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Abstract
During the South-American Monsoon season, deep convective systems occur at the eastern flank of the Central Andes lead-
ing to heavy rainfall and flooding. We investigate the large- and meso-scale atmospheric dynamics associated with extreme 
discharge events (> 99.9th percentile) observed in two major river catchments meridionally stretching from humid to semi-
arid conditions in the southern Central Andes. Based on daily gauge time series and ERA-Interim reanalysis, we made the 
following three key observations: (1) for the period 1940–2016 daily discharge exhibits more pronounced variability in the 
southern, semi-arid than in the northern, humid catchments. This is due to a smaller ratio of discharge magnitudes between 
intermediate (0.2 year return period) and rare events (20 year return period) in the semi-arid compared to the humid areas; 
(2) The climatological composites of the 40 largest discharge events showed characteristic atmospheric features of cold 
surges based on 5-day time-lagged sequences of geopotential height at different levels in the troposphere; (3) A subjective 
classification revealed that 80% of the 40 largest discharge events are mainly associated with the north-northeastward migra-
tion of frontal systems and 2/3 of these are cold fronts, i.e. cold surges. This work highlights the importance of cold surges 
and their related atmospheric processes for the generation of heavy rainfall events and floods in the southern Central Andes.

Keywords South American monsoon system · Cold surges · Orographic barrier · Mesoscale convective systems · Extreme 
discharge · Daily-discharge time series ERA-interim

1 Introduction

In high-mountain regions strong convective events lead to 
high discharge often resulting in floods that critically impact 
local infrastructures and landscape causing economic and 
population losses (Wolman and Miller 1960; Plate 2002). 
This is particularly true for the intermediate elevations of the 
eastern Central Andes that are exposed to the South Ameri-
can Monsoon System (SAMS) (Zhou and Lau 1998; Vera 
et al. 2006; Silva and Carvalho 2007; Marengo et al. 2012). 

The intermontane basins of northwestern Argentina consti-
tute part of the Andean tributaries of the La Plata River, 
the second largest river basin in South America that flows 
across one of the most populated and economically relevant 
areas of the continent. In this region, heavy discharge events 
repeatedly flood agricultural fields and increase demand of 
infrastructural maintenance (Marcato et al. 2009, 2012; de 
la Torre et al. 2011).

A previous study based on gauge data for the period 
from 1940 to present (Castino et al. 2017b) suggested that 
a significant fraction of the multi-annual to multi-decadal 
variability of river discharge in this region is linked to large-
scale ocean–atmosphere coupled processes, for example 
expressed as the Tropical South-Atlantic sea surface tem-
perature anomaly (Enfield and Mestas-Nunez 1999) and 
the Pacific Decadal Oscillation (PDO) (Mantua and Hare 
2002). Castino et al. (2017a, b) also documented a steady 
intensification of the hydrological cycle—both in rainfall 
and river discharge—in the past decades (1940 to present) 
for this region. This intensification has been pronounced 
for the uppermost percentiles (> 95th) of the frequency 
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distributions of daily observations, suggesting larger rates 
of change for extreme hydro-meteorological events in these 
montane catchments. Similar results have been observed 
for northeastern Argentina, showing an increase in intense 
precipitation starting in 1970 (Lovino et al. 2018). Segura 
et al. (2020) have also observed the intensification of the 
precipitation over the southern tropical Andes (12°–20° 
S, > 3000 m asl) in the period 1982–2017, linking it to the 
strengthening of the upward motion (i.e., convection) over 
the western Amazon.

Boers et al. (2014, 2015) attempted to identify the event-
scale causes of extreme hydro-meteorological events (> 99th 
percentile) in the eastern flank of the Central Andes using 
the satellite-derived and gauge-calibrated rainfall data-
set TRMM 3B42V7 (Huffman et al. 2007). These authors 
showed that extremes at the eastern flank of the southern 
Central Andes originate from frontal systems moving north-
ward from the central Argentinean plains. Boers et al. (2014) 
showed that more than 60% of these extreme events are asso-
ciated with preceding extreme rainfall (within 2 days) in 
the region of South-East South America (SESA) and a low 
pressure anomaly in north-western (NW) Argentina. These 
authors associated the northward migration of a frontal 
system with cold surges, one of the major climate features 
affecting South American rainfall patterns, particularly 
during the wet season (e.g., Marengo et al. 1997; Garreaud 
and Wallace 1998; Garreaud 2000; Lupo et al. 2001; Vera 
and Vigliarolo 2002; Espinoza et al. 2012; Rasmussen and 
Houze 2016; Sicart et al. 2016; Paccini et al. 2018; Prince 
and Evans 2018). While their study identifies the spatiotem-
poral correlation between rainfall events in SESA and the 
eastern Central Andes, they do not analyze the atmospheric 
dynamics leading to these events.

At continental scale, other studies attempted to link 
extreme rainfall events in South America with atmospheric 
features controlled by the South American Low-Level Jet 
(SALLJ) and the South Atlantic Convergence Zone (SACZ), 
or with climate modes of variability such as the El Niño 
Southern Oscillation (ENSO) (e.g., Marengo et al. 1998, 
2004; Carvalho et al. 2002, 2012; Vera et al. 2006). At 
more regional scale, several studies have shown that intense 
rainfall along the eastern flank of the Central Andes both 
in the tropical and subtropical parts are mainly associated 
with mesoscale convective systems (MCSs). These MCSs 
are triggered by orographic uplift or atmospheric instability 
and often form locally and propagate to the eastern flanks of 
the Central Andes (Maddox et al. 1979; Cohen et al. 1995; 
Garreaud 2000; Durkee et al. 2009; Romatschke and Houze 
2013). Espinoza et al. (2015) have identified rainfall hotspots 
at low elevations in the Andean foothills of Peru and Bolivia. 
They have shown that rainfall maxima are controlled by 
the geometry and orientation of the mountain range to the 
atmospheric circulation, with observed precipitation peaks 

up to 6 m/year. It has been documented that in Bolivia the 
frequency of extreme rainfall events increases during the 
positive phase of the PDO, whereas drier conditions in the 
Bolivian Andes occur during the positive phase of ENSO 
(Seiler et al. 2013; Sulca et al. 2018; Segura et al. 2019). 
Perry et al. (2014) have observed that different regions con-
tribute to low-level moisture for precipitation events in the 
tropical Andes of southern Peru. These authors evidenced 
that more than 80% of precipitation events are dominated 
by weak flow regimes from the nearby Amazon basin and 
50% are associated with northwesterly flows (SALLJ). In 
addition, Hurley et al. (2015) analyzed 10 years of hourly 
snow-height measurements at the summit of the Quelccaya 
Ice Cap (southeastern Peruvian Andes), where the oldest and 
most precisely dated high-resolution paleoclimate record 
from the tropical Andes has been collected (Thompson et al. 
1985). These authors showed that in this area more than 
70% of the annual snow accumulation occurs in association 
with convection along the leading edge of mid-latitude cold 
air incursions advected equatorward from southern South 
America (cold surges).

