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Recent studies documenting climate variability in South America have provided valuable information for understanding current and past dynamics of the climate system. Long meteorological records represent an essential tool to properly characterize climate fluctuations from decadal to multi-decadal scales. Unfortunately, the scarcity of continuous and homogeneous instrumental records is a major constraint to determine long-term variations in South America. Our knowledge of the forcings modulating the hydrological variability in mountains is still limited, despite their importance as freshwater sources for people living in the adjacent piedmonts and lowlands. The objective of this work is to determine the spatial–temporal variability of precipitation in the humid subtropical Andes and the Chaco region in North Western Argentina (NWA). Thirty-four rainfall records covering the common period 1934–1990, partially updated to 2016, were used to extend and identify the dominant patterns of seasonal to annual hydroclimatic variability based on principal components analysis. Intensity and frequency of droughts and pluvials (<5th and >95th percentiles, respectively) were determined for the dominant patterns of variability. Our results show a positive trend in precipitation since 1970s in all temporal patterns and sub-regions. In addition, precipitation variability (both positive and negative extremes) increases during these last decades. Correlation analysis with sea-surface temperatures and wind anomalies during summer, reveal Amazon moisture sources and large-scale oceanic controls on NWA precipitation. The extended precipitation series shows that the frequency of pluvials has increased since the 1970s interrupted by few extreme droughts. This record can be considered representative of precipitation variations across NWA, including different environments in the Chaco, sub-Andes, and Puna.
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INTRODUCTION

During the last decades, studies focused on documenting the climate variability along South America have provided valuable information to understand current and past dynamics of the climatic system (i.e., Vera et al., 2006; Aceituno et al., 2009; Garreaud et al., 2009; Neukom et al., 2009, 2010; Vuille et al., 2012). In this context, extensive instrumental records represent an essential tool to properly characterize the climate fluctuations on interannual to multi-decadal scales. Nevertheless, the scarcity, and in some cases the total absence of meteorological records in montane environments has prevented a comprehensive view of long-term climate variability in subtropical South America. This feature contrasts with the fact that these subtropical areas, and particularly the northwestern Argentina (NWA hereafter), contains some of the most important palaeoclimatic records in South America derived from tree rings (Boninsegna et al., 2009; Ferrero, 2011), lake sediments (Piovano et al., 2014), and documentary data (Neukom et al., 2009).

The mountain ecosystems of the subtropical/tropical Andes in South America are highly sensitive to changes in rainfall patterns (Diaz et al., 2003; Vuille et al., 2008; La Sorte and Jetz, 2010; Carilla et al., 2013). Recent studies have been conducted to better understand the effects of the climate variations on montane ecosystems in South America (Báez et al., 2015; Fadrique et al., 2018). In South America, several rivers originate on upper-elevation mountain basins (Viviroli and Weingartner, 2004) and are vital to natural and human-cultivated ecosystems in the mountain valleys and adjacent lowlands. This is particularly the case in arid and semiarid regions along the Andes, where water from mountains contributes between 50 and 90% to total streamflow (Messerli et al., 2004). Sparse and topographically biased hydroclimatic records (Briggs and Cogley, 1996) showing large errors in measurements (Sevruk and Kirchhofer, 1992) fail to describe the high-spatial heterogeneity of climatological and hydrological patterns in the mountains. A detailed assessment of the variability affecting mountain hydrology is needed given the importance of mountain as sources of freshwater (Masiokas et al., 2013).

Familiar or extensive agricultural activities, hydropower production, and natural hazards (floods, landslides) are strongly linked to inter-annual or longer hydroclimatic variations. The Andes in NWA comprise a relatively narrow belt (100 km wide) of mountain ranges where the upper basins of major rivers (Pilcomayo, Bermejo, Salado) are located. Discharges from these rivers cross throughout 1,200 km the semiarid lands in the Chaco region to join the major tributaries in La Plata basin. The main rivers in La Plata basin (Paraguay, Paraná, Uruguay) as well as important tributaries (Bermejo, Salado, Iguazú) have increased their mean flows since the mid-1970s, as well as the frequency of extreme discharges events (Barros et al., 2015; Ferrero et al., 2015). This increase up to 20–35% in annual discharges continued during the 1990s with a reduction at the beginning of the 20th century; however, most current river discharges are well-above those recorded before the 1950s. During the 1970–2000 wet period, substantial land-use changes in the Paraná and Paraguay upper basins intensified the extreme discharges (Garcia et al., 2011; Nosetto et al., 2012). Synergistic events of heavy rains have led to landslides in the mountains and downstream inundations, some of which severely affected the cities in NWA (i.e., Tartagal, Salta province; i.e., La Nación, 2009; Página12, 2009). These events have led to severe damages in infrastructure with large societal and economic implications. For instance, natural hazards associated with intense rainfall events in early 2007s in the eastern Central Andes affected more than 133,000 households and resulted in estimated costs of 443 million dollars (Latrubesse and Brea, 2011; Boers et al., 2014).

Most meteorological records in NWA are short, not homogeneous and with many absent data. The longest records come from the most important cities. The National Meteorological Service (SMN) of Argentina has traditionally compiled these records. Unfortunately some of these stations were dismantled; others were affected by the growth of the cities and their subsequent relocation in the city respective airports. On the other hand, the complex mountainous topography in NWA introduces marked gradients in temperature and precipitation and reduces the similarities in climate patterns among relatively nearby stations.

In the present contribution, we compile and analyze the largest climatic databases for long-term precipitation records available for the subtropical Andes and Chaco in NWA. We identify the main spatio-temporal patterns of precipitation variability in the last 100 years, evaluate the most significant dry-moisture intervals, and establish the relationships between subtropical NWA hydroclimate and large-scale climatic forcings.

MATERIALS AND METHODS

Study Region and Climate

The study area encompasses the South American subtropical region between 22 and 29° S and from 62.5° to 67° W. From east to west this region includes the western dry Chaco lowlands, the flanks of the sub-Andean and Andes ranges and the eastern sector of the Puna/Altiplano (Figure 1). The NWA includes the provinces of Jujuy, Salta, Tucumán, Catamarca, and Santiago del Estero. The population of the region is close to five million inhabitants and represents 11.6% of Argentina total population of Argentina (Instituto Nacional de Estadísticas y Censos República Argentina [INDEC], 2010).
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FIGURE 1. Study region and spatial distribution of the precipitation stations (red dots) across North Western Argentina (NWA). Thick (thin) black lines represent international (provincial) borders. The changes in elevation (right bar) separate the Chaco lowlands (<500 m) in the eastern sector from the sub-Andean ranges (900–2,000 m) and the Puna (>2,500 m) in the western sector of the study area.



