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Abstract  1 

 2 

 3 

Subtropical Argentina concentrates most of the country's population and economic activity, 4 

including rainfed agriculture in the La Plata Basin, where daily precipitation extremes drive 5 

flash flooding and crop losses. This study characterizes their interannual variability in early 6 

austral summer (November–January) through joint statistical and dynamical analysis. The 7 

R95p index was computed at rain gauges over 1961–2020, and a stepwise correlation-based 8 

regionalization grouped them into seven coherent regions spanning the full climatic gradient. 9 

Regional centroids were analysed for trends, breakpoints and periodicities, and used to 10 

composite ERA5 fields. Extreme precipitation increased over the north of the domain, as a 11 

significant linear trend in the northeast and as an abrupt 1984 breakpoint in the northwest. In 12 

every region, variability is organized by anomalous low-level moisture transport and 13 

convective instability, but moisture sources follow a longitudinal rule opposite to ocean 14 

proximity: eastern regions are fed by northerly transport along the eastern Andes, inland 15 

regions by easterly Atlantic inflow, except the northwest, which switched to the northerly 16 

pathway after 1984. Large-scale forcing follows the same partition: ENSO imprints a robust, 17 

linear signal over the Littoral and northeast, weakens along the semi-arid diagonal, and gives 18 

way to the Southern Annular Mode in the northwest, where the relationship reverses sign after 19 

1984, shifting from a low-level mass-field pathway to jet-entrance ageostrophic ascent. Over 20 

coastal Buenos Aires, a significant Niño3.4 correlation is not supported by the circulation, 21 

showing that statistical association alone can mislead attribution. 22 
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1. Introduction 1 

 2 

The sector of Argentine territory east of the Andes and north of 39° S (hereafter subtropical 3 

Argentina, STAr) encompasses the Pampas region, Cuyo, and the country's northeastern and 4 

northwestern extremes. It presents a heterogeneous topography (Fig. 1), set by the Andes, 5 

the central sierras, and the extensive subtropical plains, producing a pronounced zonal 6 

precipitation gradient and a wide range of climates, from arid conditions in the west to 7 

temperate and humid subtropical regimes in the east (Beck et al., 2018). The precipitation 8 

regime has a well-defined annual cycle, with a wet season concentrated between October and 9 

April and a dry season during austral winter (Barros et al., 2008; Sorensson & Ruscica, 2018). 10 

Wet-season accumulations account for roughly 85% of the annual total over the Pampas and 11 

Cuyo (Agosta and Compagnucci, 2012) and about 80% over northwestern Argentina (Ferrero 12 

and Villalba, 2019). 13 

The eastern section of STAr overlaps with southeastern South America (SESA), a region 14 

widely referenced in the literature for the magnitude and persistence of its climate signals and 15 

for its hydrological relevance, as it contains a substantial fraction of the La Plata Basin. STAr 16 

concentrates most of Argentina's population and hosts economic activities that account for 17 

more than 80% of national gross domestic product, including rainfed agriculture, livestock 18 

production, and hydropower generation associated with the LPB (Bettolli et al., 2021; 19 

Maisonnave et al., 2026). At the same time, a significant fraction of the population is highly 20 

socially vulnerable, particularly in urban and peri-urban areas where poverty, informality, and 21 

infrastructure limitations amplify exposure to climate extremes (Lavell et al., 2012; Cardona, 22 

2012). Daily precipitation extremes are therefore of particular concern, as they are directly 23 

associated with flash flooding, infrastructure damage, agricultural losses, and threats to public 24 

safety, with disproportionately severe impacts where adaptive and response capacities are 25 

limited (Handmer et al., 2012; Begum et al., 2022). 26 

Given the relevance of these events, research on daily precipitation extremes in the region 27 

has focused mainly on characterizing long-term secular change to identify signals potentially 28 

attributable to anthropogenic forcing. At the regional scale, researchers have documented a 29 

sustained increase in extreme rainfall over SESA with high confidence (Seneviratne et al., 30 

2021). This trend is consistent across station records (Haylock et al., 2006; Skansi et al., 2013; 31 

Olmo et al., 2020), gridded products (Castino et al., 2017; Ceron et al., 2021), reanalysis 32 

(Balmaceda-Huarte et al., 2021), and global climate models (Diaz et al., 2021), being SESA 33 

one of the South American regions with the largest rates of increase (Skansi et al., 2013). 34 

Beyond gradual trends, to the best of the authors’ knowledge, only Ceron et al. (2021) have 35 

examined abrupt shifts or change points in extreme precipitation over the region. Regional 36 

projections point to a further intensification of the frequency and intensity of extremes under a 37 

range of emission scenarios, with broad agreement between dynamical (Blázquez and 38 

Solman, 2020; Reboita et al., 2022) and statistical downscaling approaches (Olmo et al., 39 

2022). Models nonetheless show a wide spread in the magnitude, spatial pattern, and 40 

seasonality of the estimated trends. Over the historical period, this spread arises mainly from 41 

internal climate variability and structural inter-model uncertainty, whose relative contribution is 42 

largest at the regional scale and at interannual-to-decadal time scales (Hawkins and Sutton, 43 

2009; Deser et al., 2012). Characterizing natural variability is therefore a prerequisite for 44 

interpreting both observed and projected trends 45 
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In contrast to trend studies, the analysis of abrupt shifts or change points in the mean of daily 1 

extreme precipitation indices remains scarce at the regional scale. To the best of the authors' 2 

knowledge, only Ceron et al. (2021) documented a change point in several indices of annual 3 

frequency of daily extreme precipitation over southern LPB, followed by an increase in the 4 

mean in the late 1990s. The authors attributed this shift to the abrupt change in subtropical 5 

Atlantic SST at the end of the twentieth century, linked to an anticyclonic circulation that 6 

enhanced moisture convergence over the region. 7 

Given the scarcity of studies on abrupt shifts, the temporal variability of daily extremes and 8 

their associated forcings has also received comparatively little attention, although interest has 9 

grown over the past decades. At the interannual scale, El Niño-Southern Oscillation (ENSO) 10 

emerges as the leading modulator of daily precipitation extremes during the wet season. 11 

Grimm and Tedeschi (2009) identified a direct linear relationship between the Niño 3 index 12 

and the frequency of days exceeding the 90th percentile of precipitation over LPB from 13 

October to February, together with a nonlinear response in March–April. Consistently, Robledo 14 

et al. (2013) showed that the leading mode of covariability between an extreme precipitation 15 

intensity index (DIER75) and sea surface temperature (SST) during the wet season displays 16 

an ENSO-like pattern, with intensified extremes over central and eastern Argentina. More 17 

recently, Iacovone et al. (2024) reported consistent results for SESA during the October–18 

December season, showing a direct, linear, and statistically significant relationship between 19 

the Oceanic Niño index and the accumulated precipitation in days above the 75th percentile. 20 

Conversely, Medina et al. (2025) found no robust or spatially coherent relationship between 21 

ENSO and the maximum one-day precipitation index (Rx1) over northwestern Argentina from 22 

December to March in the post-1970 period. Overall, the evidence points to a robust ENSO 23 

influence over the eastern portion of the region, while the relationship in the western portion 24 

has been only partially explored and appears more complex. 25 

Beyond ENSO, other forcings have been linked to the interannual variability of regional 26 

precipitation extremes. Robledo et al. (2013) associated positive DIER75 anomalies over 27 

central and northern Argentina with warm anomalies in the tropical and subtropical Atlantic, 28 

while Robledo et al. (2016) and Iacovone et al. (2024) identified a significant Indian Ocean 29 

Dipole signal during September-November and during October–December, respectively. 30 

Regarding the Southern Annular Mode, Iacovone et al. (2024) reported significant negative 31 

correlations with SESA extremes in October–December, peaking in November. By contrast, 32 

Medina et al. (2025) found only spatially heterogeneous and isolated relationships for 33 

December–March with SAM.  34 

Despite these advances, important limitations remain. First, the impact of the main climate 35 

forcings on daily extremes over the western portion of the study region has been explored only 36 

partially, and the available evidence is less consistent than in the east. Second, most of the 37 

studies mentioned above approach the problem from a predominantly statistical perspective, 38 

based on correlation analysis or on compositing indices across the phases of climate forcings. 39 

While such approaches identify significant relationships, their interpretation is limited, since 40 

statistical associations do not necessarily imply a causal link to the underlying dynamical 41 

processes. Robledo et al. (2016) and Medina et al. (2025) are exceptions, as they explicitly 42 

examine the anomalous tropospheric circulation associated with the extreme precipitation 43 

indices and address both the regional circulation and the large-scale patterns linked to 44 

different forcings. However, these studies analyze responses at individual stations and do not 45 
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assess them over coherent subregions. This is a relevant limitation for large-scale forcings, 1 

whose teleconnections are expected to be expressed over a region rather than at isolated 2 

points, where local responses can mask the signal. 3 

Therefore, the aim of the present study is to characterize the interannual variability of daily 4 

precipitation extremes over coherent subregions of subtropical Argentina during early austral 5 

summer (November-January, NDJ). We also identify the climate forcings modulating this 6 

variability in each subregion, along with the regional-to-large-scale tropospheric circulation 7 

patterns that provide their dynamical underpinning. The choice of the NDJ season is not 8 

incidental. Most previous studies rely on the classical seasons, either austral spring (SON) or 9 

summer (DJF), whereas over the study region the highest thresholds of extreme precipitation 10 

within the wet season are reached in NDJ (Ricetti 2026). Additionally, November–January 11 

coincides with the window in which El Niño and La Niña events reach their maximum SST 12 

anomalies and regional influence (Anderson et al., 2017), which is key given that ENSO is the 13 

main interannual forcing in the region. We will address variability within the second half of 14 

the wet phase (February–April) separately in a forthcoming study.  15 

The paper is organized as follows. Section 2 describes the data and methods used. Section 3 16 

presents the results, covering the regionalization and the temporal behaviour of the regional 17 

series, their statistical links with the climate indices, and the associated tropospheric 18 

circulation. Section 4 discusses the results and Section 5 presents the conclusions. 19 

