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Resumo 
 

O caso de estudo desta investigação é a bacia hidrográfica de Huaura, na parte central da zona costeira 

do Peru, e teve como objectivo principal avaliar o impacto da incerteza associada à estimativa da recarga 

no balanço hídrico subterrâneo. Para se atingir esse objetivo, foram geradas em primeiro lugar 

100 simulações estocásticas incondicionais da profundidade do nível freático; em segundo lugar, foram 

estimados 100 mapas de distribuição espacial da recarga com o auxilio do programa WETSPASS. Em 

seguida, o programa de modelação de água subterrânea GMS (Aquaveo) foi utilizado para simular o 

fluxo de águas subterrâneas usando diferentes valores de recarga do aquífero. A utilização de uma 

abordagem determinística e estocástica permite uma melhor caracterização da variedade espacial 

associada à incerteza da recarga e que está relacionada com os dados disponíveis da profundidade do 

nível freático. A metodologia proposta é capaz, selecionando à priori os valores limite específicos, de 

representar critérios ecológicos associados a ecossistemas fluviais ou a ecossistemas dependentes da 

água subterrânea (por exemplo, a Albufera del Medio Mondo), e de calcular a probabilidade de essas 

funções ecológicassestejam em risco devido à incerteza na estimativa da recarga. Ao considerar este 

conceito de risco, estas ferramentas poderão ser muito importantes para a tomada de decisões no 

âmbito da gestão de recursos hídricos. 

 

Palavras chave: Incerteza, recarga subterrânea, WETSPASS, Albufera de Medio Mondo, bacia 

hidrográfica de Huaura, Ecossistemas, Peru. 
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Abstract 
 

The study site of this research was Huaura catchment in the central coast of Peru and the aim of the 

study was to evaluate the impact of recharge uncertainty on groundwater balance. To fulfil the aim of 

this study, 100 stochastic unconditional simulations of groundwater depths were generated. 

Afterwards, 100 recharge maps were estimated with WETSPASS. Then, GMS platform was used to 

simulate groundwater flow using different realizations of aquifer recharge. The combination of 

deterministic and stochastic approach allowed a better characterization of the spatial variability 

associated with the uncertainty of recharge relates to the limited available dataset of groundwater 

depths. The proposed methodology is capable, by selecting specific threshold values, to represent 

ecological criteria of river ecosystems or groundwater-dependent ecosystems (e.g. Albufera de Medio 

Mondo) to calculate the probabilities that ecological functions are at risk due to recharge uncertainty. 

By dealing with the concept of risk, these tools are rather important for the decision-makers in the 

water resource management plans. 

 

Keywords: Recharge uncertainty, WETPASS, Albufera de Medio Mondo, Huaura catchment, 

Ecossistemas, Peru. 
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Chapter 1 
Introduction 

 

1.1 Background 
Groundwater as a water resource plays an important role in sustaining human existence and society 

development. Globally, over two billion people depend daily on groundwater with an estimated annual 

usage of 750-800 km3 (Wada et al, 2010). A large percentage of the world’s agricultural and industrial 

water prerequisites are provided by groundwater (Kemper and Voss 2004). Due to increasing demand 

for groundwater in response to rapid urbanization, industrialization and agriculture, several countries 

are experiencing water shortages as a result of the imbalance between demand and supply (De Vries 

and Simmers 2002).  

 
Groundwater is a complex system from recharge to discharge, and its analysis is often subject to large 

uncertainty owing to insufficient data. Groundwater recharge is the primary mechanism for aquifer 

replenishment which ensures future sources of groundwater for commercial and residential use. The 

mechanism of groundwater recharge occurs either as diffused or focused. The diffuse recharge is 

distributed over large areas in response to precipitation and the focused recharged explains the 

movement of water from surface water bodies such as streams, canals or lakes, to an underlying aquifer. 

Recharge depends on several factors such as climate, geology, topography, hydrology, vegetation and 

land use. 

 
Climate variability is the most important factor affecting recharge rates as precipitation is the dominant 

component of the water budget (Chen et al. 2002). Human activities such as groundwater abstraction 

and reservoir construction influence groundwater systems. Also, climate change influences 

groundwater recharge. For example, climate change increases global atmospheric temperatures which 

modify precipitation patterns, with a knock-on effect on groundwater levels (Hao et al. 2008). The 

combination of climate change and indiscriminate groundwater exploitation has resulted in 

groundwater levels decline to cause groundwater depletion, land subsidence and saltwater intrusion in 

coastal areas (Manca et al. 2014). A decline in groundwater levels possess a threat to the environment 

and hinder economic development with excessive depletion affecting vast regions, including Latin 

American countries like Peru and Mexico. Thus, it is imperative to understand the evolution of 

groundwater systems and the dual effects of climate change and anthropogenic activities. 
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Groundwater recharge varies over time and space. This spatial variability is important for assessing 

groundwater vulnerability to contamination. On the other hand, temporal variability, seasonal and 

long-term trends in climate also affect recharge rates. Moreover, vegetation and land use also have 

profound effects on recharge with the type and density of vegetation influencing evapotranspiration. 

Also, the topography of terrain plays a pivotal role as steep slopes have low infiltration rates and high 

runoff while the flat land surface has poor surface drainage but more conductive to diffuse recharge. 

However, Gieske (1992) reported that direct groundwater recharge from precipitation in semi-arid 

areas is generally low depending on lithology with less than 5% of the average annual precipitation. 

However, determination of groundwater recharge has shifted from a basic problem to an urgent and 

fundamental issue in hydrogeological research for sustainable development of groundwater (Stoll 

2012). 

 
Determination of sustainable groundwater yield is a complex and challenging task with a high degree 

of uncertainty associated with most aquifer parameters such as recharge from rainfall and hydraulic 

heads. Therefore, this research sought to evaluate the uncertainty of recharge and sustainable 

groundwater yield using stochastic simulation and groundwater modelling. Different global change 

scenario was considered to 1) evaluate the spatial uncertainty of aquifer recharge, 2) calculate the impact 

of recharge uncertainty on groundwater balance and 3) calculate probability distribution functions that 

aquifer yield exceeds a specific threshold value. 

 

1.2 Problem statement 
Accurate estimates of recharge are always desired, but there are no standards that can be used to 

evaluate these estimates. Errors may arise from improper application of methods and measurements 

due to lack of understanding of the method or failure to adequately account for spatial and temporal 

variability. Measurement errors are related to inaccuracies in data collection. The concept of spatial 

scale is important in terms of selecting appropriate methods as the different methods provide estimates 

that are integrated over various spatial scales. Expense is a common limitation for applying some 

aquifer recharge estimation methods, however, uncertainty (e.g. errors in the estimation of groundwater 

depths in methods like WETSPASS) undermines these estimation methods thus affecting the regional 

groundwater budget. To circumvent the uncertainty, more decision management actions are based on 

the risk evaluation if the principle of sustainability is violated. Due to the exponential relationship 

between risk and cost, a no-risk approach would be infinitely expensive. Therefore, the objective 
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should rather be to develop a sustainable groundwater management plan approach based on the several 

equally probable groundwater balance realizations towards the calculation of the probabilities that 

aquifer yield exceeds a sustainable threshold value. 

