditional SCS-CN method were 

accordingly to the suggested for the Central Pampa. For example, Bert et al. (2007) reported a 

variation range of CN in Pergamino between 76 to 82 (see Figure 11), while Savin et al. (1995) also 

reported CN values of 83 in Pergamino and 75 in Marcos Juarez, located in Córdoba, further North 

of the study area. 

The reasons of the agreement between the calculated CN in this thesis to those found in the 

literature might be based on similar soil textures used to calculate the HSG to those described for 

the region by Viglizzo and Frank (2006) and Pedraza (2000), specifically coarser textures in higher 

areas and some patches characterized by finer textures. In the same line, the land cover utilized 

was similar to the one published by FAO-LCCS (2007), which proposed 87% of intensive agriculture, 

without considering the water bodies. 

Based on the results shown in Figure 23, the estimated mean contribution of surface runoff to the 

total water fluxes in the sub-basins surrounding the lagoon was almost the same to the ones found 

by Nosetto et al. (2012) for a soybean-dominated vegetation cover (24%) and a rotation wheat-

soybean cover (19%). Likewise, the mean contribution of evapotranspiration was only 3.6% higher 

than that reported for a soybean cover and barely 2.4% less than that for a rotation soybean-wheat 
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(Nosetto et al., 2012). In turn, the mean contribution of percolation resulted slightly less than the 

deep drain suggested for soybean (12%) and for soybean-wheat (10%) (Nosetto et al., 2012). 

The fact that interflow was not considered as an important component of the water balance of La 

Picasa lagoon after having calculated the total water fluxes of the sub-basins is comprehensively in 

line with the conclusions of Fili et al. (2000). After estimating the mean inflow from this source in 

0.02 m3 s-1, which represents 0.05 hm3 per month or 0.63 hm3 per year, they decided to discard the 

influence of subsurface and groundwater inflow to the lagoon (Fili et al., 2000).  

Water discharge from channels, representing a quarter of the total water inflow, was found to be 

the second inflow component of La Picasa lagoon at a monthly time step after precipitation. 

However, during months with precipitation below average, its contribution ascended to almost 

three quarters and in extreme cases with no precipitation it represented the total water inflow. 

Regarding its intra-annual variability, the fact that water discharge presented higher relative 

contributions during winter months (June, July, August) compared to the other inflow components 

could not be explained by an increase of its absolute monthly contribution in this period of the year, 

since they were registered during summer months (December, January, February). It was rather 

explained by the behavior of surface runoff, which also presented higher relative contributions 

during late spring and summer, with a peak in January (22.9%), while in winter its influence was 

drastically reduced to be almost neglected with 0% and 0.01% in June and July respectively. 

The analysis of the behavior of water discharge throughout the simulation period highlighted that 

during the humid period its absolute contribution to the total inflow at the annual time step 

considerably increased over precipitation. One of the reasons was its close relationship to surface 

runoff at the basin scale. In line with Pedraza (2000), despite vertical processes are dominant during 

normal or dry periods, these results stressed that in the humid period the storage capacity of soils 

was surpassed, increasing the amount of surface runoff flowing to drainage channels, regulation 

reservoirs and finally La Picasa lagoon. This situation can be illustrated analyzing the hydrological 

years 2012/2013 onwards, characterized by more humid conditions in the region (Giordano et al., 

2017). In this regard, although the mean contribution from water discharge was 62 hm3 less than 

precipitation until 2015/2016, from this hydrological year until the end of the simulation period, its 

high increase rate led the water discharge to exceed precipitation in 227 hm3. 

