

  water-10-00701




water-10-00701







Water 2018, 10(6), 701; doi:10.3390/w10060701




Article



Assessment of Rainfall Variability and Its Relationship to ENSO in a Sub-Andean Watershed in Central Bolivia



Andres Gonzales Amaya 1,2,*[image: Orcid], Mauricio F. Villazon 2 and Patrick Willems 3[image: Orcid]





1



Teknisk Geologi, Lund University, 22100 Lund, Sweden






2



Laboratório de Hidráulica, Universidad Mayor de San Simón, 1832 Cochabamba, Bolivia






3



Hydraulics Section, Katholieke Universiteit Leuven, 3001 Leuven, Belgium









*



Correspondence: andres.gonzales@tg.lth.se; Tel.: +46-46-222-74-25







Received: 10 April 2018 / Accepted: 24 May 2018 / Published: 29 May 2018



Abstract

:

Climate change and variability are likely to increase in most parts of the world, leading to more extreme events, which may increase the stress on already threatened water resources. This study focuses on the effects of the El Niño Southern Oscillation in the rainfall of Pucara basin and in the groundwater levels of the Punata alluvial fan in the Bolivian sub-Andes. Climate change and variability were assessed using the Quantile Perturbation Method, by detecting anomalous temporal changes in extreme quantiles of annual precipitation in the Pucara watershed and the correlation with groundwater levels in the Punata fan. The results show oscillatory behavior over periods of 28 to 33 years for the occurrence of wet and dry extremes at all studied meteorological stations. This suggests a similar oscillatory behavior of the groundwater levels; however, longer groundwater level observations are needed in order to confirm the link between precipitation variability and groundwater fluctuations. Local actors such as water managers, farmers and decision makers must take into consideration this climate variability in order to plan for these multi-decadal variations in response to the changes.
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1. Introduction


Adequate management of land and water resources is necessary for improving welfare in rural regions, which becomes more evident in arid and semiarid regions due to restrictions to water access. In these regions, surface water and groundwater are critical constituents of the hydrogeological cycle. In many parts of the world, irrigation and drinking water originates from groundwater, and it can act as a buffer during dry seasons or periods [1]. However, in these regions, high inter-annually rainfall variability is observed, which may affect the supply of surface water leading to scarcity [2,3], and hence low rainfall may limit the natural recharge of aquifers. In addition, heavy exploitation of groundwater can cause a permanent reduction in the storage capacity. In order to plan for more sustainable management of groundwater, detailed information on hydrogeological and meteorological characteristics is needed. This involves knowledge on climate variability.



In the last decades, significant climatic variations and extreme events have affected South America. In some areas, high precipitation amounts occurred, whereas dry conditions have been observed in other places [4,5]. For example, wetter patterns were observed in southern Brazil, northern Peru and Ecuador, while a decrease in precipitation was observed in southern Peru, western Bolivia and Chile. Climatological patterns vary significantly from one region to another, even over relatively short distances [6,7]. Factors that control this high temporal and spatial variability are altitude and orography but also large scale atmospheric and oceanographic controls, i.e., El Niño Southern Oscillation (ENSO) [7]. Some of the temporal variability of these controls is well explained by the Southern Oscillation Index (SOI) [8,9,10]. ENSO impacts on the precipitation patterns over South America have been examined in several studies [11,12,13,14,15], for instance, during the negative phase of El Niño, there is an increase in precipitation in Ecuador, southern Brazil and Peru, while droughts are observed in western Bolivia.



In several places of South America, there is an increasing concern about the ongoing reduction in water supplies in the Andes due to climate change effects such as glacier/snow melting resulting from rising air temperatures. For instance, Ramírez, et al. [16] reported concerning shrinkage of glaciers in Bolivia, such as the Chacaltaya glacier, which from 1992 to 1998, lost two thirds of its total volume. The disappearance of glaciers in the near future due to changes in climate patterns might affect the local hydrological regime, and will have negative impacts on communities that rely on glacier-water supply [17]. In addition, extreme events and population growth are already directly affecting water access and renewability [18]. The average temperature in South America has increased by about 0.7 °C from 1939 to 2006, depending on the altitude and slope [19]. According to future scenarios of climate change, the high mountain ecosystems of the Andes will become warmer and drier, and particularly locations at higher elevations will be more affected [19,20,21].



