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The impacts of the interdecadal variability of the Pacific and the Atlantic Oceans on precipitation over the Central Andes during the austral summer (December-January-February, DJF) are investigated for the 1921–2010 period based on monthly gridded precipitation data and low-pass filtered time series of the Niño 4 index (IN4), the Niño 1 + 2 index with Niño 3.4 index removed (IN1+2*), Atlantic Multidecadal Oscillation (AMO), and Interdecadal Pacific Oscillation (IPO) indices, and the three first rotated principal components of the interdecadal component of the sea surface temperature (SST) anomalies over the Atlantic Ocean. A rotated empirical orthogonal function (REOF) analysis of precipitation in the Central Andes (10°S–30°S) yields two leading modes, RPC1 and RPC2, which represent 40.4% and 18.6% of the total variance, respectively. REOF1 features a precipitation dipole between the northern Bolivian and the Chilean Altiplano. REOF2 also features a precipitation dipole, with highest negative loading over the southern Peruvian Andes. The REOF1 positive phase is associated with moisture transport from the lowlands toward the Bolivian Altiplano, induced by upper-level easterly wind anomalies over the Central Andes. At the same time conditions tend to be dry over the southern Peruvian Andes. The positive phase of REOF2 is related to weakened moisture transport, induced by upper-level westerly wind anomalies over Peru. The IPO warm phase induces significant dry anomalies over the Bolivian Altiplano, albeit weaker than during the IN4 warm phase, via upper-level westerly wind anomalies over the Central Andes. No significant relationship was found between Central Andean precipitation and the AMO on interdecadal timescales.
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1 INTRODUCTION
The South American monsoon system (SAMS) is characterized by a marked annual cycle with an onset during October, mature phase between December and February, and demise in April (e.g., Zhou and Lau, 1998; Raia and Cavalcanti, 2008; Garreaud et al., 2009; Grimm, 2011; Marengo et al., 2012). During austral summer (DJF), the maximum precipitation falls over the south-central Amazon, and the northwest-southeast oriented South Atlantic Convergence Zone (SACZ) produces a cloud band with enhanced precipitation that appears to merge with the intense convection over the Amazon Basin, extending from tropical South America (SA) southeastward into the South Atlantic Ocean (Kodama, 1992; Liebmann et al., 1999; Grimm et al., 2020). The South American low-level jet (SALLJ) is the main feature of the low-level circulation over South America. The SALLJ is located to the east of the Andes, transporting warm and moist air from the Amazon basin toward the subtropics (Montini et al., 2019). In the upper troposphere, at 200 hPa, the main feature of the atmospheric circulation over the South American continent is the Bolivian High - Nordeste Low (BH–NL) system (Chen et al., 1999). Chen et al. (1999) pointed out that the latent heat released during convection over the Amazon basin influences the fundamental structure and intensity of the BH-NL system. The BH–NL system is not present during the austral winter when the upper-level westerly zonal flow is established over South America.
A large body of literature by now exists documenting how the interannual variability of austral summer precipitation over the Central Andes (10–30°S) is influenced by changes in the atmospheric circulation in response to tropical Pacific SST anomalies (Garreaud et al., 2003; Vuille and Keimig, 2004; Segura et al., 2020). Comparably little, however, has been published related to decadal and multidecadal variability of precipitation and how it may be related to low-frequency SST variations in the Pacific and Atlantic Oceans, such as those expressed by the Atlantic Multidecadal Oscillation (AMO) or the Interdecadal Pacific Oscillation (IPO). How the multidecadal component of El Niño—Southern Oscillation (ENSO) variability over the eastern and central Pacific modulates long-term precipitation changes over this region of the Andes is also largely unknown. This incomplete information is primarily related to the paucity of long observational records required to investigate such mechanisms and related precipitation changes in the Andes. Here, we try to address this gap in our current understanding by focusing on the influence of several oceanic (multi-)decadal indices that we hypothesize to be related to long-term precipitation changes in the Central Andes, namely the IPO and the AMO, but also the multidecadal components of ENSO variability in the eastern and central Pacific and the multidecadal component of Atlantic variability.
The Niño 4, Niño 3.4, Niño 3 and Niño 1 + 2 indices are commonly used to describe the SST anomalies over the equatorial Pacific (ENSO) and their atmospheric teleconnections. Anomalously warm Pacific SST anomalies over the Niño 1 + 2 index region induce precipitation along the coasts of northern Peru and southern Ecuador in DJF (Lagos et al., 2008). Conversely, anomalously warm SST over the Niño 4 index region led to a reduction in precipitation over the Peruvian Altiplano during austral summer (Lagos et al., 2008). La Niña events in the Niño 1 + 2 and Niño 4 regions present the same impacts as El Niño, but with opposite signs.
Few studies have tried to characterize the influence of the interdecadal signal of Pacific SST on DJF precipitation over the Central Andes. For instance, Segura et al. (2016) analyzed the discharge time series and water level data of Lake Titicaca. They found a negative relationship between precipitation in the Central Andes and SST anomalies over the central Pacific on interdecadal time scales. But, to our knowledge, so far no study has analyzed how the multidecadal components of the Niño 4 and Niño 1 + 2 indices affect austral summer precipitation over the Central Andes.
According to Vuille et al. (2000) there is no significant influence of tropical Atlantic SST anomalies on DJF precipitation over the Central Andes on interannual timescales. Conversely, few studies evidenced that the interdecadal component of Atlantic SST anomalies affects precipitation over the Central Andes in DJF. For instance, based on tree-ring records over the last two centuries, a significant multidecadal precipitation signal of 40 years related to the AMO was identified over the eastern Andes of Peru (Humanes-Fuente et al., 2020). This precipitation reconstruction also suggests that this multidecadal precipitation signal extends over much of the central and northern Peruvian Andes.
The interdecadal variability of SST anomalies over the Pacific basin has been documented in several studies through different indices such as the Pacific Decadal Oscillation (PDO; Mantua et al., 1997) and the Interdecadal Pacific Oscillation (IPO; Zhang et al., 1997). The IPO is the dominant mode of decadal to multidecadal variations of SSTs in the Pacific basin, which resembles ENSO-related SST anomaly patterns (Zhang et al., 1997; Power et al., 1999). Studies suggested that the PDO and IPO contain essentially the same interdecadal signal (e.g., Deser et al., 2004). The exact mechanism behind the IPO is not fully understood, although multiple hypotheses have been provided (Liu, 2012).
Several studies found that the IPO modulates precipitation and temperature over Australia, the southwestern United States, South America, and other regions (Dai, 2013; Dong and Dai, 2015 (DD15); Grimm et al., 2016; Dong et al., 2018). Grimm and Saboia (2015) found that the IPO modulates the intensity of the two leading summer modes of precipitation over South America. For instance, the warm phase of the IPO reduces summer precipitation over northwestern SA and the equatorial eastern Amazon, while it enhances summer precipitation over central Argentina and parts of the southern Amazon basin. Conversely, the influence of the IPO is mixed, with no clear signal over the Central Andes (Grimm and Saboia, 2015; DD15). In addition, the IPO is responsible for significant perturbations in the Walker cell over the equatorial Pacific, which can result in severe flooding over the Amazon basin (Barichivich et al., 2018).
The Atlantic Multidecadal Oscillation (AMO) is characterized by in-phase warming or cooling of the North Atlantic by about 0.4°C that occurs with a periodicity of roughly 65–80-years (Enfield et al., 2001). Several studies have shown that the AMO is correlated with SST variability in the Pacific. For example, Enfield et al. (2001) documented that the AMO is significantly positively correlated with SSTs over the North Pacific north of 30°N and negatively, albeit insignificantly, correlated over the central Pacific. Timmerman et al. (2007) found that the cold (warm) AMO phase is associated with strong (weak) ENSO variability and a reduced (increased) magnitude of the annual cycle of the SST in the eastern tropical Pacific.