As can be perceived, the increase in water discharge presented a delay compared to the start of 

the humid period. These results are similar to those found by SsRH (2017) and INA (2016), who 

stated that during the first six months of 2016 the OR7 drained double the discharge than 2012 

with a similar amount of precipitation. One of the reasons of this delay could have been due to the 

storage capacity of lagoons and lowlands in dells, a hydrological process described not only for the 

Central Pampa in general but also for this basin in particular (Paoli, 2015; Latrubesse and Brea, 

2009; Iriondo and Kröhling, 2007; Pedraza, 2000). These lagoons, located on the sides of the main 

channel, might have had the capacity to naturally regulate water excesses during the start of the 

humid period. However, after the groundwater table started to rise, as showed the time series of 

groundwater table depths provided by members of SRH (A. Robul, personal communication, July 

3rd, 2018), their storage capacity might have been exceeded and the time of residence of the water 

reduced, altogether leading to increase the water discharge reaching the lagoon. The second reason 

of the delay might have been additional water inflows in certain sections of the basin in the last two 
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hydrological years due to the execution of a number of irregular drainage channels after the water 

infrastructure was built (SsRH, 2017; INA, 2016). These changes in the basin might have accelerated 

the time of concentration of water excesses in the main channel and regulation reservoirs, leading 

to enhanced annual discharges. These results provided evidence to the findings of SsRH (2017), who 

suggested that the increase in water discharge is related to additional inflows of approximately 

100% in a short section of 20 km between the union of Reservoirs 6 and 7. Additionally, the lower 

water discharges obtained by SsRH (2017) in the last two hydrological years compared to those 

estimated in this study could be explained by additional inflows flowing into the channels A45 and 

P5 from surface runoff of the sub-basins located between OR7 and the lagoon.  

This situation was probably one of the main causes leading to the second flooding event of the 

lagoon. For example, after the construction of the main water infrastructure of the basin and the 

presumed connection of irregular channels, a punctual measurement of water discharge reaching 

La Picasa lagoon totalized 51 m3 s-1, similar to those reported by Fili et al. (2000) of 50 m3 s-1 flowing 

to the lagoon from Rufino in 1999 during the first flooding event. 

The outcomes of this thesis also provide a numerical evidence to the conclusion drew by INA (2016), 

who expressed that it is of utmost importance to implement a more efficient pumping to control 

the water level of La Picasa lagoon. In this regard, the role that pumping stations played as an 

outflow component in the water balance clearly showed that its contribution was rather low 

because it represented on average less than 2% of the volume of the lagoon, being evaporation the 

main outflow component. 

Moreover, INA (2016) also mentioned that in case of precipitations above average and without 

additional inflows, the water level of the lagoon would increase and the required volume to be 

discharged in order to reduce it would outweigh the maximum pumping capacity in a reasonable 

short period of time (3 months) by 193.5%. In this respect, there were time intervals during the 

simulation period, such as the hydrological years 2011/2012 and 2012/2013, when the incremental 

growth in volume of inflow from precipitation, only considering the variations of the area of the 

lagoon, outweighed the pumping component of the respective year in 641% (20.76 hm3). 

The variation of the water level of La Picasa lagoon in the first half of the Period 1 as shown in Figure 

31 corresponded to the one suggested by Pereira et al. (2014), who also presented a descendent 

trend from 2007 to 2009. These authors related the decrease in water level to a reduction in 

precipitation as part of a dry period during those years. However, the current study highlighted that 

it was a net evaporation above average the main factor determining the decreasing water level of 

the lagoon in the first period rather than only a reduction in precipitation. Additionally, from the 

second half of the Period 1 onwards, the water level matched those proposed by INA (2016), who 

expressed that the lagoon was below 102.5 m between 2008 and 2015. 

Another point to consider was that INA (2016) did not stress the increase in water level already 

starting from 2012, coupled with the beginning of the humid period as suggested by Giordano et 

al. (2017). On the contrary, Pereira et al. (2014) did indirectly provide evidence in that sense 

because they displayed the growth in the fraction of maximum annual flooded area of La Picasa 

basin using MODIS from less than 0.01 in 2011 to over 0.03 in 2016. 

The second period in the variations of the water level, characterized by an overall slightly ascending 

trend, but above all the third period, displaying a noticeable ascending trend, demonstrated that 
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the storage capacity of La Picasa lagoon had already decreased before the start of the higher 

precipitation values registered in 2016 and 2017. In this sense, it exposed a similar behavior to most 

of the lagoons in the Central Pampa, which according to Giordano et al. (2017) presented a high 

water level since November 2016. Nevertheless, La Picasa lagoon presented a more accelerated 

increase rate already in 2015, alike the Sub-Basin A1 of the Salado Basin, adjacent of La Picasa basin 

in the East (Giordano et al., 2017). These authors mentioned that the storage capacity of the 

different hydrological components of A1, such as lagoons, had already been saturated especially 

after two important recharge events in August 2015. 