In Bolivia, warming conditions have already caused severe problems in the recent years. During 2015 and 2016, the second largest lake in Bolivia, Poopo lake, dried up completely [22,23]. During these years, the main cities of Bolivia suffered from water supply shortages affecting more than 3 million inhabitants. In rural and sub-urban areas, conflicts between farmers and private water supply companies have increased [24]. One of the most important basins in central Bolivia in terms of ecological and socioeconomic aspects is the Pucara watershed system [25], which is located in the central Andes (Figure 1). This watershed consists of: (i) the Pucara basin; (ii) the Chullku Mayu basin, which is the east neighboring basin of Pucara, and from where water is transferred through artificial channels to lakes and rivers in the northeastern part of the Pucara basin; and (iii) the Punata alluvial fan, where water from the Pucara River is discharged and used for irrigation. Therefore, this study area is an integrated system including different basins [26]. It is an interesting region for research purposes, as it crosses several ecosystems (i.e., Andean, tropical Andean and sub-Andean valleys). The upper part of the system has common limits with the Amazon watershed and is considered as a wet zone due to high rates of precipitation (i.e., >2000 mm year−1). In contrast, the lower part of the system, which ends at the outer boundaries of the Punata alluvial fan, is semiarid, with low precipitation rates (i.e., <500 mm year−1). The Punata fan is a region with a growing urban area, coexisting with intensive agricultural production. The increasing demand of water access generates a great urgency to study the effects of climate variability in this system in order to strengthen mechanisms of management, regulation, and planning of water use.



Previous hydrogeological studies in the area have not analyzed possible impacts of climate variability on the water resources of the region. The aim of this paper is therefore to identify the climate variability in terms of annual precipitation and whether this variability has any significance to the groundwater regime. Such understanding would assist in formulating better groundwater management policies.




2. Methods


2.1. Study Area


The study area is situated in the central part of Bolivia within the Andes region, specifically in the sub-Andean Valleys of the department of Cochabamba, Bolivia (Figure 1), between the coordinates 17°38′–17°25′ S and longitude 65°55′–65°35′ W. The Pucara basin has an approximate area of 440 km2. Important lakes are located at the highest parts of the basin, and the water from these lakes is drained through artificial channels and rivers to the irrigation areas in the Punata alluvial fan. Some of these lakes are filled through artificial channels with water coming from the neighboring Chullku Mayu basin. The elevation of the Pucara basin ranges from 4650 m above sea level (m a.s.l.) in the eastern part of the Andes range, to about 2800 m a.s.l. in the southern part of the basin.



The Punata alluvial fan is located downstream the outlet of the Pucara basin and extends over an area of 90 km2. The alluvial fan is flanked to the north and east by the Pucara basin. From the southeast to the west, a clay fringe limits the fan and potentially represents the lateral boundary of the aquifer system. The topography is mainly northeast-southwest gently sloping with an altitude of approximately 2700 m a.s.l. The climate in the Punata fan is semiarid with an average precipitation of 350 mm year−1. The main source for water supply comes from groundwater, which is expected to be mainly recharged by the Pucara River [27]. This river represents the main stream of the study area. It starts from the heights of the Pucara basin (4650 m a.s.l.) and flows downstream until it discharges in the Punata alluvial fan.



The regional and local geology is described in the project by the United Nations Development Program (UNDP) and the Geology Service of Bolivia (GEOBOL) [28]. The mountainous region is formed by Ordovician rocks, while the valleys are filled with unconsolidated Quaternary sediments. The main Quaternary units are described in Gonzales Amaya et al. [29] and are: alluvial fan, fluvial, fluvio-lacustrine, and terrace deposits. These deposits range from coarse material close to the mountain massif and outlet of rivers, to fine sediments in the center of the basin.



The groundwater system in the Punata fan is generally unconfined close to the apex of the fan, and it is semiconfined to confined towards the middle and distal part of the fan [28]. The depth of the water table ranges between 10 and 15 m in the distal part of the fan, to 35 and 40 m in the head of the fan. Yields from boreholes range from less than 0.5 L/s in the distal part of the fan to 18 L/s in the upper part of the fan. The high porosity in the alluvial fan and fluvial deposits make them good areas for water infiltration, and in these deposits is where the Pucara River discharges its water. Hence, the existence of a direct relationship between the river and aquifer it is expected.