The AMO also modulates precipitation over South America and its teleconnections with ENSO (Kayano and Capistrano, 2014; Flantua et al., 2016; Grimm et al., 2016; Barichivich et al., 2018; Figliuolo et al., 2020). Flantua et al. (2016) found a negative correlation between AMO and annual precipitation in the western Cordillera of the southern Peruvian Andes. On the other hand, Barichivich et al. (2018) found that the AMO and the cross-equatorial Atlantic SST gradient correlate with the decadal signal of drought frequency in the Amazon since the 1920s, with a higher frequency of droughts during the positive AMO phase, associated with warm tropical North Atlantic SSTs. Grimm and Saboia (2015) found that the AMO does not have a clear influence on the DJF precipitation over the Bolivian and Peruvian Altiplano.
Kayano and Capistrano (2014) found that ENSO-related negative precipitation anomalies in the western Cordillera of the southern Peruvian Andes prevail during austral summer during the negative AMO phase. Conversely, the warm AMO phase is negatively correlated with DJF precipitation over the southern Central Andes.
The two phases of the AMO result in different patterns of austral summer precipitation anomalies, depending on the phases of the central and eastern ENSO indices between 15°N and 15°S (Figliuolo et al., 2020). For example, the eastern Pacific El Niño enhances (reduces) DJF precipitation over the central Peruvian Andes during the warm (cold) AMO phase. The opposite case occurs during the central Pacific El Niño. Recently, He et al. (2021) found that the multidecadal variability in the Pacific and Atlantic can lead to joint impacts from both basins that depend on the phase state in each basin and that they may be quite different from the impacts observed if the two modes of variability are considered in isolation.
The North Atlantic Oscillation (NAO) is a large-scale climate mode that features the redistribution of atmospheric mass between the Arctic and subtropical Atlantic, inducing a north–south seesaw in the North Atlantic sea level pressure field (Hurrell et al., 2003). Several studies show that the NAO has significant impacts on the interdecadal variability of precipitation over North America, North Africa, Eurasia, South America, and the Arctic (Scaife et al., 2008; Li et al., 2013). Grimm and Saboia (2015) found that the first three leading rotated modes of the interdecadal component of the DJF precipitation of South America are negatively correlated with the NAO. However, the coarse resolution of the precipitation data analyzed limited the quantification of the relationship between NAO and precipitation over the Central Andes on interdecadal timescales.
Here we focus on the impact of multidecadal SST variations on precipitation over the Central Andes from 10°S to 30°S. In this region, the Andes split into an eastern and a western Cordillera, separated by a high plateau, with a mean elevation of 3,600 m, commonly referred to as the Altiplano (Figure 1). The wet season over the Altiplano occurs between September and March of the following year (Garreaud et al., 2003). The maximum precipitation falling during austral summer is associated with the peak of the SAMS, when the enhanced upper-level easterly flow is established over the Central Andes (Garreaud et al., 2003). Moreover, Lenters and Cook (1997) show that rainfall in the Central Andes aids in further strengthening and southward displacing of the BH. Conversely, the dry season is characterized by steady upper-level westerly flow over the entire Central Andes (Garreaud et al., 2003; Vuille and Keimig, 2004; Garreaud et al., 2009; Segura et al., 2020).
[image: Figure 1]FIGURE 1 | Location of the Central Andes. Shading indicates topographic elevation of the Andes mountains in m asl.
Vuille and Keimig (2004) found that DJF precipitation over the northern (i.e., southern Peruvian Andes) and southern (i.e., the central and southern Bolivian Altiplano) parts of the Central Andes are not always in phase and are not associated with the same regional mechanisms. For instance, wet summers over the northern Central Andes are associated with upper-level easterly wind anomalies in quasi-geostrophic balance with reduced meridional baroclinity due to low-latitude (mid-latitude) cooling (warming). In contrast, the upper-level easterly wind anomalies over the southern Central Andes during wet summers are caused by the southward displacement of Bolivian High that weakens upper-level westerly winds, thereby favoring episodic easterly transport of humid air masses toward the subtropical Andes.
On interdecadal timescales, Grimm and Saboia (2015) found that precipitation over the Peruvian Andes and the western Amazon present an interdecadal variability >20 years. Although Grimm and Saboia (2015) analyzed a coarse precipitation dataset (2.5° × 2.5°) for the 1950–2000 period, they found that the two first rotated EOFs of the interdecadal component (>20 years) of DJF precipitation over South America present significant precipitation anomalies over the Central Andes. REOF1 features precipitation anomalies over the Peruvian Altiplano and the southern and central parts of the Bolivian Altiplano. REOF2 presents positive anomalies over the Peruvian Altiplano while negative anomalies prevail over the northern Bolivian Altiplano. However, neither REOF1 nor REOF2 feature significant precipitation anomalies over the southern Peruvian Andes.
Hence most studies to date have focused on statistical linkages but have not fully explored dynamical causation. Furthermore, to our knowledge, hitherto no studies have investigated how the Pacific and Atlantic Oceans may influence precipitation specifically in the Central Andes on interdecadal timescales.
Although there have been studies on interdecadal precipitation variability over South America that disclosed links to global SST anomalies and climate indices (e.g., Flantua et al., 2016; He et al., 2021) and have shown circulation anomalies associated with spring and summer interdecadal precipitation modes, in this study we focus on the Central Andes. We intend to characterize the dynamical mechanisms through which DJF precipitation in the Central Andes is affected by the interdecadal components of the Niño 4 and Niño 1 + 2 indices (IN4 and IN1+2*), the IPO, the interdecadal variability of the Atlantic Ocean and the AMO. Our results thereby contribute to establishing a more robust predictive framework in this region, including a longer, decadal-scale planning horizon for implementing adaptation strategies to address rainfall extremes such as droughts, which significantly affect this region (Sulca et al., 2016; Andrade, 2018; SENAMHI, 2019; Zubieta et al., 2021).
This article is organized as follows. Section 2 discusses the data and Section 3 presents the methods that were applied. Section 4 presents the spatial characteristics of the interdecadal components of the SST anomalies over the equatorial Pacific Ocean (IN4 and IN1+2*), IPO, the interdecadal variability of the Atlantic Ocean and AMO indices in the 1921–2010 period. Section 5 presents the analysis of the impacts of the IN4, IN1+2*, IPO, the interdecadal variability of the Atlantic Ocean and AMO on the austral summer precipitation over the Central Andes on interdecadal timescales. Section 6 analyzes the interdecadal variability of the austral summer precipitation over the Central Andes. Finally, the last section summarizes this study and ends with some conclusions.
2 DATA
Monthly gridded precipitation (P) data over land from 1921 to 2010 was obtained from the Global Precipitation Climatology Centre (GPCC full v2020, http://gpcc.dwd.de; Schneider et al., 2020). The GPCC dataset has a horizontal resolution of 0.25° × 0.25°.
