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Most of the water used for the development of the main socio-economic activities in Central-Western Argentina (CWA), an arid to semi-arid region, home to most of the Argentinean wine production, relies on surface streamflow from several snow-fed rivers. During the last decade (2010-2020), reduced snow accumulation over the higher elevations of the Andes mountains triggered the occurrence of hydrological drought over CWA, affecting winter tourism, restricting water use for irrigation and domestic use, and leading to socio-political disputes. This study provides a detailed description of the recent hydrological drought conditions through the use of streamflow records from 15 river basins, which were complemented by precipitation, snowpack, and water equivalent thickness measurements to provide a comprehensive picture of the water losses over the last decade. Hydrological drought indices derived from the threshold level method and the standardized streamflow index allowed characterizing the unusualness of this dry period in the context of the last 49 years. The hydrological deficit over the last decade highlighted the challenges faced by the water managers to provide water for irrigation in the main agricultural oases, with a likely overexploitation of the groundwater resources to supplement the limited surface runoff. The hydrological drought severity increased since 2017, with record-breaking levels in several basins, particularly during the period between July 2019 and June 2020 for the rivers located between 35° and 36°S. We identified the main hydrological drought impacts in CWA, as well as the need for improved mitigation strategies to cope with current and future drought conditions. We also analyzed the current limitations in terms of snow and groundwater observations, highlighting the necessity for an effective hydrological drought monitoring system, together with an improved forecast of snow accumulation in the headwaters, which can contribute to better regional water management plans.
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INTRODUCTION

Water availability in arid and semi-arid regions has been subject to large variations over the last decades; as a result of the increasing frequency of hydrometeorological extreme events due to global warming (Feng et al., 2020; Zhao et al., 2020). Improving the understanding of the situations that are prone to generate water scarcity issues is a relevant topic for the development of better water management practices over these regions. In Central-Western Argentina (CWA), snow accumulation over the higher elevations of the Andes is the main source of water for the rivers that sustain the mountain ecosystems, the recharge of aquifers, the development of agricultural activities, and the drinking water supply (Masiokas et al., 2020). As observed in several mid-latitude regions of the Southern Hemisphere (Cai et al., 2012), a sustained long-term precipitation decline along the Andes mountain range, likely attributed to the poleward expansion of the descending branch of the Hadley Circulation (Villamayor et al., 2019; Rivera and Arnould, 2020; Rivera et al., 2020), set a complex scenario for the regional water resources over both Argentina and Chile. With the intensification and a more southward position of the semipermanent South Pacific Anticyclone, the storm tracks responsible for the winter precipitation over the Andes were displaced poleward, leading to long-term precipitation declines that are particularly striking over Central Chile (Boisier et al., 2018; Villamayor et al., 2019). The trends in streamflow records over CWA showed a decline since the 1900s, which partially reversed during the late 1970s (Carril et al., 1997). Caragunis et al. (2020) found lower streamflow records in the rivers of CWA during 1990-2014 compared to the values based on the 1920-1944 period. Since the winter of 2010, the snowpack over the Andes between 30° and 37° S was well below its long-term average (Saavedra et al., 2018; Masiokas et al., 2020), leading to a reduced snow contribution to the discharge for the major rivers of CWA. This condition favored the occurrence of hydrological droughts, typically defined as periods with abnormally low streamflow in rivers, low levels in lakes and reservoirs, and reduced groundwater (Van Loon, 2015).

Numerous indices exist for the definition and description of hydrological droughts, which are primarily based on daily or monthly streamflow data (Stahl et al., 2020) and can roughly be divided into threshold-based indices and standardized indices (Van Loon, 2015). Hydrological droughts over CWA were characterized by Rivera et al. (2017a) using threshold-based indices for the quantification of drought frequency, duration, and severity for the period 1957-2014. The authors found that hydrological droughts are significantly modulated by the El Niño-Southern Oscillation (ENSO), and the Pacific Decadal Oscillation (PDO), highlighting the influence of the tropical Pacific Ocean in the development of hydrological drought conditions and its relevance for potential predictability of hydroclimatic variations over the region. The recent hydrological drought was analyzed over the period 2010-2015 using standardized indices (Rivera et al., 2017b). This allowed the comparison between the recent drought period, in terms of duration and severity, with other previous hydrological drought events, and also to explore some of its atmospheric and oceanic drivers. Over Central Chile, this recent drought period was defined as a “mega-drought” and has been extensively analyzed in terms of its impacts on the hydroclimate and vegetation (Garreaud et al., 2017) as well as its dynamical patterns (Garreaud et al., 2020).

The recent decade of hydrological drought affected the main socio-economic activities over CWA, particularly along the Andean foothills, which are only possible through irrigation. This snow drought period, together with the regional increases in temperature, favored a sustained glacier mass loss over the higher elevations of the Andes ranges (Dussaillant et al., 2019; Ferri et al., 2020). Future projections show that temperature increases will be more pronounced at higher elevations compared to the lowlands, in line with a significant reduction in albedo over the Andes (Zazulie et al., 2018; Rivera et al., 2020). Projected changes in the regional circulation patterns, as the southward expansion of the Hadley Circulation, are expected to favor the continuity of the precipitation decline that has been observed since the last Century, leading to more frequent drought conditions (Cook et al., 2020; Fahad et al., 2020; Rivera et al., 2020; Spinoni et al., 2020). The decrease in precipitation, together with the expected increase in temperature will generate glacier mass balance losses, with an early snowpack melting that is expected to have serious implications for water management practices (Zazulie et al., 2018; Hock et al., 2019). This calls for improved monitoring of hydrological drought conditions and the creation of drought management plans to provide water security for the local communities and environmental needs.

The objective of this study is to provide an updated evaluation of the recent (2010-2020) hydrological drought conditions over CWA, using records from the main rivers of the region and two of the most commonly used hydrological drought indices for its monitoring and characterization. We complemented these records with the available snow course data over the higher elevation of the Andes in order to link the evolution of snow accumulation to hydrological drought severity. The main impacts arising from this decade of hydrological drought were quantified, as well as the current regional limitations in terms of drought management plans, drought monitoring, and forecasting. We aim to provide relevant information for an improved drought characterization considering several components of the hydrological cycle over CWA, which can aid the decision making processes in terms of drought declaration and monitoring, and to assist future water practices over the region.