After analyzing regional changes in water storage from spatio-temporal variations of the Equivalent 

Water Height (EWH) from GRACE at the basin scale, Pereira et al. (2014) stated that the water level 

of La Picasa lagoon could continue to increase until it reaches the maximum level before it 

overflows, which in this case is at 105.8 m above sea level (Pedraza, 2000). Despite the fast water 

level increase during the third period, the maximum level of La Picasa Lagoon reached 105.69 during 

the simulation period, that is 11 cm below the overflowing point. 

Although there were already morphometric relationships water level-area-volume developed for 

La Picasa lagoon, they were rather conducted based on a different objective than this study. 

Specifically, the former bathymetric measurements sought to replace previous measurements of 

the perimeter of the lagoon for those parallel to the bathymetry conducted in 2005 aiming to define 

the contour line 102.5 (INA-CRL, 2007). In this regard, they intended to densify the bathymetry to 

determine the relief of flooded areas of the lagoon based on a higher density of points (INA-CRL, 

2007). Another difference with these studies was the maximum water level of the lagoon at the 

moment of the field campaigns. For instance, when INA-CRL (2007) conducted the bathymetric 

measurements, the water level was at approximately 103.5 m above sea level (Pereira et al., 2014), 

more than one meter below the water level when the bathymetric measurements in the framework 

of this study were conducted and almost two meters below the maximum level reached during the 

simulation period. That was the reason of the inclusion of the contour lines until the bathymetric 

level 105.5 with the use of satellite images from ALOS (Pagot, 2018).  

Compared to the previous morphometric relationships developed for La Picasa lagoon to obtain the 

area and volume at different water levels, the application of a quadratic function and a cubic 

function in the current study yielded satisfactory results with minor differences, suggesting that 

they can be employed with an acceptable degree of error. For instance, based on the water level-

area function used as input on the HEC HMS model of the basin, the lagoon had 17,600 ha at a 

water level of 102.5 m, while in this thesis it was estimated in 17,449 ha. The difference of 151 ha 

represented only a 0.84% error (A. Villanueva, personal communication, April 27th, 2018). In relation 

to the water level-volume function, SsRH (2017) stated that an area of La Picasa lagoon equal to 

17,300 ha corresponds to a volume of 380 hm3. At the same water level for which the lagoon equals 

this area (102.28 m), the developed morphometric water level-volume function predicted a volume 

of 359 hm3. The difference represented an error of roughly 5%.  

Many sensitivity analyses have been conducted in the frame of hydrological modelling of lagoons 

and lakes aiming to identify their main components and relative roles determining the variations in 

their overall water balances (Troin et al., 2010; Vallet-Coulomb et al., 2006). In this regard, the 

components of the water balance of La Picasa lagoon found to be the most sensitive, such as 
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evaporation or precipitation, were also highlighted as showing a high sensitivity in other lakes. For 

example, Troin et al. (2010) found that evaporation was the most sensitive parameter in 

determining the water level of Mar Chiquita Lagoon. Nevertheless, there was a difference related 

to the accumulated sensitivity of the other components, for which the influence of evaporation 

resulted lower than the combined sensitivity of river discharge and precipitation (Troin et al., 2010). 

Contrarily, in the case of La Picasa lagoon it was found that evaporation yielded a higher sensitivity 

than the combined water discharge and precipitation, presumably because the importance of the 

surface runoff and lateral movements in this case is not as important as in the case of Mar Chiquita, 

whose surface inflow is explained by the combined inflows of three rivers. 

The monthly water balance of La Picasa lagoon integrated the combined effects of the different 

components of the hydrological system. In this regard, Bohn et al. (2016) had already stated that it 

is not enough to study the climatic drivers of the variation of shallow lakes in the Central Pampa 

but also other hydrological components that enhance or diminish the climatic effects, such as 

anthropogenic actions. Consequently, the results made clear which were the natural and 

anthropogenic drivers of the variations in volume, area and water level during the simulation 

period. 