In addition, monthly gridded precipitation from the Peruvian Interpolated Data of SENAMHI’s Climatological and Hydrological Observations version 2.1 (PISCO v2.1; Aybar et al., 2020) and Rain for Peru and Ecuador (RAIN4PE v1.0; Fernandez-Palomino et al., 2021) datasets were used to quantify the uncertainties of the DJF precipitation over the tropical Andes from the GPCC dataset. PISCO v2.1 and RAIN4PE v1.0 have a horizontal resolution of 10 km × 10 km and cover the 1981–2015 period. PISCO v2.1 (RAIN4PE) can be downloaded freely at https://iridl.ldeo.columbia.edu/SOURCES/.SENAMHI/.HSR/.PISCO/.Prec/.v2p1/.unstable/.monthly/.Prec/(https://datapub.gfz-potsdam.de/download/10.5880.PIK.2020.010enouiv/). To compare all precipitation datasets, we performed a bilinear interpolation of PISCO v2.1 and RAIN4PE datasets from 10 km × 10 km to 25 km × 25 km horizontal resolution.
ERA-20C Reanalysis (Poli et al., 2016) monthly mean horizontal wind, sea level pressure and geopotential height data were obtained from the European Center for Medium-Range Weather Forecasts (ECMWF). The ERA-20C reanalysis has a horizontal resolution of 1° × 1° and covers the 1921–2010 period. We chose the ERA-20C reanalysis because Imfeld et al. (2019) pointed out that this reanalysis is one of the best products to reproduce austral summer climate over the southern Peruvian Andes in the 1964–2010 period on interannual timescales (see their Table 3). The ERA-20C reanalysis was also chosen because it reproduces the climatology of the South American Low-Level Jet (SALLJ) and the active SALLJ episodes well (Jones and Carvalho, 2018).
The SST dataset, HadISST v1.1, was obtained from the Met Office Hadley Centre (Rayner et al., 2003). The resolution of the HadISST data is 1° × 1° and covers the 1921–2019 period.
The AMO index time series was obtained from the National Oceanic and Atmospheric Administration-Physical Sciences Laboratory (NOAA-PSL; Enfield et al., 2001). The AMO index is computed as the time series of the area-weighted average of SSTs over the North Atlantic (0–70°N). The AMO index covers the 1921–2019 period, which can be downloaded freely at https://psl.noaa.gov/data/correlation/amon.us.long.mean.data.
The Niño 4, Niño 3.4 and Niño 1 + 2 indices for the western, central and eastern equatorial Pacific SST anomalies were obtained from the NOAA ESRL Physical Sciences Laboratory website (https://psl.noaa.gov/gcos_wgsp/Timeseries). The Niño 4, Niño 3.4 and Niño 1 + 2 indices were calculated as the averaged HadISST1 SST anomalies inside the regions (5°N–5°S, 160°E–150°W), (5°S–5°N, 170–120°W) and (0–10°S, 80–90°W), respectively.
The monthly time series of the South Pacific Convergence Zone (SPCZ) index proposed in Salinger et al. (2014) was used. The SPCZ index is based on the austral summer average of the difference of monthly precipitation between the Apia (13°48′S, 171°48′W) and the Suva (18°9′S, 178°26′E) stations and covers the 1921–2010 period.
The North Atlantic Oscillation (NAO) index was obtained from the Climatic Research Unit (CRU) (https://crudata.uea.ac.uk/cru/data/nao/nao_3dp.dat). The NAO index was calculated as the sea level pressure difference between Gibraltar and Iceland (Jones et al., 1997), scaled by a factor of −1.
We defined an index for the SST anomalies over the southern and northern parts of the tropical Atlantic Ocean (tSATL and tNATL) as the average inside of the regions (39.5°W–10.5°E, 23.5°S–0.5°N) and (60.5–10.5°W, 1.5–23.5°N), respectively. These two regions were defined in An et al. (2021).
3 MATERIALS AND METHODS
The IPO index was obtained following the methodology described in Dong and Dai (2015). First, DD15 calculated a 3-year moving average of global SST for EOF analysis for the 1921–2010 period, and then applied two consecutive 9-year moving average filters on the principal component (PC) time series. Since the methodology proposed in DD15 allows us to focus on interdecadal variability of >20 years, we chose the same filter criterion proposed in DD15 to obtain the interdecadal component of the time series and gridded monthly datasets analyzed in this study.
The interdecadal component of the tSATL, tNATL, SPCZ, AMO, and NAO indices (ItSATL, ItNATL, ISPCZ, AMO, and INAO) were calculated by applying the same filter criterion described in DD15.
To establish the influence of the Pacific SST anomalies in the Niño 4 and the Niño 1 + 2 regions on SST patterns of the equatorial Pacific, we computed the interdecadal component of the Niño 4 and the Niño 1 + 2 indices (IN4 and IN1+2), again following the same methodology as described in DD15.
To isolate the effect of the SST anomalies over the IN1+2 index region, independent from Niño 3.4, on large-scale-circulation and precipitation over the Central Andes in DJF, we used the residual component of the regression of the Niño 1 + 2 index against the Niño 3.4 index. This new index is denotated as IN1+2*.
We extracted the interdecadal component of the SST anomalies and the standardized DJF precipitation over the Central Andes by applying the same filter criterion as described in DD15.
We computed the rotated principal components of the interdecadal variability of the standardized DJF precipitation over the Central Andes (10°S–30°S, 80.125°W–59.875°W) for the 1921–2010 period for topographic elevations above 1,500 m asl.
We also computed the rotated principal components of the interdecadal variability of the standardized DJF season for SST anomalies over the Atlantic Ocean (50.5°S–30.5°N, 89.5°W–9.5°E) for the 1921–2010 period. We labeled the three rotated principal components of the interdecadal variability of the standardized DJF SST anomalies over the Atlantic Ocean as IATL1, IATL2, and IATL3.
To describe the relationship between global SST anomalies and DJF precipitation over the Central Andes on interdecadal timescales, we performed a correlation analysis between the smoothed DJF SST field and the two rotated leading RPCs of the interdecadal component of the standardized DJF precipitation over the Central Andes.
To depict the impacts of the Pacific and Atlantic SST indices and climate modes (IN4, IN1+2, IPO, IN1+2*, AMO, IATL1, ItNATL, IATL2, ItSATL, and IATL3) on DJF precipitation over the Central Andes, we performed a correlation analysis between the time series of the ten SST indices (Figure 2) and the two leading rotated PCs of the DJF precipitation anomalies over the Central Andes during the 1921–2010 period. The statistical significance is based on a Student’s t-test that accounts for autocorrelation using the effective degrees of freedom (Davis, 1976; Chen, 1982; Zhao and Khalil, 1993; Dong and Dai, 2015).
[image: Figure 2]FIGURE 2 | The DJF standardized time series of (A) Interdecadal Niño 4 (IN4) index, (B) Interdecadal Niño 1 + 2 (IN1+2) index, (C) Interdecadal Pacific Oscillation (IPO), (D) Interdecadal Niño 1 + 2 index with the Niño 3.4 influence removed (IN1+2*), (E) Atlantic Multidecadal Oscillation (AMO), (F) the first rotated principal component of the interdecadal variability of the Atlantic SST (IATL1), (G) Interdecadal tropical North Atlantic (ItNATL) index, (H) the second rotated principal variability of the interdecadal variability of the Atlantic SST (IATL2), (I) Interdecadal tropical South Atlantic (ItSATL) index, and (J) the third rotated principal component of the interdecadal variability of the Atlantic SST (IATL3). Note that the y-axis scale in (E), (F), (H) and (J) was rescaled by a factor of 2.
To identify changes in the regional atmospheric circulation over the Pacific Ocean and South America associated with the Pacific and Atlantic SST indices and climate modes (IN4, IN1+2, IPO, IN1+2*, AMO, IATL1, ItNATL, IATL2, ItSATL and IATL3; Figure 2) in DJF, we calculated the regression coefficients of the interdecadal components of the 200 hPa wind and geopotential height anomalies, 850 hPa humidity transport, divergence, and vertically integrated humidity transport onto standardized time series of the ten SST indices for the 1921–2010 period.