DATA AND METHODS


Study Area

The CWA is a region located roughly between 30°S and 37°S and 67° to 70°W (Figures 1A,B), characterized by a strong influence of topography on the regional and local climate (Viale et al., 2019). The Andes mountain range creates a marked longitudinal gradient in precipitation, with a strong rain shadow effect over CWA that contributes to its arid to semi-arid condition (Viale et al., 2019; Rivera et al., 2020). This precipitation gradient is also evident in a north-south direction, from less than 200 mm at 30°S to over 600 mm south of 36°S (Rivera and Arnould, 2020). Snow-fed rivers are born at the higher elevations of the Andes ranges, where much of the precipitation falls as snow during the cold season (April to October) and is strongly modulated by the El Niño-Southern Oscillation, the Pacific Decadal Oscillation, and the Southern Annular Mode on interannual to multidecadal timescales (Rivera et al., 2017a; Lauro et al., 2019; Sarricolea et al., 2019). The seasonal displacement of the Southeastern Pacific High allows the northward progression of frontal systems associated with mid-latitude cyclones that provide most of the precipitation over the Andes, with atmospheric rivers playing a significant role in precipitation and snow accumulation (Viale et al., 2018; Saavedra et al., 2020). The summer dry season along the Andes is characterized by isolated convective storms in the valleys and the Andean foothills, triggered by diurnal warming and occasional incursions of moist air from Southeastern South America (Garbarini et al., 2019; Camisay et al., 2020). These precipitation events usually generate a peak in streamflow that lasts only a few days, activating ephemeral rivers and increasing the sediment load that affects drinking water treatment plants (Sepúlveda et al., 2015).
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FIGURE 1. (A) Study area with the location of the main river basins, the natural drainage network, the irrigated oases, the streamflow and snowpack stations, and the main dams. The names of the dams are the following: PN, Punta Negra; ULL, Ullúm; LC, Los Caracoles; POT, Potrerillos; EC, El Carrizal; ADT, Agua del Toro; LR, Los Reyunos; VG, Valle Grande; NIH, Nihuil. Details of the capacity of each dam can be found in Table 2. (B) Regional setting of Central-Western Argentina, with the main orographic features.


The main river basins of CWA are, from north to south, San Juan, Mendoza, Tunuyán, Diamante, Atuel, Grande, and Colorado (Figure 1A). Between 66 and 76% of the annual discharge occurs during the warm season, due to snowmelt and glacier ablation with increased temperatures over the higher elevation of the Andes, leading to a unimodal hydrological regime (Lauro et al., 2019). Over 85% of the interannual variability in the Andean streamflows along CWA can be explained by variations in winter snow accumulation (Masiokas et al., 2020), highlighting the significant role of snow droughts in the occurrence of hydrological droughts over the study area (Rivera et al., 2017b). Temperature variations during the warm season also contribute to streamflow variability, modulating the timing of occurrence of the maximum yearly streamflow (Araneo and Villalba, 2015) and also playing a relevant role at intraseasonal time scales (Araneo et al., 2015). The contribution of glacier ablation is particularly significant during snow drought periods, with groundwater also being a water source to the Andean streamflow (Crespo et al., 2020).

These rivers irrigate several oases over CWA (Figure 1A), where the main agro-industrial activities take place This region is the largest producer of wine in Argentina, with more than 90% of the total grapevine production (Cabré and Nuñez, 2020). Agricultural water use ranges from 50% of the available water during dry years, to 90% during years with average snow accumulation, with regional differences between river basins. In an adaptation strategy to overcome the limited water resources from a warmer and drier climate, large producers gradually set the new grape production areas at upper elevations by the Andes foothills, looking for lower temperatures, proximity to water sources, better water quality, and less pollution (Montaña et al., 2016; Rojas et al., 2020). However, these territorial transformations generated social conflicts due to the lack of planning and regulation, as well as the inequities in water use and distribution (Salomón-Sirolesi and Farinós-Dasí, 2019). The construction of dams and reservoirs near the agricultural oases has become a common practice to increase the resiliency to drought conditions, with 9 main dams (Figure 1A) that provide water for irrigation, hydropower generation, tourism and recreational activities, and human consumption. Between the headwaters and the location of the streamgauges, there are no large reservoirs or dam constructions that can alter the natural flow and, therefore, the estimation of hydrological drought occurrences (Rivera et al., 2017a).



Data Sets

We used daily streamflow records from 15 stations located between 31°S and 38°S, in the headwaters on the main rivers of CWA (Figure 1). These records were obtained through the National System of Hydrological Information (https://snih.hidricosargentina.gob.ar/), spanning the period between July 1971 and June 2020. Table 1 shows details for the selected stations. Records from San Juan (1211), Barrancas (2001), and Colorado (2002) rivers were only available until June 2019. Previous studies demonstrated the quality and representativeness of the selected records (Vich et al., 2014; Rivera et al., 2017a; b; Rivera and Penalba, 2018; Lauro et al., 2019), which allows a comprehensive evaluation of the hydrological aspects of the region. These records were subjected to quality control procedures and several gap-filling routines. These infilling methods were applied depending on the size of the missing data gap, the hydrological conditions at the site when the gap occurred, and the availability of nearby gauging stations, as described in Vich et al. (2014) and Rivera et al. (2017a). Nevertheless, the need for data infilling was minimal given that the selected stations had less than 5% missing records. Most of the data gaps were completed by the calculation of linear regressions between the selected series and data from alternative neighboring gauge stations.


Table 1. Main characteristics of the streamflow stations used in this study.
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Given the significant relationship between streamflow variability during the warm season and snow accumulation during the cold season, we analyzed data from five snow pillows located in the higher elevations of the Andes (Figure 1A), also part of the National System of Hydrological Information. Table 2 indicates the location and period of record for each snow course. From these records, we obtained the maximum yearly value of snow water equivalent (MSWE) between 1989 and 2020. The MSWE was selected to overcome limitations linked to snow measurements over the region, which affect the estimation of the snowpack during the cold season (Masiokas et al., 2006). The MSWE anomalies (MSWEA) were calculated based on the 1990-2020 base period except for the records from Paso Pehuenches station, which starts in 1999 and, therefore, uses the 1999-2020 as reference period. In order to give a broader perspective of the observed precipitation decline over the study area, the snow observations were supplemented by data from the Global Precipitation Climatology Center (GPCC, Becker et al., 2013). For this purpose, we concatenated two GPCC products: the GPCC Full Data Monthly Version 2018 (GPCC v2018), which covers the period from 1891 to 2016, with the GPCC Monitoring Product Version 6, from January 2017 to October 2020. Both datasets were selected to have the same spatial resolution to optimize homogeneity. This allowed to obtain monthly precipitation records covering the period 1891-2020 with a horizontal resolution of 1° x 1°. Then, we selected the months corresponding to the wet season (April to October) to obtain a precipitation climatology for the 1981-2010 baseline period. The monthly precipitation totals during the wet season of the period 2010-2020 were expressed as departures from the 1981-2010 climatology, considering the pixels between 28° and 40°S west of 67°W, allowing to obtain the spatial pattern of the GPCC precipitation anomalies.