Climate is of the monsoon type, with 80% of annual precipitation concentrated in summer season (from October to March), and hence with a marked dry winter season. The South America Summer Monsoon (SASM) is induced by low-latitude temperature differences between the continent and the oceans and modulates the atmospheric circulation over tropical–subtropical South America in summer (Vera et al., 2006; Garreaud et al., 2009). The onset of the wet season in central and southeastern Amazonia typically occurs between the end of September and early October and by late November deep convection covers most of the central South America from the equator to 20° S. As a regional response to the strong convective heating over the Amazon, an upper-level high-pressure cell, called the Bolivian High, is formed in summer. At low levels, a deep continental low is generated over the Chaco region (the Chaco Low). The interactions between circulation associated with the Chaco Low and the Andes reinforces the transport of moisture from tropical to subtropical South America. The regional intensification of the air circulation east of the Andes is due to the South American Low-Level Jet (SALLJ), which transports considerable moisture between the Amazon and La Plata basin over the subtropical plains as far as 35° S (Nogues-Paegle and Mo, 2002; Saulo et al., 2004). The SALLJ can be enhanced or restrained by the South America Convergence Zone (SACZ) which characterizes intraseasonal rainfall variability over South America: enhanced precipitation over the SACZ is accompanied by decreased rainfall in the subtropical plains while the opposite phase is associated with increased southward moisture flow from the Amazon region, and increased rainfall in the subtropical plains. Between March and May, the SASM decay phase begins, as regions of heavy precipitation over the southern Amazon and central Brazil decrease, and gradually migrates northwestward toward the Equator (Vera et al., 2006).

In NWA, humid air masses moving from northeastern to southwestern collide with the mountain ranges, forcing the air to rise and cool generating abundant orographic precipitation. The steep topography of the sub-Andean ranges influences total annual rainfall and its spatial distribution. Precipitation increases on the slopes with eastern exposure, which in turn produces “rain shadow” effect leeward, creating drier environments in the intermountain valleys. On the wetter slopes, rainfall varies from 800 to more than 2,000 mm/year. Mean annual temperature oscillates from 22°C in the Andes piedmont to less than 15°C above 2,000 m.

Datasets

We used the longest and most complete monthly precipitation records from a large network of stations compiled by Bianchi and Yáñez (1992) and the Argentinean Weather Service (SMN). Due to the marked orographic component, rainfall in NWA is unevenly distributed. Therefore, to capture most variations in spatial precipitation distribution is necessary to count with a numerous and dense net of observations covering different environments. The most important network of precipitation stations in the region was maintained by the General Belgrano Railway. Each railway station was equipped with a rain gauge, and the records taken by the operators. Bianchi (1981) published a first collection of climate data, including 378 stations located in NWA and the provinces of Formosa and Chaco. Most of the rainfall stations cover the period 1934–1978. A second compilation by Bianchi and Yáñez (1992) updated most stations to the year 1990. With the privatization of the state railway company, most of the stations were closed and definitely dismantled in 1990, losing in turn the most important rainfall network for subtropical NWA. From a total of 82 precipitation records, 34 were selected based on quality (homogeneity, less than 5% of missing data), temporal extent (period 1934–1990) and spatial distribution (Table 1 and see Supplementary Figure 1). These stations were retained and analyzed after a quality control and gap-filling procedures (Supplementary Material). Stations from SMN Argentina, Subsecretaría de Recursos Hídricos (SSRH), provincial webpages and KNMI Climate Explorer were also incorporated in our database. Data available for the same localities but from different sources were compared using visual inspection and correlation analyses, and when possible, updated to 2016. Nevertheless, the low number of updated records (nine) conditioned our spatial analysis to the period 1934–1990, when 34 records are available across the study region. Precipitation at the Rivadavia (RIV) station, located at the lowland Chaco was recorded from 1912 to 1990. Since RIV represents the earliest record in the Chaco, we updated it using Las Lomitas (LOM) precipitation record (period 1953–1990). Although separated by a relatively long distance (>250 km) LOM is the closer station to RIV and located at similar environmental conditions (common period 1953–1990; n = 37, r = 0.51, p > 0.05).

TABLE 1. Precipitation stations from NW Argentina used in the present study.
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Statistical Approach to Variability Patterns

Patterns of spatial and temporal variability in NWA precipitation were identified by using principal component analysis (PCA; Wilks, 2011). PCA reduces the total variance in large data sets to fewer representative variables. To determine the main patterns of rainfall variability, monthly data for each precipitation series were annually and seasonally grouped. The annual pattern was based on total annual precipitation from July (year t) to June (year t+1) intended to include the summer maximum from October to March (Vera et al., 2006). To identify the precipitation variability at seasonal scales, monthly precipitation data was grouped into the wet (October–March) and dry (April–September) seasons. The main spatial modes of precipitation variability were determined by performing PCA without rotation to maintain the original structure of the data. The contribution (loadings) from each meteorological station to the PCs was plotted as maps using Kriging interpolation (Golden Software Inc., 1994). Moving standard deviations (21-year-period) lagged by 1 year were estimated for the wet and dry season first principal components to assess the precipitation variability through time.

Principal components analysis captures the dominant modes of variability but is temporarily reduced to the common period among series (i.e., in our case 1934–1990). In order to extend the temporal coverage of the dominant modes of precipitation variability, composite records were created based on those precipitation records showing the strongest relationships (>0.40) with each PC. We emphasize the analysis in the wet season given that October to March precipitation concentrates over the 80% of annual precipitation, and consequently, constitutes a good representation of the annual hydrological cycle. Since all stations contributed to PC1 with the same sign, a single composite record associated with PC1 was developed. In contrast, both PC2 and PC3, which represent opposite patterns of precipitation variability across the study area, have negative and positive contributions. In consequence, we built two independent composite series in relation to the negative and positive contributions to PC2 and PC3. The selected instrumental stations included in the composite records were transformed to Z-scores. As a consequence of using normalized standard deviations, each station, independent of its particular precipitation range, has the same weight in the composite record. The normalized precipitation series associated with each PC were averaged to develop the extended precipitation records representative of the dominant modes of variability in NWA. Most composite records start in the mid-1910s and extend to the year 2016. Finally, the extended composite records were reduced by mean of PCA to capture the century-long temporal hydroclimatic variability in NWA.