This study focuses on the eastern flank of the southern 
Central Andes, at the end of the conveyor belt of the SALLJ 
in the transition to the extratropical region. In this area, at 
least to the knowledge of the authors, no study investigated 
the atmospheric dynamics associated with extreme hydro-
meteorological events. Few recent studies have showed 
relevant changes in the atmospheric circulation over the 
Amazon basin, which also affected the precipitation pat-
tern, with intensified (decreased) rainfall in northern (south-
ern) Amazon starting by the end of the twentieth century 
(Barichivich et al. 2018; Wang et al. 2018; Espinoza et al. 
2019). These changes in the atmospheric circulation over 
the Amazon basin have been also linked to the intensifica-
tion of precipitation in the southern tropical Andes (Segura 
et al. 2020). A better knowledge of the large- and meso-scale 
atmospheric processes that trigger extreme discharge event 
in the southern Central Andes is crucial not only to under-
stand present-day variability of the precipitation pattern, but 
also to correctly interpret past climate records (Luna et al. 
2018) and to understand and predict future climate change.

The present study aims at deciphering the meso- to 
synoptic-scale atmospheric patterns leading to hydro-
meteorological events in the southern Central Andes of 
NW Argentina in the past four decades (1979–2016). The 
focus is to identify the atmospheric conditions of the 40 
strongest discharge events (99.9th percentile) based on 
eleven daily rainfall and seven river-discharge time series 
from gauge stations. The station data are combined with 
ERA-Interim reanalysis provided by the European Centre 
for Medium-Range Weather Forecast (ECMWF) for the 
period from 1979 to 2016. The gauge data of the moun-
tainous catchments provide important constraints on the 
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hydro-meteorologic variability and integrate catchment-
scale precipitation for ~ 76 years (1940–2016) that allow 
to measure their dynamic range and magnitude-frequency 
distribution. Based on these datasets, we present an analy-
sis of the rank-ordered magnitude-frequency relation of 
the discharge and focus on extreme events (> 99.9th per-
centile) during the past ~ 30 years. In a second step, we 
identify the atmospheric conditions leading to extreme 
events by focusing on different atmospheric variables 
including total water content, air temperature, specific 
humidity, and wind speed and direction at the surface and 
at different height levels.

2  Geographic and climatic setting

The 7000 km long, meridionally-oriented Andean orogen 
with elevations between 5 and 7 km asl forms a hemispheric-
scale orographic barrier for atmospheric circulation systems 

(Fig. 1a). The study area is located between 21° and 28° S 
in the southern Central Andes in NW Argentina. It com-
prises the low elevations to the east of the Andes at about 
500 m asl, the steep eastern Andean flanks, and the high-
elevation region of the southern Central Andes with peaks in 
excess of 6 km elevation (Fig. 1a). The interaction between 
topography and the hemispheric-scale atmospheric circu-
lation controls the rainfall pattern in the southern Central 
Andes (Gandu and Geisler 1991; Campetella and Vera 2002; 
Bookhagen and Strecker 2008; Gabet et al. 2008; Garreaud 
et al. 2010). Moisture transport into this region is driven by 
the SAMS from September to April (Zhou and Lau 1998; 
Vera et al. 2006; Silva and Carvalho 2007; Marengo et al. 
2012). During the monsoon season, moisture from the 
tropical Atlantic Ocean is partly released in form of intense 
rainfall at the eastern flank of the tropical Andes and partly 
advected southward towards the subtropical areas of South 
America. Important features controlling the southward 
advection of moisture are the SALLJ and the SACZ (Gandu 

Fig. 1  a Topography (SRTM) of the southern Central Andes showing 
the location of gauge stations (circles refer to rainfall-only stations, 
crosses indicate discharge and rainfall stations) for the humid Upper 
Rio Bermejo (blue) and semi-arid Rio Dulce (red) drainage basins. 
Stars indicate the catchment-representative stations used for the anal-
ysis from each main catchment. Black polygons represent the drained 
area at the discharge station locations. The Randolph Glacier Inven-
tory V6 (RGI-Consortium 2017) has been used for glaciers outlines 

(light blue); the thin dark grey line denotes international borders. The 
green rectangle in the inset indicates the study area. b Mean annual 
rainfall derived from TRMM 2B31 V7 (1998–2014) (Bookhagen and 
Strecker 2008; Bookhagen and Burbank 2010) showing a pronounced 
gradient between low-elevation frontal areas (> 2000  mm/year) and 
arid, high-elevation areas of the orogen interior (< 500  mm/year) 
resulting in a highly climatic heterogeneity ranging from humid to 
semi-arid conditions (Castino et al. 2016, 2017a)
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and Silva Dias 1998; Vera et al. 2006; Marengo et al. 2012; 
Boers et al. 2015).

More than 80% of the annual precipitation in the eastern 
flanks of the NW Argentine Andes falls during the wet sea-
son, between November and March (Rohmeder 1943; Halloy 
1982; Bianchi and Yañez 1992; Garreaud et al. 2003, 2010; 
Castino et al. 2017a). The distribution of rainfall maxima at 
the windward flanks of the subtropical Central Andes is con-
trolled by the geometry of the mountain range with signifi-
cant orographic rainfall peaks (Seluchi and Marengo 2000; 
Bookhagen and Strecker 2008; Giovannettone and Barros 
2009; Espinoza et al. 2015). Mesoscale convective systems 
(MCSs), forming locally and triggered by orographic uplift 
or atmospheric instability, are the primary source of intense 
rainfall events both in the tropical and subtropical parts of 
the Andean mountain range (Maddox et al. 1979; Garreaud 
2000; Romatschke and Houze 2013; Boers et al. 2015).