 20 

 21 
Figure 1. ERA 5 South American topography (color shading) and November-January mean sea level 22 

pressure climatology (MSLP, black contours), showing the seasonal climatological position of the 23 
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South Pacific and South Atlantic subtropical anticyclones. Base period: 1991-2020. The study region 1 

is shown in a hatched pattern.  2 

 3 

2.  Data and methods 4 

2.1. Data 5 

2.1.1. Station data 6 

This study used daily accumulated precipitation records from the Argentine Meteorological 7 

Service (SMN). Although the records comply with World Meteorological Organization 8 

standards, we conducted a thorough quality-control analysis (see Ricetti et al., 2025a). 9 

Because this study focuses on wet extremes of precipitation, the quality-control procedure 10 

primarily targeted exceptionally large daily rainfall amounts, where potential inconsistencies 11 

could substantially influence the results. We evaluated suspect observations by comparing 12 

them with satellite data and measurements at surrounding stations. We also examined the 13 

atmospheric circulation associated with each case to determine whether the recorded 14 

precipitation was physically consistent with the prevailing synoptic conditions. After this 15 

analysis, we retained 62 rain gauges with less than 5% missing data within STAr (Figure 3A), 16 

spanning 1 Jan 1960–31 Dec 2021. We required stations with shorter records (17) to cover at 17 

least the minimum period considered (30 years; 1990–2021) to include them in the analysis. 18 

In addition, monthly values of the observation-based Southern Annular Mode index (iSAM) 19 

within the study period were used (https://legacy.bas.ac.uk/met/gjma/sam.html, accessed 05 20 

May 2026). This index is computed as the normalized difference in zonal-mean sea-level 21 

pressure between 40°S and 65°S, based on observations from 12 meteorological stations: six 22 

located at approximately 65°S and six at 40°S (Marshall, 2003). 23 

2.1.2. Gridded products 24 

For the analysis of ocean–atmosphere coupled system forcing, monthly sea surface 25 

temperature (SST) from the Extended Reconstructed Sea Surface Temperature version 6 26 

(ERSSTv6) was used. Developed by the National Oceanic and Atmospheric Administration 27 

(NOAA), this dataset provides a global SST product at 2° × 2° resolution, spanning 1850–28 

2025 (https://www.ncei.noaa.gov/products/extended-reconstructed-sst, accessed May 2026). 29 

ERSSTv6 is reconstructed primarily from in situ ship measurements, supplemented with 30 

observations from drifting buoys. Compared with its previous version, ERSSTv6 incorporates 31 

an interpolation method based on artificial neural networks, yielding improved spatial 32 

coherence and reduced root-mean-square error (Huang et al., 2025). 33 

To analyze anomalous tropospheric circulation, we used monthly ERA5 fields (Hersbach et 34 

al., 2020; https://cds.climate.copernicus.eu/datasets, accessed February 2026). In particular, 35 

convective available potential energy (CAPE), mean sea level pressure (MSLP), geopotential 36 

height (GH) at 250 and 850 hPa, meridional and zonal wind at 250 and 850 hPa, vertically 37 

integrated moisture flux (VIMF) and its divergence. To evaluate anomalous divergence zones, 38 

we derived the velocity potential (CHI) at 250 hPa, representing the irrotational component of 39 

the flow. 40 
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2.1.3. Data preprocessing 1 

Because the mean of a random variable can exhibit secular trends, computing anomalies 2 

relative to a fixed climatological mean may introduce systematic bias when such a trend is 3 

present, affecting the assessment of low-frequency variability (L'Heureux et al., 2013). For a 4 

monotonically increasing trend, for instance, negative anomalies would tend to concentrate 5 

early in the series and positive ones toward its end. 6 

Many variables and indices used in this study exhibit long-term, statistically significant trends, 7 

namely tropical SST (Deser et al., 2010), iSAM (Fogt and Marshall, 2020), and tropospheric 8 

variables such as low-level moisture flux, GH and  MSLP (Montini et al., 2019; Jones, 2019; 9 

Reboita et al., 2019; Gulev et al., 2021). 10 

To avoid their influence on the estimated variability, we computed anomalies relative to a non-11 

stationary basic state. At each time point, we estimated the basic state using Locally Estimated 12 

Scatterplot Smoothing (LOESS; Cleveland and Devlin, 1988) with a 30-year moving window, 13 

consistent with the typical length of reference climatologies (Barry and Chorley, 2009). We 14 

then obtained anomalies as the difference between each observed value and its 15 

corresponding LOESS estimate. In the absence of a secular trend, the basic state is constant 16 

and equal to the period mean, recovering the classical definition of anomalies. We did not 17 

compute precipitation anomalies using this approach, as we address their trends separately 18 

(Section 2.5). 19 

2.2. Climate indices 20 

To identify potential large-scale forcings associated with low-frequency variability in regional 21 

extreme precipitation, we selected a set of climate indices. These indices follow the ones 22 

assessed by the IPCC Sixth Assessment Report, Working Group I (Cassou et al., 2021), for 23 

the Southern Hemisphere: the Marshall SAM index (iSAM), two indices of Pacific Ocean 24 

variability (Niño1+2 and Niño3.4), two of the Indian Ocean (IOBW and DMI), and two of the 25 

Atlantic Ocean (AMM and AZM). We computed each oceanic index using ERSST v6 data in 26 

the standard domains defined by the IPCC (Fig. 2) and its anomalies, following section 2.1.3.  27 
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  1 

2 
Figure 2. Spatial standard domains over which the sea surface temperature anomalies at each grid 3 

point were area-averaged to obtain the considered indices, as defined by IPCC. 4 

2.3. Daily precipitation extreme index 5 

To assess the spatio-temporal variability of daily precipitation extremes in STAr, the R95p 6 

index was used (Zhang et al., 2011). This interannual seasonal index was calculated at each 7 

of the 62 rain gauges within STAr as the rainfall sum on NDJ days exceeding the local daily 8 

95th percentile. Each seasonal value was labeled by the year of its November–December 9 

months (i.e., the R95p value for 1981 comprises ND(1981) and J(1982)). The selection of this 10 

index was based on previous results (Ricetti et al., 2025a), which showed that R95p is the 11 

index that best synthesizes the spatio-temporal behavior of extreme precipitation in STAr, 12 

exhibiting the highest spatio-temporal coherence with frequency and intensity-based indices 13 

of extreme precipitation. 14 

 15 

For regions with a marked annual cycle, such as STAr, using a single percentile for all days 16 

of the year is not recommended, since values exceeding it will naturally concentrate in the 17 

wettest months, as their probability of occurrence is not uniform throughout the annual cycle. 18 

Moreover, in these regions it is advisable to use the percentile of each calendar day, since the 19 

pronounced seasonality generates significant daily climatological differences, even within the 20 

same month, particularly during the austral spring (Grimm and Tedeschi, 2009). 21 

 22 

The daily 95th empirical percentile for each rain gauge was estimated using the sample of all 23 

days (wet and dry), rather than a wet-day threshold sample. This choice follows the issue 24 

raised by Schär et al. (2016): estimating percentiles conditional on wet-day occurrence makes 25 

the resulting percentile sensitive to changes in the frequency of wet days, which can bias the 26 

identification of extreme events independently of any genuine change in rainfall intensity. 27 

Regarding the estimation scheme, percentiles were empirically-estimated using the sample 28 

29-day moving window centered on the day to be estimated (Olmo and Bettolli, 2021), and 29 

the resulting estimated percentile annual cycle was smoothed with a Generalized Additive 30 
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Model (GAM). This estimation scheme showed the best overall performance in the percentile 1 

estimation-scheme benchmark by Ricetti et al. (2025b). 2 

 3 

To ensure the statistical independence of the considered extreme events, a declustering 4 

procedure was applied (Tuel and Martius, 2021): consecutive days exceeding the threshold 5 

were treated as a single event, retaining only the day with the highest daily precipitation record. 6 

During index estimation, years with more than 10% missing daily data were excluded from the 7 

index calculation and set as missing. These missing values were interpolated using Multiple 8 

Linear Regression, with nearby stations as predictors selected via the Akaike Information 9 

Criterion (AIC). This imputation scheme has shown the best performance for hydro-10 

meteorological series in the study region (Hurtado et al., 2021). Following this procedure, 11 

complete seasonal series of R95p were obtained for each of the 62 rain gauges, with one 12 

value per year for the entire study period. 13 

2.4. Regionalization of daily precipitation extremes 14 

We conducted a regionalization analysis to delimit homogeneous regions over which the R95p 15 

index shows temporally and spatially coherent behavior. In the literature, methods for 16 

regionalizing extreme precipitation fall into two categories: dimensionality reduction 17 

techniques (Santos et al., 2017; Akbas, 2023) and unsupervised machine learning algorithms 18 