 

1.3 Research aim and objectives 
The research was primarily aimed at evaluating the uncertainty of recharge and sustainable groundwater 

yield in different global change scenarios using a geostatistical-deterministic approach. To achieve this 

aim, stochastic simulation and groundwater modelling were used to: 

a) Evaluate the spatial uncertainty of aquifer recharge using WETSPASS method by calculating 

several stochastic simulations of groundwater depth, 

b) Calculate the impact of aquifer recharge uncertainty on groundwater balance by processing 

each stochastic simulation through a groundwater flow model to yield the corresponding 

measurement uncertainty on the response function, and 

c) Calculate the probability distribution functions that aquifer yield exceeds a specific threshold 

value. 

 

1.4 Thesis Structure 
The write-up of the research was divided into five sections as shown below:  
 

 

 

 

 

 

  

Research Framework 

Chapter 1: 
Introduction 

Chapter 2:            
Description of study area 

Chapter 3: 
Methodology 

Chapter 4:                  
Results and Discussions 

Chapter 5:                                          
Conclusion and 

 Location 
 Socioeconomic Background 
 Climate 
 Hydrology 
 Geology 
 Hydrogeology 
 Albufera de Medio Mundo 
 Well descriptions 

 

 Statistical analysis 
 Geostatistical analysis 
 Stochastic simulation 
 WETSPASS 
 Groundwater flow 

model 
 

 Analysis of groundwater depths  
 Application of geostatistical 

techniques to groundwater 
depths  

 Stochastic modelling 
 Recharge estimation 
 Impact of recharge uncertainty 

on groundwater balance 
 

 Background of 
research 

 Problem statement 
 Research Aim and 

Objectives 
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Chapter 2 
Description of the study area 
 

2.1 Location 
The study area is located within Huaura catchment, in the central coast of Peru and lies 150 km north 

of Lima. Geographically, the study area is between latitudes -10°27´ (8847692 N) and -11°13´ (8756028 

N), and longitudes -76°32´ (328988 E) and -77°39´ (212856 E). The Huaura catchment drains a total 

area of 4,654 km². The catchment is limited at the North by Pativilca and Supe, and at the South with 

Chancay-Huaral catchments. Figure 1 shows the map of the study area and its surroundings with the 

red line delineating the catchment. The research focused on the coastal part of the basin, which is an 

“Inter-catchment” and drains an area of 345 km². 

 
Figure 1: Location of the study area (Source: Escobar, 2018) 

 

2.2 Socio-economic Background 
2.2.1 Demography 
In recent decades, urbanization process has been observed in the study area. The migration flows 

"rural-urban" are evidenced by rapid population growth, especially in the coastal vicinity of the Huaura 

province (Municipalidad Provincial de Huaura, 2009) and predominant effect of migration leading to 

a decrease of population in rural areas (Inês 2010). The population has risen from 112,694 in 1972 to 

213,188 in 2012 in the Huaura Provinces (INEI). For 2017, CPI estimates a population of 225990 

inhabitants (CPI 2017). As in the Huaura province, the demography of the town of Medio Mundo, the 

closest town to the wetland, has presented a significant increase. In 1954 only ten families lived in this 
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town, it rose to 5801 inhabitants in 2007, and 7058 in 2012 (Rodriguez 2017). Figure 2 presents the 

temporal evolution in the size of the town from 1971 to 2016. 

 
Figure 2: Spatial variation of Medio Mundo town (Source: Rodriguez, 2017) 

 
2.2.2 Agriculture 
The study focussed on San Felipe, Acaray and Ingenio commissions, which are located in Végueta and 

Huaura districts. Agriculture is the main activity within the Huaura district. Most of the agricultural 

lands are within the downstream valley and alluvial plain, and irrigation is carried out using mostly 

gravity method (Rodriguez 2017). There are 16 irrigation commissions in the whole Huaura catchment: 

San Felipe, Acaray, Ingenio, Vilcahuara, Humaya, Quipico, Sayán, Santa Rosalia, MargenIzquiderda, 

Rio Chico, Santa Rosa, La Union, Paraiso-La Tablada, La Campiña, yCarquín. Figure 3 shows the 

irrigation committees and the irrigation network. The main source of water for irrigation is the Huaura 

River and the water is transported through a broad network of canals (INAF 1987). Sugar cane, bean 

and maize are the main crops in the downstream valley and alluvial plain. While in the mid-valley 

(upstream Vilcahuara), the most common crops are alfalfa, peaches, and avocado. Sugar cane and 

maize constitute 60% of the crops in the valley (ANA-DCPRH 2010).  

 
Figure 3: Irrigation committee and irrigation networks within the inter-catchment 
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2.2.3 Other activities 
Livestock is significant employment and economical source in the middle and upper part of the 

catchment. In Medio Mundo, the wetland dictates the various economic activities. Also, other activities 

such as ecotourism projects, recreation, conservation and scientific research are supported by the 

wetland. 

 

2.3 Climate 
Coastal Peruvian climate is strongly influenced by the Humboldt Ocean current and the Andes 

mountains. According to Köppen classification, the climate in the coast of Peru varies from Tropical 

Arid in northern Peru to Subtropical Arid in southern Peru (FAO 1970). Huaura catchment is 

characterized by a mild and arid climate towards the coast and a mild and rainy climate towards the 

Andes Mountains. Precipitation in the study area (i.e., the inter-catchment) is very scarce with an 

estimated average of 5.5 mm/year and < 1 mm/month. However, the upstream rainfall along the 

catchment increases with elevation. Precipitation, snowmelt and highlands lakes are the main inputs 

contributing to the discharge of the Huaura River.  The maximum and minimum temperatures in the 

study area ranges from 19.9°C to 28.8°C and 14.2°C to 19.5°C in August and February respectively. 

However, the Humboldt current that crosses the Pacific Ocean generates clouds from May to 

December that increases the air humidity. During winter, the decrease in temperatures, the formation 

of fog and drizzles reduces the water demand for irrigation (Escobar 2018). The referential 

evapotranspiration in the area varies from 2.5 mm/day to 5.4 mm/day in June with higher solar 

radiation (INAF 1987). 

 

2.4 Hydrology 
The Huaura Water Local Administration is the unit of the Water Administrative Authority which 

administers the waters of agrarian and non-agrarian use in the territorial area of the hydrographic basin. 