The long-term first principal component was transformed to percentiles to detect the intensity and distribution of droughts and pluvials (<5th and >95th percentiles, respectively) along the past 100 years (1912–2016). This procedure was conducted assuming that the 50th percentile corresponds to the mean value of PC1 of the composite series. Each value was then categorized within the following five categories: P20 (value between 0 -the minimum value of the series- and 20), P40 (value between 20 and 40), P50 (value between 40 and 60), P60 (value between 60 and 80), P80 (value between 80 and 100 -maximum value of the series). At the same time, we calculate the values within the 5th percentile (values that fall below 5% of the lowest data) and the 95th percentile (values that fall within 5% of the highest values in the series). The P5s were taken as extreme dry values or “droughts,” whereas the P95s were considered as extreme abundant rains or “pluvials.”

Abrupt changes in precipitation over time were assessed using the Rodionov shift detection test1 (Rodionov, 2004, 2006). The Rodionov’s technique identifies the most significant changes in mean conditions along the time series. This procedure is based on the calculation of a regime change index combined with the sequential application of Student t-statistic to determine the period and significance of possible changes in the mean values in the regimes.

To evaluate the spatial representativeness of the extended precipitation records and determine the major forcings of rainfall variability in NWA, the extended PC1 was compared upon with the precipitation gridded dataset from the Climate Research Unit (CRU TS v4.01) across South America. In addition, the spatial pattern of correlation between the extended PC1 and sea surface temperature (SST) across the South Atlantic Ocean were computed on the base of the HadISST 0.5° × 0.5° gridded data set. The monthly SST anomalies over the Atlantic Ocean embracing the area from 55 to 30° W and from 20 to 45° S were extracted to compare with our extended PC1. Finally, to determine moisture sources and transport toward our study area wind direction and velocity for the five wettest and driest years derived from the extended PC1 were determined over South America. The facilities at the KNMI Climate Explorer2 and the NCEP-NOAA webpages were used to build the spatial correlation patterns3 and establish the wind seasonal anomalies4.

RESULTS

The selected 34 precipitation records in NWA (Table 1) cover the common 1934–1990 period, with only nine stations updated to 2016. Total precipitation at the individual stations is highly variable (Figure 2). At the Chaco lowlands (<200 m asl) rainfall decreases from east to west, reaching minimum values toward the base of the sub-Andean ranges (i.e., JOA; see Table 1). After that, precipitation increases on the slopes of the sub-Andean range until reaching a peak between 1,000 and 1,300 m elevations (i.e., 1,125.6 mm/year (MON). After that, gradual but persistent decreases follow with elevation to drastically drop at the Altiplano–Puna (TIL, HUM stations in Jujuy, or TAS in Salta province) above 2,500–3,000 m elevation.
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FIGURE 2. Spatial pattern of total annual precipitation in NWA based on 34 stations for the common period 1934–1990 (see Table 1). The changes in the upper color surface plot are related to variations in total precipitation at each of the 34 stations in the NWA network. The graph below shows the same precipitation data across provincial territories. Colors refer to total annual precipitation in mm.



Predominant temporal patterns for annual, wet- and dry-season precipitations were identified for the 1934–1990 common intervals (Figure 3). The PC1 for annual precipitation explains 34.4% of the total variability. Similar percentages are registered for precipitation in the wet (October–March, 33.2%) and dry (April–September, 35.4%) seasons. As expected, both annual and wet-season precipitation (Figure 3, top) show very similar temporal variations (r = 0.979, p > 0.05, n = 56) since as stated above, the wet months (October to March) concentrate between 80 and 90% of the annual precipitation. The PC1 for the dry season (Figure 3, mid) shows some similar patterns over time including more abundant precipitation after the year 1970. This increase is known as the “climatic jump” in precipitation for NWA (Minetti and Vargas, 1997). Standard deviations (21-year moving window) of wet and dry seasons (Figure 3, bottom) increase after 1970s, maintaining large values onward. The increase in variability for the dry season is even higher than for the wet season, suggesting larger interannual variability.
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FIGURE 3. Amplitudes of the first principal components (PC1) for (top) annual precipitation (July to June; black dashed line), wet (October to March; blue line) and (middle) dry seasons (April to September; below) for the common period 1934–1990; moving standard deviations (bottom) for the PC1s of the wet and dry seasons estimated over 21-year periods centered at the year 11. The red arrow indicates the “climatic jump” in precipitation at NWA.



The spatial dominant patterns of precipitation during the wet season (Figure 4) show that the PC1 is characterized by a uniform pattern through all NWA region (Figure 4A). In contrast, the PC2 associated with 10% of the total variance, shows opposite patterns between records above and below ∼900 m (Figure 4B). Finally the PC3, explaining 7.7% of the wet-season precipitation variability discriminates between the north- and south-subregions in NWA (Figure 4C). The three PCs cumulatively explain 51% of the total rainfall variability during the wet season in subtropical NWA. Figures 4D–F show the temporal expression of PC1, PC2, and PC3, respectively. As shown before, PC1 resumes the main variability in NWA rainfall characterized by an increasing trend in precipitation well above the mean after 1970.
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FIGURE 4. Spatial variations (loadings) of the three principal components PC1 (A), PC2 (B), and PC3 (C) for the wet-season (October–March) precipitation from the network of 34 weather stations (red dots) in NWA. The percentage (%) of the total variability explained by each PCs is indicated in parenthesis. Black thick line separates positive from negative station contributions to PC. The amplitudes from PC1 (D), PC2 (E), and PC3 (F) over the common period 1934–1990.