(Sariş, 2020; Lima et al., 2021; Wang et al., 2021). In the study region, the most commonly 19 

used machine learning algorithms, k-means and Ward's method, were not able to deliver 20 

regions with simultaneous spatial and temporal coherence (Ricetti et al., 2025a). This 21 

limitation arises because these algorithms group all the available stations, whereas extreme 22 

precipitation in a complex-terrain domain such as STAr does not necessarily behave similarly 23 

among nearby stations, as it is strongly influenced by local features. 24 

 25 

To avoid this problem and obtain spatio-temporally coherent regions, we used a stepwise 26 

correlation-based method developed by Hurtado et al. (2023). This algorithm (hereinafter HAZ 27 

method, after its authors' names) groups stations’ time series based on the temporal co-28 

variability of their series, allowing stations without a common signal to remain ungrouped 29 

rather than being forced into a region. Unlike k-means and Ward's method, HAZ does not 30 

require the number of regions to be specified in advance; instead, it requires two parameters: 31 

a critical correlation threshold (rc), defining the minimum acceptable correlation between each 32 

station's series and its group centroid, and a minimum number of stations required to form a 33 

region. In this study, rc = 0.6 was used, together with a minimum of four stations per region. 34 

 35 

The algorithm operates on the standardized R95p index of each station, defined as its relative 36 

anomaly with respect to its temporal mean. The centroid of a set of selected stations is 37 

computed as their spatial average, and synthesizes the common interannual variability of the 38 

group. Starting from the full set of available stations, the algorithm iteratively  39 

 40 

(i) removes the station with the lowest correlation to the centroid whenever this correlation falls 41 

below rc, and 42 

(ii) incorporates the station with the highest correlation to the centroid whenever this 43 

correlation is equal to or greater than rc, recalculating the centroid after each step.  44 

 45 
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This procedure continues until neither condition applies; if the resulting set of stations meets 1 

the minimum required, it is retained as a region, and the process is repeated on the remaining 2 

stations until no further regions can be formed. 3 

 4 

After the regions were defined, by construction the regional centroid has a correlation higher 5 

than 0.6 with the R95p index of every station that composes it. Consequently, the regional 6 

centroid of each region was considered to be representative of the temporal variability of 7 

extreme precipitation within that region. 8 

 9 

2.5. Extreme precipitation trends and breakpoints 10 

To evaluate linear trends in each regional centroid, we fitted a quantile regression to the 11 

median (𝜏 = 0.5; Koenker and Bassett, 1978). Its slope (β) was tested using a two-tailed t-test 12 

(Wilks, 2011) under the null hypothesis of β = 0, with a 90% confidence level. Additionally, the 13 

presence of breakpoints or abrupt shifts in the time series was evaluated using the tests 14 

identified as best-performing by Hurtado et al. (2020): Pettitt (Pettitt, 1979), the Standard 15 

Normal Homogeneity Test (SNHT; Alexandersson, 1986), and Buishand Range (Buishand, 16 

1982). Cerón et al. (2021) also applied these tests to daily extreme precipitation in the study 17 

region. 18 

Given that the study period spans 60 years and that more than one breakpoint may occur, the 19 

multi-breakpoint scheme of the aforementioned tests, developed by Hurtado et al. (2020) was 20 

implemented. A maximum of two breakpoints per series was searched for, with a minimum 21 

subperiod length of 20 years. A breakpoint was considered valid when, for a given time series, 22 

at least two of the three tests identified a statistically significant break at a 90% confidence 23 

level within ±5 years of each other. For the SNHT test, surrogate time series were generated 24 

using 10,000 Monte Carlo simulations, while for Buishand-R, 10,000 bootstrap resamples of 25 

the series were used. 26 

Given the interrelation between breakpoints and linear trends, a joint analysis of both was 27 

carried out. A significant breakpoint can spuriously produce a statistically significant monotonic 28 

trend when the full period is tested, without this reflecting a genuine, sustained increase or 29 

decrease of the variable (Ricetti et al., 2024; Cesanelli & Ricetti, 2025; Luo et al., 2026). 30 

Conversely, a genuine monotonic trend can spuriously lead to the detection of a breakpoint 31 

near the middle of the series. To disentangle these cases, the linear trend was additionally 32 

evaluated within each subperiod defined by the identified breakpoints. If the trend was 33 

significant over the full period but vanished within the subperiods, the inhomogeneity was 34 

attributed to the breakpoint and the full-period trend was considered spurious. Conversely, if 35 

the trend remained unchanged within the subperiods, the breakpoint was considered spurious 36 

and the inhomogeneity was attributed to the trend. 37 

 38 

 39 
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2.6. Variability and links with climate indices 1 

We characterized the dominant periodicities of each regional centroid using wavelet spectral 2 

analysis (Torrence and Compo, 1998) with the Morlet wavelet (ω₀ = 6). We compared the 3 

global wavelet power spectrum of each series with a null spectrum from 10,000 bootstrap 4 

resamples of the same series. We considered periods whose power exceeded the 90th 5 

percentile of this null distribution statistically significant. 6 

To identify potential large-scale forcings associated with the low-frequency variability of the 7 

regional centroids, we computed the Pearson correlation coefficient between each centroid 8 

and each climate index described in Section 2.2. We assessed significance against the null 9 

hypothesis of zero correlation using a two-tailed test at a 90% confidence level. 10 

2.7. Tropospheric circulation features 11 

We applied a composite difference technique to tropospheric anomalies in years above the 12 

75th percentile (high years) and below the 25th percentile (low years) in each region's series. 13 

We tested the difference between the high- and low-year composite anomalies using a two-14 

tailed Welch's t-test at the 90% confidence level (Ruxton, 2006), under the null hypothesis that 15 

the difference is zero. 16 

At the hemispheric scale, GH and Takaya-Nakamura wave activity flux (WAF; Takaya and 17 

Nakamura, 2001) at 250 hPa, together with the velocity potential, were composited to 18 

characterize the large-scale teleconnection pattern associated with each region's variability, 19 

as well as MSLP and the zonal component of wind at 250 hPa to assess the position of upper-20 

level jets. At the regional scale, GH and wind at 850 hPa, VIMF and its divergence, and CAPE 21 

were composited to characterize the low-level circulation, moisture transport, and 22 

thermodynamic support linked to each region. 23 

3. Results 24 

3.1.  Statistical analysis of regional time series: trends, breakpoints and variability 25 

The HAZ method grouped 48 of the 62 rain gauges into seven spatio-temporally coherent 26 

regions (Fig. 3A). The remaining 14 stations did not share a common signal with any group, 27 

and the HAZ method left them ungrouped (crossed circles). Their spatial distribution is not 28 

random: most lie south of 30°S, and they align along the boundaries between regions, mainly 29 

where R1 meets R5, R7, R2 and R4, and along the R5–R7 limit,  that is, in transition zones 30 

where no single regional signal prevails over the others. The seven regions span the full 31 

climatic gradient of subtropical Argentina, from the humid, forested northeast to the arid 32 

Andean foreland in the west.  33 

R1 and R3 together make up the Argentine sector of SESA, the humid eastern half of the 34 

domain. R1 is the largest region (18 stations) and covers the Littoral and the northern Pampas, 35 

from southern Santa Fe and Entre Ríos to eastern Córdoba and northeastern Buenos Aires. 36 

It is a flat, humid plain drained by the Paraná and Uruguay rivers, whose floodplains and delta 37 

host extensive wetlands, and it concentrates the bulk of the country's rainfed grain and cattle 38 

production. To the north, R3 (6 stations) comprises northeastern Argentina: Misiones, eastern 39 

Chaco, Formosa and northern Corrientes. It is the wettest region of the study area and the 40 
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most heterogeneous in land cover, combining the Paranaense Atlantic forest on Misiones, the 1 

Iberá marshes, one of the largest wetland systems in South America, and the humid Chaco 2 

plain. 3 

R6 comprises 5 stations across northwestern Argentina, from the Salta–Jujuy piedmont to 4 

western Formosa. It straddles a very sharp west–east rainfall gradient: the eastern Andean 5 

slopes sustain the Yungas subtropical montane cloud forest, while only a few hundred 6 

kilometers to the east the semi-arid Chaco begins. Despite these large contrasts in mean 7 

precipitation, the HAZ method groups these stations together because regionalization is based 8 

on the temporal coherence of the year-to-year variability rather than on the mean state. 9 

Three regions lie along the semiarid diagonal, a belt of low precipitation that crosses South 10 

America from the Altiplano to Patagonia and is maintained by the rain shadow of the Andes. 11 

R5 (4 stations) corresponds to the La Rioja–Santiago del Estero lowlands, a hot, semi-arid 12 

dry-Chaco plain of thorn scrub; R7 (6 stations) to Cuyo (Mendoza and San Luis), an arid 13 

piedmont immediately east of the highest Andes, where agriculture is confined to snowmelt-14 

fed irrigation; and R2 (4 stations), at the southeastern end of the diagonal, to southwestern 15 

Buenos Aires and eastern La Pampa, a sub-humid to semi-arid grassland plain interrupted by 16 

the low Ventania range. Finally, R4 (5 stations) occupies the southeastern corner of Buenos 17 

Aires province, facing the Atlantic. Being the region closest to the ocean, its precipitation is 18 

the most directly exposed to Atlantic conditions, and it is crossed from northwest to southeast 19 

by the Tandilia range.  20 

 21 

22 
Figure 3. Panel A. Rain gauge stations within the STAr domain, grouped by region, for which the 23 

November-December-January (NDJ) R95p index exhibited spatio-temporally coherent behavior 24 

(colored dots). Stations for which regionalization was not possible are marked with crossed circles. 25 