4 SPATIAL CHARACTERISTICS OF THE SEA SURFACE TEMPERATURE INDICES
Figure 3 shows the spatial footprint of the individual indices by correlating their time series with the global SST field in DJF.
[image: Figure 3]FIGURE 3 | Spatial correlation of the interdecadal component of the sea surface temperature (ISSTA) anomalies (ISSTA, C°) with (A) Interdecadal Niño 4 (IN4) index, (B) Interdecadal Niño 1 + 2 (IN1+2) index, (C) Interdecadal Pacific Oscillation (IPO), (D) Interdecadal Niño 1 + 2 with Niño 4 removed (IN1+2*) index, (E) Atlantic Multidecadal Oscillation (AMO), (F) first rotated principal component of the interdecadal variability of the Atlantic SST (IATL1), (G) Interdecadal tropical North Atlantic (ItNATL) index, (H) second rotated principal component of the interdecadal variability of the Atlantic SST (IATL2), (I) Interdecadal tropical South Atlantic (ItSATL) index, and (J) third rotated principal component of the interdecadal variability of the Atlantic SST (IATL3). The analysis is based on austral summer (December-January-February, DJF) averages for the 1921–2010 period. Hatching represents a statistically significant correlation at the 95% confidence level.
The Interdecadal Niño 4 (IN4) index (Figure 3A) displays positive correlations over the entire equatorial Pacific, that extend toward California’s coast and the southern part of the eastern Pacific Ocean. The most significant positive correlations are located over the western and central parts of the equatorial Pacific Ocean and the entire Indian Ocean. At the same time, the positive IN4 phase is associated with negative correlations over the northern part of the North Pacific Ocean.
The Interdecadal Niño 1 + 2 (IN1+2) index (Figure 3B) resembles the SST anomaly pattern of the IN4 index, but the most significant positive correlations are located over the eastern equatorial Pacific and extend toward California’s coast and the Indian Ocean.
The spatial footprint of the IPO (Figure 3C) is characterized by significant positive correlations over much of the tropical Pacific, extending northward along the west coast of North America. The most significant positive correlations are restricted to the eastern Pacific Ocean, but do not reach the northwestern coast of South America. Negative correlations dominate over the North Pacific Ocean but are stronger than in the case of the IN4 and IN1+2. The lack of significant positive correlations over the Indian Ocean during the warm phase of the IPO is associated with the weaker intensity of the Walker cell during strong episodes of eastern Pacific El Niño than during strong episodes of the central Pacific El Niño (Sulca, 2021).
The IN1+2 index with the Pacific ENSO influence removed (IN1+2*, Figure 3D), presents positive correlations over the Indian Ocean and tropical Pacific, but significant positive correlations are also present over the eastern Pacific, extending toward the northwestern coast of South America. Negative correlations prevail over the tropical North Atlantic but are not significant.
Figure 3E illustrates the well-known AMO footprint, with positive correlations dominating the entire North Atlantic and weaker positive correlations located over the central North Pacific. Thus, our AMO footprint is consistent with the correlation pattern of the AMO documented in Enfield et al. (2001).
The first REOF of the interdecadal variability of the Atlantic SST (IATL1, Figure 3F), explaining 40.5% total variance, features positive correlations over the North Atlantic, the Indian Ocean and the South Pacific in the region of the SPCZ (Salinger et al., 2014). Significant positive correlations prevail over most of the North Atlantic and the Pacific north of 0°N. The IATL1 and the AMO are significantly positively correlated (r = 0.76, p < 0.05), indicating that first mode of the interdecadal variability of the North Atlantic SST is the AMO.
Figure 3G shows that the ItNATL warm phase resembles the SST patterns of the AMO and IATL1 warm phases (r = 0.87, p < 0.05 and r = 0.94, p < 0.05), but it also presents significant positive correlations over the SPCZ. The strong positive correlation between the ItNATL and the AMO is consistent with the numeric experiments documented in An et al. (2021), who found that the time series of the 8-year low-pass-filtered SST anomalies over the tropical North Atlantic and extratropical North Atlantic resemble the AMO index, indicating that the AMO signal is uniform over the entire North Atlantic.
The second REOF of the interdecadal variability of the Atlantic SST (IATL2, Figure 3H), explaining 30.6% of the total variance, presents significant positive correlations over the tropical South Atlantic, while the positive correlations over the northeastern Pacific, the Indian Ocean and the SPCZ are not statistically significant. Negative correlations are present over most of the North Atlantic.
Figure 3I illustrates that the ItSATL index resembles the SST pattern of the IATL2 (r = 0.82, p < 0.05), but it also presents significant positive correlations over the westernmost Pacific Ocean, the Indian Ocean and the SPCZ. In comparison with the IATL2, the ItSATL index cannot reproduce the negative correlations over the North Atlantic. Hence, the IATL2 is formed by the overlap of the cold phase of the AMO and the ItSATL warm phase.
Finally, the third REOF of the interdecadal variability of the Atlantic SST (IATL3, Figure 3J), representing 13.3% of total variance, features significant correlations over the South Atlantic and the Caribbean Sea. There is a band of significant positive correlations between 40 and 60°S extending from southeastern Australia to the southernmost tip of South America. This SST pattern resembles the positive phase of REOF2 of the DJF precipitation of South America for the interdecadal component >8 years documented in Grimm and Saboia (2015). These results suggest the equatorward propagation of extratropical Rossby wave trains from southeastern Australia to the southernmost part of the southern Atlantic Ocean (Drumond and Ambrizzi, 2008). Negative correlations dominate over most of the tropical Pacific, but significant negative correlations prevail over the eastern Pacific, extending toward California’s coast. This is consistent with the significant negative correlation of the IATL3 with the IN1+2 (r = −0.71, p < 0.05) and IN1+2* (r = −0.73, p < 0.05).
IATL3 is also positively correlated with the interdecadal component of the North Atlantic Oscillation (INAO) index (r = 0.92, p < 0.05). Moreover, the IATL3 and INAO share a similar global SST pattern (not shown), consistent with the correlation between the interdecadal sea level pressure component (ISLP) and the INAO, that features a correlation dipole over the North Atlantic (Supplementary Figure S1). The SST pattern of the IATL3 is quite similar to the positive phase of REOF2 of the interdecadal variability of summer precipitation over South America, which features a strong negative correlation with the NAO (Grimm and Saboia, 2015). Hence, the interdecadal component of the NAO is connected to the positive phase of IATL3.
5 IMPACTS OF SEA SURFACE TEMPERATURE INDICES ON PRECIPITATION OVER THE CENTRAL ANDES
Figures 4–7 show the spatial correlation and regression coefficients in DJF between the IN4, IN1+2, IPO, IN1+2*, AMO, IATL1, ItNATL, IATL2, ItSATL and IATL3 indices and the interdecadal component of precipitation over the Central Andes, and the large-scale 200 hPa wind and geopotential height, 850 hPa humidity transport, divergence, and vertically-integrated humidity transport fields, respectively.