The extended hydroclimatic records for NWA during the wet season are shown in Figure 5A. The instrumental records from ORA, URU, TUC, COC, all stations located in the montane area were used to prolong PC1 (hereafter as “pcAll”). The composite records, which covers the interval 1874 to 2016, is highly correlated with PC1 (r = 0.92, p > 0.05, n = 56). PC2 contains positive and negative loadings that separate the component into altitudinal bands, and consequently, two precipitation series (lower and higher belts) were generated. The precipitation records positively related to the PC2 amplitudes (r = 0.62, p > 0.05, n = 56) is the records from the high-elevation La Quiaca (QUI) station (hereafter as “pcW”) located at 3,442 m. This precipitation series cover the period 1903–2016. The stations from the lower montane belt TUC and PHO are inversely related to PC2 (r = -0.40, p > 0.05, n = 56; hereafter “pcE”), also cover the 1874–2016 period. The instrumental records from BLA, RIV, SEN, TOB, all stations located in north-eastern Chaco region, are significant negatively correlated with PC3 (r = -0.68, p > 0.05, n = 56; hereafter “pcN”) and extends from 1912 to 2016. Finally, the records from the stations in the south-eastern Chaco lowlands (EST, LAV, LOR), which are significantly positive related to PC3 (r = 0.50, p > 0.05, n = 56; hereafter “pcS”) cover the interval 1903–2016.


[image: image]

FIGURE 5. (A) Composite normalized precipitation records associated with the three principal components (PC1, PC2, and PC3 in Figure 4) for the wet season (October to March) precipitation in NWA. pcAll corresponds to those stations better correlated (r > 0.40) with PC1; pcW and pcE correspond, respectively, to the stations positively and negatively related with PC2; pcN and pcS correspond to the stations showing positive and negative correlations with PC3, respectively. The red lines at each series represent the means for different periods determined by the regime shift test (Rodionov, 2004). The upper blue bars (yellow/orange) correspond to periods of abundant (reduced) precipitation; the intensity of the color is in relation to the magnitude of the wet/dry period. (B) Regime shift index (RSI) represents the normalized anomalies relative to the magnitude of change in the means; the higher the RSI, the greater the difference between means. Green (orange) bars represent positive (negative) changes and the length of the bars corresponds to the magnitude of change during each climatic jump; darker green (orange) bars correspond to years where mean changes occurred in two or more series. All changes are significant for a p < 0.10.



The shift detection technique applied to the five extended precipitation records (pcAll, pcW, pcE, pcN, and pcS) shows a significant positive change starting in the 1970s and ending between 2008 and 2013 (represented by blue and yellow tick lines above the series in Figure 5A). There is also a non-significant positive shift around 1950–1960 (at pcAll, pcE, and pcN), but is not steady neither homogeneous in the individual instrumental series. The five extended composite records, which include 13 stations well distributed across NWA, show positive shift during the 1970s decade. Starting in the year 1973 the positive shift is detected in pcS stations, in pcAll and pcE in 1975, in pcW in 1977, and finally pcN in 1979. These increases in precipitation are relatively stable in all series until approximately the year 2010, showing some differences depending on sub-regions. The pcAll, pcW, pcE, pcN records (Figure 5A), integrating most NWA stations show a negative shift between 2008 and 2013, which has persisted until the last year on record (2016). The stations from the SE Chaco (series pcS) show, on the contrary, a second positive shift from 2013 to 2016. However, the significance of these recent changes is difficult to validate due to the short period considered. The magnitudes and years at which these jumps in precipitation occurred are displayed in Figure 5B according to the regime shift index (RSI). The first positive anomalies (green bars) in the five series representative from NWA occurred during the 1970s showing different magnitude but remained stable until approximately 2010, when all records displayed contrasting negative anomalies (orange bars) with the exception of pcS, the only series with a new positive anomaly in the year 2013.

The PCA of the five extended instrumental precipitation records from the wet season in NWA (hereafter PC1.ext) is shown in Figure 6. The PC1.ext retains 53% of total variability, covers the interval 1912–2016 and captures the dry years during the first half of the 20 century and the increase in precipitation from 1970s. The positive tendency (dotted line) along the precipitation series accounts for this trend. According to the Rodionov test (bars above) the positive shift in precipitation occurs from 1976 and lasts until 2008, where a negative shift in the mean precipitation conditions is registered. According to the PC1.ext values transformed into percentiles, years ranging between P20 and P40 are more frequent during the decades of 1920, 1930 and 1940; from the 1970s onward, precipitation amounts that reach the P80 prevail. Since the 2005, however, years of abundant rainfalls (P80, years 2006 and 2007) alternate with dry years (P20, year 2011) and extreme droughts (P5, year 2012) suggesting an increase in precipitation variability.
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FIGURE 6. The first principal component (hereafter PC1.ext) from the five precipitation normalized precipitation records shown in Figure 5, associated with wet season precipitation across NWA. This PC1.ext covers the period 1912–2016 and explains 53% of summer precipitation variability in NWA. Blue (orange) bars are associated with periods of abundant (reduced) precipitation determined by the regime shift test (Rodionov, 2004); dotted line represents the linear trend over the whole 1912–2016 period (p < 0.0001). The graph below represents the same data but transformed into percentiles. P20 (from the minimum value to 20), P40 (between 20 and 40), P50 (between 40 and 60), P60 (between 60 and 80), P80 (80 to the maximum value of the series); blue (brown) triangles represents values above 95% (below 5%) of the precipitation series, which are considered as extreme pluvials (or severe droughts).



Our precipitation PC1.ext record is highly significant and positive correlated with October–March gridded surface rainfall over tropical–subtropical South America during the interval 1915–2015 (Figure 7A). Significant correlations are recorded over southern Bolivia, western Paraguay and the northwestern sector of Argentina, encompassing the upper part of binational basins of the Pilcomayo and Bermejo rivers. The positive relationships also reaches the dry region known as the “arid diagonal” over central Argentina, implying that the PC1.ext contains a spatially large precipitation signals across the South American subtropics.


[image: image]

FIGURE 7. Spatial correlations between PC1.ext from normalized summer NWA precipitation and (A) CRU TS 4.01 gridded precipitation (0.5° × 0.5°) from summer (October to March) over the period 1915–2015 period (blue correlations) and the South Atlantic Ocean surface temperature (SST) from HadISST 1° reconstruction for October–March along the 1915–2015 period (red correlations). (B) Spatial correlations between PC1.ext and meridional wind (shaded correlations) and direction (arrows) at 850 mb mean field for October–March season. (C) Spatial correlations between PC1.ext and zonal and meridional wind velocity (shaded) and direction (arrows) at 850 mb composites for the 5 years with the most extreme positive precipitations in PC1.ext (years 1983, 1991, 1996, 1998, 1999); (D) the same as (C) but for the 5 years with the most extreme negative precipitations (years 1950, 1971, 1988, 2011, 2012). Shaded bars show correlations (r) and wind velocity (m/s) accordingly. Wind correlations and composites were extracted from NCEP-NCAR reanalyses (period 1948–2016 available). Rectangles in (A–D) highlights the NW Argentina study area.