Thiessen polygons were constructed for the regionalized stations to delineate the spatial extent of each 26 

region (colored shade). Panel B. Standardized regional centroid time series of the NDJ R95p index, 27 
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together with the corresponding linear trend of the centrality parameter (median regression). Trends 1 

with slopes significantly different from zero (two-tailed t-test, 90% confidence) are shown as solid lines; 2 

non-significant trends are shown as dashed lines. Black lines correspond to full-period trends, and cyan 3 

lines to trends within subperiods defined by breakpoints. Solid vertical lines mark the years of detected 4 

breakpoints according to the applied methodology. Panel C. Global wavelet power spectrum of each 5 

regional time series. Power significantly exceeding the null spectrum at 90% confidence is shown in 6 

red. For the R3 time series, we removed the statistically significant trend before computing the 7 

spectrum. For R6, the power spectra before and after the 1984 breakpoint are shown in grey and black, 8 

respectively. 9 

Over the 1961–2020 period, all regional centroids except R2 exhibited increasing linear trends 10 

of the NDJ R95p index, although in R1, R4, R5, R6 and R7 the slopes were not significantly 11 

different from zero at the 90% confidence level, as was also the case for the decreasing trend 12 

of R2 (dashed lines in Fig. 3B). R3 was the only region with a statistically significant increasing 13 

trend over the full period. 14 

Only three regions presented candidate breakpoints (Table 1). In R2, the three tests placed a 15 

shift toward lower values in 2000, but only Buishand-R was significant at a 90% confidence 16 

level. Since the adopted criterion requires agreement of at least two tests, the R2 time series 17 

was considered homogeneous. For R3, the three tests detected a significant shift toward 18 

higher values near the middle of the record, in 1990 for Pettitt and in 1993 for SNHT and 19 

Buishand-R. However, the linear trends computed within both subperiods remain increasing 20 

and comparable to that of the full period (Fig. 3B), so the inhomogeneity was attributed to the 21 

significant trend and the breakpoint was considered spurious (i.e., an artifact generated by the 22 

trend in the median). Conversely, in R6 the three tests agreed on a significant shift toward 23 

higher values in 1984 while trends within each subperiod showed opposing signs (slightly 24 

increasing before and decreasing after). Following the adopted methodology, we considered 25 

this shift a genuine breakpoint. The remaining regions were considered homogeneous over 26 

the study period, as none of the tests identified a statistically significant shift. Accordingly, we 27 

removed the significant trend in R3 before spectral analysis and subsequent analyses, and 28 

we analyzed R6 separately before (1961–1984) and after (1985–2020) its breakpoint. 29 

Regarding the temporal variability, the global wavelet power spectra (Fig. 3C) reveal that the 30 

spectral band between 3 and 5 years dominates the eastern regions. R1 shows significant 31 

power between 3 and 5 years, peaking near 3 years; R4 in the 3-4.5-year band, and R3 in the 32 

3–4-year band. Their similar spectral behavior is consistent with their geographical proximity 33 

within eastern STAr. Conversely, R2 and R7 concentrate their significant power in a lower-34 

frequency band, between 6 and 9 years. Despite showing spectral peaks between 2.5-3.5 and 35 

6-8 years, R5 was the only region whose global spectrum did not exceed the null spectrum at 36 

any periodicity. Lastly, R6's spectral behavior differed markedly between subperiods. Before 37 

the 1984 breakpoint, its significant power was concentrated in a high-frequency band of 2.5–38 

3 years (Fig.3C, grey curve), whereas afterward the significant periodicities shifted to a 39 

decadal (9-12 years) band, with no significant power left at lower periods. 40 

Table 1. Breakpoint years identified in the regional centroid time series (rows), together with the p-41 

values of the tests applied (columns). Bold shading indicates statistically significant breakpoints at 90% 42 

confidence, with upward/downward arrows indicating whether the break was toward higher or lower 43 

values. 44 
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 1 

 Pettit SNHT Buishand-R 

R1 1989 / 0.50 1989 / 0.19 1989 / 0.32 

R2 2000 / 0.53 2000 / 0.17 2000 / 0.085 (↓) 

R3 1990 / 0.029 (↑) 1993 / 0.039 (↑) 1993 / 0.062 (↑) 

R4 1983 / 0.48 1983 / 0.31 1983 / 0.28 

R5 1982 / 0.69 1982 / 0.43 1985 / 0.3 

R6 1984 / 0.075 (↑) 1984 / 0.037 (↑) 1984 / 0.062 (↑) 

R7 1996 / 1 1996 / 0.69 1996 / 0.68 

 2 

3.2.  Statistical links between large-scale forcing indices and regional extreme 3 

precipitation 4 

The correlation analysis shows that interannual variability in the regional centroids in eastern 5 

STAr is essentially governed by Indo-Pacific forcing (Fig. 4), with most significant coefficients 6 

corresponding to the Pacific (Niño1+2, Niño3.4) and Indian Ocean (IOBW, DMI) indices. The 7 

Atlantic indices were almost unrelated to regional extreme precipitation over the domain as a 8 

whole: apart from a weak negative correlation between R3 and the AMM (−0.25), the only 9 

appreciable link was found in R6 before its breakpoint, where the AMM reaches a correlation 10 

of 0.46, a value that has no counterpart in the post-breakpoint period. The iSAM, in turn, was 11 

significant in only two regions: R5 and R6.  12 

R1 and R3 showed the strongest links by far. In R3, the centroid correlates with IOBW (0.53), 13 

Niño1+2 (0.63), and Niño3.4 (0.67), the latter implying that ENSO linearly accounts for roughly 14 

45% of the variance of regional extreme precipitation. R1 follows the same structure with 15 

somewhat lower values (0.39, 0.40 and 0.58, respectively), and is the only region where the 16 

DMI reaches statistical significance, though weakly (0.29). These correlations are consistent 17 

with the spectral behavior of both regions, whose significant power is concentrated in the 18 

characteristic ENSO band (3–5 years, Fig. 3C), and with their location in the Argentine sector 19 

of SESA, which is the part of STAr where the ENSO signal on precipitation is strongest. 20 

Along the semi-arid diagonal, R2 and R7 also correlate significantly with El Niño and IOBW 21 

indices, but with markedly lower coefficients, close to 0.25 and a maximum of 0.37 for Niño3.4 22 

and R2 centroid. This weaker coupling is consistent with their spectra, where significant power 23 

lies in the 6-8-year band rather than the classical ENSO band. R4, in contrast, represents the 24 

opposite situation: despite sharing with R1 and R3 significant power at higher frequencies, its 25 

only significant link is a weak correlation with Niño3.4 (0.23), suggesting that the interannual 26 

variability of extreme precipitation over the southeastern Buenos Aires coast is weakly related 27 

with the tropical Pacific. 28 

 29 
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 1 
Figure 4. Heatmap of Pearson correlation coefficients between the centroids of the different regions 2 

(y-axis) and the considered climate indices (x-axis) for the period 1961–2020. Coefficient values 3 

significantly different from zero (two-tailed test, 90% confidence) are shown as text. Cells 4 

corresponding to R6 are split into subsets before (upper) and after (below) the 1984 breakpoint. 5 

The two regions with no significant link to the Pacific or Indian Ocean indices, both located in 6 

northwestern STAr, are the only ones statistically related to the iSAM. R5, which showed no 7 

significant spectral peak at any period, correlates weakly but significantly with the iSAM (0.26). 8 

We evaluated R6 separately on either side of its breakpoint. Before the breakpoint, two 9 

coefficients were significant: the iSAM (0.41) and the AMM (0.46), while after the AMM link 10 

disappeared, the iSAM became the only significant coefficient with a negative sign (−0.35). 11 

These results indicate that the breakpoint in R6 involved far more than a shift in the mean. 12 

The sign of the SAM–precipitation relationship reverses between the two subperiods, and the 13 

Atlantic link vanishes altogether, so the set of teleconnections modulating regional extreme 14 

precipitation seems different on either side of 1984. This is consistent with the complete 15 

reorganization of the power spectrum between the two subperiods (Fig. 3C), and together both 16 

lines of evidence point to a regime change rather than a simple shift in the mean level.  17 

3.3. Tropospheric circulation features associated with interannual variability of regional 18 

extreme precipitation 19 

Low-level composite differences of geopotential height and wind at 850 hPa show that some 20 

of the seven regions share similar lower-tropospheric circulation patterns associated with their 21 

variability (Fig. 5). In particular, R1, R3 and R6 after the breakpoint share their main 22 
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configuration: a positive, statistically significant GH anomaly over the subtropical lowlands of 1 

northeastern Argentina, Paraguay and southern Brazil, whose southwestern flank drives a 2 

significant anomalous northerly flow along the eastern side of the Andes towards the Littoral 3 

and northern Argentina (Fig. 5A, 5C and 5G). In R1, this anomaly is additionally accompanied 4 

by a significant negative GH center over southern South America and the adjacent Atlantic, 5 

which is weaker and non-significant in R3 and R6.  6 

R1 and R3 also share several commonalities beyond this circulation pattern: they concentrate 7 

significant spectral power in the same 3–5-year band (Fig. 3C) and are the two regions most 8 

strongly correlated with the Pacific indices (Section 3.2). We therefore analyze them together 9 

in Section 3.3.1. In contrast, R6 lacks these additional commonalities, despite sharing the 10 

described regional circulation, and will therefore be examined separately. 11 

R2 and R7 define a second group, characterized by a midlatitude GH dipole: an anticyclonic 12 

anomaly over the southwestern Atlantic centred near 50°S and a cyclonic anomaly over the 13 

southeastern Pacific, with the arid diagonal lying in between, under significant northeastern 14 

wind anomalies (Fig. 5B and 5H). The two centers are of comparable magnitude in R2 15 