On interannual timescales, the rainfall patterns in the NW 
Argentine Andes are modulated by the interplay between 
different atmospheric features, such as the Bolivian High, 
the Chaco Low, and the North-Western Argentinian Low 
(Schwerdtfeger 1976; Gandu and Silva Dias 1998; Salio 
et al. 2002; Seluchi et al. 2003; Carvalho et al. 2004; Vuille 
and Keimig 2004; Boers et al. 2014). In addition, different 
climate disturbances, such as the Madden–Julian Oscillation, 
the ENSO or the PDO, substantially affect the overall rain-
fall pattern during the SAMS, especially by controlling the 
strength of the SALLJ and SACZ (Madden and Julian 1971; 
Vuille et al. 2000; Garreaud and Aceituno 2001; Mantua and 
Hare 2002; Castino et al. 2017b). These changes often result 
in increased precipitation in the higher elevation, semi-
arid to arid regions of the orogen interior, which leads to 
increased runoff, erosion, and deposition in the intermontane 
basins (Strecker et al. 2007; Bookhagen and Strecker 2012).

In the southern Central Andes, the pronounced rainfall 
seasonality is reflected by the annual cycle of river discharge 
in intermontane catchments, exhibiting homogeneous uni-
modal hydrographs with peak-discharge values between 
February and March (Pasquini and Depetris 2007; Castino 
et al. 2016) (Fig. S1, Supplementary material). Major river 
catchments originating in this region are the Rio Bermejo 
(123 × 103  km2 catchment size, 1060 km length, measured 
to the confluence with the Rio Paraná), and the Rio Dulce 
[90 × 103  km2 catchment size, 810 km length, measured 
to the outlet into the Laguna Mar Chiquita, the largest 
Argentine salt lake (SSRH 2004)] (Fig. 1a). Importantly, 
in contrast to the tropical Andes to the north and the south-
ern Andes, there are currently no glaciated peaks in this 
region (Lliboutry 1998) (Fig. 1A), resulting in a negligible 
contribution to streamflow from snow- and ice-melt com-
pared to rainfall (Bookhagen, 2016). Drainage basins in this 
area encompassing the intermontane valleys have small to 
medium-size catchments  (102–104  km2), with headwaters 

located at elevations above 4 km asl, which results in steep 
river gradients (Bookhagen and Strecker 2012).

3  Data and methods

In this study we used two different datasets: hydro-mete-
orological ground-station observations and reanalysis data 
at different height levels. We considered two time periods: 
from 1940 to 2016 covering the availability of the ground-
station data, and from 1979 to 2016 covering the reanalysis 
dataset.

3.1  Ground‑station observations

The hydrologic-station data contain daily time series from 
nine gauge stations measuring both river discharge and rain-
fall and two other stations measuring only rainfall (Fig. 1a 
and Supplementary material). These stations are operated 
by the Argentine National Water Resources Agency (Sub-
secretaría de Recursos Hidricos) and the Argentine National 
Weather Service (Servicio Meteorológico Nacional) and are 
located in the Upper Rio Bermejo (six river discharge and 
rainfall and two rainfall-only stations) and Rio Dulce (three 
stations for rainfall and river discharge) catchments. It has 
been observed that river-discharge measurements are usually 
affected by uncertainties due to the instability of the river 
cross-section, in addition to those associated with the stage-
discharge rating curve (Herschy 1978; Di Baldassarre and 
Montanari 2009). Although similar uncertainties may affect 
the precise quantification of the measurements error of the 
river-discharge dataset (see the Supplementary material for 
more details), this limitation has a relatively small impact 
on our study: First, we rely on the identification of the tim-
ing of the largest events and these are adequately recorded. 
Second, we identify the largest differences between humid 
and semi-arid discharge distributions to be of intermediate 
magnitudes, likely not strongly affected by measurements 
uncertainties.

The gauged drainage basins differ in climatic condi-
tions from predominantly humid to semi-arid environments 
(Fig. 1b) but also in basin size  (102–104  km2), with differ-
ences that are particularly pronounced between the Upper 
Rio Bermejo and the Rio Dulce catchments (Fig. 1b). In 
order to provide a reliable comparison between different 
climatic conditions, we performed our analysis using spe-
cific-discharge time series, calculated as the ratio of river 
discharge and catchment area at the station location (Cas-
tino et al. 2016). The quality of the dataset was tested using 
standard quality control checks (Rodda 2011; Antolini et al. 
2015), showing a high degree of continuity and complete-
ness (> 85%) for the period from 1979 to 2016 (Supplemen-
tary material, Table S1).
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A preliminary analysis of the frequency distributions of 
the daily time series available for the period between 1940 
and 2016 of specific discharge (seven time series) and rain-
fall (eleven time series) was performed for assessing their 
similarities and differences with specific focus on extreme 
and rare events. Subsequently, the daily observations of 
specific-river discharge were used to identify the largest 10 
hydro-meteorological events (> 99.9th percentile, hereafter 
referred as extreme) for each gauge station that occurred 
between 1979 and 2016 in the study area. We focused 
our analysis on the period between November and April 
(NDJFMA), because on average this season contributes up 
to 90% to the total annual discharge (Fig. S1, Supplementary 
material). In this study, a hydro-meteorological event, or a 
discharge event, is defined as any monotonically increasing 
sequence of daily discharge observations with discharge-
event duration and magnitude given by the length in days 
and the value of total increase of the discharge sequence, 
respectively (Fig. S2, Supplementary material). We selected 
the largest discharge events at daily timescales and we did 
not apply any filter for discarding minor discharge events 
that are small relative to the measuring error (Mutzner et al. 
2013; Ye et al. 2014; Dralle et al. 2017). It was shown in a 
previous study that discharge time series within the same 
catchment are strongly correlated with lag-time between -1 
and 1 day (Castino et al. 2016 and Fig. S3, Supplementary 
material). In addition, in the Upper Rio Bermejo catchment 
four out of six time series are from gauge stations in tribu-
taries located upstream of the SA0693 gauge station. To 
decrease data redundancy without drastically reducing our 
ability of capturing a large portion of the local climate vari-
ability, our analysis was performed using two time series 
for each catchment, draining the upstream and downstream 
portion of the same drainage basin. The gauge stations 
SA0693 (downstream) and JU0016 (upstream) were used 
as catchment-representative stations for the Upper Rio Ber-
mejo, whereas the gauge stations TU0411 (downstream) and 
TU0409 (upstream) were used as catchment-representative 
stations for the Rio Dulce. For each of these four stations the 

time series of river discharge were analyzed for identifying 
the 10 largest events, resulting in a total of 40 events.