Variations in PC1.ext are also related to SST over the South Atlantic during the spring–summer (October–March) season. Significant positive Pearson’s coefficients appear over a large oceanic area in the subtropical Atlantic Ocean (from 20 to 45° S). Over the 100-year period (1912–2016) a correlation coefficient of r = 0.49 (p < 0.05, n = 105) result from comparing our PC1.ext with seasonal (October–March) variations in sea surface South Atlantic temperatures (Supplementary Figure 2). Correlations between PC1.ext and vector wind anomalies at 850 mb for the period 1948–2016 show positive values alongside the equatorial tropics region and the mountain fringe over the subtropics from 15 to 35°S; negative correlations are located over the south-eastern South America region for the same spring–summer season. The composite mean of the five most extreme wet years (derived from PC1.ext) and wind direction and velocity at 850 mb (for 1948–2016 available reanalysis period) over South America (Figure 7C) indicate a significant air flow associated with moisture transport from the tropical Amazon region toward NWA. Figure 7D is the same analysis but for the five most extreme dry years and shows large wind circulation values centered at the eastern South America region and over southern South Atlantic Ocean.

DISCUSSION

The present study provides an updated and long-term overview of interannual variations in precipitation in NW Argentina. This region embraces extreme diverse subtropical environments covering from the western lowland Chaco, the sub-Andean ranges to the upper-elevation Prepuna. Strong east–west rainfall gradients interact with marked temperature variations induced by elevation changes. Comparatively, climate variability in the region has been less studied than the nearby south-eastern South America (SESA). SESA contemplates an area of capital importance since it is the nucleus of the agricultural production which significantly contributes to the gross domestic product (World Bank data, 2018). On the other hand, the population in NWA represents ∼10% of the total of Argentina inhabitants (Instituto Nacional de Estadísticas y Censos República Argentina [INDEC], 2010) with an economy that largely relies on agriculture (traditionally tobacco, sugarcane, and critics; more recently soybean production) (Grau et al., 2005; Gasparri and Grau, 2009). This makes the region’s economy very sensitive to climate variations; 20% of the population lives in rural agricultural areas, while a considerable proportion live in small towns or in marginal areas of the large cities where climatic catastrophes are more pronounced due to the lack of infrastructure [i.e., in the last years: Tartagal (Salta) February/2006, February/2009; Balcozna (Catamarca) March/2015; northern valleys and Capital City (Catamarca) April/2017; Tilcara (Jujuy) February/2017, February/2018; Las Lajitas (Salta) March/2017; Santa Victoria Este (Salta) February/2018; Apolinario Saravia (Salta) October/2018]. Thus it is necessary to achieve a deeper knowledge about the forcing and recurrence of these severe climatic events that affect the socioeconomic activities in the region.

We compiled the meteorological records available to provide a robust estimate of the spatial–temporal variability of precipitation in NWA. The rugged topography introduces a wide range of environmental gradients that induce marked differences in precipitation regimes between nearby localities. However, regardless of location, all station display similar behavior on precipitation variability. PC scores for the annual (July–June) and wet (October–March) seasons, show that precipitation is concentrated in the summer period. PC1 scores of the dry season (April–September) show similar trends to PC1 for the wet season. Interannual variation of dry-season precipitation show persistence from conditions during the previous wet season, i.e., a wet rainy season is followed by a relatively humid dry season (i.e., Grimm and Saboia, 2015). However, there is a greater interannual variability in the records of the dry season even after the increase in rainfall in the 1970s. The moving standard deviations after 1970 show values that rise significantly; this occur when year-to-year values change dramatically. The large interannual variability recorded for the dry season could reflect the extreme low or even absent rainfall during this period in some years. From June to September, the NWA stations records rainfall ranging from 0 to 4 mm over the entire period. In general, the precipitation standard deviations during the winter dry season are higher than in the wet season, so winter precipitation is much more variable, occurring in some sites as snow precipitation.

In spite of this interannual pattern, the entire NWA region (from 22 to 30° S and from 62.5 to 67° W) exhibits a dominant, homogeneous pattern of interannual precipitation variability. The spatial representation of the PC1 October–March (wet season), reveals that this uniform pattern of interannual variations in NWA precipitation occurs in the 33.2% of the years (Figure 4), where wet (or dry) years are commonly occurring across the entire region, regardless of local variations associated with topography. For the period 1916–1990, Barros et al. (2000a) noted that the first principal component of the interannual precipitation variability along subtropical Argentina show a spatial pattern with abundant/reduced precipitation across the whole region, an indication that precipitation variability in NWA is largely influenced by broad-scale processes. Garreaud (2000) observed that summer convective storms are organized in meso-scale bands that span in large areas across the Central Andes and cause similar patterns of seasonal rainfall throughout the region. In the Bolivian Altiplano, summer precipitation largely depends on tropical moisture sources (Garreaud et al., 2003). Wet and dry episodes, due to anomalies in the upper zonal winds, occurs all across the Altiplano. Higher-order patterns of spatial variability show associations between precipitation and topography in NWA. The spatial pattern related to PC2 October–March, which explains 10% of the total variability, shows that precipitation at lowlands (below 900 m) shows an inverse relationship with that recorded at upper elevations. Finally, the pattern related to PC3 October–March (7.7% of the total variability) reveals that the stations located at the northeastern sector in the lowland Chaco display rainfall variations opposite to those recorded in most NWA weather stations.

Castino et al. (2017) performed a detailed analysis on NWA precipitation and found, on the basis of 13 records, a positive trend across the area for the period 1950–2014, although not spatially homogeneous. Additionally, these authors also recorded mixed precipitation patterns with no significant trends at low elevations, mainly negative at high elevations, and positive at the transition between low and intermediate elevations. They also state that by using 0.5° × 0.5° gridded CPC datasets rather than gauge data in these mountain environments, some difficulties in the interpretation of the results can arise. Yet, the paper supports the evidence that precipitation behaves differentially both at low (eastern) and high (western) elevations, as shown in the PC2 October–March spatial representation for our 34 instrumental stations in NWA (Figure 4).