Water users are part of the local administrators which guarantees the efficient use of water resources 

according to the technical and legal norms emanating from the National Water Authority. The Huaura 

River is located on the western slopes of the Andes mountain range at 5000 meters above m.s.l. and 

runs in a west direction to the ocean. The total basin area is 4334 km² in which 62% represents the wet 

zone. The discharges are continuous with an average annual of 25.30m3/s. The peak discharge occurs 

between February and April, while the minimum occurs between August and October. The river 

Huaura has tributaries such as Alto Huaura, Checras, Paccho, Picunche, Chico River, Yarucaya and 
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Huancoy, which are the major sources of surface water. Precipitation at the upstream of the catchment 

contributes most of the water drained by Huaura River and during the dry season, runoff is almost 

exclusively due to melting of glaciers (Inês 2010). 

 

2.5 Geology 
Sedimentary, volcanic and intrusive rocks mainly characterize the geology of the Huaura catchment. 

The catchment is subdivided from west to east into four stratigraphic zones that relate to structural 

zones which have controlled the stratigraphic evolution of the area.  In the Cretaceous, the oriental 

range and the highlands of the Andes were the positive blocks of the Marañon anticline. At its western 

margin, the Cretaceous basin allowed deposition of a thicker sequence of sediments. In the late 

Cretaceous, the tectonic activity increased, allowing the development of folds and faults. A possible 

elevation of the Andes range could have happened; however, the elevation would not have been more 

than 2000m. This period is represented by Casapalca Formation, which outcrops in the eastern limit 

of the catchment. The second phase of intense folding and sliding failure occurred during the 

Paleogene and continued intermittently during the Miocene. These sequences were interrupted due to 

volcanic and tectonic activity(ANA-DCPRH 2010).  

 
At the end of the Pleistocene period, the maximum ascension of the Andes mountain range occurred, 

reaching its current elevation. Probably the orogenesis process extended until the Quaternary. No 

essential faults exist in central Peru that could be related to this process; this can indicate a positive 

bending in the area (ANA-DCPRH 2010). The current drainage pattern of the Pacific basins was 

determined by the Andean orogenesis process: the river and streams erode and excavate the surface 

until they reached the Pacific Ocean. Also, two Quaternary glaciations affected the Andes highlands, 

increasing the erosion on the upstream areas of the Pacific Valleys. Finally, different climate conditions 

and sea levels changed the equilibrium of the valley, allowing the development of different terrace 

levels in both river banks (ANA-DCPRH 2010). 

 

2.6 Hydrogeology 
Three different aquifer systems have been defined in the Huaura catchment namely the non-

consolidated alluvial aquifer, the sedimentary fractured aquifer and the karstic fractured aquifer 

(INGEMMET 2018). The study area lies in the non-consolidated alluvial aquifer system (Figure 4). 

The Huaura River has been the main sediment transport agent with the sediments comprising of sub-
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rounded gravels in a mixed matrix of sand, silt and clay. The sediments are homogeneous to 

heterogeneous and are transported from upstream. Sediment deposition in the alluvial plain and low 

valley begins when the terrain slope decreases thus reducing the river flow velocity creating an 

unconfined aquifer (INGEMMET 2018). Along the coastline of the “Inter-catchment,” several springs 

emerge, allowing the accumulation of water and the creation of coastal wetlands environments.  

 
Figure 4: Hydrogeological map of Huaura aquifer (Source: INGEMMET 2018) 

 
2.6.1 Aquifer geometry 
The alluvial Huaura aquifer is constrained in the north, east, south, and bottom by impermeable 

outcrops of the Casma Group and the Coastal Batholith which favours the storage. To the west, the 

aquifer is delimited by the Pacific Ocean. According to INGEMMET, the aquifer thickness varies 

from 23 to 60 m in Huaura province and 16 to 72 m in Végueta. 

 
2.6.2 Hydrogeological parameters 
The “Inventario y Monitoreo de las Aguassubterráneasdel Valle Huaura” report by INRENA (2005) 

on alluvial Huaura aquifer provided information regarding the good inventory, groundwater levels and 

the results of four pumping test developed in the Huaura catchment.  The results of these test are 

referential as no pumping test was done in the study area. However, the hydrogeological characteristics 

of the aquifer are deeply related to the physical properties of the rock. It was essential to estimate 

Transmissivity (T), Hydraulic Conductivity (K) and Storage Coefficient (S) from pumping tests (Table 

1), by which it is possible to infer that the aquifer corresponds to a heterogeneous and anisotropic 

porous media. 
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Table 1: Hydraulic parameters of the aquifer 
 

District  

Transmissivity (T) (m2/d) Hydraulic Conductivity (K) (m/d) 

Minimum Maximum Minimum Maximum 

Huaura  354 1978 24 133 

Huacho Sayán 70 15076 1 306 

 

2.6.3 Groundwater levels 
The piezometric surface of the unconfined alluvial Huaura aquifer is relatively uniform, with a main 

flow direction of northeast-southwest. The piezometric levels have a seasonal variation, depending on 

the increase or decrease of the river stage, the exploitation of the aquifer and the irrigation periods. 

However, the piezometric information provided by ANA did not allow the analysis of the seasonal 

evolution of the aquifer (INRENA 2005). 

 
2.6.4 Recharge 
The main recharge components of the alluvial Huaura Aquifer are the infiltration of the irrigated 

agricultural lands and the river leakage from the Huaura River. Therefore, the recharge of the aquifer 

is deeply connected with the precipitation and river recharge in the highlands of the Huaura catchment 

(ANA-DCPRH 2010)(Escobar 2018). 

 
2.6.5 Irrigation 
The main recharge of the aquifer system is deep percolation from irrigation water. This water is 

considered among the “irrigation losses,” which is water not used by crops.  These losses also take in 

count the evaporation of the water before it infiltrates and the runoff outside the agricultural lands. 

Irrigation losses can occur in the agricultural field or during the transportation of the water from the 

river to the agricultural areas. The hydrodynamic characteristics of the soil and irrigation network, the 

irrigation methods, and their efficiencies determine the recharge of the aquifer. According to Autoridad 

Nacional del Agua, ANA (2017), 95% of the agricultural area was irrigated through the gravity method. 

Considering a high farmer discipline, the maximum efficiency of the gravity method could reach 60%, 

and the lack of discipline may lower this value. The gravity method presents the lowest application 

efficiency of all irrigation methods (Escobar 2018). 