3.2  Reanalysis

We used the ERA-Interim reanalysis provided by the 
European Centre for Medium-Range Weather Fore-
casts (ECMWF) for the period from 1979 to 2016 with 
0.75° × 0.75° spatial and 6-hourly temporal resolutions 
(Dee et al. 2011). The area considered for the analysis of 
the meso- and synoptic-scale atmospheric patterns includes 
South America and large portions of the South Pacific and 
Atlantic oceans (10°N–70°S, 180°W–0°). We used two sur-
face variables (total column water and 2 m air temperature) 
as well as four three-dimensional variables (geopotential 
height, temperature, wind speed and direction, and specific 
humidity) at different vertical levels from the surface up to 
the high troposphere (Table 1). The ERA-Interim reanaly-
sis data have been used in many studies in several research 
fields, e.g., in climatology and hydro-meteorology and 
results suggest a high degree of reliability (Hodges et al. 
2011; Mooney et al. 2011; Solman et al. 2013; Poveda et al. 
2014; Boilley and Wald 2015).

The ERA-Interim dataset was used to analyze the large- 
and meso-scale atmospheric patterns and their dynamics 
during the extreme discharge events. We first estimated sea-
sonal mean values for austral spring (SON), summer (DJF), 
and fall (MAM) for the period 1981–2010 for the surface 
and three-dimensional considered variables. These average 
values represent the climatology to which anomalies were 
evaluated.

To match the temporal resolution of the river-discharge 
observations, we analyzed daily full fields and anomalies 
from the ERA-Interim dataset. Compagnucci et al. (2001) 
suggested that the optimal time-sequence length for captur-
ing the synoptic evolution of relevant weather systems in 
South America is 5 days. Thus, for each extreme discharge 
event we generated 5-day time-lagged sequences of both 

Table 1  Characteristics of 
ERA-Interim reanalysis and list 
of variables used in this study

Horizontal spatial resolution 0.75° × 0.75°
Vertical levels
 Specific humidity and wind speed/direction 1000, 925, 850,700, 500, 200 hPa
 Geopotential height and air temperature 1000, 925, and every 50 hPa 

from 850 to 200 hPa
Time resolution 6 h
Surface variables Total column water

2 m air temperature
Three-dimensional variables Geopotential height

Air temperature
Wind speed and direction
Specific humidity
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mean daily full data and anomalies with respect to the sea-
sonal climatology starting three days before and ending one 
day after each event (see Table 1 for a detailed description 
of the considered variables).

To analyze the average three-dimensional structure 
and evolution of the atmospheric patterns associated with 
extreme discharge events at large scales, we applied a stand-
ard time-lagged composite of surface and three-dimensional 
variables for full data and anomalies (Garreaud 2000; Ras-
mussen and Houze 2016). The significance of the anomaly 
values of the composites was tested using a standard Stu-
dent’s t-test at the 5% significance level. In addition, given 
that mesoscale atmospheric features may be averaged out 
by a compositing methodology, a subjective classification 
technique was applied for grouping extreme discharge events 
with similar dynamics of the mesoscale atmospheric pat-
terns (Huth et al. 2008). Based on the 5-day time-lagged 
sequences derived from the ERA-Interim data, we visually 
analyzed the 850 hPa wind and specific humidity anoma-
lies at mesoscale for classifying the dynamics of the atmos-
pheric-circulation pattern associated with extreme discharge 
events in the study area (see the “Appendix” for details on 
the subjective classification).

4  Results

4.1  Ground‑station observations

The frequency distribution of daily specific-discharge observa-
tions shows that differences in the intermediate events  (Q0.2y, 
0.2 year mean return-period value, i.e. > 98th percentile) 
between gauge stations are almost as large as one order of 
magnitude, whereas rare events  (Q20y, 20 years mean return-
period value, i.e. > 99.9th percentile) have smaller magnitude 
differences (Fig. 2a). The predominantly semi-arid catchment 
exhibits the largest ratio between rare and intermediate events 
magnitude  (Q20 years/Q0.2 year), in contrast with the predomi-
nantly humid catchment that shows the smallest ratio between 
rare and intermediate events magnitude. These differences in 
magnitude ratios between intermediate and rare (i.e., extreme) 
discharge events indicate heavier frequency-distribution tails 
for the semi-arid catchments than for the more humid ones. On 
the other hand, rainfall time series exhibit distributions with 
similar shape and scale independently of the overall hydro-
climatic condition (either humid or semi-arid) of the catch-
ment in which they are located (Fig. 2b).

The discharge-event analysis shows that more than half of 
the total discharge events for each time series have durations 
shorter than two days (Fig. S4, Supplementary material, only 
results from the catchment-representative stations are shown). 

Fig. 2  Exceedance probability plots for the period between 1940 and 
2016 for the daily time series of a specific discharge (discharge nor-
malized by the surface area of the corresponding catchment) and b 
rainfall from the gauge stations operating between 1940 and 2016 
in the study area (Table S1, Supplementary material). Data from the 

Upper Rio Bermejo (predominantly humid) and the Rio Dulce (pre-
dominantly semi-arid) are indicated with blue and red dots, respec-
tively.  X0.2y and  X20y, with X = Q (specific discharge), R (rainfall), 
indicate the 0.2 year (intermediate event) and 20 years (rare event) 
mean return-period values, respectively
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In addition, large events (discharge-event magnitude > 95th 
percentile) last less than seven days with less than 10% longer 
than 4 days (Fig. S5, Supplementary material). Taken together, 
the 10 largest discharge events (> 99.9th percentile) for each 
catchment (i.e., in total 40 events) contribute to more than 50% 
of the annual mean discharge (Table S2–3, Supplementary 
material).