Table 2. Main characteristics of the snowpack stations used in this study.
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Finally, in view of the lack of water level records at piezometric wells over CWA, we used monthly Water Equivalent Thickness (WET) anomalies from the Gravity Recovery and Climate Experiment (GRACE, Tapley et al., 2004, 2019) as a proxy to monitor changes in groundwater levels. The objective of the GRACE project is to measure the Earth's gravity field and its changes, which could be linked to changes in the components of the hydrological cycle. GRACE estimates provide a complementary tool for monitoring and measuring groundwater changes at global and regional scales (Chen et al., 2016). Data were retrieved from the NASA Jet Propulsion Laboratory Data Analysis Tool for the GRACE (2002-2017) and GRACE Follow-On (GRACE-FO) (2018-present) missions. Given the effective spatial resolution of GRACE (>150,000 km2) is too coarse to characterize the spatial variability of groundwater over CWA, we used WET records interpolated to a 1° x 1° grid for the pixels located over the study area. While GRACE and GRACE-FO estimates have shown good performances for the identification of changes in the hydrological conditions over regions of South America as La Plata Basin (Chen et al., 2010), Colombia (Bolaños et al., inpress), and Patagonia (Richter et al., 2019), and the use of gravity measurements has been recommended for the Andean region (Masiokas et al., 2019), little research focused on the use of GRACE data to quantify hydrological drought conditions over CWA. For instance, Rodell et al. (2018) identified a hot spot of water loss over CWA due to the recent multi-year drought condition using GRACE estimations of terrestrial water storage.



Hydrological Drought Indices

For the monitoring and evaluation of hydrological drought conditions, several indicators were developed mainly from threshold-based indices and standardized indices. These indices allow the identification of relevant drought characteristics such as the onset, timing, duration, severity, spatial extent, and frequency. While the main water management agencies over CWA lack the use of hydrological drought indices for the monitoring of streamflow levels, previous research have used a variety of indices to characterize hydrological droughts over the study area (Díaz et al., 2016, 2018; Rivera et al., 2017a,b; Rivera and Penalba, 2018; Caragunis et al., 2020). Two of the most commonly used drought indices over the study area are described in the following sections.


Indicators Derived From the Threshold Level Method

Hydrological drought characteristics on a daily basis were identified by using the threshold level approach, considering truncation levels derived from the flow-duration curve (Zelenhasić and Salvai, 1987; Tallaksen et al., 1997). The thresholds can be either fixed or variable over the year, depending on the desired application. Even when the seasonality in the streamflow records over the study area is important, we decided to analyze both high and low flow seasons; therefore, a variable threshold at a daily resolution was selected for the identification of hydrological droughts. For perennial rivers, thresholds levels range between the 70th and 95th percentile (Van Loon, 2015). In this study, three daily varying thresholds were selected, corresponding to the flow equaled or exceeded for 70% (Q70), 80% (Q80), and 90% (Q90) of the time, as indicators of moderate, severe, and extreme hydrological droughts, respectively (Rivera et al., 2017a,b). The daily varying thresholds were computed from the selected percentiles of the flow-duration curve, based on the 49 years of streamflow records, with the 29 February values of the leap years excluded. We applied a 7-day moving average to the daily streamflow values in order to increase the sample size and to create a smooth flow-duration curve for each day of the year. This allowed not only to obtain smooth threshold levels, but also to eliminate minor and mutually dependent drought events (Stahl, 2001; Beyene et al., 2014; Rivera et al., 2017a). Thus, a hydrological drought period can be defined for the days when streamflow is below the thresholds for a given period of interest. Figure 2 illustrates the method using data from the Atuel River and the Q70 as the threshold level for the identification of hydrological drought conditions during the hydrological year 2010/11. During most of the selected period, the streamflow was below the Q70, indicating the occurrence of hydrological droughts, particularly during the austral summer of the selected year, when a large deficit volume was observed.


[image: Figure 2]
FIGURE 2. Identification of hydrological drought conditions based on the daily varying threshold level Q70, using streamflow records from Atuel river during the period from July 2010 to June 2011. The data was smoothed by 15-day moving average. Hydrological drought conditions are observed when the observed daily streamflow records (Q) are lower than the Q70 threshold, with the difference between the streamflow and the selected threshold quantifying the hydrological deficit (marked with orange color).


Annual indices describing hydrological drought characteristics were defined using two indices (Hisdal et al., 2001): the annual number of drought days (ANDD), calculated by counting the days per year with streamflow observations below the selected thresholds; the annual cumulative deficit volume (ACDV), calculated as the sum of the differences between the streamflow observations and the threshold levels over the hydrological drought periods, divided by the mean annual streamflow. For each hydrological year, the mathematical expressions of the indices are the following:
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where n = number of hydrological drought events; ts, n = hydrological drought onset of the event n; te, n = hydrological drought demise of the event n; Dn = hydrological drought duration of the event n.
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where Qi is the daily observed streamflow at day i (i = 1,…, 365) and QT, i is the selected threshold (T = 70, 80, 90) at day i.

The ANDD is an indicator of hydrological drought duration while the ACDV is proportional to the drought severity. Similar metrics were applied for the assessment of hydrological droughts in the United States (Poshtiri and Pal, 2016), France (Giuntoli et al., 2013), and South Korea (Sung and Chung, 2014), as well as over CWA (Rivera et al., 2017a) and Patagonia (Rivera et al., 2018). The annual indices were calculated for each of the selected stations, for the hydrological years considering the period between July 1st and June 30th.



Standardized Streamflow Index (SSI)

In order to evaluate hydrological drought conditions on a monthly time step, we have calculated the standardized streamflow index (SSI, Vicente-Serrano et al., 2012), developed following the theoretical concept of the standardized precipitation index (SPI, McKee et al., 1993). The SSI characterizes the streamflow deficit in terms of standard deviations relative to the long-term mean at a given location and for a given time scale (Rivera and Penalba, 2018). The SSI consists of multiple time scales, where streamflow is aggregated over a user-defined period ranging typically from 1 (SSI1) to 48 (SSI48) months. In this study we considered a time scale of 3 months (SSI3) to filter high-frequency variations (Rivera et al., 2017b; Rivera and Penalba, 2018). The following steps were used for deriving the SSI3 time series. The monthly streamflow time series were aggregated to obtain 3-month streamflow series for each calendar end-month (of the accumulation period) for the 49 years of records. Each of them was fitted to a two-parameter lognormal probability density function, which was demonstrated to be the distribution better representing the streamflow records over the study area (Rivera and Penalba, 2018). The lognormal distribution is given as
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where Q denotes the aggregated streamflow, μ and σ are the mean and standard deviation of the logarithmically transformed streamflow, respectively (Zorn and Waylen, 1997). Once F(x) is calculated, the 12 probability density functions were transformed to the standard normal distribution with mean zero and variance one to finally obtain the SSI3 time series, following the approximation from Abramowitz and Stegun (1965):
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P is the probability of exceeding a determined Q value, and P = 1 – F(Q). If P > 0.5, P is replaced by 1 – P and the sign of the resultant SSI3 is reversed. The constants are C0 = 2.515517; C1 = 0.802853; C2 = 0.010328; d1 = 1.432788; d2 = 0.189269; and d3 = 0.001308. More details for the calculation of the SSI can be found in Vicente-Serrano et al. (2012). The SSI3 was computed using the R-package “SCI” (Gudmundsson and Stagge, 2016).