2.2. Data Collection


There are several meteorological stations within and close to the study area. However, only four have long time series (i.e., >30 years). These stations, which are marked by triangles in Figure 1, are San Benito (2710 m a.s.l.), Cochabamba (2560 m a.s.l.), Tiraque (3280 m a.s.l.), and Corani (3320 m a.s.l.). The San Benito and Cochabamba stations are located in valley regions where the climate is mostly semiarid, while the Tiraque and Corani stations are located in mountainous regions where the climate is much wetter. The precipitation data used for this study were recorded on a daily basis. The quality of the data was evaluated with quantitative methods such as the double mass curve. Missing data were completed by applying multiple regression with regional stations and daily data. The time records are displayed in Table 1, and the coordinates and elevation of each meteorological station are also listed.



Apart from meteorological information, data have been collected from a hydrological study of the Pucara basin [30], that used a deterministic hydrological model for the estimation of river flows, i.e., precipitation, evapotranspiration, runoff, and soil cover were the main input variables. The results include simulated Pucara River discharges from 1965 to 2008, which provide insights on how river flow variations can affect the aquifer recharge in the Punata alluvial fan. The quality control of the meteorological series was done through an analysis of consistence and homogenization. The data gaps were again filled by multiple regression. Two hydrometric stations were used for calibration and validation of the river flow: the Millu River station in the highlands of the Pucara basin, and the Pucara River station located in the outlet of the basin (Figure 1). After considering 9 years of daily data, the calibration and validation of the river flow model yielded R2 values of 0.8 and 0.7, respectively. Finally, historical levels of groundwater table were gathered. During 2011 and 2012, a total of 27 boreholes were monitored by the University Mayor de San Simon in Cochabamba, Bolivia. This was done at a weekly time step. Moreover, automatic groundwater level monitoring devices were installed in four wells. The time resolution of these automatic monitoring devices was hourly from November 2015 to August 2016. The locations of the selected groundwater monitoring well are listed in Table 1 (stations with the prefix PM).




2.3. El Niño Southern Oscillation and Southern Oscillation Index


ENSO exerts global dominant control of the interannual climate variability, where there is a strong coupling between the tropical ocean and atmosphere [15]. The Southern Oscillation Index (SOI) is a measure of ENSO, where the temporal variations in the recorded air pressure difference at sea level in the Southern Ocean Pacific between stations located in Tahiti and Darwin are expressed as a standardized index. The SOI has been considered as the starting point to study climatic anomalies in many regions of the world [31,32,33,34], particularly in the Southern Hemisphere [35,36,37,38]. For instance, during 1982–1983, atmospheric pressures above the average were recorded in Darwin, and low atmospheric pressures were recorded in Tahiti. Hence, one of the most severe El Niño events was recorded in that period, and the SOI yielded negative values [39]. In general, prolonged periods of negative SOI values coincide with atypical warmer temperatures in the Pacific Ocean (i.e., El Niño episode), while prolonged periods of positive SOI values coincide with atypical colder temperatures (i.e., La Niña episode) [40]. For this study, SOI data were accessed from the website of the Australian Government Bureau of Meteorology [41]. These data were used for delimiting strong events of El Niño and La Niña. This was done by estimating an average SOI value for each hydrological year (i.e., from September to August) of the study area, followed by applying thresholds of +8 and −8 in the SOI scale to identify strong events of El Niño and La Niña, respectively [42]. ENSO effects on the climate in South America were analyzed in other studies [43,44], where a decadal to multi-decadal variability in the frequency and type of ENSO events was observed [43,45]. For example, Meinke, et al. [46] recognized that ENSO variability is well defined within the standard period of 2.5 to 8 years; however, decadal (9 to 13 years) and interdecadal (15 to 18 years) periods are also significant for explaining ENSO variability.