 
2.6.6 River leakage 
From Sayán towards downstream, Huaura River and the alluvial aquifer are hydraulically connected 

allowing the leakage from the river to the aquifer and vice versa (INGEMMET 2018). The influent or 

effluent characteristic of the river is determined by the physical characteristics of the local subsurface, 
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the nature of the aquifer and the exploitation of surface water and groundwater. The Huaura River 

behaves as effluent or influent in different areas of the catchment. Upstream of the alluvial plain where 

the valley is tight, Huaura behaves as an affluent river draining part of the groundwater. Therefore, the 

leakage direction is from the aquifer to the river. In the alluvial plain, from Acaray and 5 km 

downstream, the river is influent, acting as an aquifer recharge which flows towards Végueta. 

Therefore, the direction of leakage is from the river to the aquifer. The final part of the Huaura River 

is an effluent, acting as an aquifer drain (INGEMMET 2018). 

 
2.6.7 Discharge 
Huaura aquifer presents natural and anthropogenic discharges. The natural discharge consists of the 

river, the discharge to the sea and springs in the wetland area. A total of six springs are identified 

around Albufera de Medio Mundo, and the water type is lightly brackish. The anthropogenic discharges 

of the aquifer are the pumping rates done by the different well users in the area and are explained in 

Section 2.8. 

 

2.7 Albufera de Medio Mundo 

Peruvian coastal plains are favourable environments for the development of wetlands, estuaries, and 

lakes of fresh or brackish water. It is common to find wetlands along the coast of Peru near river 

mouths and coastal irrigations areas where surface or groundwater flow allow the development of 

swamp and wetland areas (Miloslavich 2012). The “Albufera de Medio Mundo” coastal wetland is 

located on the northwestern part of the inter-catchment, between the 150 km and 175 km of the Pan 

Americana highway. This wetland is an important ecosystem protected by the “National System of 

Natural Areas Protected by the State” (SINANPE). Moreover, it is considered as a part of the 

biological corridor of the central pacific coast (Figure 5). The wetland has a length of 7 km, a width of 

165 to 525 m and a total area of 261.5 ha. From these, 206 ha corresponds to the water mirror and 

55.5 ha to the swamp surface (Ubillús and Ramírez, 2011). These values are referential and the 

variability is given by the environmental conditions in which the hydrological regime depends. On the 

east margin of the wetland, a topographic escarpment is more than 30 m. 



22 
 

 
Figure 5.The location of the Albufera de Medio Mundo wetland 

 
The superficial area of the wetland water mirror has been changing over time, with a maximum peak 

in April 1986 of 232.8 ha and a consequent decreasing trend until 191.6 ha in 2016. This decrease could 

be due to reduction in recharge from the agricultural irrigation in San Felipe committee or to an 

increase in the extraction of groundwater in the vicinity of the lagoon for domestic and industrial 

supply (e.g., poultry industry) (Rodriguez 2017). Any anthropic modification of the hydrological 

regime, through the extraction of water (including groundwater) or alteration of flows, can have 

negative consequences on the integrity of wetland ecosystems. Insufficient recharge or over-

exploitation on wetlands is an important cause of loss and degradation of wetland (Ramsar, 2006). 

 

2.8 Well descriptions 

For this study, two documents were provided by ANA (Autoridad Nacional del Agua, 2017). One 

referring to the 190 licensed wells located in Huaura and Vegueta districts and partially actualized in 

2017. This document considered the different characteristics as well as location, code, elevation, year 

of drilling, use of a pump, type of well, well status and the volume authorized to extract. The second 

document with information about 89 monitoring wells located in Huaura and Vegueta districts, with 

groundwater level measurements from 2005 to 2008 and 2014 and 2017. In May 2017, 56 wells were 

monitored. ANA classifies the wells for human consumption in two groups. The “domestic” 

corresponds to shallow wells for private use which serves as a secondary source of water to the 

population. These wells have an average consumption rate of 1408 m3/year. The “population” wells, 

which correspond to deep wells that supply a large group of people, with an average consumption rate 

of 40209 m3/year. For Végueta district in 2017, an average of 5.6 m3/year (15.4 l/day) of groundwater 

per person was consumed through “domestic” wells. Table 2 shows the number of wells, the total 
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annual extraction, average extraction, minimum and maximum rate. Figure 6 shows the location of 

inventoried wells of ANA, depicting an irregular spatial distribution in the aquifer. 
 
Table 2: Well use (ANA inventory, 2017) 

 
Well use 

Number of 
wells 

classified 

Total 
extraction 
(m3/year) 

Average 
extraction by 

well (m3/year) 

Maximum 
rate in a well 

(m3/year) 

Minimum rate 
in a well 

(m3/year) 
Population 18 723,775 40,209 193,536 219 

Domestic 75 103,048 1,408 17,520 87 

Agriculture 1 15,768 15,768 15,768 15,768 

Industrial 4 449,733 112,433 209,952 58,341 

Livestock 8 425,837 53,229 108,864 58 

 

 
Figure 6: Location of inventoried wells of ANA 
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Chapter 3 
Methodology 
 

3.1 Statistical analysis 
Descriptive statistical methods were used to describe and summarize the collected research data.  

Univariate analysis of groundwater depths considered central tendency, frequency distribution and 

dispersion. Digital elevation model (DEM) and groundwater levels obtained from  Escobar (2018) 

were used to calculate groundwater depths. Statistical analysis was performed with STATISTICA.   

 

3.2 Geostatistical analysis 
Geostatistics has become an autonomous discipline of the stochastic subsurface hydrology field. The 

praxis in geostatistics encompasses two interrelated steps: the structural analysis and kriging or conditional 

simulation.  In the first phase, the spatial structure of the hydrogeological variables is described by a 

variogram, which is defined as the expected squared difference between pairs of data values. The 

function characterizes the continuity of variables and the cross-correlation between variables. In 

particular, the range of a sample (i.e., the distance beyond which the variable is uncorrelated) influences 

the magnitude of the measurement errors and the small-scale variability estimated. Also, the behaviour 

of the variogram in specific azimuths highlights the anisotropies if present and evaluates multi-scale 

effects (nested structures) and trends. 

  
For estimation purposes, the experimental functions were fitted with positive definite theoretical 

models and cross-validated with experimental data. Once the spatial variability was modelled, kriging 

algorithm was used to estimate the unknown values of the parameters in non-sampled locations by a 

linear combination of the known values (being the distances of the structural type). This procedure is 

related to spatial interpolation operations. The kriging operator has the property of exactitude, meaning 

that the estimation of the parameter at a location where it has been measured is identical to the 

observed value. The method always provides a variance of the estimation error which is zero in 

measured points. Surfer 11 software package was used to perform variogram and kriging operations. 

 

3.3 Stochastic simulation 
Stochastic simulation (SS) is an important Monte-Carlo type technique which considers the spatial 

correlation between parameter data. Two types of SS were considered: 1) Conditional 
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Simulations (CS), when the simulated variables are consistent with the measured ones at well sites, and 

2) Unconditional Simulations (UCS) that have only the same statistical distribution and correlation 

structure as the field measurement.  