4.2  Reanalysis data

4.2.1  Climatology of the large‑ and synoptic‑scale 
atmospheric patterns

The composites of the time-lagged sequences show that on 
average between Day − 2 and Day − 1 a mid-level circula-
tion with an eastward-migrating pressure dipole dominates the 
large-scale circulation over South America (Fig. 3, left pan-
els). This pressure dipole has a moderate baroclinic character, 
as it is shown by the largely statistically significant 500 hPa 
geopotential-height anomaly (Fig. 3, left panels and Fig. S6, 
Supplementary material). Between Day − 1 and Day 0, the 
high pressure center of the dipole moves to the east of the 
Andean mountains, whereas the cyclone over the southwest 
Atlantic has reached its mature stage advecting relatively dry 
and cold air masses from higher latitudes into the continent. 
At low levels, a moderate low-pressure system associated with 
intense north-westerly winds occurs east of the Central Andes, 
whose intensity gradually decreases as the high-pressure sys-
tem crosses the Andes by Day − 1 (Fig. 3, left panels). The 
composite maps of surface variables show a high water content 
in the atmosphere, combined with higher than normal surface 
air temperature (Fig. 3, right panel). Until Day 0, to the east 
of the southern Central Andes the air-temperature and water-
content anomalies are particularly strong, condition also con-
firmed by its statistical significance (Fig. S6, Supplementary 
material), documenting the thermal character of the low-levels 
low-pressure system. When the high pressure cell crosses the 
Andes (between Day − 1 and 0), we observe a strong surface-
level air temperature decrease that results in a negative tem-
perature anomaly in the study area (Fig. 3, right panels, and 
Fig. S6, Supplementary material).

4.2.2  Mesoscale atmospheric patterns for extreme 
discharge events

In order to document the mesoscale dynamics features of 
the atmospheric patterns associated with extreme discharge 
events, we applied a subjective classification to the ERA-
Interim data (see “Appendix” for details). Focusing on spe-
cific-humidity and wind anomalies, we identified three gen-
eral groups with similar mesoscale dynamics (Table 2). We 
observe that Group 1 is almost equally constituted by events 
alternatively recorded by gauge stations in the Upper Rio 

Bermejo and Rio Dulce, Group 2 is constituted mainly by 
events recorded in the Upper Rio Bermejo and occasionally 
affect also the Rio Dulce region, and Group 3 contains events 
mostly impacting the Rio Dulce. This grouping allowed us 
to describe 80% of all considered events (i.e., 32 out of 40 
events). The rest can be roughly divided into either a weak, 
but continuous northerly wind flow (5%, 2 events) or a fast 
rotating wind flow from south to north before the event and 
from north to south after the event day (15%, 6 events). We 
generate composite maps for all events and for each group of 
events for describing the large-scale atmospheric dynamics 
associated with these discharge events (Figs. 3, 8). However, 
since such composite averages lead to a smoothing of the 
spatially-confined anomalies and an overall lower anomaly, 
we focus our analysis on three individual case studies that 
are representative of the main characteristics for each group.

Group 1 (15 events): The extreme event on February, 
25th, 2010, largely affected the humid area of the Upper 
Rio Bermejo, but resulted in moderate discharge values also 
in the Rio Dulce. It was the third largest event between 1979 
and 2016, with a peak discharge 22-times the annual aver-
age value (Table S2, Supplementary material, and Fig. 4, 
left panel). An intense north-westerly wind anomaly at low 
levels on the eastern flank of the Central Andes by Day -3 
was associated with a positive specific-humidity anomaly 
(Fig. 5, central panel). A high total column water is also 
observed over a broad area from the mountain to the eastern 
coast of the continent with a maximum located in SESA, 
accompanied by positive air temperature anomalies almost 
at every level, but particularly large at low levels in the east 
of the southern Central Andes (Fig. 5, left and right panels). 
On Day − 2 the warm and moist north-westerly flow inten-
sified between 18° and 24° S, whereas a colder and drier 
southerly flow in the east of the Andes started to affect the 
region to the south of 30° S and partly converged with the 
northwesterly flow into an intense cyclonic flow over SESA. 
By Day − 1 the north-westerly flow weakened, the negative 
air-temperature anomaly shifted eastward and intensified 
reaching the northernmost region of the study area to the 
east of the Central Andes, accompanied by a large low-level 
humidity advection. This circulation pattern continued on 
Day 0, reaching its maximum moisture-flux anomaly in the 
northern region of the study area, still accompanied by a 
positive total-column water anomaly, while extending the 
low-level cold and dry anomaly to SESA. By Day 1 the dry 
and cold low-level core was established east of the Central 
Andes whereas the south-easterly flow started to weaken.

Group 2 (11 events): The representative event on January, 
28–29th, 1979 has affected the Upper Rio Bermejo and the Rio 
Dulce river basins, resulting in the second largest event of the 
upstream portion of the Upper Rio Bermejo. It is associated 
with a peak-discharge value 20 times larger than the average 
annual discharge (Tables S2–3, Supplementary material, and 
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Fig. 3  Climatological compos-
ites of the 5-day time-lagged 
sequences (from 3 days before 
to the day after the event) 
of ERA-Interim data for the 
40 largest discharge events 
(> 99.9th percentile): (left 
column) 500 hPa and 850 hPa 
anomalies of geopotential height 
(GH) and 850 hPa anomalies of 
wind speed and direction (WS); 
shades and thick black isolines 
(every 10 m, solid for positive, 
dashed for negative values) 
indicate 850 hPa and 500 hPa 
GH, respectively, and arrows 
indicate WS; (right column) 
anomaly of total column water 
(TCW) and 2 m air temperature 
(2 m  Ta); shades and isolines 
(every 0.5°, red colors for posi-
tive, blue colors for negative 
anomalies) indicate TCW and 
2 m  Ta, respectively. Black stars 
and thin black isolines indicate 
the center of the study area 
and the terrain elevation (every 
2000 m), respectively
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Fig. 4, central panel). This event exhibits a few similar atmos-
pheric dynamical features as the event representative of Group 
1 (February, 25th, 2010) but also shows some important differ-
ences: The similarities are the development and intensification 
of a southerly flux of colder and drier than normal air masses 
to the east of the Central Andes, reaching a maximum anomaly 
of specific-humidity advection by Day − 1 for the study area 
(Fig. 6, central panels). Also, the north-westerly wind anomaly 