2.4. Climate Variability and Trends


It is important to study the climate variability in time and space and take this into consideration for planning and forecasting possible natural hazards such as droughts and floods. In order to understand the climate variability and trends, it is necessary to study the historical records and their variations (climate oscillations). Several methods and studies exist that analyzed climate trends and natural climate variations [47,48,49,50,51,52]. Most of these studies used non-parametric methods such as Mann-Kendall and Spearman. Tabari et al. [53] explain that these methods take into consideration the rank of the measurements rather than their actual values. However, the results of these methods are often influenced by internal correlations in the time series, which increases the possibility of false trend or no-trend rejections. Consequently, the quantile perturbation method (QPM) has been used in this research. This is a method that does not depend on the above-mentioned constraints. The methodology and theory of this method are well described in [54,55,56], and this method is based on the frequency perturbation method [57,58,59].



The QPM is used in this study to analyze temporal anomalies (oscillations) in the meteorological conditions. It requires two time series: one of the series is taken as the reference or baseline series, while the other is selected as a subseries of the past. The baseline series is a long (i.e., entire) observed time series with a length of   N   years. In this study,   N   equals the length of the full available time series: 61, 50, 74, 63 and 136 years for Tiraque, San Benito, Cochabamba, Corani and SOI, respectively. The subseries are selected sub-periods from these total time series and represent the periods of interest with a length of   L   years. Decadal and interdecal periods can significantly represent the oscillation periods [46]. Hence, the selection of the time window length should not be done arbitrary [60] but by taking into consideration similar observed times in the region. This study used a length of 12 years, which allowed the identification of high and low inter-annual anomalies. Other authors, e.g., Torrence and Webster [61], Mora and Willems [62], and Villazon [42], found similar times for the SOI decadal oscillation period.



For each of the subseries, the climate anomaly is defined, which can be understood as the relative change of time series statistics derived from the subseries versus the same statistics but derived from the reference series. In the QPM, quantiles defined as the value for a given exceedance probability are considered and for all empirical exceedance probabilities above a given threshold. Depending on the selected threshold, more or less extreme conditions can be considered. The QPM climate anomaly is then defined as the mean ratio of the quantile derived from the subseries over the corresponding quantile (for the same exceedance probability) from the reference series, and for all quantiles or exceedance probabilities above the given threshold. Figure 2 shows the different steps in the estimation of the climate anomaly [53,54,62]: (1) Generate subseries with a length of   L   years from the reference series. (2) Extract independent values from each subseries and from the reference series; in this study, annual mean values are considered; these values are ranked from the highest to the lowest value, where   i   is the rank order. (3) Compute empirical return periods for each ranked value as the ratio of the subseries length over the rank of the extreme value. (4) The values that correspond to each return period represent the quantiles. Steps 1 to 3 are repeated for each possible subseries. (5) For each quantile, the ratio (also denoted as the ‘perturbation factor’ PF) is computed as the respective value in the subseries relative to that in the reference series with the same return period. (6) Finally, from the PF of all the considered values (years in this study), an average value is calculated for all the quantiles. This average PF is the climate anomaly. In this study, the anomalies were estimated for subseries with a length of 12 years moved with a time step of one year. Because the empirical return periods of the reference and subseries do not necessary coincide, the quantiles of the reference series (    X N   (   T L   )    ) are estimated by linear interpolation of the values with closest empirical return periods [62].



The significance of the climate anomaly was determined by using a non-parametric bootstrapping method to obtain Monte Carlo confidence intervals [53,63]. Under the null hypothesis of a stationary climate, the extremes (yearly maxima in this study) are randomly reshuffled in time such that random samples are generated for each of the subseries. From these random samples, the climate anomalies are recomputed. By repeating this process numerous times (1000 times in this study), confidence intervals on the climate anomalies are computed, i.e., the 25th and 975th ranked anomaly values define the 95% confidence interval for subseries. They provide the basis for testing for each subseries the null hypothesis of no significant changes in climate statistics (extreme quantiles in this case) [53,63,64].



In this study, the QPM method is applied first in the SOI in order to assess and determine the applicability of this method for identifying oscillation patterns. Then, if patterns are detected in the SOI series, and under the assumption that there is a teleconnection between SOI and precipitation in the Pucara region, the QPM is applied in the study area for the detection of oscillation patterns in precipitation.





3. Results and Discussion


3.1. Climate Variability


In Figure 3, the annual normalized precipitation of the different meteorological stations is plotted. The yearly average of the SOI values, and the limits of high El Niño and La Niña events are displayed as well. Two strong events of El Niño are indicated by arrows. The event around the year 1983 was ranked by many authors as the strongest El Niño ever recorded in the last decades [39,65,66]. In years around an El Niño event, all the meteorological stations recorded low precipitation, which is in agreement with the El Niño characteristics of the region. During the recent years, 2015 to 2016, unusually dry periods were observed in many parts of Bolivia, leading to severe droughts [22,23], and this is explained by the negative phase of the SOI (i.e., a strong El Niño event is taking place).