The amplitude scores of the principal components are very useful to characterize the temporal expressions of common variations in precipitation throughout NWA. The amplitudes of PC1 October–March show a clear positive trend for the period 1934–1990 and important increases or jumps in the mid-1950s and mid-1970s. Our results are consistent with Castañeda and Barros (1994) analysis of precipitation trends east of the Andes showing positive trends during 1916–1991 for most Argentinean territory, with two marked increases or “jumps” in the late fifties and mid-seventies, with the latter persistent last for at least two decades. The marked increase in precipitation during the 20th century facilitated the agricultural expansion (especially soybean) in the arid Chaco lowlands, following the cutting of approximately 147,000 km2 of dry forest for the year 2013 (Gasparri and Grau, 2009; Volante et al., 2016; Baumann et al., 2017). The precipitation in SESA region throughout most of the last century (e.g., Liebmann et al., 2004; Barros et al., 2008) induced a growth in agricultural production (Viglizzo and Frank, 2006) and a sustained increase in river flow (Genta et al., 1998). Finally, the temporal expression of PC2 October–March and PC3 October–March, which cumulatively explain 17.7% of total variability show not clear patterns trends in the long-term precipitation variability.

Further analyses were conducted to identify those stations that most contributed to the dominant modes of precipitation variability across NWA to merge them in composite records and extend the precipitation series representative of each PC. The PC1 October–March extension series (pcAll; Figure 5) is composed by four records located along the Andean range, and consequently, representative of precipitation in the mountain sub-Andean front. The pcAll extends from 1874 to 2016 and shows some extreme positive wet seasons at the end of the 19th century, positive anomalies from 1955 to 1960 and particularly from 1975 to 2008. After that, precipitation fluctuates along the mean with two dry. Consecutive 2011–2012 years. Similar trends in total annual precipitation have been reported by Penalba and Robledo (2010) along northern Argentina for the period 1961–2000. The additional modes of precipitation variability during the wet season (pcW, pcE, and pcN) show similar positive shifts along the 1970s and negative reversals in 2008 and 2013. Two positive changes are displayed in pcS during the 1970s and after 2013; however, the 2013 shift significance is dubious due to the short interval for evaluation (only 3 years). A similar pattern, but with opposite signs is recorded for pcW series. From an extreme positive event in 2013, precipitation in La Quiaca (QUI) recorded in 2015 the most extreme negative event only comparable in intensity to the year 1915. In both cases, additional data is necessary to establish the stability of the pcS and pcW changes during the last years.

The first PCA (PC1.ext, Figure 6) from the five updated precipitation records in NWA captures around 60% of the total rainfall variability and provides a representative regional record longer than a century (1912–2016). This extended record captures the main features in rainfall variability including the increase in precipitation in the 1970s that lasts for almost four decades to 2008, as registered not only by the interannual amplitudes, but also by the Rodionov shift test. This extended record is in agreement with multi-decadal precipitation variations derived by Lovino et al. (2018) from the GPCP gridded dataset for the nearby northeastern Argentina region. According to these authors, the first PC, which ranges from 1905 to 2010 and accounts for 60% of the total variance, shows a persistent wet period between 1970 and 2005, followed by a dry period thenceforth. As stated above, the increase in precipitation during the second half of the 20th century allowed the expansion of agricultural practices into the dry Chaco lowlands, an extent area formerly dominated by hardwood forests adapted to the extreme dry-hot conditions within the so-called “heat pole of South America” (Prohaska, 1976). Barros et al. (2000a), Penalba and Robledo (2010), Saurral et al. (2016), and Castino et al. (2017) found positive trends in annual precipitation in most of northern (central, NE and NW) Argentina from late 1950s to 2000. Agosta and Compagnucci (2008) found the occurrence of a prolonged wet event from 1973 to the 2000s. According to these authors, the transition from a cold to a warm PDO phase in 1976/1977 was the onset of the wet period associated with a southward enhancement of the SALLJ that transport moisture from the Amazon region.

According to the PC1.ext, precipitation values below 5% of the data appear evenly distributed along the 105-year record. On the contrary, five of the six wettest events are concentrated from the 1980s to 2010s. Although our analyses end in the year 2016, it is worth to mention that the austral summers of 2017 and 2018 (not shown here) has been characterized by extremely heavy rains, suggesting that the wet conditions still prevail across the NWA. These wet events affected the upper basins of the subtropical mountains of Argentina and Bolivia, causing the displacement of more than 20,000 inhabitants and the total loss of goods and cattle at the locality of Santa Victoria Este in the lowland Chaco due to an extreme flood by the Pilcomayo River (Clarín, 2018; El Tribuno, 2018; La Nación, 2018). The occurrence of extremely dry events in 2003, 2011, and 2012, suggests an increment of extreme precipitation events in NWA. For instance, Cavalcanti et al. (2011) recorded an increase in drier conditions for some regions in La Plata basin during the last decades, with the occurrence of severe droughts in 1988/1989, 1995/1996, and 2008/2009, which are also present, though with different intensities, in our PC1.ext precipitation series.

Several studies have reported close relationships between precipitation variations in SESA and El Niño conditions in the tropical Pacific (e.g., Aceituno, 1988; Montecinos et al., 2000; Nogues-Paegle and Mo, 2002). Some very wet years in PC1.ext are associated with very strong (e.g., 1983, 1997/1998), and strong (1991, 1987, 1973, 1965) El Niño events, whereas only the very strong La Niña event in 1988 was concurrent with an extreme dry year in NWA. According to Grimm and Tedeschi (2009) during the El Niño events the low-level barotropic anticyclonic anomalies extend from northern-central Brazil to southeast Brazil, increasing the moisture inflow from the Atlantic and strengthening the SALLJ east of the Andes. These conditions for dynamical lift and convergence of moisture enhance rainfall in SESA (see below). The effect of the intensified subtropical jet would explain the relationship between strong El Niño and extreme rainfall some years. Nevertheless, Penalba and Rivera (2016) state that there is a weak association between the ENSO events and precipitation intensity in NWA, which would explain the poor relationships between these variables. On the other hand, surface temperature changes in the Pacific and Atlantic seem to be related to long-time scale hydroclimatic variability in NWA. Changes in the PDO phases seem to be coupled with precipitation changes in NWA (Supplementary Figure 2). As aforementioned, the climate shift in the tropical Pacific in 1970s associated with a phase change of the PDO is significantly related to an enhanced activity and positive trends in the SALLJ (Marengo et al., 2004). In addition, interdecadal variability of around 15 years has been observed in the SACZ (and river flows in La Plata basin) by Robertson and Mechoso (2000). In line with these observations, a tree-ring based river flow reconstruction from NWA shows an oscillation mode centered at 14 years that explains 12.4% of the river flow variability over the last 300 years (Ferrero et al., 2015).