 
Visualization of several simulations provided an estimate of the uncertainty of the phenomenon. These 

realizations were built by stochastic simulation algorithms with high-resolution models of the spatial 

distribution. They were good representations of reality and measured the spatial 

uncertainty. Simulation is preferred to kriging in most applications because they minimize certain local 

error impact and are not designed to reproduce patterns of spatial continuity. Images of groundwater 

recharge produced by CS were processed through groundwater flow simulator in PMWIN to yield 

the corresponding measure of uncertainty on the response function, thus providing answers to such 

questions as what is the probability of some output variables exceeding a specific threshold value 

(Ribeiro, 1993). The field generator code of PMWIN was used to generate stochastic modelling (Figure 

7). For this purpose, the mean value µ, standard deviation σ, and correlation scales in both i and j 

directions were used to generate a (geo)-statistical description of the parameter. 

 
Figure 7: Field Generator of PMWIN 

 

3.4 WETSPASS 
In recent years, how land-use change has affected the hydrological cycle and hydrological components 

has been studied based on the WetSpass model worldwide. For example, Gebreyohannes et al. (2013) 

and Zomlot et al. (2015) evaluated the spatial distribution of water resources, including groundwater 

recharge and runoff, based on WetSpass model. Groundwater recharge is one of the important inputs 

for groundwater flow modelling. The WETSPASS model (Water and Energy Transfer between Soil, 

Plants and Atmosphere), a hydrological physically based model was used to quantify the groundwater 
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recharge. It was integrated into the software ArcView GIS as a raster model (Batelaan and De Smedt, 

2001) which is one of the widely used models for recharge assessment (Abu-Saleem et al. 2010; Al 

Kuisi and El-Naqa 2013; Ghouili et al. 2017). WETSPASS facilitated the calculation of the 

groundwater recharge, evapotranspiration and surface runoff by solving first the water balance 

equation cell by cell and successively, the vegetated area, bare soil, open water and impervious surfaces. 

Secondly, the total water balance of the study area was calculated as the sum of the water balance of 

each raster cell. Finally, the water balance components of each cell were used to calculate the total 

water balance. The groundwater recharge was calculated in WETSPASS in the last step which was 

considered to be the result of the water balance: 

R = P-S-ET-I                                    Equation 1 
where R = groundwater recharge, P = average seasonal precipitation, S = surface runoff, ET = actual evapotranspiration, 

and I = interception fraction; all with the unit [LT-1].  

 
The model inputs included land use map, the soil texture map, the digital elevation model, the slope 

map, the groundwater depth, and the climatic data (precipitation, potential evapotranspiration, 

temperature and wind speed for winter and summer season). 

 

3.5 Groundwater flow model 

The three-dimensional movement of the groundwater at constant density through porous media can 

be described by the following partial differential equation: 

 Equation 2               
 
Where, Kxx, Kyy and Kzz are values of hydraulic conductivity along the x, y and z coordinate axes which 

are assumed to be parallel to the major axes of hydraulic conductivity; h is the piezometric head; W is 

a volumetric flux per unit volume and represents sources and/or sinks of water; Ss is the specific storage 

of the porous material and t is the time. 
 
This partial differential equation was solved numerically with the finite difference method which 

calculated the solution of each element in the middle of a prismatic rectangular cell. It is conceptually 

simpler and easier to use and present a wide variety of available software to model groundwater 

systems. Groundwater Modelling System (GMS) is a graphical user platform, developed by 

AQUAVEO, which provides the user with the option of finite-difference modelling using 

MODFLOW and related packages, or finite-element modelling techniques. The GMS was used to 
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convert map data into MODFLOW, MODPATH and MT3D grid data for running groundwater flow 

and solute transport simulations. GMS version 10.3 was used because it allows the construction of 

conceptual hydrogeological 3D models with different visualization features, geostatistical analysis tools 

for two and three-dimensional models and stochastic modelling simulations to address the porous 

media heterogeneity (Escobar 2018). 
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Chapter 4 

Results and Discussion 
 

4.1 Statistical analysis of groundwater depths 
A total of 279 groundwater well datasets were utilized in this research. Table 3 present the statistical 

summary for the groundwater datasets that were used. Along the western boundary of the study area, 

shallow groundwater depths were observed with certain areas revealing the level of groundwater to be 

at the ground surface (Figure 10). The maximum depth recorded was approximately 49 m. The mean 

and median were respectively 6.35 and 4.14 which indicates a (skewed) distribution and it is further 

corroborated by a relatively high skewness coefficient relatively high of 3.24. Graphical presentation 

of the dataset as histogram and boxplot (Figure 8) distinctly reveals the skewness as an estimated 50% 

of the groundwater depths were below 6 m. 
 

Table 3: Statistical summary of groundwater depths  
Descriptive statistics GWD (m) log_GWD 

Mean 6.35 0.62 

Standard Error 1.06 0.06 

Median 4.14 0.62 

Mode 0.60 -0.22 

Standard Deviation 8.09 0.47 

Sample Variance 65.39 0.22 

Kurtosis 13.71 -0.42 

Skewness 3.24 0 

Range 49.04 2.17 

Minimum 0.00 -0.48 

Maximum 49.04 1.69 

Sum 368.05 32.63 

 
Due to the skewed distribution of groundwater depth data, the data were transformed (using log-

normal) to enable further geostatistical calculations (structural analysis and spatial interpolaton) . Figure 

9 presents the histogram and boxplot of the new normal distribution. 
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Figure 8: Histogram and box plot of groundwater depth 

 

 
Figure 9: Histogram and box plot of log groundwater depth 

 

4.2 Application of geostatistical techniques to groundwater depths 
The spatial variability of groundwater depths allowed the use of geostatistical methods to address the 

hydrogeologic properties and characteristics. A geostatistical analysis procedure was developed 

through three distinct steps to address the spatial distribution of the groundwater depths with a total 

of 58 monitoring points. First, an exploratory analysis of the data was carried out without considering 

spatial distribution. In this stage errors of measurements or inconsistent data were eliminated. 

Afterwards, structural analysis was performed in which the spatial distribution of the sample was 

considered. In this case, a theoretical model was fitted to the experimental omnidirectional variogram. 

Finally, spatial interpolation was performed.  

Figure 10 shows the experimental variogram in black; its main characteristics are a lag number of 25 

and a lag distance of 12000. The red line represents the spherical model that was used to fit the 

experimental variogram. The main settings of this model were a range of 3500 m, a sill of 0.22 and 
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with null nugget effect. From the variogram, it was estimated that 3500 m was the radial distance 

beyond which a pair of points were not correlated. 
 

 
Figure 10: Experimental variogram and fitted model of groundwater depths. 