[image: Figure 4]FIGURE 4 | Spatial correlation of the interdecadal component of the DJF precipitation anomalies (IPRE, mm day−1) with (A) Interdecadal Niño 4 (IN4) index, (B) Interdecadal Niño 1 + 2 (IN1+2) index, (C) Interdecadal Pacific Oscillation (IPO), (D) Interdecadal Niño 1 + 2 with Niño 4 removed (IN1+2*) index, (E) Atlantic Multidecadal Oscillation (AMO), (F) first rotated principal component of the interdecadal variability of the Atlantic SST (IATL1), (G) Interdecadal tropical North Atlantic (ItNATL) index, (H) second rotated principal component of the interdecadal variability of the Atlantic SST (IATL1), (I) Interdecadal tropical South Atlantic (ItSATL) index, and (J) third rotated principal component of the interdecadal variability of the Atlantic SST (IATL3). Hatching represents a statistically significant correlation at the 95% confidence level. Analysis based on monthly precipitation data from the Global Precipitation Climatology Centre (GPCC). The analysis covers the 1921–2010 period.
The IN4 index is negatively correlated with precipitation over much of the Central Andes (north of 22°S), except the western Cordillera of the southern Peruvian Andes (Figure 4A). Consistent with this negative relationship in the highlands of the Central Andes, Figure 5A shows northwesterly wind anomalies dominating over the Central Andes at 200 hPa during the IN4 warm phase. Indeed, these upper-level westerly wind anomalies weaken the moisture transport from the lowlands toward the central Andes. The negative relationship over the eastern part of the central Peruvian Andes is associated with significant divergence anomalies and southeasterly anomalies of 850 hPa humidity transport along the eastern slope of the Andes Mountains (Figure 6A) and southeasterly anomalies of vertically integrated moisture transport (Figure 7A). These anomalies also suggest a weakening of the SALLJ during the IN4 warm phase.
[image: Figure 5]FIGURE 5 | Linear regression coefficients between interdecadal component of the DJF wind and geopotential height anomalies over South America at 200 hPa and (A) the Interdecadal Niño 4 (IN4). (B) Interdecadal Niño 1 + 2 (IN1+2) index, (C) Interdecadal Pacific Oscillation (IPO), (D) Interdecadal Niño 1 + 2 with Interdecadal Niño 4 removed (IN1+2*), (E) Atlantic Multidecadal Oscillation (AMO), (F) the first rotated principal component of the interdecadal variability of the Atlantic SST (IATL1), (G) Interdecadal tropical North Atlantic (ItNATL) index, (H) the second rotated principal components of the interdecadal variability of the Atlantic SST (IATL2), (I) Interdecadal tropical South Atlantic (ItSATL) index, and (J) the third rotated principal component of the interdecadal variability of the Atlantic SST (IATL3). Values are in m s−1 and 102 m for one standard deviation of corresponding indices. Contour interval of geopotential height anomalies is 100 m per standard deviation and negative contours are dashed. The contours of geopotential height anomalies equal to zero were omitted. Black vectors have zonal and meridional components statistically significant at the 95% confidence level. Andes topography above 1,000 m is indicated by brown shading. The ERA-20C reanalysis was used in this analysis. Analysis covers the 1921–2010 period.
[image: Figure 6]FIGURE 6 | Linear regression coefficients between interdecadal component of the DJF humidity transport and divergence anomalies over South America at 850 hPa and (A) the Interdecadal Niño 4 (IN4), (B) Interdecadal Niño 1 + 2 (IN1+2) index, (C) Interdecadal Pacific Oscillation (IPO), (D) Interdecadal Niño 1 + 2 with Interdecadal Niño 4 removed (IN1+2*), (E) Atlantic Multidecadal Oscillation (AMO), (F) first rotated principal component of the interdecadal variability of the Atlantic SST (IATL1), (G) Interdecadal tropical North Atlantic (ItNATL) index, (H) second rotated principal component of the interdecadal variability of the Atlantic SST (IATL2), (I) Interdecadal tropical South Atlantic (ItSATL) index, and (J) third rotated principal component of the interdecadal variability of the Atlantic SST (IATL3). Values are in kg m s−1 and 10–6 s−1 for one standard deviation of corresponding indices. Black vectors and shading are statistically significant at the 95% confidence level. The black contour represents the topography of the tropical Andes at 1,500 m asl. The ERA-20C reanalysis was used in this analysis. The analysis covers the 1921–2010 period.
[image: Figure 7]FIGURE 7 | Linear regression coefficients between interdecadal component of the DJF vertically-integrated humidity transport anomalies over South America and (A) the Interdecadal Niño 4 (IN4), (B) Interdecadal Niño 1 + 2 (IN1+2) index, (C) Interdecadal Pacific Oscillation (IPO), (D) Interdecadal Niño 1 + 2 with Interdecadal Niño 4 removed (IN1+2*), (E) Atlantic Multidecadal Oscillation (AMO), (F) first rotated principal component of the interdecadal variability of the Atlantic SST (IATL1), (G) Interdecadal tropical North Atlantic (ItNATL) index, (H) second rotated principal component of the interdecadal variability of the Atlantic SST (IATL2), (I) Interdecadal tropical South Atlantic (ItSATL) index, and (J) third rotated principal component of the interdecadal variability of the Atlantic SST (IATL3). Values are in kg m s−1 for one standard deviation of corresponding indices. Black vectors and shading are statistically significant at the 95% confidence level. Andes topography above 1,000 m is indicated by brown shading. The ERA-20C reanalysis was used in this analysis. The analysis covers the 1921–2010 period.
The IN1+2 index shows a correlation pattern with precipitation that is similar to the IN4 footprint, but correlations are generally less significant than for the IN4 index (Figure 4B). Consistent with the negative correlations, a cyclonic circulation is established at 200 hPa to the south of the Central Andes, resulting in westerly wind anomalies dominating over the Central Andes at 200 hPa (Figure 5B). At low levels, the IN1+2 index presents quite similar patterns, but stronger, than in the IN4 warm phase (Figures 6B, 7B).
The correlation of the IPO index with precipitation (Figure 4C) is almost identical to the results obtained for the IN4 index (Figure 6A), but values are lower and less significant. The IPO is significantly negatively correlated with precipitation over most of the western Cordillera of southern Peru, and the western Bolivian and Chilean Altiplano (19°S–24°S) (Figure 4C). The dry anomalies again are in agreement with the significant westerly wind anomalies over the Central Andes at 200 hPa and the 850 hPa humidity transport and divergence, and vertically-integrated humidity transport fields during the IPO warm phase (Figure 5C, 6C, 7C).
The IN1+2* index shows a positive relationship with precipitation over much of the Central Andes, but the correlation coefficients are significant primarily over the southwestern Peruvian Cordillera (Figure 4D). This positive relationship appears to be at odds with the significant southwesterly wind anomalies that dominate over the Central Andes at 200 hPa (Figure 5D) during the IN1+2* warm phase. Figures 6D, 7D illustrate the existence of significant negative divergence anomalies over the Central Andes and significant southeasterly anomalies of 850 hPa humidity transport along both sides of the Andes Mountains. It suggests that the moisture influx is being induced by the anomalous southeasterly moisture transport along the coasts of southern and central Peru.
According to all these results, the location of the maximum SST anomalies over the equatorial Indo-Pacific plays a key role in the intensity and significance of the dry anomalies over the Central Andes through the modulation of the location and intensity of the upper-level westerly wind anomalies over the Central Andes on interdecadal timescales. Since the IN4 presents stronger significant dry anomalies over the Central Andes than the IN1+2, IPO, and IN1+2* indices, the warm phase of the central equatorial Pacific appears to be the major pathway through which interdecadal equatorial Pacific SST anomalies induce dry events over the Central Andes.