(differences near ±15 gpm), whereas in R7 the Atlantic anticyclone clearly dominates, 16 

exceeding 20 gpm. Consistently, both concentrate their significant power in the 6–9-year band 17 

and correlate only weakly with the Niño and IOBW indices, in contrast to the previous group. 18 

A third group consists of R5 and pre-breakpoint R6. R5 exhibits a broad but weak anticyclonic 19 

anomaly over central-eastern Argentina and the adjacent Atlantic, barely reaching 10 gpm and 20 

with only limited areas of significant wind anomalies in its northwestern part (Fig. 5E). Pre-21 

breakpoint R6 shows essentially the same structure (Fig. 5F): a positive geopotential height 22 

anomaly over the subtropical Atlantic whose northern flank drives an anomalous easterly flow 23 

onto the continent. This circulation is consistent with the only forcing they share with each 24 

other and with no other region: both are significantly and positively correlated with the iSAM, 25 

and neither is linked to the Pacific or Indian Ocean indices (Section 3.2). Accordingly, we 26 

analyze them together in Section 3.3.3. Moreover, it should be borne in mind that the pre-27 

breakpoint R6 composite is built from only 12 seasons (6 high and 6 low), against the 30 (15 28 

and 15) available for the remaining regions, so significance is harder to attain, and the weakly 29 

significant areas should not be read as absence of signal. 30 

 31 

Lastly, in R4 the composite shows a negative GH anomaly over central and northern Argentina 32 

and a weak positive anomaly over the subtropical Atlantic, well to the east. R4 region lies 33 

between both centers, under significant anomalous northerly flow along the coast (Fig. 5D).  34 
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 1 

Figure 5. November–January regional composite differences of geopotential height (GH, contours) 2 

and wind (vectors) at 850 hPa between years with high (>75th percentile) and low (<25th percentile) 3 

values of the regional centroid, for each region (panels). Shading and black vectors indicate differences 4 

significantly different from zero (Welch's t-test, two-tailed, 90% confidence); grey vectors are not 5 

significant. For R6, composites are shown separately for the periods before and after the 1984 6 

breakpoint. Yellow dots in each panel mark the stations that make up the corresponding region. 7 

 8 

3.3.1.  Regions R1 and R3 (Littoral and Northeastern Argentina) 9 

The resemblance between R1 and R3 extends beyond the regional circulation (Fig. 5A and 10 

5C) to the hemispheric scale, with both regions sharing the same SST composites and upper-11 

level circulation. The description below is therefore based on R3, which shows the strongest 12 

links with the Pacific indices (Fig. 6), and the equivalent composite for R1 is given in 13 

Supplementary Fig. S1. 14 
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 1 
Figure 6. November-January composite differences of anomalies between years with high (>75th 2 

percentile) and low (<25th percentile) values of the R3 centroid. Left panels: hemispheric composites 3 

of (A) geopotential height (GH, contours) and Takaya-Nakamura wave activity flux (WAF, vectors) at 4 

250 hPa, (B) velocity potential (CHI) at 250 hPa, and (C) sea surface temperature (SST). Right panels: 5 

regional composites of (D) vertically integrated moisture flux (VIMF, vectors) and its divergence 6 

(shading), and (E) convective available potential energy (CAPE); location of R3 rain gauges are 7 

indicated in panel E with circles. Shaded values and black vectors indicate differences significantly 8 

different from zero (Welch's t-test, two-tailed, 90% confidence). 9 

  10 

The composite difference of SST anomalies shows the typical signature of El Niño, with 11 

positive statistically significant differences exceeding 2 °C along the central equatorial Pacific, 12 

flanked by negative anomalies over the western and subtropical South Pacific, and weaker 13 

though significant positive anomalies over the Indian Ocean basin (Fig. 6C), consistent with 14 

the correlation with climate indices. Consistently, the 250-hPa velocity potential shows 15 

significant upper-level divergence (negative CHI differences) over the central equatorial 16 

Pacific and western Indian Ocean basin and convergence over the Maritime Continent and 17 

northern Australia, as well as over northern South America (Fig. 6B), indicating an eastward 18 

displacement of the Walker circulation and anomalous upper-level convergence over the 19 
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Amazon. The GH composite difference at 250-hPa presents an arching quasi-stationary 1 

Rossby wave train in the extratropics, with alternating centres over the subtropical central 2 

Pacific, the Amundsen–Bellingshausen Seas, off central Chile, and over southern Brazil and 3 

the adjacent Atlantic (Fig. 6A). The WAF vectors indicate wave energy propagating from the 4 

subtropical western Pacific southeastwards and then northeastwards towards South America, 5 

in a structure resembling the Pacific–South American pattern associated with ENSO (Karoly, 6 

1989; Mo and Nogués-Paegle, 2001). 7 

At the regional scale, the anomalous northerly flow on the western flank of the low-level 8 

anticyclonic anomaly (Fig. 5C) is reflected in a significant southeastward moisture flux from 9 

the southern Amazon and the Bolivian lowlands along the eastern side of the Andes (Fig. 6D). 10 

This flux converges over southeastern Paraguay, northeastern Argentina, southern Brazil and 11 

Uruguay. Notably, moisture flux divergence is found over eastern Brazil, forming a dipole 12 

resembling the seesaw between the South Atlantic Convergence Zone and Southeastern 13 

South America (Nogués-Paegle and Mo, 1997). CAPE also increases significantly over the 14 

convergence area, with differences exceeding 200 J kg⁻¹ over Paraguay, southern Brazil and 15 

northeastern Argentina (Fig. 6E). This evidence suggests that during years with high 16 

accumulated daily extreme precipitation in eastern STAr, enhanced low-level moisture 17 

transport towards the subtropical plains from lower latitudes, together with increased moisture 18 

convergence and convective instability, provides an environment favorable to extreme daily 19 

precipitation. This circulation is associated with a low-level anticyclonic anomaly as part of the 20 

hemispheric-scale circulation pattern typical of ENSO teleconnection.  21 

3.3.2.  Regions R2 and R7 (Argentine Semi-arid diagonal) 22 

 23 

R2 and R7 variability is similar in every respect examined so far: their correlations with the 24 

climatic indices (Section 3.2), their common spectral peak near 7 years (Fig. 3C) and their 25 

regional circulation at 850 hPa (Fig. 5B and 5H). This similarity also extends to the SST and 26 

upper-level circulation composites. Therefore, the description below will be based on R2 (Fig. 27 

7), and the equivalent composite for R7 is given in Supplementary Fig. S2. 28 

 29 

The composite difference of geopotential height at 250 hPa displays a quasi-stationary wave 30 

train extending from the eastern subtropical Pacific towards South America and into the South 31 

Atlantic, with two significant negative centers reaching −45 gpm off the coast of central-32 

southern Chile and a positive center exceeding 35 gpm over Patagonia and the southwestern 33 

Atlantic (Fig. 7A). This upper-level positive center lies above the anticyclonic anomaly at 850 34 

hPa (Fig. 5B), indicating an equivalent barotropic structure. Consistently, the WAF vectors 35 

show Rossby wave energy emanating from the eastern tropical Pacific and propagating 36 

towards southern South America and further into the South Atlantic. The SST composite is 37 

consistent with this picture: significant positive differences exceeding 1.2 °C occupy the central 38 

equatorial Pacific and extend eastwards to the South American coast and then southwards 39 

along it (Fig. 7C), matching the relationship with the Niño1+2 and Niño3.4 indices described 40 

in Section 3.2. However, the WAF-identified wave source is not corroborated by the divergent 41 

circulation: the 250-hPa velocity potential shows no significant anomalies over the eastern 42 

equatorial Pacific (not shown). Instead, the zonal wind at 250 hPa does display a coherent, 43 

zonally elongated structure over the basin (Fig. 7B). Significant westerly anomalies extend 44 

across the central and eastern Pacific in both subtropical belts, averaging 3.5 m s⁻¹ between 45 
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15°S and 25°S, and are separated by weaker easterly anomalies along the equator. This 1 

configuration is approximately symmetric about the equator and enhances the meridional 2 

shear of the zonal wind, linked to ENSO variations (Seager et al. 2005), and therefore the 3 

meridional gradient of absolute vorticity, on the flanks of both subtropical jets, a structure that 4 

can act as a Rossby wave source (Sardeshmukh and Hoskins, 1988). 5 

 6 

 7 

 8 
Figure 7. November-January composite differences of anomalies between years with high (>75th 9 

percentile) and low (<25th percentile) values of the R2 centroid. Left panels: composites of (A) 10 

geopotential height (GH, contours) and Takaya-Nakamura wave activity flux (WAF, vectors) at 250 11 

hPa, (B) zonal wind at 250 hPa (U250), and (C) sea surface temperature (SST). Right panels: regional 12 

composites of (D) vertically integrated moisture flux (VIMF, vectors) and its divergence (shading), and 13 

(E) convective available potential energy (CAPE); the locations of R2 rain gauges are indicated in 14 

panel E with circles. Shaded values and black vectors indicate differences significantly different from 15 

zero (Welch's t-test, two-tailed, 90% confidence). 16 

 17 

 18 

At the regional scale, the anticyclonic anomaly over the southwestern Atlantic shown in Figure 19 

5B is associated with an anomalous easterly to northeasterly moisture flux from the Atlantic 20 
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into central Argentina, between about 35°S and 40°S (Fig. 7D). This flux converges 1 

significantly over central-western Argentina, from the Andean foothills to the western Pampas, 2 

following Argentina's Arid Diagonal. CAPE also increases significantly over central-western 3 