Figure 4a shows that after computing the QPM climate anomaly using the SOI series, an oscillatory behavior is obtained. After applying a dynamic sinusoidal function, it is shown to be quasi cyclic. The sinusoidal period, however, varies in time: from 28 years to 33 years. After adjusting the function based on the long-term decreasing trend, the altered sinusoidal function yields an R2 close to 0.78 (Figure 4b). The SOI oscillations show 4 marked cycles of El Niño events, and 4 cycles of La Niña events (odd and even numbers in Figure 4a, respectively) that took place in the past. Again, it is possible to distinguish the El Niño events from 1983 and 2015. The QPM hence clearly filters out and visualizes these patterns. Based on the 95% confidence intervals, the most extreme oscillation high and low periods are found to be significant. Several of the highest and lowest anomalies during oscillations high and low periods indeed cross the confidence interval bounds.



The QPM methodology was applied to the annual precipitation at Tiraque, San Benito, Corani and Cochabamba stations (Figure 5). The teleconnection between ENSO and precipitation in the study area was assessed using the QPM. In general, there is a similar oscillatory behavior of the precipitation and ENSO based climate anomalies, but with a phase shift. This indicates a delayed response of the precipitation anomaly to the SOI anomaly. Parker, et al. [45] noted that ENSO might have lagged signatures in some tropical processes in the off-equatorial ocean, hence it might affect the frequency of El Niño and La Niña events. Therefore, a phase shift in the study area might happen due to some delayed processes elsewhere. The mean phase shift required to obtain a close match of the altered SOI-based sinusoidal function with the precipitation-based anomalies equals approximately 7 years (Figure 5d,j) for the stations that are located in the inter-Andean valley with an altitude less than 3000 m a.s.l. (e.g., San Benito and Cochabamba). For the other two stations that are located at altitudes higher than 3000 m a.s.l. and close to the tropical region, the relationship shows a negative correlation, and the PF Anomaly values are in reverse order.



For Tiraque station, there is a negative shift of 7 years and for the Corani station, the shift is positive but is 14 years. It is not possible to think that all the shifts are going to be equal and the correlation will be in the same direction because of randomness and uncertainty (i.e., precipitation is a stochastic process). There is also a similarity in the oscillatory behavior of the precipitation anomalies at the different stations, which respond similarly to the ENSO influence. In this respect, Tiraque and Corani stations show similar patterns for the precipitation anomalies, and Cochabamba and San Benito stations also showed analogous patterns between each other. Cochabamba and San Benito are stations in a subregion with semiarid conditions that show the strongest influence on the positive phase of the SOI (the La Niña events). Corani and Tiraque are stations in another subregion with wetter conditions that show the strongest influence on the negative phase of the SOI (the El Niño events).



According to these results it can be suggested that ENSO effects are temporally and spatially correlated with the precipitation in the Pucara basin and the Punata alluvial fan. It is clear that these climate anomalies might affect socioeconomic activities based on water usage such as agriculture or industry, and increase the risk of water shortages. Similar results were obtained by Miranda [39] for the central part of Bolivia. The knowledge about the phase shifts between the precipitation and the SOI anomalies can be used for further planning. By studying the trend of the SOI-based anomaly, the delayed changes in mean annual precipitation conditions can be anticipated. However, for doing so, it is necessary to assure that the applied series are homogeneous and consistent [67].



The statistical significance of the anomalies in the Tiraque station for the high and low oscillation of the precipitation appear significant at the 5% significance level. However, given the similarity in timing at the different stations and the correlation with the SOI, it is expected that this is due to the relatively short data records (relatively short in comparison with the length of the oscillation periods).




3.2. Groundwater Response to Rainfall Variability


The Punata alluvial fan is an area with an extensive agriculture and with local groundwater as the main water supply. Gonzales Amaya and Barmen [27] indicated that one of the main recharge sources of the local aquifer is the Pucara River. In order to transfer the temporal precipitation variations to corresponding groundwater table variations, hydrological and hydraulic modeling is used. Figure 6a shows the Pucara River flow at the outlet of the basin and the precipitation at the Tiraque station. This meteorological station is located in the central part of the Pucara basin, and it may be assumed that the precipitation in other parts of the basin is similar to that at the Tiraque station.