From the SSI3 time series, a hydrological drought event was defined as a period in which the SSI is continuously negative and the index reaches a value of −1.0 or less (Barker et al., 2016; Rivera et al., 2017b; Chen et al., 2019). Figure 3 illustrates the main characteristics of a hydrological drought event based on the SSI3 of the Mendoza River during the period from January 1995 to December 2000. Two hydrological drought events (E1 and E2) with durations D1 and D2 can be identified. Each of them begins when the SSI3 first falls below zero and then reaches a value of −1.0 or less and ends with the first positive value of SSI3. The severity of each event (S1 and S2) was identified as the minimum SSI3 value within the drought event. Three drought categories were used for classifying the hydrological drought severity: −1.5 < SSI3 ≤ −1.0 (moderate drought), −2.0 < SSI3 ≤ −1.5 (severe drought), and SSI3 ≤ −2.0 (extreme drought). This classification was based on the categories established for the SPI to define meteorological drought conditions (Lloyd-Hughes and Saunders, 2002).


[image: Figure 3]
FIGURE 3. Temporal evolution of the SSI3 for the Mendoza River between January 1995 and December 2000 and the main hydrological drought characteristics. En, event n; Dn, duration of the event n; Sn, severity of the event n (n = 1, 2).






RESULTS


Precipitation Deficits Triggering Hydrological Drought Conditions

The recent hydrological drought conditions over CWA and Central Chile responds to precipitation deficits during the wet season (April-October), with a spatial pattern showing anomalies larger than −10 mm/month located mainly between 32° and 40°S, west of 70° W (Figure 4A). While the deficit over the lowest areas of Central Chile is related to rainfall and, thus, meteorological drought conditions, the precipitation deficit over the higher elevations of the Andes mountain range impacted the snowpack that provides the main source of water for the rivers of CWA. Therefore, the snow drought signal propagated through the diverse components of the hydrological cycle, leading to hydrological drought conditions in the adjacent foothills east of the Andes. In order to illustrate the variability of snow accumulation, Figure 4B shows the annual time series of the MSWEA for the five snow pillows distributed along the Central Andes of Argentina, with records spanning the period 1990-2020. The MSWEA was used as a surrogate for the total snow accumulation at each site. The anomalies during the 1990-2009 period show alternations between above-average and below-average snow accumulation, with large interannual variability and also spatial patchiness (Figure 4B). The largest deficit over the 31 years period was recorded during the winter of 1996, while the higher snow accumulation was registered in 2005. Between 2010 and 2020, persistent below-average snow accumulation was observed over the Andes. The exception being the winter of 2015, characterized by the influence of El Niño conditions, with above-average MSWE at Toscas, Laguna Atuel, and Valle Hermoso stations, although close to the long-term (1990-2020) average and negative MSWEA at Laguna Diamante and Paso Pehuenches. The lowest snow accumulation of the 2010-2020 period was registered during the winter of 2019, with a MSWEA lower than 450 mm considering the average at the 5 sites, being the lowest regional accumulation since 1996. Even when snow droughts are a recurrent hazard over the study area (Rivera et al., 2017b), the temporal consistency of the reduced snow storage during the 2010-2020 period is remarkable in the context of the last 31 years.
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FIGURE 4. (A) Spatial pattern of the GPCC precipitation anomalies (in mm/month) during the months of April to October of the years 2010-2020, based on the 1981-2010 climatology. (B) Temporal evolution of MSWEA in the five selected snow pillow stations, calculated as departures from the period 1990–2020.




Hydrological Drought Characteristics Based on the Threshold Level Method

We analyzed the streamflow variability over the last 49 years, through the hydrological drought indices described previously, with focus on the hydrological drought conditions during the 2010-2020 period. For this, we performed a basin-scale analysis (Figure 5) and a regional evaluation of the hydrological drought for different severity levels (Figure 6). The basin-scale assessment is expressed in the form of a heat map using the metrics ANDD (Figure 5A) and ACDV (Figure 5B) based on the Q70 threshold, with catchments orientated roughly from north to south. In general, a homogeneous spatial behavior can be observed in terms of streamflow variations over CWA, given that in most cases the increases in both ANDD and ACDV are synchronous. The main hydrological drought periods can be identified during 1971/72, 1975/76-1976/77, 1989/90-1990/91, 1996/97-1999/00, and 2010/11-2019/20. The recent hydrological drought exhibit higher values of ANDD and ACDV over the southern basins of the study area, particularly south of 35°S. This result is contrasting with the findings of Alvarez-Garreton et al. (2021) considering the streamflow records in Central Chile, which show higher severity for the basins located between 30° and 35°S. In average, 4 basins had more than 300 days per year with hydrological drought conditions over the last decade: Salado River (1415), Pincheira River (1426), Poti Malal River (1425), and Colorado River (2002). Figure 6 shows the regional time series of the ANDD (Figure 6A) and ACDV (Figure 6B), for the three selected threshold levels, calculated as the average of the time series of each of the 15 selected rivers over the study area. Both annual indices show that the recent hydrological drought period over CWA is remarkable in terms of temporal consistency, duration, and severity. The maximum values of ANDD and ACDV were observed during the hydrological year 2019/20 for all the severity levels (Figure 6), in agreement with the large negative anomalies of MSWE during winter 2019, being the year with lowest snow accumulation since 1998 (Figure 4B). During the last decade, 8 years registered more than 250 days with hydrological drought conditions in CWA, a condition that is unprecedented over the analyzed period. The hydrological years 2010/11 to 2014/15 and 2017/18 to 2019/20 experienced more than 200 days with severe hydrological drought conditions. Extreme hydrological drought periods overpassing 100 days were observed in 7 of the last 10 years of streamflow records, a condition previously registered only during the hydrological years 1971/72 and 1996/97 (Figure 6A). Given the direct and significant relationship between the number of days with streamflow below the selected thresholds and the cumulative deficit volume (Rivera et al., 2017a, 2018), similar results in terms of unusualness were found considering the ACDV over the last decade (Figure 6B).
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FIGURE 5. (A) Heat map of the annual number of dry days (ANDD) based on the Q70 threshold for the 15 selected rivers of the CWA, arranged roughly from north to south on the y axis, for the 1971/72-2019/20 period. (B) Same as (A) for the annual cumulative deficit volume (ACDV) at each location.
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FIGURE 6. Regional time series of the ANDD (A) and the ACDV (B) for the three selected threshold levels during 1971/72-2019/20.