Argentina between about 28°S and 45°S, covering the area where the stations of regions R2 4 

and R7 are located (Fig. 7E). The two regions nevertheless differ in where their moisture 5 

comes from. Over R7, in the west, the inflow is predominantly easterly to northeasterly, 6 

entering the continent from the Atlantic at about 30°S to 35°S and crossing it westward towards 7 

the Andean piedmont (Fig. S2). To the east, the transport in R2 is instead mainly northerly, 8 

descending along the eastern side of the continent. The wave train that organizes both 9 

configurations is the same, and so is the thermodynamic response in CAPE; what changes 10 

between them is the pathway along which the moisture is delivered. This evidence suggests 11 

that seasons with high accumulated daily extreme precipitation within Argentina's Arid 12 

Diagonal are linked to enhanced static instability and moisture influx associated with an 13 

anticyclonic anomaly over the Patagonian coast as part of a short wave train emanating from 14 

the eastern Pacific basin. 15 

3.3.3.  Regions R5 and R6 pre-1984 breakpoint (northwestern Argentina) 16 

 17 

R5 and pre-breakpoint R6, which already coincided in their regional circulation at 850 hPa 18 

(Fig. 5E and 5F) and in their positive correlation with the iSAM (Section 3.2), also share similar 19 

hemispheric features. The description below is based on R5 (Fig. 8), and the equivalent pre-20 

breakpoint composite for R6 is shown in Supplementary Fig. S3. 21 

 22 

The MSLP composite difference shows significant negative anomalies over Antarctica and the 23 

polar cap, poleward of 65°S, surrounded by a ring of weak positive anomalies at midlatitudes, 24 

significant mainly over the southern Indian Ocean and western Atlantic (Fig. 8A). Consistently, 25 

zonal wind shows significant westerly anomalies over subpolar latitudes (around 55–65°S) 26 

along most of the hemisphere, of about 2 m s⁻¹ at 850 hPa, with significant easterly anomalies 27 

further equatorward over the Indian Ocean sector and west Atlantic (Fig. 8B). This annular 28 

structure, with lower pressure over the polar cap and westerlies displaced poleward, 29 

corresponds to the spatial pattern of the positive SAM phase (Thompson and Wallace, 2000), 30 

in agreement with the positive correlation found with iSAM in Section 3.2. 31 
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 1 
Figure 8. November-January composite differences of anomalies between years with high (>75th 2 

percentile) and low (<25th percentile) values of the R5 centroid. Upper panels: hemispheric composites 3 

of (A) Mean Sea Level Pressure (MSLP, shading), and (B) zonal wind at 850 hPa (U850, shading). 4 

Lower panels: regional composites of (C) vertically integrated moisture flux (VIMF, vectors) and its 5 

divergence (shading), and (D) convective available potential energy (CAPE); locations of R5 rain 6 

gauges are indicated in panel D with circles. Shaded values and black vectors indicate differences 7 

significantly different from zero (Welch's t-test, two-tailed, 90% confidence). 8 

  9 

At the regional scale, the moisture flux anomalies near R5 are weak (~10 kg m⁻¹ s⁻¹) but 10 

channelled from the east, indicating an anomalous inflow of Atlantic moisture into the continent 11 

that converges at the eastern foothills of the Andes, over the region itself (Fig. 8C). CAPE, in 12 

contrast, increases significantly over R5 and along those same foothills, reaching 80 J kg⁻¹ 13 

(Fig. 8D), following a pattern very similar to that of the R2–R7 group (see Fig. 7E), aligned 14 

with the semiarid diagonal. In summary, during years with high extreme precipitation in the 15 

northwestern sector, the circulation is characterized by anomalous inflow of Atlantic moisture 16 

driven by an intensified South Atlantic Anticyclone and a southward shift relative to its 17 
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climatological position, whose northern flank imposes an easterly component over 1 

northwestern Argentina. This surface pressure rise is embedded in a hemispheric annular 2 

pattern consistent with a positive SAM phase, with low pressures over Antarctica and a 3 

southward-displaced jet. 4 

 5 

3.3.4.  Region R4 (Southeastern Buenos Aires) 6 

At the hemispheric scale, the GH anomaly composite difference and WAF show an 7 

extratropical quasi-stationary Rossby wave train propagating downstream from the central 8 

Pacific towards South America and into the South Atlantic (Fig. 9A). The 250-hPa GH 9 

composite difference shows significant centers of about 20–25 gpm along this path: positive 10 

over the extratropical central Pacific and negative off the coast of central Chile. However, the 11 

WAF divergence shows no clear wave source.  12 

The SST composite shows significant positive differences approaching 0.9 °C confined to the 13 

central equatorial Pacific (Fig. S4A), resembling a Central Pacific ENSO (Takahashi et al., 14 

2011; Cai et al., 2020) and consistent with R4 being significantly correlated only with the 15 

Niño3.4 index. In agreement with these SST anomalies, the 250-hPa velocity potential shows 16 

significant upper-level divergence over the western equatorial Pacific (Fig. S4B). Neither field, 17 

however, translates into wave propagation from the tropics: the WAF vectors show no wave 18 

activity north of the midlatitudes, and the wave train in Fig. 9A remains confined to the 19 

extratropics. It also cannot be attributed to enhanced baroclinicity in the basic flow, since the 20 

Eady growth rate shows no significant increase along the wave-train path (Fig. S4C). The 21 

wave train associated with R4 thus has no single identifiable source: the tropical forcing 22 

suggested by the SST and velocity potential fields is not transmitted to the extratropics, and 23 

the pattern appears instead to result from a combination of sources rather than from one 24 

dominant region. 25 

The regional composites show a well-defined low-level moisture pattern. A significant 26 

anomalous northerly moisture flux extends from northeastern Argentina over the Littoral and 27 

the adjacent Atlantic. Significant moisture flux convergence covers the Argentine Littoral, 28 

Uruguay and southern Brazil, and extends southwards over the eastern Pampas and the 29 

adjacent Atlantic down to about 42°S (Fig. 9B). In concordance, CAPE also increases 30 

significantly over northeastern Argentina and the R4 coastal strip, from where it extends 31 

southeastwards over the ocean (Fig. 9C). These features are consistent with the northerly flow 32 

channeled between the negative GH anomaly to the west and southwest of the region and the 33 

positive anomaly over the subtropical Atlantic (Fig. 5D).  34 

 35 

In summary, seasonal extreme precipitation variability in R4 is associated with a channeled 36 

northerly flow that enhances moisture convergence and convective instability over the region. 37 

This flow is driven by the zonal GH gradient between the negative anomaly to the west and 38 

the positive anomaly over the subtropical Atlantic, which is part of an extratropical Rossby 39 

wave train that appears to draw on multiple sources, with no evident link to ENSO or any other 40 

homogeneous planetary forcing. 41 

 42 

 43 
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 4 

Figure 9. November-January composite differences of anomalies between years with high (>75th 5 

percentile) and low (<25th percentile) values of the R4 centroid. Upper panel: (A) composites of 6 

geopotential height (GH, contours) and Takaya-Nakamura wave activity flux (WAF, vectors) at 250 7 

hPa. Lower panels: regional composites of (B) vertically integrated moisture flux (VIMF, vectors) and 8 

its divergence (shading), and (C) convective available potential energy (CAPE); location of R4 rain 9 

gauges are indicated in panel C with circles. Shaded values and black vectors indicate differences 10 

significantly different from zero (Welch's t-test, two-tailed, 90% confidence). 11 
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3.3.5. R6 post-1984 breakpoint (northwestern Argentina) 1 

Unlike the previous cases, post-breakpoint R6 is not paired with any other region. Its low-level 2 

circulation reproduces the configuration of R1 and R3 (Fig. 5A, 5C and 5G), but it shares 3 

neither their spectral band (Fig. 3C) nor their teleconnections: it is the only region whose 4 

centroid correlates negatively with the iSAM, and it shows no significant link to the Pacific or 5 

Indian Ocean indices (Section 3.2). We therefore describe its composites separately (Fig. 10). 6 

At the hemispheric scale, the zonal wind composite difference displays a well-defined annular 7 

structure of opposite sign to that of the previous group. At 850 hPa, significant easterly 8 

anomalies of about −1.5 m s⁻¹ occupy subpolar latitudes between roughly 50°S and 65°S 9 

along most of the hemisphere, flanked by significant westerly anomalies of about 1.0–1.5 m 10 

s⁻¹ throughout the midlatitude and subtropical belt, between about 20°S and 50°S (Fig. 10A). 11 

The same structure appears amplified at 250 hPa, with easterly anomalies reaching −3 m s⁻¹ 12 

over the subpolar belt and westerly anomalies of about 4 m s⁻¹ between 35°S and 50°S, 13 

together with significant easterly anomalies over the tropical belt (Fig. 10B). This configuration 14 

of weakened subpolar westerlies and a midlatitude jet displaced equatorward corresponds to 15 

the spatial pattern of the negative SAM phase (Thompson and Wallace, 2000), in agreement 16 

with the negative correlation with iSAM found for this subperiod in Section 3.2. 17 

At the regional scale, the moisture flux anomalies are markedly stronger than in the pre-18 

breakpoint composite and almost purely meridional: significant northerly transport of about 40 19 

kg m⁻¹ s⁻¹ descends along the eastern side of the Andes into northwestern Argentina (Fig. 20 

10C). This flux converges significantly over the region and its southern surroundings. 21 