Figure 4E illustrates that the AMO is not significantly correlated with precipitation over the Central Andes, as negative correlations just barely reach significance over the southeasternmost part of the Central Andes (south of 25°S). This is consistent with the weak negative correlations over the Central Andes in the REOF1 of the interdecadal component of the DJF precipitation over South America during the AMO warm phase (Grimm and Saboia, 2015). The regression field of 200 hPa wind reveals that easterly and westerly wind anomalies tend to prevail over the Central Andes to the south and north of 22°S during the AMO warm phase (Figure 5E), explaining the significant negative correlations over the southeasternmost part of the Central Andes and the nonsignificant positive correlations over most of the Central Andes north of 23°S (Figure 4E). Significant low-level (850 hPa) northwesterly moisture flux anomalies, vertically-integrated moisture transport, and significant positive divergence anomalies along the eastern side of the Andes Mountains, suggest an enhanced SALLJ during the positive phase of the AMO (Figures 6E, 7E).
The precipitation anomalies during the positive phases of IATL1 and ItNATL resemble the one during the AMO warm phase, but IATL1 also features significant negative correlations over the southern Bolivian Altiplano and the central Peruvian Andes (Figures 4F,G). Moreover, the regression fields of the IATL1 and ItNATL indices also resemble the 200 hPa wind and geopotential height (Figures 5F,G), 850 hPa moisture flux, divergence (Figures 6F,G), and vertically-integrated moisture flux (Figures 7F,G) fields of the AMO, even though they are weaker than in the case of the AMO. But IATL1 features significant westerly moisture flux anomalies at 850 hPa over the southern and central parts of Brazil, suggesting that these low-level westerly anomalies weaken moisture transport from the Amazon basin to the southern Bolivian Andes (Figure 6F).
Figure 4H illustrates that IATL2 is significantly negatively correlated with precipitation over the tri-corner region between Bolivia, Chile and Argentina (22°S–24°S). The 200 hPa wind regression field reveals that easterly and westerly upper-level wind anomalies prevail over the Central Andes south and north of 20°S, respectively, during the IATL2 positive phase (Figure 5H), explaining the significant precipitation departures over the joint Bolivia/Chile/Argentina border region (Figure 4H). The regression fields of the 850 hPa moisture transport, vertically-integrated moisture transport and divergence anomalies are consistent with the 200 hPa wind anomalies. Indeed, the negative correlations over the northeastern Central Andes are associated with significant southwesterly moisture flux anomalies at 850 hPa and with vertically-integrated moisture flux and positive divergence along the eastern slope of the Central Andes, suggesting a weakening of the SALLJ (Figures 6H, 7H).
The IATL2 and ItSATL have quite similar correlation patterns with precipitation, but ItSATL features significant negative correlations over the western Cordillera of the southern Peruvian Andes. The 200 hPa wind and geopotential height anomalies, vertically integrated humidity transport, 850 hPa moisture flux and divergence fields (Figure 4I, 5I, 6I, 7I) show that the warm phase of ItSATL cannot reproduce the same large-scale patterns seen during the IATL2 positive phase.
Finally, Figure 4J illustrates that IATL3 is significantly negatively correlated with precipitation over the western Cordillera of the southern Peruvian Andes. The 200 hPa wind regression field reveals that westerly wind anomalies prevail over the Peruvian Andes and easterly and westerly wind anomalies over the Bolivian and Chilean Andes north and south of 25°S, respectively, during the positive phase of IATL3 (Figure 5J), consistent with the significant precipitation departures over the southern Peruvian Andes and the Bolivian/Chilean Altiplano (Figure 4J). These wind anomalies form part of an upper-level anticyclonic circulation anomaly, centered at 45°W, 25°S, suggesting a southeastward displacement of the Bolivian High. The divergence and vertically-integrated moisture transport regression fields reveal negative divergence anomalies over the entire Central Andes and Amazon basin and an anticyclonic circulation located over southeastern South America at 50°W, 25°S (Figures 6J, 7J). The southeastward displacement of the Bolivian High is dynamically tied to the southward displacement of the SACZ. Indeed, Drumond and Ambrizzi (2008) found that positive SST anomalies to the southeast of Australia can induce extratropical Rossby wave trains toward the southern part of the South Atlantic Ocean.
6 INTERDECADAL VARIABILITY OF THE PRECIPITATION OVER THE CENTRAL ANDES
6.1 Uncertainties of the GPCC dataset
Since this study is focusing on the atmospheric teleconnections from the tropical Pacific and Atlantic SST to the Central Andes, we first compared the performance of the GPCC, PISCOv2.1 and RAIN4PE datasets by assessing how well they reproduce the well-known DJF correlation between the Niño 4 index and precipitation anomalies over the Central Andes seen in rain-gauge stations in the 1982–2015 period (Figure 8A). Figure 8B shows that the GPCC dataset accurately reproduces the significant negative correlations associated with the Niño 4 index over the Central Andes. Similarly, PISCOv2.1 features the same significant negative correlations (>−0.6, p < 0.05) associated with the Niño 4 index in the Central Andes, (Figure 8C). The good match between in-situ stations and the PISCOv2.1 dataset is no surprise since PISCOv2.1 is based on an interpolation of in-situ rain-gauge stations (Aybar et al., 2020). Here we show, however, that GPCC, despite its much lower station density, still is able to faithfully reproduce this relationship. (Figures 8A,C). RAIN4PE also reproduces the negative correlations associated with the Niño 4 index over most of the Central Andes (Figure 8D). In summary, these results show that the GPCC dataset adequately describes the interannual variability of the DJF precipitation over the Central Andes and is capable of reproducing the relationship between the Niño 4 index and DJF precipitation in the study region.
[image: Figure 8]FIGURE 8 | Spatial correlation between DJF anomalies of the Niño 4 index and DJF precipitation in the Central Andes above 1,500 m asl from (A) stations, (B) GPCC, (C) PISCOv2.1 and (D) RAIN4PE datasets. The analysis is based on the 1982–2015 period. Blue circles represent statistically significant correlation at the 95% confidence level in rain-gauge stations. Hatching indicates regions with a statistically significant correlations at the 95% confidence level.
We next compare the spatial correlation of the DJF precipitation anomalies between the different products in the 1982–2015 period on interannual timescales. Figure 9A shows that the DJF precipitation anomalies are significantly positively correlated between GPCC and PISCOv2.1 over most of the Central Andes.
[image: Figure 9]FIGURE 9 | (A) Spatial correlation of the interannual DJF precipitation anomalies in the Central Andes above 1,500 m asl between GPCC and PISCO v2.1 datasets during the 1982–2015 period. (B) As in (A) but for the interdecadal component. Hatching indicates regions with a statistically significant correlation at the 95% confidence level.
We repeated the same correlation analysis for the interdecadal component of the DJF precipitation anomalies over the Central Andes between GPCC with PISCOv2.1 in the same 1982–2015 period (Figure 9B). Figure 9B shows that the interdecadal component of the DJF precipitation anomalies from GPCC and PISCOv2.1 are significantly positively correlated over most of the Central Andes. The positive correlations between IGPCC and IPISCOv2.1 indicate that GPCC reproduces the interdecadal signal of the DJF precipitation anomalies over the Central Andes as recorded by in-situ data.
Since the GPCC dataset reproduces the interannual and interdecadal signals of the DJF precipitation anomalies over most of the northern Central Andes (north of 18.4°S) in the 1982–2015 period as seen in the station-based PISCOv2.1 dataset, the gridded GPCC precipitation product appear suitable to accurately characterize the interdecadal variability of the summertime precipitation anomalies in the Central Andes in the 1982–2015 period. Although PISCOv2.1 does not extend back beyond 1981, we have confidence that the GPCC data can serve as a basis to analyze interdecadal precipitation variability prior to this time period. In fact, He et al. (2021) compared the joint influence of interdecadal Atlantic and Pacific SST variability on South American precipitation going back to 1920. They found that the results using the GPCC dataset are consistent with those from other datasets (CRU TS, and UDelaware), even if the uncertainty and associated errors will undoubtedly increase going back in time, as the station density decreases (see discussion in Becker et al., 2013, and Condom et al., 2020).