before the event day in the east of the Central Andes was much 
weaker and confined to latitudes lower than 20° S, compared 
with what typically occurs for events of Group 1. Furthermore, 
we observe that the negative air-temperature anomaly estab-
lished by Day − 1 was initially confined to the low-levels but 
extended up to the upper troposphere by Day 1 and eastwards 
to SESA (Fig. 6, right panels).

Table 2  Main mesoscale features of the dynamics of atmospheric patterns associated with the three groups of the extreme discharge events 
(> 99.9th percentile)

% Indicates the percentage of events classified in each group

Group % Wind and moisture-advection anomaly

Day − 3 and − 2 Day − 1 Day 0 and 1 Affected areas

1 39 Intensifying northerly flow, strong 
moisture advection

Strong southerly flow, increasing 
moisture advection

Weakening of 
southerly flow and 
moisture advection

Alternatively Upper Rio Bermejo 
(extremely large discharge val-
ues) and Rio Dulce

2 25 Weak southerly flow, negligible 
moisture advection

Intensification of the southerly 
flow, strong moisture advection

Weakening of 
southerly flow and 
moisture advection

More frequently the Rio Bermejo, 
but occasionally also the Rio 
Dulce

3 14 Variable weak flow and low mois-
ture advection

Intensified south-easterly flow 
with moderate moisture advec-
tion

Attenuation of the flow Mostly Rio Dulce

Fig. 4  Daily specific-discharge observations of 11-days long 
sequences centered on the day of the reference events on 25th Feb-
ruary, 2010, 29th Jan 1979, and 27th Dec 1986. For each event, the 
observation from the gauge stations of the Upper Rio Bermejo (blue) 
and the Rio Dulce (red) are shown; for the Group 3, the observa-
tion of only one gauge station were available. (Left) Group 1: largely 

affecting the Upper Rio Bermejo area, with particularly high peak-
discharge values, but also producing moderate discharges in the 
downstream Rio Dulce area (TU0411). (Center) Group 2: high peak-
discharge values both in the Rio Bermejo and in the Rio Dulce, espe-
cially in the downstream regions. (Right) Group 3: affecting the Rio 
Dulce basin, particularly in the semi-arid area (TU0409)
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Group 3 (7 events): The representative event occurred on 
December, 27th, 1986, and affected the Rio Dulce river basin, 
resulting in particularly large discharge volumes in the upper 
and semi-arid area of the catchment with peak-discharge val-
ues almost 30-times larger than the average annual discharge 
(Table S3, Supplementary material, and Fig. 4, right panel). 
The atmospheric features and evolution associated with this 
event were different compared to the other representative 
events described above: We observe an intense north-westerly 
wind anomaly to the east of the Central Andes confined to 
latitudes as low as 18° S and extended to the east coast of the 
continent (Fig. 7, central panels). A positive air-temperature 
anomaly at every level was present in the proximity of the 
eastern flank of the mountain range. In contrast to the event 
patterns in Group 1 and 2, this warm anomaly at the moun-
tain front was associated with a deep colder and drier than 
normal cyclonic structure present at every level centered over 
the southern Brazilian coastal area, extending towards north-
west (Fig. 7, central and right panels). By Day − 2 the north-
westerly wind anomaly intensified, reaching its maximum by 
Day − 1, with high moisture advection at low-levels in asso-
ciation with a south/south-easterly wind flow to the east of 
the southern Central Andes. This south-easterly flow anomaly 
was controlled by a colder and drier cyclonic core located in 
South Brazil, resulting in a partial attenuation of the warm 
anomaly located at the eastern flank of the southern Central 
Andes (Fig. 7, central and right panels).

5  Discussion

5.1  Discharge‑events analysis

In the southern Central Andes the steep topographic and 
environmental gradients with varying hillslope angles, 
soil types and thicknesses, and vegetation conditions 
(Bookhagen and Strecker 2012; Olen and Bookhagen 2020) 
will either dampen or amplify large rainfall events and 
impact the frequency distribution of river discharge. Due 
to different sources of nonlinearity in the transformation 

of rainfall to runoff, daily precipitation distributions are 
often much lighter tailed than those of river discharge (Tur-
cotte and Greene 1993; Malamud and Turcotte 2006). The 
shape of the frequency distribution of daily observations 
is commonly used to describe hydro-meteorological vari-
ability, with high variability associated with heavy-tailed 
distributions (Turcotte and Greene 1993; Malamud and 
Turcotte 2006; Molnar et al. 2006). Although our dataset 
is limited in number, we observed that specific-discharge 
variability is more pronounced in the predominantly semi-
arid (heavier tail) than in the predominantly humid areas 
(lighter tail, Fig. 2 a). The difference lies in the ratio of num-
ber of smaller discharge magnitudes of intermediate events 
 (Q0.2 year) to larger magnitude of rare events  (Q20 years): the 
semi-arid environment of the Rio Dulce shows a smaller 
number of intermediate events than the humid Upper Rio 
Bermejo. Based on the analysis of the frequency distribu-
tions of runoff and rainfall, Rossi et al. (2016) have shown a 
similar behavior in the contiguous U.S. and Puerto Rico, i.e., 
increased runoff variability in arid environments is linked to 
reductions in the magnitude of intermediate events and not 
necessarily to an increase in the magnitude of rare events. 
This outcome has crucial implications not only for the rela-
tionship between storm depth and rare floods (> 99.9th per-
centile), which is characterized by pronounced nonlinearity 
in the transformation of rainfall to river discharge, but also 
on the efficiency of the erosional regime that controls the 
geomorphic processes shaping the landscape (Bookhagen 
and Strecker 2012; Castino et al. 2016). Because rare-event 
magnitudes present relatively small differences between pre-
dominantly semi-arid and humid catchments, significantly 
smaller intermediate-event magnitudes in the semi-arid 
catchments will result being less erosive than in the humid 
areas (Rossi et al. 2016).