Consistently, CAPE increases significantly over the same area, with differences exceeding 22 

200 J kg⁻¹ over the Salta–Jujuy piedmont (Fig. 10D). 23 

In summary, after the 1984 breakpoint, seasons with high accumulated daily extreme 24 

precipitation at the extreme northwestern edge of STAr are associated with enhanced 25 

northerly moisture transport along the eastern Andes, which converges over the region and is 26 

accompanied by a marked increase in convective instability. This regional configuration is 27 

embedded in an annular hemispheric pattern corresponding to the negative SAM phase, with 28 

the midlatitude westerlies displaced equatorward. The mechanism therefore differs from the 29 

pre-breakpoint one not in the variables involved but in their sign and in the origin of the 30 

moisture: Atlantic easterly inflow under a positive SAM before 1984, northerly Andean 31 

transport under a negative SAM afterward. 32 

 33 

 34 

 35 

 36 
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 1 
Figure 10. November-January composite differences of anomalies between years with high (>75th 2 

percentile) and low (<25th percentile) values of the R6 centroid after the 1984 breakpoint. Upper 3 

panels: hemispheric composites of (A) zonal wind at 850 hPa (U850, shading) , and (B) zonal wind at 4 

250 hPa (U250, shading). Lower panels: regional composites of (C) vertically integrated moisture flux 5 

(VIMF, vectors) and its divergence (shading), and (D) convective available potential energy (CAPE); 6 

locations of R6 rain gauges are indicated in panel D with circles. Shaded values and black vectors 7 

indicate differences significantly different from zero (Welch's t-test, two-tailed, 90% confidence). 8 

 9 

 10 

 11 

 12 

 13 

 14 

 15 

4. Discussion 16 

 17 
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In the northern part of the study region, a tendency towards larger extreme precipitation totals 1 

was identified in recent decades. In the northeast this appeared as a statistically significant 2 

increasing linear trend, whereas in the northwestern region it appeared as an abrupt 3 

breakpoint towards higher values in 1984. The increasing trends over the east are largely 4 

consistent with previous studies, although not unanimously. De Bodas Terrasi (2026) found 5 

no significant trends in extreme precipitation indices at stations near the Argentina–Brazil–6 

Paraguay triple border over the same study period, possibly because different indices were 7 

used. In contrast, Balmaceda-Huarte et al. (2021) reported statistically significant trends in 8 

R95p over SESA during 1979–2017, both in station data and in some reanalyses. Similarly, 9 

Cerón et al. (2021) found significant increasing trends in the R10mm index from CHIRPS 10 

during summer over 1981–2018. To our knowledge, Cerón et al. (2021) is the only study that 11 

has assessed breakpoints in extreme precipitation indices within the study region. They 12 

identified a single breakpoint towards higher values over the southern La Plata Basin in 1999, 13 

but only in SON, with no breakpoints detected in austral summer. Although they applied the 14 

same tests as in the present study, they used a different index and did not include the western 15 

half of Argentina, which limits direct comparison. 16 

 17 

The Littoral and northeastern regions, the wettest of the study area, carried a characteristic 18 

ENSO imprint at every stage of the analysis. Extreme precipitation variability in these regions 19 

was dominated by the 3–5 yr spectral band, within the characteristic ENSO band (Torrence & 20 

Webster, 1999), consistent with the power spectrum of the leading mode of co-variability 21 

between DIER75 and summer SST, which strongly imprints these regions (Robledo et al., 22 

2013). They also showed the highest correlations with the ENSO indices, in agreement with 23 

the positive and significant correlations reported between the ONI and precipitation above the 24 

75th percentile over SESA in the preceding season (October-December; Iacovone et al., 25 

2024), and between Niño3.4 and Rx1day over northeastern Argentina during December–26 

March (Medina et al., 2025). At the regional scale, their variability is modulated by a quasi-27 

stationary anticyclonic anomaly centered in southern Brazil that brings northerly moisture 28 

advection and enhanced static instability, a configuration that agrees with the regional 29 

circulation and moisture transport reported by Robledo et al. (2016) for the leading mode in 30 

austral summer, and with the low-level circulations associated with ENSO described by 31 

Medina et al. (2025).  32 

 33 

At the hemispheric scale, the regional anticyclonic anomaly is in turn part of a Rossby wave 34 

train characteristic of ENSO, forced by anomalous convection and upper-level divergence over 35 

the equatorial Pacific (Cai et al., 2020). Its structure combines the spring and summer patterns 36 

reported by Robledo et al. (2016) for extreme precipitation, as expected for the season 37 

analyzed here, and coincides with the El Niño configurations that produce the typical 38 

precipitation response over the region in November and December (Hurtado and Agosta, 39 

2020). Overall, these regions exhibit a robust, linear and direct ENSO signal, consistent across 40 

every diagnostic and in agreement with the existing literature for this sector of SESA 41 

Along the Argentine semi-arid diagonal, evidence for ENSO influence is considerably weaker 42 

and differs in kind, not just in degree. The Cuyo and dry Pampas regions concentrate their 43 

spectral power near 7 years, and their correlations with the Niño indices are statistically 44 

significant but low. This periodicity is consistent with the 6–8 yr band reported for precipitation 45 

during the wet phase over the western Pampas (Maenza et al., 2017). The SST composite 46 

shows significant anomalies over the central and eastern equatorial Pacific, but in a mixed 47 
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eastern–central configuration rather than the canonical pattern found in the eastern regions. 1 

This agrees with Tedeschi et al. (2015), who showed that the response of extreme 2 

precipitation over South America depends on the type of El Niño involved. 3 

The circulation that modulates this variability is a short wave train whose positive center over 4 

Patagonia and the southwestern Atlantic drives anomalous easterly to northeasterly moisture 5 

inflow from the Atlantic into central Argentina, which converges along the arid diagonal and is 6 

accompanied by increased convective instability. Although the WAF indicates that the short 7 

wave train emanates from the eastern Pacific, the anomalous velocity potential shows a 8 

classical ENSO divergence pattern over the western part of the basin, away from the region 9 

where the wave originates. Therefore, the anomalous divergence associated with ENSO 10 

convection does not appear to drive the perturbation that governs regional variability. 11 

Although the strongest ENSO signal over the Cuyo sector occurs in winter (Compagnucci and 12 

Vargas, 1998; Masiokas et al., 2006; Ricetti et al., 2025c), the weak summer relationship we 13 

find here is consistent with previous work on extreme precipitation. In particular, moisture flux 14 

divergence has been documented over the area occupied by R2 and R7 during central-Pacific 15 

La Niña events in DJF (Tedeschi et al., 2015), while Grimm & Tedeschi (2009) reported an 16 

increased frequency of extreme precipitation events over this region in November (Grimm and 17 

Tedeschi, 2009). In this sense, ENSO may act not through anomalous convection and 18 

divergence but through the configuration of the subtropical jets. The zonal wind composite 19 

shows significant westerly anomalies extending across the central and eastern Pacific in both 20 

subtropical belts, separated by easterly anomalies along the equator, in a configuration 21 

approximately symmetric about the equator (Seager et al., 2005). Such a symmetric 22 

strengthening and equatorward displacement of both subtropical jets is the expected 23 

extratropical signature of equatorially centered tropical heating (Seager et al., 2003, 2005), 24 

and by sharpening the meridional gradient of absolute vorticity, it makes the basic state more 25 

efficient at converting even a weak divergent outflow into a Rossby wave source 26 

(Sardeshmukh and Hoskins, 1988). 27 

Beyond ENSO, the SAM modulates early-summer extreme precipitation variability over 28 

northwestern Argentina. The dry Chaco plains of La Rioja and Santiago del Estero, and the 29 

Andean piedmont of Salta and Jujuy before its 1984 breakpoint, are the only two regions 30 

showing no significant link to any Indo-Pacific index, and they are precisely the two that 31 

correlate positively with the iSAM. Set against the ENSO signal that dominates SESA at these 32 

same latitudes, this describes a longitudinal partition of the forcing across subtropical 33 

Argentina: tropical in the east, extratropical in the west. This positive relationship has 34 

precedents in the region. Iacovone et al. (2024) report positive and significant correlations 35 

between the SAM and precipitation above the 75th percentile over the extreme northwest of 36 

Argentina in December, and Cavalcanti et al. (2021) describe a dipolar structure in austral 37 

summer rainfall under SAM phases, with positive anomalies over northwestern Argentina 38 

during the SAM positive phase.  39 

Consistent with these correlations, the composites show the annular structure of the positive 40 

SAM phase, with lower pressure over the polar cap and a poleward-displaced belt of 41 

westerlies, surrounded by a ring of positive pressure anomalies at midlatitudes (Thompson 42 

and Wallace, 2000; Fogt & Marshall, 2020). This ring projects onto the South Atlantic 43 

Anticyclone, intensifying it and shifting it south of its climatological position. Its northern flank 44 
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imposes an anomalous easterly flow that carries Atlantic moisture into the continent, 1 

converges at the eastern foothills of the Andes, and enhances convective instability over the 2 

region. Despite circulation similarities between the two northwestern regions, a caveat is in 3 

order. The pre-1984 breakpoint period spans only 23 seasons (1961–1983), so the composite 4 

difference for the northernmost region is built from 6 high and 6 low years, versus 15 and 15 5 

for the other region, with no shift. This reduced sample lowers the test's statistical power 6 