The general negative water balance estimated between the hydrological years 2007/2008 and 

2011/2012 that determined the descendant trend registered in the water level of the lagoon were 

consistent with the findings from Pereira et al. (2014). In particular, these authors detected a 

general negative tendency in precipitation, soil humidity and water level using GRACE products in 

the same time interval. Hence, this tendency was reflected in a mean net evaporation of 884 mm 

between the aforementioned hydrological years, which were 77% higher compared to the net 

evaporation of 500 mm suggested by SsRH (2017). A second reason of this negative tendency was 

the relatively lower antecedent soil moisture suggested by Pereira et al. (2014), which might have 

had an impact in the annual surface runoff estimated in this period, being on average 30 hm3 less 

than between 2012 and 2015.  

A contrasting short-term fast increase in the volume of the lagoon within this period, specifically in 

the beginning of 2010 as shown in Figure 34, was based on a mean positive water balance of 

approximately 89 hm3. Although an increase in annual precipitation was registered, expressed by 

Pereira et al. (2014), the net evaporation was also above the mean for the simulation period and 

the net evaporation suggested by SsRH (2017) in approximately 9.5% and 34% respectively. 

Therefore, the reasons were presumed to be not only a higher water discharge but also a higher 

surface runoff. These assumptions were based on an increase in soil humidity for the same period 

exposed by Pereira et al. (2014), who calculated an increase in soil humidity with GLDAS from 

around 70 kg m-2 to 165 kg m-2. 

The variations in the volume of La Picasa lagoon between the hydrological years 2012/2013 and 

2016/2017, with generally positive water balances, were consistent with the findings from SsRH 

(2017). Nevertheless, they contrasted with INA (2016), who mentioned that the flooding 

emergency was not explained by a hydrological scenario of water excesses. To this end, the results 

of the water balance evidenced that this emergency was fostered partly by anthropogenic drivers 

and partly by natural drivers.  
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One of the natural drivers of floods was already mentioned and was related to the negative 

tendency in net evaporation, which caused that this important outflow component of the water 

balance dropped to 66% below mean in this period. One explanation of this hydrological dynamic 

was found in an unequal enhancing effect of the increase in area of the lagoon, which determined 

that the increase in the volume of water lost from evaporation did not outweigh the increase in 

volume of water inflow from precipitation. The other natural driver of floods was the additional 

water inflow due to an enhanced surface runoff, which represented up to a maximum of 30% of 

the total water fluxes of the surrounding basins.  

On the other hand, one of the anthropogenic drivers of floods identified was the net water inflow 

from the main channel and the regulation reservoirs, in accordance with INA (2016). In other words, 

the calculated additional water inflow due to water discharge from the channels A45 and P5 was 

not balanced with the outflow from the North and South Pumping Stations. This could be illustrated 

by analyzing the dynamics of the water discharged and pumped in this period. First, a major 

increase in water discharge occurred, especially since 2015, possibly due to the construction of 

irregular drainage channels along the basin, leading to modify the regulation conditions of the 

system of reservoirs. Simultaneously, the amount of water lost from pumping could only outweigh 

water discharge in the first two hydrological years, while from 2012 onwards it represented almost 

half of the total water discharge in the best cases. 

The fact that the performance of the model obtained to quantify the water balance of La Picasa 

lagoon was acceptable showed that the most important hydrological processes were considered. 

This was in accordance to the results from Fili et al. (2000), who mentioned that the groundwater 

recharge and seepage are not important factors contributing to inflows or outflows and could be 

neglected. Moreover, accounting for surface runoff and estimating the water losses due to 

evapotranspiration and percolation in the surrounding sub-basins of the lagoon reinforced the 

assumption to neglect the possibility of interflow as an important inflow component (Fili et al., 

2000). 

Finally, the results of the water balance in both hypothetical simulation scenarios provided 

evidence to the impact that the intermittent functioning of the pumping component could have 

had in the variations of the volume of the lagoon and its effectiveness as a long-term and continued 

strategy to keep the water level between 98.5 m and 102.5 m as it was projected (Bertoni, 2017; 

Silvosa, 2017; INA 2016).  