 
Figure 11 shows the kriging contour map of the study area. The groundwater depths after log-

transformation of the data varied from -0.5 to 1.7 m and the isolines had a discretization of 0.2 m. 

Around Ingenio and Végueta Irrigation areas, the influence of the pumping wells was detected due to 

large variation in groundwater levels within the vicinity of the wells.  

 
Figure 11: Kriging contour map of LOG groundwater depths 

 
The groundwater depth within the northern and southern parts of the study area was deeper, and 

shallower at the central part. Due to limited and sparse data within the central part of the study area, 

such an observation was made. However, insufficient information in this area limited the possibility of 

assessing whether the central part which was characterized as having shallow groundwater depth could 

have been influenced by either measurement error or the datasets are actual representation of the area. 

Therefore, it is recommended to monitor the temporal evolution of the piezometric levels in those 

wells or perform more measurements on nearby wells. Figure 12 shows the correspondent map of 
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kriging standard deviations (KSD). The isolines had discretization of 0.5 m and varied from 0.06 m 

(white) to 0.56 m (deep green). As expected, the areas of high KSD coincided with those areas with 

limited available data. According to Ribeiro (2014), KSD maps are useful as tools for monitoring 

network improvement, identifying areas with limited and inefficient monitoring point. In this case, the 

KSD map showed that insufficient monitoring points existed in the eastern part of the study area 

which informed the need to establish more. 

 
Figure 12: Kriging standard deviation map of groundwater depths 

 

4.3 Stochastic modelling 
The ‘‘Field Generator’’ module was used to generate 100 predicted groundwater depth fields on a 331 

× 334 m grid using the statistical parameters from Table 2: mean = 0.5725, standard deviation = 

0.4939, and correlation length = 3500 m in both directions. Five simulations (simulations 1, 20, 40, 70, 

100) were randomly selected among the 100 generated simulations. Comparison of the five 

unconditional simulations revealed a similarity between the histograms and experimental variograms. 

Figure 13 shows the results of five simulations selected from the 100 generated simulations. Moreover, 

the average and standard deviation of every simulation were comparable to the original 58 groundwater 

depth values (Table 4), which indicated a similarity between the simulated groundwater depth maps 

and the original map. 

Table 4: Comparison of means and standard deviations for different groundwater depth simulations 
Parameter  GWD_Krig GWD_S1 GWD_S20 GWD_S40 GWD_S70 GWD_S100 

Mean 0.572529 0.572507 0.572511 0.572500 0.572495 0.572503 

Standard Deviation 0.463955 0.463898 0.463909 0.463910 0.463914 0.463915 

 
Figure 14 and Figure 15 present 18 randomly selected simulations which provide a visualization of the 
uncertainty of the phenomenon, however, with an equal probability of occurrence. 
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Figure 13: Five simulations among the 100 generated simulations 
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Figure 14: Presentation of randomly selected Groundwater Depths  

(GWD_5, 7, 10, 17, 24, 30, 37, 40 and 42 in the order from left to right) 
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Figure 15: Presentation of randomly selected Groundwater Depths  

(GWD_48, 56, 58, 64, 75, 81, 85, 90 and 94 in the order from left to right) 
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4.4 Recharge estimation 
To perform WETSPASS, a spatial discretization of 73m was defined for all the input raster files to 

enhance the computational efficiency. For the study area,  the ASTER Global Digital Elevation Model 

(ASTGTM2), (Figure 16a) was obtained from the U.S. National Aeronautics and Space Administration 

(NASA) and Japan’s Ministry of Economy, Trade, and Industry (METI). The DEM was used to define 

the topographic map and also for the assessment of groundwater recharge. The slope map was 

obtained through a direct derivation of DEM and subsequently modified on the agricultural lands to 

represent the land levelling and furrow use. These enhance the reduction of water losses due to runoff 

when applying the gravity irrigation method, which is the main irrigation system in the study area 

(INAF, 1987). The study area was divided into four classes of slope and most of the area were identified 

to be relatively flat (Figure 16b). 

    
  a    b   c   d 
 

Figure 16:  Maps for estimating recharge  
(a) ASTER Global Digital Elevation Model (ASTGTM2) (b) Slope map (c) Land use map (d) Soil Texture Map 

 
Land use and soil texture maps were obtained from the information from the Natural Resources 

Management Office of the Regional Government (GORE-LIMA) and Google Earth images. The 

WETSPASS recommended values were set to different types of land use and soil texture maps, and 

their characteristics. Each land use and soil texture grid was connected to the corresponding attribute 

table containing the related parameters (Zammouri and Ribeiro 2017). Figure 16c shows the land use 

map for the study area. Eight categories of land use (Table 4) were defined: city centre builds up, built 

up, industry, bare soil, agricultural land, wetland, dunes, and unnavigable river.  Each land use 

represented a fraction of the vegetated area (VAF), bare soil (BSF), impervious surface (ISF) and open 

water (OWF) as well as the root depth, leaf area index and vegetation height for each type of land use.  
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Seven classes of soil texture were identified in the study area with sandy-clay-loam being the dominant 

texture due to the agricultural background of the area (Figure 16d). Table 5 presents each classification 

with the referenced field capacity, wilting point, plant available water, residual water content and 

tension height. 

 
Table 5: Classified land use type of the study area and their characteristics 

 
Land use 

Total 
area 

(km2) 

 
Vegetation 

 
VAF 

 
BSF 

 
ISF 

 
OWF 

Root 
depth 
(m) 

 
LAI 

 
Vegetation 
height (m) 

City center  1.49 Grass 0.2 0 0.8 0 0.3 2 0.12 
Built-up 4.2 Grass 0.5 0 0.5 0 0.3 2 0.12 
Industry 2.25 Grass 0.4 0 0.6 0 0.3 2 0.12 
Bare soil 49.49 Bare soil 0 1 0 0 0.05 0 0.001 
Agricultural land 99.75 Crop 0.8 0.2 0 0 0.4 4 0.6 
Wetland 7.85 Grass 1 0 0 0 0.3 2 0.3 
Dune 3.32 Bare soil 0.3 0.7 0 0 0.5 2 1 
Unnavigable river 2.3 open 0 0 0 1 0.05 0 0 

 
Table 6: Different soil texture type of the study area with their main characteristics 

 
Soil  

Field 
capacity 

Wilting 
point 

Plant available 
water 

Residual 
water content 

Tension 
height 

Sand 0.12 0.05 0.07 0.02 0.07 
Sandy-laom 0.21 0.09 0.12 0.041 0.15 
Loam 0.25 0.12 0.13 0.027 0.11 
Sandy-clay-loam 0.26 0.16 0.10 0.068 0.28 
Silty-clay 0.36 0.19 0.17 0.04 0.33 
Clayey-loam 0.33 0.19 0.14 0.075 0.26 
Sandy-clay 0.32 0.23 0.09 0.109 0.29 

 
 
The precipitation, temperature and wind speed were obtained from SENAMHI in Alcantarilla, Camay 

and UNJF meteorological stations. For the evaporation, a monthly average Penman modified 

estimation computed by FAO was used (INAF 1987). The climate input into the WETSPASS model 

is presented in Figure 17. 
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  a    b   c   d 
 

Figure 17: Average monthly climate inputs for WETSPASS  
(a) Precipitation  (b) Evaporation (c) Temperature (d) Wind speed  

 
Most of the recharge in the study area originates from the infiltration of irrigation water thus the 

WETSPASS model option “add the irrigated water to rainfall” was activated. The monthly irrigation 

rises from 0 to 1314 mm and most of the agricultural lands were irrigated with 100 mm to 200 mm of 

water per month (Figure 18). High values above 250 mm could be related to crops that have higher 

water demands. The average monthly irrigation on the agricultural land was 115 mm. 