(Wilks, 2011), so the lack of significance in parts of the domain should not be read as an 7 

absence of signal. Conversely, the areas that reach the 90% level despite that loss of power 8 

imply effect sizes large enough to emerge from a very small sample, supporting the pattern's 9 

robustness.  10 

After 1984, the relationship between extreme precipitation over northwestern Argentina and 11 

the SAM reverses, changing from positive to negative, with both correlations statistically 12 

significant within their respective subperiods. The breakpoint is therefore not merely a year in 13 

which the series mean shifts abruptly, but one in which the structure of its variability also 14 

changes. Before 1984, the regional centroid's significant spectral power was confined to the 15 

2–3 yr band, whereas afterward the only significant band was decadal, around 10 yr. The 16 

teleconnection itself therefore changed, both in sign and in the time scale on which it operates. 17 

At the hemispheric scale, the composite is consistent with the negative phase of the SAM: 18 

higher pressure over the polar cap and midlatitude westerlies displaced equatorward. Over 19 

the South American sector this displacement produces significant easterly anomalies of about 20 

−3.5 m s⁻¹ poleward of 50°S and a positive zonal wind anomaly at 250 hPa centred near 36°S, 21 

that is, immediately poleward of the climatological axis of the subtropical jet, which in this 22 

longitude band lies at about 31°S and 200 hPa (Fig. 11). The region is thus located on the 23 

equatorward flank of the reinforced jet, and within its entrance region, since the climatological 24 

jet accelerates downstream towards the Atlantic. Consistently with the transverse 25 

ageostrophic circulation that develops at a jet entrance, whose ascending branch lies on the 26 

warm, equatorward side (Uccellini and Johnson, 1979; Keyser and Shapiro, 1986), the 27 

latitude–pressure cross-section averaged over the longitudes of the R6 rain gauges shows 28 

significant ascent between about 20°S and 27°S through the middle and upper troposphere, 29 

with subsidence poleward of 30°S and an ageostrophic meridional flow directed equatorward 30 

near the surface and poleward aloft. The region therefore lies beneath the ascending branch 31 

of the circulation forced by the jet anomaly, which supplies the dynamical lifting that 32 

accompanies the moisture convergence and the increased instability described above. 33 
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 1 

Figure 11. November–January composite differences of anomalies between years with high (>75th 2 

percentile) and low (<25th percentile) values of the R6 centroid after the 1984 breakpoint. Upper 3 

panel: (A) zonal wind at 250 hPa (U250, colour shading) over the South American sector, superimposed 4 

on the NDJ climatology of U250 (grey shading; base period 1991–2020); the dashed box delimits the 5 

longitude band (65.5°W–60.5°W) over which the cross-section shown in the lower panel is averaged, 6 

and yellow dots mark the stations that make up R6. Lower panel: (B) latitude–pressure cross-section 7 

averaged over that band, showing the zonal wind anomaly (U, colour shading), the vertical velocity anomaly 8 

(ω, thin contours every 0.02 Pa s⁻¹) and the transverse ageostrophic circulation (vectors), the latter given by 9 

the meridional ageostrophic wind and −ω, with the vertical component scaled by 300 m s⁻¹ per Pa s⁻¹ and 10 

the reference arrow indicating the horizontal component. Dashed black contours show the climatological 11 

zonal wind (20 and 30 m s⁻¹) and the yellow bar on the abscissa marks the latitudinal range of the R6 12 
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stations. Vectors are plotted only where more than half of the grid points within each 2° latitude bin are 1 

significant in either component. Colour-shaded values indicate differences significantly different from zero 2 

(Welch's t-test, two-tailed, 90% confidence). 3 

Lastly, the coastal region of the Buenos Aires Province (R4) illustrates the limits of a mere 4 

statistical analysis. Its centroid correlates significantly with Niño3.4, and its SST and velocity 5 

potential composites display a coherent Central Pacific El Niño signature, with enhanced 6 

upper-level divergence over the western equatorial Pacific. Yet the wave train that organizes 7 

its regional circulation does not emanate there: the WAF shows wave activity equatorward 8 

from the midlatitudes crossing over southern South America, and the tropical signal does not 9 

propagate to the extratropics. Statistical association and dynamical causality therefore part 10 

ways in this case, arguing for examining the circulation itself rather than stopping at correlation 11 

with a climate index. At the regional scale, a northerly flow is organized between the negative 12 

geopotential height anomaly to the west and southwest of the region and the positive anomaly 13 

over the subtropical Atlantic. This flow transports moisture into the region, converges over it 14 

and over the adjacent ocean, and is accompanied by a significant increase in convective 15 

instability. 16 

The comparison with the semi-arid diagonal is instructive. At essentially the same latitudes, 17 

regions farther inland draw moisture from the Atlantic through anomalous easterly inflow, 18 

whereas the coastal region of Buenos Aires, the one facing the ocean, is fed by a northerly 19 

flow of continental origin. Within this latitude belt the rule therefore runs opposite to what 20 

proximity to the ocean would suggest: the eastern regions are supplied by northerly transport 21 

along the eastern side of the Andes, and the western ones by easterly inflow from the Atlantic. 22 

Farther north, however, the partition is not geographical but temporal. The Andean piedmont 23 

of Salta and Jujuy follows the easterly, Atlantic pathway before 1984, as the dry Chaco plains 24 

do throughout the record, but after the breakpoint it switches to the northerly transport that 25 

characterizes the northeast. The regime change documented there therefore involves the 26 

moisture pathway itself, and not only the sign of the SAM relationship and the time scale on 27 

which it operates. 28 

Both regions in which extreme precipitation increased are fed by this northerly pathway, the 29 

northeast throughout the record and the northwest after the 1984 breakpoint. These increases 30 

are consistent with the reported strengthening of the moisture transport by the South American 31 

low-level jet (SALLJ). Adduca et al. (2025) found significant increases in the annual and 32 

summer frequency of SALLJ days between 1979 and 2020, together with significant 33 

relationships between that frequency and precipitation anomalies over SESA, while Jones 34 

(2019) reported a substantial increase in the frequency and intensity of the jet along the 35 

eastern Andes over 1979–2017. Furthermore, Varuolo-Clarke et al. (2022) attributed between 36 

20% and 45% of the observed austral summer precipitation trend over SESA to the increase 37 

in moisture flux carried by the jet. The increasing trend in the northeast and the post-1984 shift 38 

in the northwest are thus both consistent with a regime of more frequent and more intense 39 

northerly moisture transport in recent decades, although the present analysis does not 40 

evaluate that link directly. 41 

 42 

 43 
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5. Conclusions 1 

 2 

This study characterizes the interannual variability of early austral summer (November-3 

December-January) daily precipitation extremes over subtropical Argentina (STAr), going 4 

beyond the statistical diagnostics commonly relied upon in this type of work to examine the 5 

anomalous dynamics underlying that variability. Using a correlation-based regionalization 6 

method, STAr was partitioned into seven spatio-temporally coherent regions spanning the 7 

country's steep climatic gradient. 8 

 9 

Our findings reveal a tendency towards larger extreme precipitation totals in the northern part 10 

of the domain over recent decades, manifested as an increasing linear trend over the 11 

northeast and as an abrupt breakpoint towards higher values in 1984 over the northwest. In 12 

every region the interannual variability is organized by anomalous low-level moisture transport, 13 

together with the convective instability anomalies that support these patterns, but the origin of 14 

that moisture follows a longitudinal rule opposite to what proximity to the ocean would suggest: 15 

the eastern regions are fed by northerly transport along the eastern side of the Andes, and the 16 

inland ones by easterly inflow from the Atlantic. The northwest is the exception, and a temporal 17 

rather than a geographical one, following the Atlantic pathway before 1984 and the northerly 18 

one afterwards. Both regions in which extreme precipitation increased are therefore supplied 19 

by that northerly transport, in line with the strengthening of the South American low-level jet 20 

reported in recent decades. 21 

 22 

The large-scale forcing is partitioned along the same axis, with a tropical source in the east 23 

and extratropical in the west. ENSO imprints a robust, linear and direct signal over the Littoral 24 

and northeastern Argentina that weakens and changes in kind along the semi-arid diagonal, 25 

and gives way to the SAM over the northwest. That SAM relationship, however, is not 26 

stationary: it reverses sign at the 1984 breakpoint and the dominant time scale shifts from 27 

interannual to decadal. The reversal is not the mirror image of the earlier pattern, since the 28 

two phases act through different mechanisms: before the breakpoint through a low-level mass-29 

field pathway, and afterwards through the transverse ageostrophic circulation that develops at 30 

the entrance of the reinforced subtropical jet, whose ascending branch supplies the dynamical 31 

lifting over the region. The teleconnection therefore changed not only in sign but in the process 32 

through which it operates, which a linear correlation over the full period would have masked. 33 

 34 

The coastal region of the Buenos Aires Province shows that statistical relationships alone are 35 

not sufficient, and may lead to erroneous attributions when the circulation is not examined. Its 36 

centroid correlates significantly with Niño3.4 and its SST and velocity potential composites 37 

display a coherent Central Pacific El Niño signature, so that a purely statistical reading would 38 

have assigned its variability to ENSO. The wave train that actually organizes its regional 39 

circulation, however, does not emanate from the tropical Pacific but reaches the region from 40 

the midlatitudes. Statistical association and dynamical causality part ways in this case, and 41 

only the explicit examination of the circulation reveals it. 42 

 43 

Ultimately, unraveling the dynamical mechanisms behind these subregional extreme events 44 

is a fundamental step toward improving subseasonal-to-seasonal predictability in 45 

southeastern South America, providing essential tools to mitigate the severe socio-economic 46 

impacts of flash flooding and agricultural losses in highly vulnerable areas. 47 
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