In this context, it is important to remark that the contribution of this component could considerably 

increase as an additional outflow to evaporation, the only natural outflow below 105.8 m as 

mentioned by Pedraza (2000). In other words, since this component could be temporary 

outweighed by the inflows, this study found that the only possibility to effectively regulate the 

water level of the lagoon without building new infrastructure is the continuous operation of the 

pumping stations. In fact, SsRH (2017) highlighted that the temporal connection of natural 

reservoirs in lowlands next to the main drainage channels could contribute up to 8 m3 s-1, which 

would approximate the pumping capacity of both stations. Additionally, the outcomes are in line 

with Bertoni (2017) and INA (2016), who based the success of the pumping component only as 

being part of a long-term strategy to achieve the objective of maintaining the water level of the 

lagoon between the 98.5 m and 102.5 m. 
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Contrasting with these conclusions, the hypothetical simulation scenario of potential pumping 

coupled with the already existing water infrastructure in the basin provided evidence against the 

possibility of regulating the water level of La Picasa lagoon within a safe operation range only with 

the use pumps. In cases of maintained humid periods, with a combined effect of low net 

evaporation and increased water discharges together with high inflow due to surface runoff from 

surrounding sub-basins, this component would not be sufficient to keep the water level of La Picasa 

lagoon below 102.5 m. Nevertheless, it is worthwhile highlighting that an optimal pumping would 

have increased its storage capacity anyways, making possible to buffer the additional water inflows, 

thus stressing this component as an effective measure to reduce the risk of flooding of surrounding 

towns and public infrastructure (Bertoni, 2017). For instance, both pumping stations working at full 

capacity during the simulation period would have been vital to avoid the increase in water level 

beyond 103.15 m, thus preserving the railways and the National Route 7, whose altitude is 104.5 m 

above sea level (INA, 2016), from being flooded. 

Regarding the second hypothetical simulation scenario, up to now there is no record of technical 

reports promoting a variable operation scheme of the pumping stations according to the climatic 

and basin conditions. In this regard, the results showed that it would not have been required to 

operate both pumping stations at full capacity to maintain the water level of the lagoon within the 

safe range from the beginning of the simulation period. This was expressed by the ‘Adjusted no 

pumping’ scenario, which indicated that during normal to dry periods, the negative water balances 

driven by higher net evaporation values outweigh the sporadic inflows from discharge and surface 

runoff.  

Contributing to Bertoni (2017), this scenario particularly confirmed that the pumping would be 

effective as a long-term strategy to regulate the water level but suggested the fact that a variable 

operation scheme would increase its efficiency. In this context, this operation scheme would have 

delayed the occurrence of an exceeding water level above the maximum projected from January 

2016 to April 2017 (fifteen months), while limiting it almost two meters below the maximum water 

level reached in the simulation period. Finally, this outcome provided an answer to the question on 

how long the pumping stations should have worked to avoid the flooding of the public 

infrastructure and the increase in the flooding risks. 
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10. Conclusions 

In summary, a first water balance model of La Picasa lagoon was developed, identifying the 

components of the hydrological system and their interrelationships. After quantifying the monthly 

water fluxes, either coming into the lagoon (inflow) or water losses (outflow), it was possible to 

account for their relative contribution and variability. These components showed to play a major 

role in determining the changes in volume of the lagoon during the simulation period between the 

hydrological years 2007/2008 and 2016/2017. 

In order to calculate the area and volume of the lagoon based on the available water level 

measurements, the master’s thesis contributed to update the morphometric relationships water 

level-area-volume previously developed by including a new bathymetry aiming to densify the 

measurements in the deepest areas of the lagoon bellow 98.5 meters above sea level. In addition, 

after La Picasa lagoon reached its historical maximum water level, this study also integrated the 

topographic estimations of the shallowest areas of the lagoon based on satellite products 

conducted by researchers of LH-CETA. 

The adoption of the CRLE model and the Penman Method can be considered as the first systematic 

approach to quantify the open water evaporation from the lagoon with Energy Budget Based 

methods. In this regard, the relatively low prediction error of the CRLE model suggested that it was 

a more appropriate method, since it reduced the cumulative errors of measurements of the 

meteorological variables and calculations. 