 
Figure 18: Average Monthly Irrigation  

 
The spatial distribution of the recharge R0 using the kriging values of groundwater depths (see Figure 

12) is shown in Figure 19. The groundwater recharge was divided into seven classes with an average 

of 25.92 mm. Majority of the values were in the class range 30-40 mm.   
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Figure 19: Estimates spatial recharge with groundwater depth kriging values R0 

 
4.4.1 Unconditional simulation of recharge 
The 100 unconditioned simulations of groundwater depths were used as inputs for WETSPASS 

following the same procedure explained. This procedure produced 100 recharge maps with equal 

probability of occurrence. Six out of the 100 recharge maps were randomly selected to describe the 

relative spatial variability namely R1, R21, R49, R67, R81 and R96. The estimated spatial recharge for 

R1 showed a similarity with R0 (recharge without any uncertainty) with the wide spatial distribution of 

the class 30-40 mm and an average of 18.95 mm (Figure 20a). The other recharge maps revealed less 

variability in the spatial distributions. R21 showed very few similarities with R0 with comparatively 

lower values. The most frequent class was 0-10mm (Figure 20b). On the contrary, R49 was similar to 

R1 thus also revealing very low similarity with R0 (Figure 20c). Very low recharge was observed in R67 

(Figure 20d) with an average of 0.89 mm. This was an indication of negligible/no recharge compare to 

R0 with few areas falling within the range 0-10 mm. On the other hand, very low recharge class values 

were recorded in R81 (Figure 20e) with no recharge in most areas. Finally, R96 (Figure 20f) with an 

average of 2.09mm had closer similarity with R21 and a dominant class range of 0-10mm.  
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a          b              c 

  
d         e              f  

 
Figure 17: Unconditional simulation of recharge  

(a) R1 map (b) R21 map(c) R49 map(d) R67 map (e) R81 map (f) R96 map 

 

4.5 Probability Distribution Functions of Recharge 
The probability distribution functions (PDF) were computed for all 100 recharge maps using 5 strategic 

location points selected within the study area (Figure 21). The land use for points 1 and 2 was 

agriculture, 3 was study area, 4 was a sloping area and 5 was bare soil within the vicinity of Albufera de 

Medio Mundo. 
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Figure 18: Locations of five selected points 

 
To assess the safe aquifer sustainable yield from the PDF, a threshold recharge value of 10 mm/month 

was fixed for all five locations. From Figure 22, there was a 20% probability of exceedance of the 

threshold in points 1, 2 and 4. However, in points 3 and 5 the probabilities were much higher, 70% 

and 60% respectively. As point 5 was located near Albufera de Medio Mondo, this value was 

particularly important for the management of the wetland. 
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Figure 22: Probability distribution functions of recharge calculated in five points 

 

4.6 Impact of the uncertainty of the aquifer recharge in the groundwater balance 
4.6.1 Groundwater modelling  
A numerical groundwater flow model using GMS was implemented by Daniela Cid Escobar (Escobar 

2018). Huaura aquifer is an alluvial and unconfined aquifer and modelled as a one-layer aquifer with 

the bottom represented by the contact between the quaternary alluvial deposits and the bedrock. Since 

the aquifer is shallow, the top is represented by the topographic surface. Different geographical features 

were considered as the limit of the groundwater model domain to facilitate the implementation of the 

boundary conditions. The Pacific Ocean and the Huaura River delimits the model from the west and 

the south respectively. A water divide constrains the north and part of the east. The bottom is 

determined by the contact between the alluvial deposits and the bedrock. 

 
The inputs of the system were recharge from agricultural irrigation, infiltration from irrigation canals, 

flow originating from upstream in Huaura valley and the Huaura river leakage. The outputs considered 
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included discharge to the ocean, discharge in Albufera de Medio Mundo wetland, pumping wells and 

leakage from the aquifer to Huaura River. Dirichlet boundary conditions (specified head) were imposed 

in the east boundary and the upstream limit of the Huaura Valley. On the west, the boundary condition 

was fixed with a constant head of 0 m to simulate the sea level, while in the east the boundary condition 

was fixed with the groundwater level obtained through kriging interpolation (182 m). The Huaura river 

and San Felipe irrigation system were modelled through Cauchy boundary conditions (head-dependent 

flux) using the MODFLOW River package (RIV) in the first case and a General Head (GHB) in the 

latter. The Albufera of Medio Mundo was modelled as a seepage surface. The bed of the wetland is 

characterized by intercalations of layers of organic and inorganic soils with a grain size variation from 

sand to silty-sand. A conductance of 2 m2/d was estimated. An average thickness of 6 m was considered 

for the riverbed with a hydraulic conductivity (K) ranging from 20.7 m/d to 63.4 m/d. 

 
The wells were classified in a different type of users (Population, Domestic, Agricultural, Industrial or 

Livestock) according to the owner and an average extraction was estimated for each one. In terms of 

hydraulic parameters seven zones of constant K where considered according to geological and 

hydrogeological criterion. A grid of 383 rows and 337 columns was constructed. The model had 129071 

cells, of which 51397 were active and 77674 were inactive. A steady-state regime was considered which 

assumed a state of dynamic equilibrium or an approximate equilibrium conditions which means 

approximately equal in magnitude for inflows and outflows.  For the calibration process, 52 

observation points were considered. The trial and error method was used and the measure of best fit 

between the observed and calibrated values showed a Nash-Sutcliffe coefficient of 0.82 which was 

considered satisfactory. In Tables 7 we can see the main components of the water budget.  