The onset of the South America monsoon occurs by September in the equatorial Amazon and spreads to the east and southeastern Brazil by October (Vera et al., 2006). According to Garreaud et al. (2009), large amounts of moistures from the tropical Atlantic Ocean is transported to the Amazon basin and southward to La Plata basin by the SALLJ in connection to the very intense continental low formed over the Chaco region (the “Chaco Low”). According to Vera et al. (2006) the SALLJ is other of the primary elements associated with subtropical South American convective systems and the strongest winds can be found between 15 and 20° S, over the Bolivian lowlands and Paraguay. In line with these observations, the spatial correlation field between PC1.ext and gridded CRU precipitation show significant relationships with precipitation over southeast Bolivia, western Paraguay and to approx. 30° S in the subtropics (Figure 7A). Vuille and Keimig (2004) observed similar spatial patterns for near-surface humidity and cloud coverage along the eastern Andes. This flow toward the east suggests a strong relationship between variations in the NWA precipitation and the strength of the SALLJ. The spatial correlations field between PC1.ext precipitation series and mean meridional winds in summer (October to March) shows this pattern of stronger winds along the eastern flank of the tropical–subtropical Andes to NWA (Figure 7B). The spatial correlations also capture the continental-scale gyre that transports moisture westward from the tropical Atlantic Ocean to the Amazon basin, which in turn is channeled to the south by the SALLJ.

The South Atlantic convergence zone (SACZ), a semi-permanent band of cloudiness and convective precipitation extending from southern Amazonia through southeastern Brazil to the surrounding Atlantic Ocean, is a distinct feature of the SAMS (Kodoma, 1992; Carvalho et al., 2004). At intraseasonal scales, the SACZ is responsible for a see-saw in precipitation over eastern South America (Nogues-Paegle and Mo, 1997; Diaz and Aceituno, 2003). Enhanced activity over the SACZ is associated with an excess of precipitation in its core and southern Brazil and a concurrent decrease in rainfall in the subtropical plains (northern Argentina, Paraguay, and Uruguay) (Gandú and Silva Diaz, 1998). The opposite conditions (increased southward moisture flux from the Amazon region) prevail during weak SACZ periods (Diaz and Aceituno, 2003). Interestingly, while positive relationships occur between the PC1.ext and monsoon summer circulation, negative relationships between our PC1.ext and summer winds emerge over the SACZ core. Hence, our composite precipitation series of NWA is capturing all important hemispheric patterns related to the summer monsoon circulation.

Given the relationship between tropical transport and SACZ, contrasting phases in the subtropical precipitation should emerge by comparing years with enhanced and reduced precipitation over NW Argentina. Based on the NCEP–NCAR reanalysis, the five wettest years in the regional PC1.ext precipitation series for the period 1948–2016 were selected to compose the hemispheric wind anomalies at 850 mb over South America. Figure 7C shows the emerging features of these comparisons consistent in the continental wind gyre from the tropics complemented with the SALLJ from the Amazon basin toward the subtropical (NWA) latitudes. Other circulation features associated with PC1.ext are the cyclonic-type wind anomalies on the west sector of the continent and the anticyclonic anomalies the southeastern Pacific that favor a strong subtropical low-level jet stream along the eastern flank of the central Andes (Diaz and Aceituno, 2003). This circulation pattern is consistent with a strengthened Chaco low over NWA, as revealed by the presence of positive 850 mb anomalies over the region (which in turn is consistent with a weakened SACZ). On the contrary, the composite from the five driest years in PC1.ext (Figure 7D) show exactly the opposite pattern to that described for the wet years. A core of cyclonic anomaly and enhanced circulation activity is located over Brazilian and the adjacent Atlantic Ocean (north of the mean position of the SACZ). On the other hand, a large anticyclonic circulation anomaly in the southern portion of the continent exerts a blocking effect on the westerly flow. Low-level zonal westerly (easterly) winds over tropical Brazil during summer are associated with an active (inactive) SACZ and moisture divergence (convergence) over SESA, implying a weak (strong) SALLJ (Herdies et al., 2002; Jones and Carvalho, 2002; Vera et al., 2006). The patterns shown in Figures 7C,D are consistent with the regional summer circulation (and rainfall) proposed for the South American monsoon (e.g., Nogues-Paegle and Mo, 1997, 2002).

One of the factors that influence the interannual precipitation variability in NWA is related to SST anomalies over the subtropical South Atlantic off the South American coast. The subtropical high over South Atlantic advects moisture from the ocean to the continent between 25 and 40°S, due to the pressure gradient between the south Atlantic subtropical high and the Chaco low (Nogues-Paegle and Mo, 2002). In addition, the SST anomalies could modify regional circulation by affecting vertical movements (Barros et al., 2000b). The anomalies located in the western subtropical South Atlantic can differentially influence the northeast and northwestern regions of Argentina (Robertson and Mechoso, 2000). According to Barros et al. (2000b) the SESA region receives moisture from the Amazon basin and the Atlantic Ocean, being the latter controlled by the SACZ position. These authors showed that a warmer SST is associated with a displacement to the south of the climatological position of the SACZ. A southward-displaced SACZ tends to be weaker (or absent) and could favor the development of a stronger low-level jet (Herdies et al., 2002). This translates in an enhanced moisture transport from the Amazon to the subtropical latitudes of South America. Figure 7A shows the significant positive correlations between NWA precipitation and sea-surface temperatures, with significant positive correlations between the two series for the last 105 years (Supplementary Figure 3). The correlation between SST and precipitation over NWA suggests that warmer SSTs promote a weaker SACZ and an enhanced advection of tropical moisture to NWA through the SALLJ (Diaz and Aceituno, 2003). On the other hand, long-term changes in NWA precipitation could be related to enhanced moisture flux partly driven by the Atlantic Ocean SST as suggested by Wang et al. (2018). The increase in the sea-surface temperature over the South Atlantic Ocean triggered a strengthened deep convection in the last decades, which resulted in areas with intensified convergence and increased precipitation such as the tropical Amazon basin and the subtropical Andean ridge. Overall, the Atlantic Ocean forcing on NWA precipitation variability is complex through changes in the intensity of the moisture source as well as on the influences on ocean-atmosphere circulation.