Finally, the results in Section 6.2 below will show that the interannual and interdecadal components of the DJF precipitation anomalies in the Central Andes as derived from the GPCC dataset are physically plausible and dynamically consistent with the atmospheric regional circulation anomalies over South America provided by the ERA-20C reanalysis in the 1921–2010 period.
6.2 Rotated empirical orthogonal function analysis
In order to decompose the precipitation signal into the regional components with common interdecadal modes of variance, we applied a rotated empirical orthogonal function (REOF) based on the correlation matrix of the standardized seasonal DJF precipitation anomalies over the Central Andes for 1921–2010 period. The two leading rotated modes explain 40.4% and 18.6% of the total variance. Their two rotated EOFs have different precipitation patterns over the Central Andes (Figure 10). For instance, REOF1 features a dipole with high negative loadings over the Chilean Andes (23°S–30°S) and high positive loadings over the Bolivian Altiplano between 17°S and 23°S (Figure 10A). This indicates that DJF precipitation in the Bolivian Altiplano and Chilean Altiplano varies out-of-phase on interdecadal timescales.
[image: Figure 10]FIGURE 10 | (A) The first REOF 1 of interdecadal DJF precipitation over the Central Andes. Number in parenthesis indicates total variance explained. Hatching indicates regions with a statistically significant correlation between the local REOF loading and the corresponding RPC at the 95% confidence level. Note that analysis is limited to regions above 1,500 m asl. (C) As in (A) but for REOF 2. (B) Time series of RPC1 of interdecadal DJF precipitation over the Central Andes. (D) As in (B) but for RPC2. Analysis based on the 1921–2010 period.
REOF2 features statistically significant loadings over the southern Peruvian Andes (12.5°S–17.5°S) (Figure 10B), in a spatial configuration that is reminiscent of an independent mode that was identified on interannual timescales by Vuille and Keimig (2004). According to these results, the precipitation over most of the Bolivian Altiplano is out-of-phase with precipitation over the northern and southern parts of the Central Andes on interdecadal timescales, suggesting that DJF precipitation over the Bolivian Altiplano is affected by two different large-scale forcings on interdecadal timescales.
6.3 Large-scale analysis
To further investigate the causal relationship between wet phases on the Altiplano and the large-scale atmospheric circulation on interdecadal timescales, we analyzed the regression fields of the 200 hPa DJF wind and geopotential height, 850 hPa moisture flux and divergence and vertically integrated humidity transport fields, as well as the SST correlation fields associated with the time series of the two leading RPCs of the interdecadal component of DJF precipitation over the Central Andes (Figures 11, 12).
[image: Figure 11]FIGURE 11 | Linear regression coefficients between the interdecadal component of the DJF wind and geopotential height anomalies over South America at 200 hPa and (A) the first rotated principal component of the interdecadal variability of the DJF precipitation (RPC1) over the Central Andes. (C) As in (A) but for the second rotated principal component of the interdecadal variability of the DJF precipitation (RPC2). Values are in m s−1 and 100 m for one standard deviation of each corresponding RPC. The contours of geopotential height anomalies equal to zero were omitted and negative contours are dashed. Black vectors have zonal and meridional wind components statistically significant at the 95% confidence level. Andes topography above 1,000 m is indicated by brown shading. The analysis based on the ERA-20C reanalysis. (B,D) Correlation coefficients between RPC1 and RPC2 and the interdecadal component of the DJF global SST for the 1921–2010 period. Hatching represents a statistically significant correlation at the 95% confidence level. The analysis covers the 1921–2010 period.
[image: Figure 12]FIGURE 12 | Linear regression coefficients between the interdecadal component of the DJF moisture transport and divergence anomalies over South America at 850 hPa and (A) the first rotated principal component of the interdecadal variability of the DJF precipitation over the Central Andes (RPC1). (C) As in (A) but for the second rotated principal component of the interdecadal variability of the DJF precipitation over the Central Andes (RPC2). (B,D) As in (A,C) but for vertically integrated moisture transport anomalies. The moisture transport (kg m−1 s−1 per standard deviation) anomalies statistically significant at the 95% confidence level are shown in bold. Shading represents divergence above (below) 1 × 10–6 s−1 (−1 × 10–6 s−1) per standard deviation. Black vectors are statistically significant at the 95% confidence level. Vectors are only shown where either zonal or meridional component is statistically significant at the 95% level. ERA-20C reanalysis was used in this analysis. The analysis is based on the 1921–2010 period.
The positive phase of RPC1 is associated with anomalous upper-level easterly wind anomalies over the central part of the Central Andes at 200 hPa, while westerlies prevail over the southern part of the Central Andes (south of 26°S), associated with a southwestern displacement of the Bolivian High (Figure 11A). Moreover, anomalous northwesterly 850 hPa moisture transport and vertically-integrated moisture flux occurs along the eastern side of the Peruvian Andes, while southeasterly vertically-integrated humidity flux dominates over the central and southern parts of the Central Andes during the warm phase of RPC1, indicating a strengthening of the SALLJ and enhanced moisture transport from the lowlands to the Bolivian Altiplano (Figures 12A,B). These low-level circulation anomalies are consistent with the negative and positive divergence anomalies over the central Peruvian Andes and the central part of the Central Andes, respectively (Figure 12A).
The enhancement of the easterly moisture flux from the lowlands toward the central part of the Central Andes may indicate enhanced turbulent entrainment and downward mixing of easterly momentum over the Andean ridge, as proposed being a key ingredient for wet summers over the Central Andes on interannual timescales (Garreaud et al., 2003; Vuille and Keimig, 2004). Our results suggest that a similar mechanism may also be dominant on interdecadal timescales.
The upper-level wind anomalies suggest a southwestward shift of the Bolivian High centered at 79°W, 27°S during the positive phase of RPC1. The SST correlation field indicates an SST dipole over the Atlantic, with negative correlations over the tropical South Atlantic and positive correlations over the North Atlantic, while negative correlations dominate over the central equatorial Pacific (Figure 11B). Thus, the SST pattern of the positive phase of REOF1 appears most closely associated with the negative phase of IATL2. This latter agrees with the significant negative correlation between RPC1 and IATL2 (r = −0.64, p < 0.05; Table 1).
TABLE 1 | DJF Pearson correlation coefficients between the first two RPCs of the interdecadal component of the DJF precipitation anomalies over the Central Andes with the Interdecadal Niño 4 (IN4) index, Interdecadal Niño 1 + 2 (IN1+2) index, Interdecadal Pacific Oscillation (IPO), Interdecadal Niño 1 + 2 index with the Niño 3.4 influence removed (IN1+2*), Atlantic Multidecadal Oscillation (AMO), the first three rotated principal component of the interdecadal variability of the SST anomalies over the Atlantic SST (IATL1, IATL2 and IATL3), Interdecadal tropical South Atlantic (ItSATL) index, Interdecadal tropical North Atlantic (ItNATL) index, Interdecadal North Atlantic Oscillation (INAO) index and Interdecadal South Pacific Convergence zone (ISPCZ) index. Values statistically significant at 95% are shown in bold. Analysis based on the 1921–2010 period.