 
4.6.2 Probability Distribution Functions of Groundwater Balances   
Out of the 100 recharge maps generated, 50 were selected as inputs for the groundwater flow model 

to evaluate the impact of the uncertainty of the recharge on the groundwater balance. In Tables 7 the 

main components of the water budget from wetland are presented.  
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Table 7: Different components of water balance 
Water 

Budget 
River Leakage 

(IN) 
River Leakage 

(OUT) 
Discharge to 

wetland 
Discharge from 

wetland 
1 2,831,138.72 2,643,874.78 156936.74 136239.72 

3 2,832,059.28 2,642,482.47 155983.05 135768.93 

4 2,832,057.17 2,642,486.32 155988.35 135771.58 

5 2,831,909.07 2,642,710.19 156112.28 135829.5 

7 2,832,063.37 2,642,477.05 155975.82 135763.18 

8 2,832,054.01 2,642,492.23 155985.71 135770.25 

9 2,832,000.68 2,642,575.97 156031.08 135792.46 

10 2,832,067.99 2,642,468.61 155966.72 135756.4 

13 2,832,001.32 2,642,574.91 155236.97 134193.3 

15 2,832,061.10 2,642,480.55 155191.55 134171.32 

17 2,832,065.62 2,642,473.62 155177.72 134161.16 

18 2,832,061.01 2,642,480.76 155191.52 134171.32 

20 2,832,061.72 2,642,479.54 155191.53 134188.63 

21 2,832,001.10 2,642,575.28 155223.12 134191.57 

23 2,832,000.77 2,642,575.85 155233.7 134161.16 

25 2,832,065.19 2,642,474.10 155177.72 134171.29 

31 2,831,905.50 2,642,718.51 155337.24 134241.26 

34 2,832,065.41 2,642,473.72 155176.41 134160.31 

36 2,832,054.05 2,642,492.16 155196.34 134173.76 

39 2,832,061.02 2,642,480.74 155185.06 134165.71 

41 2,832,065.36 2,642,473.83 155163.08 134147.76 

43 2,832,061.54 2,642,479.95 155191.54 134171.32 

46 2,831,921.27 2,642,689.60 155337.26 134241.26 

49 2,831,141.10 2,643,872.41 156143 134642.03 

51 2,832,054.37 2,642,491.45 155198.18 134175.75 

54 2,832,065.48 2,642,473.60 155165.09 134150.5 

57 2,832,004.69 2,642,571.40 155239.34 134195.21 

59 2,832,053.97 2,642,492.31 155195.9 134174.95 

61 2,832,002.93 2,642,572.02 155200.32 134160.15 

62 2,832,066.50 2,642,471.04 155185.81 134167.22 

64 2,832,061.10 2,642,480.63 155190.11 134170.07 

67 2,832,054.28 2,642,491.75 155198.26 134175.83 
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69 2,832,001.13 2,642,575.38 155222.15 134187.33 

71 2,832,002.49 2,642,573.33 134194.71 155236.33 

73 2,832,065.20 2,642,474.10 155158.88 134143.69 

75 2,832,061.01 2,642,480.75 155186.17 134166.29 

77 2,832,067.93 2,642,469.12 155185.78 134167.43 

79 2,831,912.05 2,642,706.09 155330.63 134236.64 

80 2,832,063.37 2,642,477.05 155184.7 134166.29 

83 2,832,063.57 2,642,476.74 155186.4 134167.76 

85 2,832,061.29 2,642,480.32 155190.72 134170.99 

87 2,832,063.21 2,642,476.88 155191.54 134171.32 

88 2,832,009.90 2,642,562.17 155239.97 134196 

90 2,832,061.01 2,642,480.76 155191.55 134171.32 

92 2,832,061.23 2,642,480.38 155190.54 134170.97 

94 2,831,926.47 2,642,686.06 155332.19 134238.03 

96 2,832,001.57 2,642,574.40 155238.25 134193.87 

97 2,831,140.72 2,643,870.45 156114.12 134627.14 

99 2,832,054.00 2,642,492.27 155198.68 134175.92 

100 2,832,055.14 2,642,490.82 155198.49 134175.75 

 
Specific PDFs were calculated using these 50 values and in selecting a specific threshold value, the 

ecological aspects of the river and the wetland were taken into consideration.     

 
PDF of the river system  
The Huaura river behaves as effluent or influent in different areas of the catchment. Figure 23 shows 

the PDF of the net river leakage (input-output). A hypothetical threshold value of 189500 m3/day 

representing the environmental flow was selected and it was evident that there will be a 60% probability 

of violating the environmental flow due to recharge uncertainty. 
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Figure 23: PDF of the river leakage 
  

PDF of the wetland  
The Albufera de Medio Mundo is a very important groundwater-dependent ecosystem and the 

decrease in groundwater quantity due to anthropogenic activities such as excessive groundwater 

abstraction within the vicinities can have negative consequences on the integrity of wetland. Similarly 

to the river ecosystem, it is possible to define a minimum recharge flow below which the ecological 

functions of the wetland are at risk. 

  

INSENSITIVE TO MODEL  

Figure 24 displays the PDF of net groundwater volume to Albufera (Input-Output). Assuming a 

hypothetical value of 21000 m3/day is considered as the ecological threshold of the wetland then there 

is 60% probability that the available groundwater will be insufficient to guarantee the ecological 

functions of Albufera del Medio Mundo due to recharge uncertainty  

 
Figure 24: PDF of Albufera de Medio Mundo wetland 
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Chapter 5 

Conclusions and Recommendations 
 

Groundwater is a complex system from recharge to discharge, and its analysis is often subject to large 

uncertainty owing to insufficient data. Uncertainty is always in the core of the estimation of aquifer 

recharge and how these uncertainties will affect the regional groundwater budget. To evaluate this 

uncertainty of the recharge, 100 unconditional simulations of the groundwater depths were generated 

and used as input for WETSPASS. The result is 100 recharge maps, where each was a version of the 

unknown reality with equal probability of occurrence. Probability Distribution functions (PDF) were 

calculated for 5 strategical selected location in the study area. With a threshold recharge value of 10 

mm/month which guarantees a safe aquifer sustainable yield, it was possible to estimate whether the 

local recharge will exceed or fall short of the threshold. To evaluate the recharge uncertainty on the 

water balance of the Huaura aquifer, 50 water budgets were computed and jointly used for stochastic 

and groundwater numerical modelling. If a specific threshold value is selected to represent the 

environmental flow required to sustain freshwater in the river or the integrity of the wetland, it is 

possible to evaluate the probability that due to recharge uncertainty ecological functions are at risk 

using the correspondent PDFs. 

 
More precise management of the Huaura catchment is recommended by optimizing the exploitation 

of the aquifers with increasing population, and dense monitoring network covering all the area of the 

aquifer is also suggested. For further advancement of this work in future, the WETSPASS analysis 

could be done by calculating the water balance for summer and winter seasons to assess the correct 

evolution of groundwater levels. Also, uncertainty related to other layers of information required by 

WETSPASS such as land use and climate data can be used to study the impact on the aquifer dynamics. 
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