From Figure 6a, it can be suggested that precipitation is the main source for recharging the river flow, as increasing/decreasing trends in precipitation yield increasing/decreasing trends in river flow. Chen et al. [68] stated that climate change can alter the pattern of runoff, the frequency and severity of floods, and emphasize that if in arid or semi-arid regions (e.g., the Punata alluvial fan) small changes in precipitation and temperature occur, these might result in marked changes in runoff. This effect is well illustrated when monthly average precipitation at Tiraque station from years 1983 and 2003 is compared with the monthly average Pucara River flow in the same periods. During 1983 (i.e., dry period), the monthly average precipitation was 25.1 mm and the monthly average river flow was 0.7 m3. While during 2003 (i.e., wet period), the monthly average precipitation was 43.2 mm and the monthly average river flow was 2.8 m3. Both periods are illustrated and encircled in Figure 6a.



Further analysis was conducted using the groundwater table records available for the period 2011–2012 at 29 groundwater wells and the additional recordings for 2015–2016 based on installed automatic groundwater table recording stations in four boreholes (see their locations in Figure 6b). Figure 7 displays the groundwater table fluctuation in the Punata aquifer for four selected monitoring stations. Because these stations are close to the Pucara River outlet, and close to each other, the groundwater levels are expected to be similar. Moreover, the location of the four selected monitoring stations is placed close to the Pucara River and within alluvial fan and fluvial deposits. These deposits are formed of coarser materials, which means that it is expected that river flow infiltrates relatively rapid and recharges the aquifer system. In order to asses if any substantial change has occurred, compared with historic recorded levels, the annual average groundwater table of 1998 [69] is plotted in all the four selected stations (Figure 7).



During the yearly rainy season, i.e., October to March (Figure 7), groundwater is not extracted and, therefore, it is expected that the groundwater table rises. It is during this season that heavy precipitation can occur, leading to flash floods in the Pucara River. These heavy floods can rapidly increase the groundwater recharge rate in the Punata fan. On the contrary, during the yearly dry season (April to September) groundwater is pumped out and it is expected that groundwater levels start to decrease.



Figure 7 shows based on monitoring stations PM10 and PM23 that during the rainy season the groundwater table rises, and that it decreases during the dry season. It is also shown that the maximum groundwater table peak during 2011–2012 is slightly below the annual average for 1998. The groundwater levels at monitoring stations PM31 and PM32 differ from such patterns. During and after the rainy season, there are no clear trends of increasing groundwater levels. It is moreover shown that the difference in groundwater levels between 2015–2016 and 1998 is higher than in 2011–2012. These variations in groundwater levels might be explained by the climate variability of the area. During the period 2015–2016, the SOI values tend to be negative, which is an indicator that an El Niño event is taking place; therefore, a dry period is expected with low rates of precipitation and thus the Pucara River flow and the groundwater recharge in the Punata fan will decrease. On the other hand, a positive SOI anomalous period might result in wet years, which means that the Pucara River does recharge the aquifer with higher rates leading to an increase in groundwater levels. Another reason which might assist in understanding the decrease of the groundwater table is that since recent years, the number of wells has increased considerably in the study area. Therefore, more groundwater was pumped out during the period 2015–2016 than during 2011–2012 and 1998. Both climate variability and overexploitation must be analyzed and discussed with the local actors, in order to implement mitigation plans and sustainable management strategies.





4. Conclusions


In this study, the climate variability in the Pucara basin and the Punata alluvial fan was investigated using the QPM approach for analyzing (multi-)decadal anomalies in precipitation conditions and their correlation with large-scale drivers such as the SOI. Results suggest that there is a strong temporal variability, with semi-cyclic oscillation patterns of periods of 28 to 33 years in rainfall events, based on a 12-year sliding window. The research showed that extreme SOI conditions influence the precipitation regime of the study area. After a very low phase of the SOI oscillation, dry conditions appear to occur in the Pucara basin, leading to reduced recharge and groundwater table levels for the Punata fan. However, positive phases of the SOI oscillation lead to wet conditions in the Pucara basin and increase the recharge and groundwater levels in the Punata fan. This relationship between changes in the phase of the SOI and precipitation in the study areas indicates that there is teleconnection between them. The association of El Niño events with low precipitation is in agreement with Miranda [39] and Villazon [42].