[image: Table 1]Figure 11A also shows the presence of significant easterly wind anomalies over the central Peruvian Andes at 200 hPa, consistent with the positive precipitation loadings for regions north of 14°S. These 200 hPa easterly wind anomalies result in wet conditions over the central Peruvian Andes during the positive phase of RPC1 (Vuille et al., 2008) and they are consistent with the negative SST anomalies over the central Pacific Ocean (Figure 11B).
The positive phase of RPC2 is associated with anomalous upper-level westerly wind anomalies over the central and northern parts of the Central Andes at 200 hPa, while easterlies prevail over the southern part of the Central Andes (south of 25°S) (Figure 11C). At low-levels, there is significant anomalous 850 hPa southwesterly moisture transport and vertically-integrated humidity transport along the eastern side of the Peruvian Andes, indicative of a weakened SALLJ (Figures 12C,D). Northwesterly anomalies of vertically-integrated moisture transport prevail over the central part of the Central Andes between 16°S and 22°S (Figure 12D). These upper- and low-level circulation anomalies on interdecadal timescales induce the dry summers over the southern Peruvian Andes through the reduction of the easterly moisture flux from the lowlands toward the Andes.
The easterly wind anomalies over the southern Central Andes are part of an anticyclonic circulation anomaly centered at 45°W, 35°S in the upper troposphere (Figure 11C), and over southeastern Brazil centered at 50°W, 22°S (Figure 12C) at low levels. This anomalous anticyclone indicates a southward displacement of the SACZ, consistent with the significant positive SST anomalies over the southern South Atlantic. At the same time an SST dipole over the southwestern Pacific Ocean is indicative of a southward displacement of the SPCZ (Figure 11D).
Comparing the 200 hPa wind and geopotential height fields of the REOF2 and AMO indices, the negative phase of the AMO reproduces the 200 hPa wind and geopotential height fields associated with the positive phase of REOF2, but the anticyclonic circulation located over the southern coast of the South Atlantic is weaker than in IATL1. The visual correspondence of the regression fields is consistent with the positive correlation between REOF2 and AMO; however, the relationship is statistically not significant (Table 1). The weakening of this anticyclonic circulation during the positive phase of the REOF2 is consistent with the significant positive correlation over the eastern equatorial Pacific that strengthens and expands westerly wind anomalies toward the southern part of the Central Andes. These results suggest that the positive phase of REOF2 may be associated with the linear superposition of the negative phase of the AMO and the warm phase of the eastern equatorial Pacific.
7 SUMMARY AND CONCLUSION
To characterize the potential influence of the interdecadal variability of the Pacific and Atlantic Oceans and several interdecadal climate modes on austral summer precipitation over the Central Andes for the 1921–2010 period, we analyzed the time series of the leading rotated EOF’s of the interdecadal component of the DJF precipitation over the Central Andes.
The IPO index, as Dong and Dai (2015) proposed, is significantly positively correlated with the IN4 and IN1+2 indices. The warm SST anomalies over the central part of the equatorial Pacific Ocean are associated with the significant positive SST anomalies over the Indian Ocean.
The warm phase of the IN4, IN1+2 and IPO indices induce significant dry anomalies over much of the Western Central Andes, except the southwestern Peruvian Andes, with the IN4 index showing the strongest impact. Our results reveal that the warm SST anomalies over the central equatorial Pacific have a substantial impact on the DJF precipitation over the Central Andes on interdecadal timescales, with the IN4 index better describing this relationship than the commonly employed IPO. These dry anomalies are induced by upper-level westerly wind anomalies over the Central Andes.
The REOF analysis of interdecadal SST variability in the Atlantic Ocean resulted in three leading modes with different spatial patterns. IATL1 features warm SST anomalies over the North Atlantic, which is related to the AMO warm phase. The positive phase of IATL2 is characterized by cold SST anomalies over most of the North Atlantic and warm SST anomalies over the tropical South Atlantic. IATL3 presents warm SST anomalies over the central North Pacific and the Caribbean Sea and a band of warm SST anomalies that extend from southeastern Australia to the southernmost tip of South America. IATL3 also is negatively correlated with the NAO.
The positive phase of IATL1 provokes significant dry anomalies over the northwestern Argentinean Andes and the southwestern Bolivian Andes, induced by upper-level westerly wind anomalies over the central and southern parts of the Central Andes. The positive phase of IATL2 induces significant dry anomalies over the Chilean/Bolivian Andes through upper-level westerly wind anomalies over the central and northern part of the Central Andes, while upper-level easterly wind anomalies prevail over the southern Central Andes south of 25°S. Moreover, the positive phase of the IATL3 index causes statistically significant dry anomalies over the western Cordillera of southern Peru, induced by upper-level westerly anomalies over the Central Andes (north of 19°S).
The suitability of the GPCC dataset for analyzing low-frequency precipitation variability in the Central Andes has not been analyzed in previous studies, although He et al. (2021) did so on a continental scale. Here we show that the GPCC dataset can serve as a useful dataset to analyze the interdecadal variability of DJF precipitation over the Central Andes in the 1921–2010 period, although caution should be exercised in the interpretation of the results in regions with very low rain-gauge station density, such as the Amazonian slope of the Peruvian Andes, (Figure 8A).
The REOF analysis of interdecadal precipitation variability in the Central Andes resulted in two leading modes with different spatial patterns of DJF precipitation variability. REOF1 presents a dipole mode with positive loadings over the Bolivian Altiplano, northern Chile and northernmost Argentina, while the highest negative loadings occur over the southern Central Andes (south of 23°S). Vuille and Keimig (2004) found this same characteristic pattern when analyzing the interannual variability of DJF precipitation over the Central Andes. REOF2 is characterized by significant negative loadings over the southern Peruvian Andes.
During the positive phase of RPC1, a significant upper-level anticyclonic circulation prevails over the southern Central Andes at 200 hPa, potentially indicative of an easterly upper-level entrainment of low-level moisture from the lowlands toward the Bolivian Altiplano during wet summers on interdecadal timescales. Garreaud et al. (2003) documented this moisture transport mechanism for wet summers over the Central Andes on interannual timescales. Hence, this easterly moisture flux mechanism may be a key ingredient for precipitation on the Bolivian Altiplano on both interannual and interdecadal timescales. At the same time, easterly wind anomalies prevail over Peru during the positive phase of RCP1, thereby contributing to the wet anomalies observed over the central Peruvian Andes, but not for the southern Peruvian Andes. Again, this mechanism is consistent with interannual atmospheric circulation anomalies documented over the central Peruvian Andes during wet summers (Vuille et al., 2008). The dry anomalies over the southern Peruvian Andes are associated with a weakened SALLJ that reduces the moisture flux from the Amazon basin to the southern Peruvian Andes.
The positive phase of RPC2 features significant upper-level westerly wind anomalies over the northern Central Andes at 200 hPa, indicative of a reduced moisture transport from the lowlands toward the southern Peruvian Andes during dry summers in the northern Central Andes on interdecadal timescales.
In this study we provided a first broad assessment of the dynamical mechanisms and teleconnections that relate austral summer precipitation over the Central Andes with multidecadal modes of coupled ocean-atmosphere variability in the Atlantic and Pacific Oceans. While more detailed analyses will be required to further investigate and confirm some of the proposed mechanisms, our results provide a first contribution toward establishing a more robust understanding of this low-frequency oceanic influence on climate variability in the Central Andes. Incorporating this hitherto neglected multidecadal component into such assessments is key when trying to develop a better long-term climate prediction framework for the region (Zhou and Lau, 1998).
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