The increase in precipitation over NWA (22°–29° S and 62.5°–67° W) since 1970s identified in the 34 records (Supplementary Material) compiled in this study, from the Chaco lowlands through the Andean mountain range, to high-elevation Prepuna, suggesting that this change in mean conditions respond to large-scales climate variability. Castino et al. (2017) results reflect similar patterns in NWA, while Lovino et al. (2018) show analogous variations in the nearby region of northeastern Argentina. According to our records, the positive trend in precipitation has leveled during the last years (from 2010s). The interruption in the positive trend has also been identified in surrounding regions including the central-western Argentina (29°–36° S; Agosta and Compagnucci, 2012) and northeastern Argentina (Lovino et al., 2018). The recent changes in precipitation trends have been attributed by these authors to Pacific low-frequency SST variability. Marengo (2009) showed that hydroclimate variations in the Amazonia are characterized by decadal to multi-decadal cycles, which may also affect rainfall in the NWA (Figure 6). Nevertheless, Soares and Marengo (2009) determined that under a warming scenario, the moisture flux from tropical regions could increment in over 40%, which would accelerate the hydrological cycle and increase the frequency of the extreme rainfall events already detected in the northern Argentina region (Marengo et al., 2009).

According to Magrin et al. (2014), “the severity of the impacts from climate extremes depend not only on the extreme themselves but also on exposure and vulnerability” from humans. Heavy deforestation, poor economic conditions and infrastructure, and slow governmental responses, affect large areas in NWA and especially marginal sectors of the population. The capability of the precipitation record obtained by broad-scale instrumental stations in NW Argentina of capturing quite accurately the main features of the South American monsoon dynamics, opens the opportunity of deeper investigate the contributions of each large-scale forcing to the precipitation in these subtropical areas. The magnitude of coming hydroclimatic events has yet to be assessed to improve water managing and prevent repeatedly disasters in the subtropical Andean range and adjacent lowlands.
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Station Code Province Latitude (S) Longitude (W) Altitude (m asl) Period Average SD

1 La Quiaca Qul Jujuy 221 65.6 3,442 903-2016 328.3 85.10
2 Tobantirenda TOB Sal 22.16 63.73 529 934-1990 924 290.28
3 Tartagal TAR Sal 22.53 63.81 502 1931-2016 931.4 282.76
4 Abrapampa ABR Jujuy 22.7 65.68 3,484 934-1990 280.1 116.97
5 Senda Hachada SEl Sal 23.06 63.93 329 934-1990 736.3 193.25
6 Oran ORA Sal 23.13 64.33 362 1915-2016 816.2 252.59
7 Humahuaca HUM Jujuy 23.2 65.33 2,939 934-1990 176.1 65.62
8 Blancos BLA Salta 23.62 62.58 211 934-1990 527.6 170.58
9 Urundel URU Salta 23.55 64.4 349 1934-1990 928.1 356.52
10 Tilcara TIL Jujuy 23.58 65.36 2,461 934-1990 137.1 58.00
11 Ledesma LED Jujuy 23.83 64.78 457 928-2002 735.7 236.07
12 Chaguaral CHA Salta 24.05 64.02 388 1934-1990 641.2 155.3

13 Ledn LEO Jujuy 24.05 65.42 1,622 934-1990 889.1 214.73
14 Jujuy Jud Jujuy 24.2 65.32 1,259 934-2016 829.9 248.2

15 Puerta Tastil TAS Salta 24.53 65.81 2,675 1934-1990 66.8 34.60
16 Guemes GUE Salta 24.66 65.03 734 1934-1990 533.7 151.79
17 Salta SAL Salta 24.85 65.48 1,189 930-2016 712.8 141.03
18 Cerrillos CER Salta 24.90 65.48 1,250 1934-2004 642.5 152.25
19 J.V. Gonzélez JOA Salta 25.08 64.18 378 1933-2002 561.6 188.6

20 Rio Piedras RIO Salta 25.28 64.91 723 934-1990 808.3 245.29
21 Taco Pozo TAC Salta 25.30 63.30 257 1934-1990 558.4 206.27
22 R. de la Frontera FRO Salta 25.80 64.96 791 1910-2001 795.4 186.02
bt El Tala TAL Salta 26.11 65.26 820 934-1990 479.5 123.34
24 Vipos VIP Tucuman 26.48 65.35 786 1916-2002 473.3 135.39
25 Tucuman TUC Tucuman 26.83 65.21 447 1874-2016 984.9 24212
26 Cejas CE Tucuman 26.88 64.75 333 934-1990 693.6 215.77
27 Pozo Hondo PHO S. Estero 27.16 64.48 266 1916-2004 602.2 198.56
28 onteros ON Tucuman 27.18 65.50 352 1934-1990 1125.6 286.27
29 La Cocha COC Tucuman 27.76 65.56 444 903-2001 775.3 265.51
30 Santiago del Estero EST S. Estero 27.77 64.30 199 903-2016 569.6 183.24
31 Lavalle LAV S. Estero 28.20 65.12 480 1934-1990 527.8 205.95
32 Loreto LOR S. Estero 28.31 64.18 137 934-1990 521.6 187.04
33 Catamarca CAT Catamarca 28.60 65.77 515 903-2016 398 108.50
34 Rivadavia RIV Salta 2417 62.9 205 1912-1991 609.8 149.62
* Las Lomitas LOM Formosa 24.72 65.58 128 953-2016 928.6 203.9

We used data from Bianchi and Yanez (1992), Instituto Nacional de Tecnologia Agropecuaria (INTA), National Meteorological Service (SMN) and EEAOC (Tucuman) when
compiling and updating records. Averages are annual values taken from hydrological year (July year t to June year t+1). *Las Lomitas instrumental station was solely
used to extend the precipitation series from Rivadavia.
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