The groundwater level observations in the Punata alluvial fan suggest that they might be influenced by the inflow of Pucara River. When the groundwater levels of 2011–2012 and 2015–2016 are compared with the average level of 1998, it appears that the level differences are increasing with time. This might be explained by climate variability, due to the more wet period around 1998 which increased the groundwater levels, and the drier conditions during 2011–2012 and 2015–2016 with lower groundwater recharge rates. Another factor that may have played a significant role and that deserves further investigation is the more intense groundwater overexploitation in the recent years.



Estimates of the actual recharge-discharge rates are recommended to determine if the groundwater exploitation has equaled or exceeded the groundwater recharge rate. Also, longer time series of groundwater level observation are needed in order to confirm the link between rainfall variability and groundwater level fluctuations. Therefore, a groundwater level dataset that extends beyond one calendar year would greatly improve the correlation between presented climate signals and any potential groundwater response. This information might assist in determining the real effects of climate variability on the Punata fan groundwater. Appropriate land use, adequate policies of groundwater system protection, continuous monitoring of groundwater levels, and awareness of climate variability are keys to guarantee sustainability of groundwater and are particularly important during periods of extreme climatic conditions (i.e., dry periods) when there is a reduced access to water.
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Figure 1. Pucara watershed system. Meteorological stations with similar climate conditions are also shown, such as San Benito, Tiraque, Cochabamba and Corani. 
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Figure 2. Flow chart for estimating the perturbation factors. 
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Figure 3. Normalized annual precipitation at Tiraque, San Benito, Corani and Cochabamba stations, and yearly SOI values. SOI values beyond the +8 or −8 limits mean that a strong La Niña or El Niño took place. 
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Figure 4. (a) Sinusoidal approximation of the QPM climate anomaly based on SOI data; (b) Goodness-of-fit evaluation of the original and altered sinusoidal approximation. 
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Figure 5. (a–l) QPM climate anomaly based on precipitation data and comparison with the altered SOI sinusoidal function (left column). Sinusoidal approximation of the QPM climate anomaly based on the precipitation data (center column). Goodness-of-fit evaluation of the original and altered sinusoidal approximation (right column). The meteorological stations from top to bottom are at Tiraque, San Benito, Corani and Cochabamba, respectively. 
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Figure 6. (a) Monthly precipitation at the Tiraque station and monthly average river flow at the outlet of the Pucara basin; (b) Locations of the groundwater table monitoring wells. Enclosed labels are the boreholes used in Figure 7. 
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Figure 7. (a,b) Selected monitoring wells during the period 2011 to 2012; (c,d) Monitoring wells during the period 2015 to 2016. For location of the monitoring wells, refer to Figure 6b. Each figure shows on top the monthly precipitation variation, while the dashed lines represents the recorded groundwater level (GWL) variation during each period and during the year 1998. 
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Table 1. Recording time interval of the selected meteorological stations and monitoring wells.
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Station

	
Period of Recording

	
Elevation (m a.s.l.)

	
Coordinates WGS84




	
Latitude

	
Longitude






	
Tiraque

	
1/1/1955

	
31/12/2016

	
3255

	
17°25′

	
65°43′




	
San Benito

	
1/1/1966

	
31/12/2016

	
2703

	
17°31′

	
65°54′




	
Cochabamba

	
1/11/1942

	
31/12/2016

	
2565

	
17°25′

	
66°10′




	
Corani

	
1/7/1953

	
31/12/2016

	
3320

	
17°13′

	
65°52′




	
PM10

	
1/11/2011

	
31/10/2012

	
2751

	
17°31.6′

	
65°49.8′




	
PM23

	
1/11/2011

	
31/10/2012

	
2732

	
17°31.8′

	
65°50.9′




	
PM31

	
10/11/2015

	
31/8/2016

	
2743

	
17°30.8′

	
65°50.3′




	
PM32

	
10/11/2015

	
31/8/2016

	
2782

	
17°31.3′

	
65°48.6′
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