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Figure S1. Percentage of DJF precipitation in South America, including the location of the proxy records 

presented in the main text: Laguna Ceusis (Jara et al., 2020), Lago Chungará (Jara et al., 2019), Santa 

Victoria mire (Hooper et al., 2020) and Cerro Tuzgle (Kock et al., 2019). The southern Altiplano is 

demarked by the white rectangle. Precipitation data correspond to ERA5 Reanalysis. 

 

 



 

Figure S2. 1951–2022 South America DJF climatology. (a) Specific humidity (q) at 500 hPa (shaded; g 

kg−1) along with integrated zonal and meridional winds at 800 hPa (streamlines). (b) Vertical motion (w) 

at 500 hPa (shaded; Pa s−1) and integrated zonal and meridional winds (u,v) at 200 hPa (streamlines). 

Upward (downward) motion is depicted as negative blue (positive red) values. (c) Pressure-latitude cross 

section showing the integrated vertical and meridional circulation (v,w; vectors; m s−1), zonal winds (u; 

contours), and specific humidity (q; shaded). The longitudinal means are calculated using v, w, u and q 

within the region delimited by the red rectangle in (a). Westerly (easterly) circulation is depicted as 

continuous (dashed) lines, with label at 4 m s-1 intervals. The dashed red line of the image represents the 

profile of maximum elevation of the Andes cordillera along the red rectangles in (b), calculated as the 

maximum topographic elevation. The position of the Altiplano is labelled in the figure (c). All atmospheric 

data correspond to ERA5 reanalysis.  

 

 

 

 

 



 

Figure S3. (a) Spatial correlation (Pearson) between the principal component of DJF precipitation 

variability in the southern Altiplano (PC1-Altiplano, see figure S4) and upper-level (200 hPa) zonal winds. 

(b) Spatial correlation (Pearson) between the principal component of DJF precipitation variability in the 

southern Altiplano and SSTs in the Pacific and Atlantic basins. Dashed black contours in (a) and (b) mark 

regions with significant correlation indexes (p<0.01). All atmospheric and oceanic data correspond to ERA5 

reanalysis.  

 

 

 

 

 



 

Figure S4. Historical DJF precipitation variability in the southern Altiplano. (a) The first principal 

component associated with the leading mode of DJF precipitation variability (PC1-Altiplano). PC1-

Altiplano was calculated with an Empirical Orthogonal Function (EOF) analysis on the ERA5 reanalysis 

data over the 1951-2021 period (Segura et al., 2020). The EOF method was based on monthly means of 

“total precipitation” data at surface level, extracted for a sub-region limited to 17 and 25°S of latitude and 

70 and 65°W of longitude from ERA 5 reanalysis data (Hersbach et al., 2019). All points of the grids below 

3500 m.a.s.l. were removed. Reanalysis data was normalized using the whole interval mean and standard 

deviation (z-scores) to counterweight the strong moisture differences existing across the southern Altiplano. 

The grey vertical bands denote the DJF seasons selected as boundary conditions for the modelling 

experiment. (b) the PC1-Altiplano timeseries depicted as a correlation (Pearson) with the ERA5 DJF 

precipitation variability in the southern Altiplano region. The PC1-Altiplano shows strong positive 

correlations with total summertime precipitation over the entire southern Altiplano, indicating that it 

represents well DJF variability in the region. (c) PC1-Altiplano compared with the total DJF precipitation 

obtained from the Climate Hazards Center InfraRed Precipitation with Station data (CHIRPS; green line) 

and the grilled precipitation dataset from CR2MET (orange line). CHIRPS datasets are freely available at 

https://data.chc.ucsb.edu/products/CHIRPS-2.0/; whereas CR2MET products can be freely downloaded at: 

https://www.cr2.cl/datos-productos-grillados/. ERA5 dataset were obtained from the European Centre for 

Medium-Range Weather Forecasts (ECMWF) 

(https://cds.climate.copernicus.eu/cdsapp#!/search?type=dataset). 
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Figure S5. Composite plot with the tropospheric circulation and moisture transport for the 3 selected DJF 

periods used in the simulation experiment. (a) Left panel: Average (1983/1984, DJF) of vertical motion 

(w) at 500 hPa (colored; Pa s−1) and integrated zonal and meridional winds (u,v) at 200 hPa (streamlines). 

Upward (downward) motion is depicted as negative blue (positive red) values. Mid panel: Average 

(1983/1984, DJF) of specific humidity (q) at 500 hPa (colored; g kg−1) along with integrated zonal and 

meridional winds at 800 hPa (streamlines). Right panel: Pressure-latitude cross section showing the 

1983/1984 DJF climate anomalies (z-score) relative to the 1951-2021 average. The plot includes the 

integrated vertical and meridional circulation (v,w; vectors; m s−1), zonal winds (u; contours) and specific 

humidity (q; shaded) anomalies. The longitudinal mean anomalies are calculated using v, w, u, and q in the 

region delimited by the red rectangle in the mid panel. Westerly (easterly) zonal anomalies are depicted as 

continuous (dashed) lines, with label at 4 m s-1 intervals. The dashed red line of the image represents the 

profile of maximum elevation of the Andes cordillera along the red rectangles in the mid panel. The position 

of the Altiplano is labelled in this figure. (b) same plots for the 2003/2004 DJF season. (c) same plots for 

the 2011/2011 DJF season. All atmospheric data correspond to ERA5 reanalysis.  

 

 

 

 



 

 

Figure S6. Comparison between the 1983/1984 and 2011/2012 summers in the WRF simulation, and the 

ERA5 reanalysis and the CHIRPS precipitation datasets. (a) Left Panel: total precipitation for the initial 

DJF period in the WRF 1983/1984 simulation. Mid panel: total 1983/1984 DJF precipitation in the ERA5 

reanalysis. Right panel: total 1983/1984 DJF precipitation in the CHIRPS dataset. (b) Same as (a) for the 

southern Altiplano. (c) same as (a) but for the 2011/2011 DJF season. (d) Same as (b) but for the 2011/2012 

DJF season. 



 

 

Figure S7. Total austral summer (December-January-February; DJF; black lines), autumn (March-April-

May; MAM; blue), winter (June-July-August; JJA; yellow) and spring (September-October-November; 

SON; green) precipitation (mm) for the southern Altiplano, simulated in our three 100-yr WRF runs. The 

shading areas encompass one standard deviation from the regional mean. 

 



 

 

Figure S8. Total annual precipitation (mm) trends for continental South America (> 10 masl) in our three 

modeling simulations. The shading areas correspond to the 95% confidence interval for each precipitation. 

 

 

 

 

 



 

 

Figure S9. Differences between the averaged vertical motion (w) at 500 hPa (colored; Pa s−1) and 

integrated zonal and meridional winds (u,v) at 200 hPa (streamlines) between the final and initial decades 

of each simulation. Negative (positive) differences indicate increased upward (downward) motion in the 

final decade relative to the initial decade. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Table S1. Initial and final date for the three WRF simulations presented in the article.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Model run Initial date/time Final date/time Spin-up time Number of cycles

1983/1984 10 November 1983, 09:00 10 November 1984, 06:00 10 days 100

2003/2004 2 May 2003, 15:00  2 May 2004, 12:00 10 days 100

2011/2012 21 June 2011, 09:00 21 June 2012, 06:00 12 days 100
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