Hydrological Drought Characteristics Based on the Standardized Streamflow Index

Considering monthly streamflow records, the SSI3 time series shows a homogeneous behavior for all the analyzed basins (Figure 7), supporting our choice to perform a regional average considering the indices based on the threshold level method. During the 2010-2020 period, the SSI3 shows a prolonged drought period between the years 2010/11 and 2014/15, followed by a drought recovery due to the winter snow accumulation during 2015. Nevertheless, there was a spatial and temporal heterogeneity in the streamflow response during 2015/16 given that not all the basins recorded above-normal MSWE, with differences in catchment characteristics and also in temperature anomalies playing a relevant role. Since 2016/17, a marked decrease in monthly streamflow levels was inferred through the SSI3 time series, reaching extreme hydrological drought conditions particularly during the years 2018/19 and 2019/20 (Figure 7). Thus, the 2010-2020 period was characterized by persistent negative SSI3 values across all the basins of CWA, with hydrological drought duration and severities that are unprecedented in the context of at least the last 49 years of record.


[image: Figure 7]
FIGURE 7. Time series of monthly SSI3 for the selected gauging stations during 1971/72-2019/20. The blue line indicates the time series for the Atuel River (1403).


The percentage of streamgauges within each hydrological drought category is useful to quantify the spatial extension of drought events (Rivera et al., 2017b). This percentage was calculated for each month during the 1971/72-2019/20 period, using the drought categories defined for the SSI3. For the construction of this spatial index, the percentage of stations in the moderate hydrological drought category includes those stations showing severe and extreme drought conditions. Likewise, the percentage of stations in the severe category includes those stations showing extreme drought. Figure 8 shows the temporal behavior of this spatial index. The 2010-2020 hydrological drought period is a striking feature over the last 49 years of records. In particular, record-breaking conditions were observed considering the percentage of stations under severe and extreme hydrological drought conditions during 2019, with all the rivers showing severe drought during October and November and 80% of the rivers with extreme hydrological drought during November 2019. Twelve months showed the synchronous occurrence of moderate to extreme hydrological drought conditions in all the rivers of CWA over the last decade, with 6 consecutive months between July to December 2019 with all the rivers under hydrological drought.


[image: Figure 8]
FIGURE 8. Temporal evolution of the percentage of stations in CWA with hydrological drought conditions during 1971/72-2019/20. Yellow, orange, and red colors indicate moderate, severe, and extreme hydrological drought categories, respectively.


As shown in Figures 4–8, the hydrological drought over CWA can be divided into three sub-periods in terms of drought severity and spatial extent: a first drought period between the hydrological years 2010/11 to 2014/15, a partial drought recovery between 2015/16 and 2016/17 and a more severe and widespread drought period between 2017/18 to 2019/20. To summarize the hydrological drought in terms of spatio-temporal variability, Figure 9 shows pie charts with the proportion of months under the SSI3 drought categories for each of the 15 rivers considered the three different sub-periods. This proportion of months was expressed as the percentage of months under each hydrological drought category compared to the total number of months within the sub-period, also including the periods where the streamflows were under normal or excess conditions. During the 2010/11-2014/15 period, most of the rivers showed a larger proportion of months with hydrological drought conditions at different severity levels, particularly for the Atuel (1403), Pincheira (1426), and Vacas (1421) rivers, with more than 75% of the period under hydrological drought conditions (Figure 9A). Only 5 rivers reached extreme hydrological drought conditions, most of them belonging to the Mendoza basin. A general drought recovery is evident during the period 2015/16-2016/17, which is dominated by normal to excess conditions particularly north of 36°S (Figure 9B). Nevertheless, rivers as Grande (1427), Poti Malal (1425), Barrancas (2001), and Colorado (2002) showed more than 50% of the time under hydrological drought conditions. During the last 3 years, hydrological drought severity increased in all the rivers compared with the 2015/16-2016/17 period (Figure 9C). A proportion of months exceeding 25% of the time under extreme hydrological drought conditions was observed for the rivers located between 35° and 36°S. Eight of the analyzed rivers showed more than 75% of the time with hydrological drought conditions, which means over 27 months under drought from a total of 36 months. Our results showed the main spatio-temporal characteristics of the hydrological drought that took place over CWA during the last decade. A discussion of the main implications in the socio-economic activities in the study area is provided in the following section.
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FIGURE 9. Pie charts showing the proportion of months (expressed as percentage) under the categories determined by the SSI3 time series for each of the 15 analyzed rives over CWA during three sub-periods: 2010/11-2014/15 (A), 2015/16-2016/17 (B), and 2017/18-2019/20 (C). Yellow, orange and red colors indicate moderate, severe and extreme hydrological drought conditions (MD, SD, and ED), respectively; white color indicates normal/excess (N/E) conditions. Panel A shows the number of each streamflow station.




Cascading Impacts of the Recent Hydrological Drought

We characterized the main impacts of the recent hydrological drought over CWA by analyzing more than 100 articles published in local newspapers since 2010 (Supplementary Table 1). From these articles, the main sectors impacted by drought were identified, as well as some of the on-going mitigation plans developed by local authorities to face water scarcity. These mitigation actions will be described in the Discussion section. We do not intend to provide an extensive and detailed search, but to highlight the media coverage during this decade of drought, the main impacted sectors, and the local community awareness considering a reasonable sample of the available media content. It was not possible to quantify the hydrological drought impacts from the available scientific literature given the limited number of studies covering this topic. Most of the research quantified reductions in streamflow (Díaz et al., 2016; Rivera et al., 2017a,b; Caragunis et al., 2020), snow (Rivera et al., 2017b; Masiokas et al., 2020), glaciers (Dussaillant et al., 2019; Ferri et al., 2020), and lake levels (Bianchi et al., 2017; Alvarez et al., 2018) during the last 10 years, with some studies addressing aspects of the institutional water governance system and the adaptation capabilities to droughts (Hurlbert and Montana, 2015; Hurlbert and Mussetta, 2016; Hurlbert et al., 2019).

During the first period of hydrological drought (2010/11-2014/15), the main impacts were identified in the agricultural sector, with water shortages for grape production and seasonal crops, and the loss of livestock, resulting in a decrease in regional food security. The Intergovernmental Panel on Climate Change (IPCC) Special Report on Climate Change and Land (Mbow et al., 2019) highlights the role of extreme events such as droughts affecting food security, particularly in drylands and mountain regions of South America. The impact of hydrological drought on agricultural production is often difficult to quantify. Grape production, the main crop in the agricultural oases, presents a high interannual variability modulated by the health status (cryptogamic diseases), climatic events (frost, hailstorms), and water availability (Agosta et al., 2012). In general, there is evidence for a positive effect of water deficits on red wine quality; due to increases in grape skin phenolics and better evolution during bottle aging, although with lower yields (van Leeuwen et al., 2019). However, there is no evidence for the role of hydrological drought in the quality of wines over CWA. The low water levels observed in the dams of the region, particularly the ones located in San Juan, Diamante, and Atuel basins, resulted in impacts for tourism and hydropower generation. For example, in 2013, the level of the Ullum dam dropped to 744 m.a.s.l., the lowest value during this hydrological drought sub-period. The Water Administration Department from the Mendoza province (Departamento General de Irrigación – DGI) declared the hydrological emergency in 2010 due to reduced streamflow levels (Hurlbert and Gupta, 2017). To a lesser extent, local media reported impacts related to the regional ecosystems, due to decreased or restricted inflows to the wetlands in the lower parts of the San Juan, Mendoza, Laguna Llancanelo, and Atuel basins. Being the Atuel a transboundary basin, water conflicts between provincial administrations also increased during this period of hydrological drought (Rojas and Wagner, 2017; Barbosa, 2019).