We also observed that the distributions of the available 
rainfall time series from different gauge stations vary over 
narrow ranges of both intermediate and rare events and pre-
sent similar shape and scale parameters independent of the 
type of the climatic environment (Fig. 2b). This observa-
tion suggests that the rainfall observations available in this 
area are representative of local-scale precipitation processes 
and cannot capture the overall hydro-climatic condition of 
the catchment where they are located. A previous study 
has analyzed the changes of discharge frequency distribu-
tions between 1940 and 1999 and it has been observed that 
the high spatiotemporal stochasticity and intermittency of 
rainfall-related processes and the sparse and disparately 
distributed rainfall stations will strongly limit the ability of 
the local rainfall network to fully capture the spatiotemporal 
scale of convective storms (Castino et al. 2016). Therefore, 
in a region with pronounced climatic gradients, such as the 
eastern Central Andes, river discharge can provide a better 
measure of hydro-meteorological variability than rainfall, 

Fig. 5  ERA-Interim surface and three-dimensional data for the 
extreme discharge event that occurred on February, 25th, 2010, rep-
resentative of Group 1. Anomalies for 5-day time-lagged sequences 
(3  days before, event day, one day after) are shown for: (left) total 
water column (TWC, shades) and 2 m air temperature (red and blue 
isolines indicate positive and negative anomalies, respectively); 
(center) 850 hPa specific humidity (SH, shades) and wind speed and 
direction (arrows) anomalies. Values of the 850  hPa surface result-
ing below the Andean topography are masked; (right) air-temperature 
longitudinal cross-section  (Ta, average between 21° and 24.75° S, 
shades) from the surface up to the high troposphere; the filled black 
polygon indicates the average topography between 21° and 24.75° S. 
Black stars show the center of the basins of the Upper Rio Bermejo 
and the Rio Dulce

◂
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Fig. 6  As in Fig. 5 but for the extreme discharge event occurred on January, 29th, 1979, representative of Group 2
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integrating the storms’ distribution and the response of the 
landscape at the catchment scale. This observation confirms 
the need of identifying extreme hydro-meteorological events 
in the study area using discharge observations from gauge 
stations draining either upper or lower portions of both the 
Upper Rio Bermejo and the Rio Dulce catchments.

5.2  Causes of extreme discharge events 
at the eastern flank of the southern Central 
Andes

The time-lagged climatological composites of geopoten-
tial height and wind (Fig. 3) document the importance in 
extreme-rainfall generation represented by the incursion of 
mid-latitude waves to the east of the Andes Mountain into 
subtropical and tropical latitudes. This cold surge is a pre-
viously documented process that largely affects the South 
American climate with a periodicity of 1–2 weeks and has 
its largest impact on precipitation during the wet season 
(Marengo et al. 1997; Garreaud and Wallace 1998; Garreaud 
2000; Lupo et al. 2001; Vera and Vigliarolo 2002; Boers 
et al. 2015; Hurley et al. 2015; Rasmussen and Houze 2016). 
A particularly important atmospheric feature of cold surges 
is the deepening of the low-pressure system to the east of the 
Central Andes before the event (approximately 2–3 days). 
This low-pressure cell is accompanied by the intensification 
of the low-level meridional wind which becomes particularly 
strong prior the event day, as it is shown in the climato-
logical composites (Fig. 3, left panels, from Days − 3 to 
Days − 1). The strength of this low-pressure system is also 
confirmed by the large statistical significance of the com-
posites of the geopotential-height anomaly (Fig. S6, Sup-
plementary material). The intensification of the low-level 
meridional wind has been recognized as the strengthening 
of the SALLJ, resulting in a higher than normal advection 
of warm and moist air masses from the Amazon basin (Gar-
reaud 2000; Rasmussen and Houze 2016).

The above described features are also present in the com-
posites restricted to extreme discharge events of Group 1 
(Fig. 8; 5% significance of the anomalies are shown in Fig. 
S7, Supplementary material). Less consistency with the key 
features of cold-surge events was found with events of Group 
2 and almost none with Group 3 (Figs. S8–11, Supplemen-
tary material). We hypothesize that Group 1 is controlled by 
cold-surge events, representing the largest group of events 
obtained from our classification (39%), and thus overprints 
the climatological composites of all events. In the follow-
ing paragraphs, we will separately discuss the three events 
groups’ phenomenology, extending our analysis to the mes-
oscale features associated with the representative events of 
each group.

For Group 1, by Day − 1 a fast-moving frontal zone 
developed between the anomalously warm and moist air 

transported to the east of the Central Andes by an intensified 
SALLJ and the cool air advected by the meridional pressure 
gradient due to the transition of the ridge of the mid-latitude 
wave over the Andes (Fig. 5, central panels). This frontal 
zone was characterized by strong low-level convergence that 
provided sustained forcing for the development of intense 
mesoscale convective storms. It has been observed that sum-
mertime cold surges are accompanied by deep convection at 
the leading edge of the cool air moving equatorward from 
the southern subtropics associated with the strong low-level 
convergence embedded in a conditionally unstable environ-
ment (Garreaud 2000). This band of enhanced convection 
usually moves from the southern subtropics (about 35° S) 
into lower latitudes (~ 5° S) in about four days. Garreaud 
and Wallace (1998) estimated that convective precipitation 
associated with cold-surge events account on average for 
about 50% of the total summertime precipitation south of 
25° S. In addition, in a study on the influence of topogra-
phy on the initiation of convective systems in sub-tropical 
South America, Rasmussen and Houze (2016) evidenced 
that intensified low-level low pressure and SALLJ associated 
with a synoptic mid-latitude wave encountering the Andes 
are key elements for the development of severe storms with 
extreme horizontal dimension in the La Plata Basin. There-
fore, given the above described features of their atmospheric 
dynamics, most of the extreme discharge events of Group 1 
might be ascribed to the well-known cold-surge events, asso-
ciated with deep convective storms resulting in large river 
discharges, particularly strong in the Upper Rio Bermejo 
(Fig. 4, left panel).