The implementation of a sensitivity analysis permitted to determine the importance of the relative 

contributions of each component to the overall water balance of La Picasa lagoon. Among the 

outflows, evaporation was identified as the most important component, while pumping 

represented a minor proportion. In fact, in the current scenario with precipitations above mean and 

water excesses, the pumping component was found to be not sufficient to reduce and control the 

water level in the short-term.  

On the other hand, precipitations over La Picasa lagoon represented the most determinant 

component among the inflows. Although it did not present the characteristics of a period with 

water excesses considering the complete simulation period, after the hydrological year 2011/2012 

a positive trend in precipitations indicated the start of a more humid period with values above 

mean. In addition, water discharge was estimated as the second water inflow in importance, 

representing the total water flowing through the main channel and the series of regulation 

reservoirs. Moreover, the sensitivity analysis helped to identify the component of surface runoff 

from surrounding sub-basins of the lagoon as an additional source of water inflow contributing to 

its volume variations, representing the third inflow component in importance. Furthermore, the 

calculations of the water balance in the surrounding sub-basins suggested the no inclusion of 

interflow as an inflow component. Although the contribution of surface runoff increased in the 

second half of the simulation period in response to higher precipitation values, the water discharge 

presented the highest increase rate to the extreme that it exceeded the inflow volume of 

precipitation in this period. Therefore, these components played an important role explaining the 

last flooding event that occurred between the hydrological years 2015/2016 and 2016/2017  
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The flooding event might have been fostered by a coupled effect of anthropogenic and natural 

drivers. In fact, during the last hydrological years when the highest water level was registered, the 

extraordinary increase in water discharge might suggest that the storage capacity of reservoirs and 

wetlands located in dells along the main channels was surpassed, reducing the water retention 

capacity of the basin and causing that a higher proportion of the additional precipitations occurring 

in this period was transformed into water discharge. Ultimately, this process might be reflecting 

other profound changes of the hydrological equilibrium of the basin, from land use changes towards 

more intensive agriculture schemes to the introduction of water infrastructure and irregular 

drainage channels to regulate the water fluxes. Simultaneously, it was estimated a noticeably 

reduction in the capacity of the hydrological system to evaporate the water excesses from this 

additional water discharge. In particular, the combined contributions of precipitation and 

evaporation resulted in a decreasing trend of the net evaporation throughout the simulation 

period, with values below mean specifically after 2012/2013. This effect was even enhanced in 

volumetric terms due to the increase in the area of the lagoon. 

The hypothetical simulation scenarios stressed that both a potential and an adjusted pumping 

operation as an additional outflow component could have been an important strategy to increase 

the water losses in the medium-term during the normal and dry period, thus increasing the storage 

capacity of the lagoon to buffer water excesses and regulate the water level between the safe range 

of operation. But most importantly, it also showed that during long humid periods with water 

excesses, the pumping component alone might not be enough to outweigh the additional inflows 

and control the water level of the lagoon, suggesting the need of establishing additional integrated 

measures. 

It is evident that La Picasa basin has undergone changes in the hydrological equilibrium, which was 

reflected in the noticeable increase of the water level of La Picasa lagoon. In a potential scenario 

with longer and maintained humid periods, the current water infrastructure would not be capable 

of coping with additional water excesses. This situation stresses the need to consider other non-

structural measures, such as changes in the agricultural production paradigm or re-establishing the 

hydrological functionality of wetlands and small lagoons in lowlands and dells within the basin as 

natural reservoirs to increase the evaporation capacity and ultimately the self-regulatory capacity 

of the system.  

In conclusion, the water balance of La Picasa lagoon showed with concrete evidence which 

hydrological components and processes had an influence in determining the extraordinary water 

level rise, which caused one of the most important disasters in the basin, disrupting livelihoods, 

flooding agricultural land and affecting infrastructure. In this scenario, it represents a decision 

support tool that aims to consider all factors having a significant role in the evolution of a flooding 

event in the basin, thus contributing to develop better and more effective flood control and 

mitigation measures in the future. 
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