In the 2015/16-2016/17 sub-period, a generalized recovery is identified in the regional streamflows, particularly from the Pincheira River toward the north. This recovery was also evident in the dams levels, which were close to 100% in the San Juan River basin, favoring recreational activities, and increasing hydropower generation. There is also evidence for a recovery in the wetlands of the “Presidente Sarmiento” protected area in the San Juan basin, as well as in Laguna Llancanelo wetlands, where the lagoon reached 60% of its normal size during the winter of 2016. However, the near-normal snow accumulation over the Andes was not enough to avoid the declaration of emergency over 5 of the main basins of Mendoza province; due to the accumulated impacts of the previous 5 years of hydrological drought.

During the most recent hydrological drought sub-period (2017/18-2019/20), we identified a significant increase in the local media coverage of the prevailing drought conditions, particularly focusing on drought impacts. The persistence of the hydrological drought intensified the environmental degradation of the Guanacache Wetlands, in the lower parts of the Mendoza and San Juan River basins. In addition to the environmental degradation of this wetland ecosystem, there is evidence for the diminish of their productive capacity due to the death of livestock reported by local communities. During this last sub-period, the stored water in reservoirs was crucial to compensate for the reduced streamflows in the basins of CWA, at least during the 2017/18 hydrological year. The increase in rainfall in the lowlands adjacent to the Andes was also mentioned to play a relevant role as an alternative source of water for the agricultural oases of Mendoza province. The decreasing levels of the reservoirs during the last 2 years harmed tourism and recreational activities, especially in the Ullum and El Carrizal dams (Figure 1). This also affected the hydropower generation, which markedly decreased since 2018 given that the dams were below the operational levels required to generate hydropower. The grapes production in 2020 was 27% lower than in 2019 in San Juan province, with a reduction of 16% in Mendoza province. The harvest from San Juan province (478 tons) was the lowest in 24 years, after that registered in 1996 (473 tons), from which a loss of 30% is estimated to be due to the hydrological drought conditions. This can be attributed to water restrictions over the main agricultural oases, which also affected annual and seasonal crops from small orchards.

To summarize, the recent decade of hydrological drought shows widespread impacts in CWA, which are related to the changes in the severity of the drought event during its three sub-periods. The main impacts are evident in the socio-economic sectors of CWA, with a reduction of water for irrigation that mainly affected agriculture and livestock, and a reduction of hydropower generation due to extremely low dams levels, affecting also tourism and recreational activities due to low lake levels. Figure 10 illustrates the proportion of articles mentioning each of the sectors affected by this recent decade of hydrological drought. We condensed the impacts into 6 main sectors: agriculture, cattle, domestic water supply, ecosystems, hydropower, and tourism and recreation (see Supplementary Table 1), with agriculture representing the impacts of reduced water for irrigation. The main impacts are observed in the agriculture sector, with 40% of the analyzed articles, and a balanced media coverage for all the remaining impacted sectors. The impact of the reduced streamflow on hydropower generation was particularly relevant in the media of San Juan province. The domestic water supply was threatened during the recent hydrological drought, particularly over Mendoza and San Juan cities, with a population close to 2 million inhabitants (Table 3). The main impacts of the hydrological drought in terms of ecosystems was highlighted over the main wetlands of CWA, which are located in the lower portions of the basins, thus, prone to be largely affected by the limited streamflow reaching those areas. Finally, tourism and recreation activities have been negatively affected by the hydrological drought due to the low levels of dams and rivers, limiting water sports like kayaking or rafting. Also, ski resorts had to shorten or even cancel the winter activities due to below-normal snow accumulation over the Andes.
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FIGURE 10. Pie chart showing the proportion of articles published in local media (expressed as percentage) describing the impacts of the recent hydrological drought conditions over CWA for each of the main affected sectors.



Table 3. Dams, population and irrigated area in each river basin.
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DISCUSSION AND FUTURE PERSPECTIVES


Hydrological Drought Mitigation Strategies in CWA

Water resources management in semi-arid areas as CWA is of vital importance to guarantee the water security of the population. Since the 1940s, most public policies aimed to increase and guarantee water supply, considering the construction of reservoirs, improving the network of irrigation channels, modernizing irrigation systems, and encouraging the extraction of groundwater. Three new dams were built since the beginning of the twenty-first Century, increasing the capacity to face drought conditions, particularly over the San Juan basin (Table 3). Also in this basin, Tambolar dam is expected to be operating in the next few years, increasing the volume of water storage to face the projected decreases in future water availability. This also shows the political differences between Mendoza and San Juan provinces in terms of the construction of reservoirs. Besides the beneficial role of dams for hydropower generation, water storage, and distribution, there are still some concerns in terms of the impact on downstream ecosystems, wetlands, and breeder communities (Montaña et al., 2016), calling for improved quantification of ecological flows (Suen, 2011).

Sediment load affects the maximum capacity of water storage in the dams, resulting in a reduced usable life (Kondolf et al., 2014). This was particularly the case of Potrerillos and Carrizal dams. Potrerillos dam lost nearly 15% of maximum capacity in the last 10 years. For the Carrizal dam, irrigation authorities focused on the recovery of storage volume, with an increase of 50 hm3 between 2015 and 2016. Indeed, the biggest technical challenges regarding water security in CWA are in water distribution, for both human consumption and irrigation (Díaz-Caravantes et al., 2020). In this sense, during the recent decade of hydrological drought, several improvements increased the irrigation efficiency in the region, as the waterproofing of channels and the implementation of pressurized and dripping systems. In San Juan City, ditch irrigation of urban trees was replaced by mechanized irrigation methods, with higher costs but lower water consumption. During the last 2 years, the intensification of the hydrological drought in CWA required more restrictive actions for the management of irrigation in several basins of the region. For example, water authorities proposed the reduction of the irrigation coefficients during lower demand periods, to increase provision cut-off days, to restrict water allocation, and to promote greater use of pressurized systems for parks in the main urban areas of CWA, replacing the conventional ditch irrigation (Supplementary Table 1). The new irrigation scheme also includes water cut-off during rainy periods, showing the partial role of rainfall in the agricultural oases to compensate for hydrological drought periods.

The decrease in streamflow and, therefore, the volume of water in the dams implies irrigation restrictions, affecting the quality and quantity of agricultural production (Mussetta and Barrientos, 2015). To compensate for this, groundwater extraction has been a common practice over the agricultural oases of CWA. Despite being a strategic resource, it is difficult to quantify the compensation obtained from groundwater during the recent hydrological drought as there are no measurements of the water volume pumped at the wells. A study for the Tunuyán River basin showed that the number of existing wells exceeds the optimized number of wells required to sustainably irrigate the basin (Tromboni et al., 2014), which calls for better integration between groundwater and surface water management (Zuniga-Teran et al., inpress). With the projected decrease in surface water availability over the next decades and the expected increase in water demand, groundwater extraction could increase in the coming years, as the main water agencies plan to deepen the use of groundwater to increase the available water supply (Supplementary Table 1). In the Mendoza River basin, 27% of the farmers irrigate with groundwater only, and 28% use both surface water and groundwater (Montaña et al., 2016). Considering the hydrological drought conditions that prevailed over the last decade, it is presumed that the percentage of farmers using groundwater could exceed the ones using the limited surface water from the main rivers of the region. The use of groundwater for irrigation is predominant in the lower portions of the basins, where streamflow can only be used during years with normal or above-average snowfalls. Nevertheless, recent viticulture developments in the upper Tunuyán basin, mostly from foreign capitals, modified the agrarian structure by irrigating with groundwater in a region traditionally irrigated with surface water, increasing regional inequities and vulnerability with the approval of the water authorities (Zuniga-Teran et al., inpress; Saldi and Petz, 2015).

In the case of domestic water use, the number of penalties concerning water misuse increased in quantity and cost in an attempt to optimize the limited water resources by the water administration agencies (Rivera et al., 2017b), with charging fees according to the consumed volume being evaluated nowadays. The domestic water consumption per person exceeds 400 liters per day, well above the recommendations of the World Health Organization (Howard and Bartram, 2003). This high consumption, coupled with population growth and an inefficient distribution system with losses of 40%, exerts a significant and growing demand on the water resources of the region, especially in the urban areas of CWA. During the last decade of hydrological drought, water agencies declared the hydrological emergency status between 2010 and 2018. The purpose of this declaration is to adopt, under a legal framework, preventive and corrective measures to reduce the harmful effects of drought on the economy and society. In 2018, due to the prolonged drought condition, irrigation authorities from Mendoza presented a “drought plan” for the consideration of policymakers, which is still under analysis. The plan aims to minimize the social, environmental, and economic impacts of the drought situation (Dirección General de Irrigación, 2018). The water authorities from San Juan province also advanced toward the generation of the legal framework for a drought plan (Supplementary Table 1).



Perspectives for Improved Hydrological Drought Monitoring

Hydrological drought indices provide information that is important for the design and operation of many sectors relevant to the society and the economy of CWA, including domestic water supply, irrigation for agriculture and cattle, hydropower generation, tourism and recreation, and industry. By using hydrological drought indices, it is possible to analyze temporal trends and the influence of climate change, to provide information about drought vulnerability and risk, and to perform large-scale comparative monitoring and forecasting of streamflow and drought conditions (Stahl et al., 2020). The emergence of new hydrological drought indicators during the last years, as well as the new drought definitions like ecological drought (Crausbay et al., 2017) or anthropogenic drought (AghaKouchak et al., 2015), provide evidence for an urgent need to advance hydrological drought research and operational applications (Poshtiri and Pal, 2016), particularly in arid and semi-arid regions that are vulnerable to climate variability and change.

Although the proposals for the legal framework of the drought plans in CWA foresee the implementation of a system of indicators to determine the drought thresholds, there is still no monitoring system that allows the characterization of hydrological drought events at a basin level. The use of metrics based on the threshold level method, as well as the monitoring through the SSI, has been adopted by the scientific community to analyze hydrological drought conditions over CWA and other regions of the world. This study characterized the recent decade of hydrological drought considering only two annual indices based on a daily varying threshold, for three severity levels. Other studies using the threshold level method evaluated drought characteristics related to extremes and performed regionalizations (Tallaksen and Hisdal, 1997), calculated areal indices (Zaidman et al., 2002), analyzed the timing of the hydrological drought events, and quantified the human influence on drought (Margariti et al., 2019). A systematic review performed by Hasan et al. (2019) highlighted the use of the threshold level method for the characterization of drought severity. This is because of the direct quantification of streamflow deficit, making it easy to interpret by water managers and the general public. On the other hand, while the severity expressed in terms of the SSI has a probabilistic background, and therefore might be more difficult to interpret without the proper knowledge of the index, it allows the direct comparison of streamflow time series based on diverse hydrological regimes (Rivera and Penalba, 2018). Moreover, standardized indices have been recommended by the World Meteorological Organization (WMO) for the characterization of drought events. For example, WMO HydroHub (https://hydrohub.wmo.int/en/home) is expected to provide hydrological services through the monitoring of low and high streamflow levels using drought indicators as the SSI and the threshold level method. Considering that the occurrences of hydrological droughts are the result of the propagation of the snow drought signal through the hydrological cycle over CWA, we believe that 5 snow pillows are not enough to provide a proper characterization of winter precipitation over the Andes mountain range. The snowpack observations are used for the annual streamflow forecast that the main irrigation authorities generate between October and November. To illustrate a potential application of the hydrological drought indices, we calculated the SSI3 using the streamflow forecast for Mendoza River produced by the DGI for the period between October 2020 and September 2021. Figure 11 shows the observed evolution of streamflow and SSI3 for Mendoza River between October 2019 and September 2020, together with the streamflow and hydrological drought forecast. The forecast indicates below-normal conditions for all the months, with 10 out of 12 forecasted months under moderate hydrological drought category and a slight recovery, although with below-normal streamflows, between December 2020 and January 2021 (Figure 11). This provides information related to the hydrological drought categories, that is more meaningful than the comparison between forecasted streamflow and long-term streamflow average. Even when the streamflow forecasts have a good performance, we think that a major improvement can be achieved using remote sensing of snow, combined with the use of seasonal temperature forecasts for the estimation of the snowmelt pulse (Bennett et al., 2019; Washington et al., 2019).
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FIGURE 11. Hydrological drought forecast for the Mendoza River based on the SSI3. The monthly observed streamflow was complemented with the streamflow forecast generated by the DGI from October 2020 to September 2021 to calculate the SSI3 and the corresponding hydrological drought category.


Little research has been done on the occurrence and propagation of droughts in groundwater (Mishra and Singh, 2010; Wendt et al., 2020). The interaction between groundwater and surface water is ignored because the connection is difficult to observe and measure and, therefore, even more difficult to consider in policy (Mizzell and Lakshmi, 2003). The recent decade of hydrological drought in CWA showed the pivotal role of groundwater to mitigate surface water scarcity, with aquifers likely overexploited to satisfy human consumption, ecological demands, and irrigation in the agricultural oases. There is limited information about the quality and volume of groundwater over those areas. Gomez et al. (2014) detected high salt content and hardness in an aquifer located between Mendoza and San Juan basins, with a signature of human activities due to increased nitrate concentrations near livestock gathering areas. Irrigation return flows from the agricultural areas were linked to the increases in groundwater salinity levels (Gomez et al., 2021). Arsenic levels over this area were also well above the international quality standards, with negative effects on the health of rural communities (Gomez et al., 2019). Long-term monitoring of groundwater levels over CWA has been performed by private companies that manufacture products as bottled mineral water. Those datasets are not publicly available for the scientific community, which precludes improving our understanding related to the propagation of drought signal through the different components of the hydrological cycle. To overcome this limitation, we analyzed the variations in the WET anomalies estimated from GRACE missions for the period between 2002 and 2020. Figure 12 shows the temporal evolution of WET over the CWA. Negative anomalies are evident since 2010, with large water losses during the summers of 2011/12 and 2013/14, higher than 10 cm (i.e., 10 cm layer of water over all CWA), followed by a short period of drought recovery between 2016 and 2018. Since 2018 there is a trend toward more negative anomalies of WET, likely reflecting an increase in groundwater demand due to the hydrological drought conditions. Considering the complete period of estimations, there is a clear trend that reflects water losses over CWA, in line with previous results from Rodell et al. (2018) and Tapley et al. (2019). This trend can be linked not only to groundwater overexploitation but also due to low snow accumulation, streamflow deficiencies, reductions in glaciers and in lake and reservoirs levels over the last decade.
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FIGURE 12. Temporal evolution of the monthly WET anomalies over CWA retrieved by GRACE (2002-2017) and GRACE-FO (2018-2020) missions. Gray bars indicate missing data.


Some drought adaptation management plans combine the information from drought indices and groundwater resources to ensure sustainable water resilience and governance (Al Adaileh et al., 2019). Considering the heterogeneity of the soil in the oases of the region, the diversity of crops, and the occasional water supply from rainfall, this strategy should be complemented with the monitoring of soil water content in order to improve irrigation management and water use efficiency (Nolz et al., 2016; Barker et al., 2017; Hu et al., 2019; Lei et al., 2020).




CONCLUSIONS

This work characterized the most severe and long-lasting hydrological drought period over Central-Western Argentina, which started in 2010 and is expected to continue through much of 2021. Two of the most widely-used hydrological drought indices were calculated based on high-quality streamflow data from 15 basins located in the arid and semi-arid Andes between 30°S and 37°S. This hydrological drought originated from a snow drought condition over the higher elevations of the Andes mountains, favored by a combination of several atmospheric and oceanic features that generated a southward displacement of the storm-tracks, leading to a decline in winter snowfall. While we only provided evidence for the reduction of regional snow accumulation and streamflows, the evaluation of the impacts associated with this drought event indicated that the drought signal propagated through other components of the hydrological cycle, with a decline in water bodies as lagoons and lakes, reservoirs and dams, but also favoring glacier shrinkage and increasing pressure on the groundwater resources. In this sense, the use of satellite estimates of Water Equivalent Thickness can be considered as an integrator of the available water resources in the region, which exhibit a declining trend over the last 20 years.

Three sub-periods can be identified considering the temporal changes in hydrological drought severity, which are consistent with the fluctuations in snow accumulation over the higher elevations of the Andes mountains. The first period covers the hydrological years from 2010/11 to 2014/15, when reduced snowpack led to below-normal streamflow, affecting particularly the Mendoza River basin. In average, the region registered close to 300 days per year with streamflows below the Q70 threshold, with more than 120 days with streamflows below the Q90 threshold. The SSI3 indicated that at least 60% of the basins were simultaneously affected by hydrological drought conditions between July 2010 and June 2015, with the highest severity levels recorded during 2011 and 2014. A partial recovery in streamflows was observed during the period 2015/16-2016/17 due to the near-normal snow accumulation over the Andes. Drought severity levels decreased over much of the basins located north of 35°S, with almost half of the annual number of days with streamflows below the selected thresholds compared to the previous sub-period. Nevertheless, the more recent 2017/18-2019/20 period had record-breaking hydrological drought severity levels over most of the analyzed basins. More than 90% of the hydrological year 2019/20 had extreme hydrological drought conditions, although with a heterogeneous spatial pattern. The spatial extent of the hydrological drought identified through the SSI3 set record values for the severe and extreme drought category, particularly between October 2019 and January 2020, a period where the demand for water is particularly high for irrigation and domestic consumption. Therefore, according to the spatial extension, duration, and severity of this event, the recent decade of hydrological drought is unprecedented in the last 50 years of streamflow records over CWA. It must be noted that, although the different datasets used in the study differ in its measurement periods, all confirm the unusualness of the recent decade of drought.

Different approaches were considered by local water managers to face the hydrological drought conditions. Nevertheless, the widespread impacts linked to the severity of this drought event were evident in the main socio-economic sectors of CWA, with a reduction of water for irrigation that mainly affected agriculture and livestock. Hydropower generation was reduced or even interrupted due to dams levels below operational requirements, affecting also tourism and recreational activities due to low lake levels. The main reservoirs had a pivotal role for drought mitigation purposes, although the wetlands located in the lower portions of the basins of CWA were affected by the water management in the middle portions of the basins, calling for a better quantification of ecological water requirements in the region. We discussed options for the implementation of a system based on the monitoring of hydrological drought indices. The indices used in this study are easy to calculate and to interpret, the colors used are intuitive for the quantification of drought severity levels, and streamflow data can be freely accessed online. Those indices can be computed using the streamflow forecasts that are routinely generated by the local irrigation authorities, allowing the prediction of drought severity levels. This was illustrated with example of hydrological drought forecasting for the period between October 2020 and September 2021 using the SSI3 based on streamflow forecasts for Mendoza River basin. Moreover, we consider that a better quantification of both the snow amount and groundwater volumes can assist decision-makers and irrigation authorities to evaluate water resources availability and to declare drought severity status.
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Lat (°S)
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32.87
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33.78
34.66
35.20
35.10
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35.87
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36.80
37.08

Lon (*W)

69.70
69.17
69.77
69.76
69.76
69.24
69.27
69.31
69.78
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69.80
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69.89
69.89
69.75

Elevation

(m)

1923
1310
2406
2400
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1302
1750
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Period

Jul 1971-Jun 2020
Jul 1971-Jun 2020
Jul 1971-Jun 2020
Jul 1971-Jun 2020
Jul 1971-Jun 2020
Jul 1971-Jun 2020
Jul 1971-Jun 2020
Jul 1971-Jun 2020
Jul 1971-Jun 2020
Jul 1971-Jun 2020
Jul 1971-Jun 2020

Jul 1971-Jun 2020
Jul 1971-Jun 2020
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Mean annual
streamflow (m?/s)

19.6
57.9
6.9
45
242
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282
322
103
36.1
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Tl
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36.7
144.4

Mean annual
discharge (hm®)

609.3
1800.5
216.14
1415
7521
1483.1
8782
1001.7
3219
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156.3
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3162.0
1140.1
4500.6
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