The visual inspection of the surface and three-dimen-
sional 5-day time-lagged sequences of the ERA-Interim data 
of each event in Group 1 shows that 11 out of 15 events were 
triggered by cold surges. In addition, 2/3 of these events 
were recorded by the gauge stations draining the more humid 
portion of the study area and the remaining 1/3 by those 
relevant to semi-arid portion. This observation suggests that 
extremely intense convective storms developing to the east 
of the southern Central Andes in association with cold surges 
tend to affect twice as often the downstream as the upstream 
portion of this region. The remaining events of Group 1 (i.e., 
not associated with enhanced SALLJ and the migration of 
a cold front as in the case of cold surges), revealed anoma-
lously warm and moist low-level air transported from the 
tropics to the east of the Central Andes prior the event day. 
Subsequently, the strong southerly wind anomaly likely 
forced the advection of these moist air masses against the 
steep topography of the study area, thus resulting in intense 
orographic rainfall (Houze 2012; Espinoza et al. 2015). We 
suggest that the limited heterogeneity of the atmospheric 
circulation is a potential explanation for the weaker nega-
tive anomaly of 2 m air temperature obtained on day 0 and 
day + 1 for the composite of Group 1 compared with its 
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representative extreme event (Figs. 5, 8). We investigated 
the possible causes for this discrepancy, by identifying for 
each event the geographical location and magnitude of the 
minimum of the 2 m air-temperature anomaly by each day 
of the 5-days sequences (Fig. S12, Supplementary material). 
Although by day 0 and day + 1 the minimum magnitude of 
the 2 m air-temperature anomaly is below − 2 °C for most 
of the events, this analysis shows that these minimum values 
are rather sparsely distributed for all days, confirming our 
hypothesis that the composites produced statistically non-
significant mean values for the 2 m air-temperature anomaly 
because of the relative spatial heterogeneity of this field 
between the events within Group 1.

For Group 2, the climatological composite maps show 
that these events present large dynamical similarities with 
cold surges, e.g. the westerly migration of an upper-level 
mid-latitude wave, also visible at the middle troposphere, 
resulting in an incursion of cooler and drier than normal 
air from the high latitudes towards the subtropics start-
ing by Day − 2 (Fig. 6). In this case, we observe a frontal 
zone, extending in north-east direction between the anom-
alously warm and wet air to the east of the Andes and 
the southerly cooler air, accompanied by strong low-level 
southerly winds. However, the climatological composite 
maps show the deepening of the low-level low-pressure 
cell and the intensified SALLJ to the east of the Andes 
mostly at latitudes equatorward of 20° S. In addition, from 
the representative event of Group 2 we observe that the 
warm and moist air prior to the event was not confined 
just to the immediate area to the east of the Central Andes 
as for the event of Group 1 (Fig. 5, right panel, Days − 3 
and − 2), but largely extended to the SESA region (Fig. 6, 
left panels, Days − 3 and − 2). Also, the cold air incur-
sion was not limited to the low- and middle-levels, but 
reached the upper levels of the troposphere (Figs. 5, 6, 
right panels, Days 0 and 1). Nevertheless, we envision 
that, in an anomalously warm and moist atmospheric envi-
ronment, the strong low-level convergence at the leading 
edge of the cold incursion might have triggered the for-
mation of mesoscale convective storms to the east of the 
southern Central Andes. Such strong rainstorms resulted 
in intense precipitation which diffusively affected the 
study region, although with relatively lower peak values 
compared to the representative event of Group 1 (Fig. 4, 
central and left panels). Furthermore, we suggest that the 
above described discrepancies might depend on the posi-
tion and intensity of the Bolivian High or the extension 
and strength of the mid-latitude pressure dipole that can 

result in a slower migration of the high-pressure cell or a 
blocking activity of the low-pressure cell over the south-
western Atlantic Ocean (Fig. S8, Supplementary material). 
Importantly, the visual inspection of each event relevant 
to Group 2 showed that almost all of them (10 out of 11) 
were triggered by atmospheric conditions similar to cold 
surges and, by virtue of these key similarities, we coined 
these events ‘modified cold surge’. In contrast with Group 
1, 2/3 of these events were recorded by the gauge stations 
draining the upstream basin portions and the remaining 
1/3 were recorded in the downstream regions of the study 
area. This observation suggests that extremely intense 
convective storms developing to the east of the southern 
Central Andes in association with ‘modified cold surges’, 
tend to affect twice as often the high-elevation areas than 
the lower and more humid portion of this region.

For Group 3 (Fig. 7), the climatological composite maps 
of these events revealed a different atmospheric pattern from 
those previously identified in Group 1 and 2. The atmos-
pheric circulation was initially dominated at large scale by 
an anomalously intense and extensive high-pressure cell 
over the west South Atlantic Ocean associated with a large 
positive air-temperature anomaly at low levels in southern 
South America (Day − 3, Fig. S10, Supplementary mate-
rial). This pressure system gradually weakened under the 
effect of the migration of a mid-latitude trough from the 
east South Pacific, which in turn deepened as it crossed the 
Andean mountain and reached the west South Atlantic (Day 
− 1 and Day 0). At the same time, this low-pressure cell was 
quickly followed by a high-pressure cell (from Day − 1 to 
Day + 1) advecting cooler air masses from high latitudes to 
the subtropics, similarly to the cold-surge events (Fig. S10, 
Supplementary material). From the meso- to the synoptic-
scale, we observed the presence of a frontal structure at low 
levels to the east of the southern Central Andes (Fig. 7, Day 
− 3). This front developed between the northerly moist and 
warm flux from the tropics alongside the Andean moun-
tains and the southeasterly cooler air masses advected by a 
cyclone already at its mature stage and located at the coast 
of southern Brazil (Fig. 7, Day − 3). Likely, the strong low-
level convergence associated with this frontal structure trig-
gered the development of rainfall in a mesoscale convective 
system that resulted in high river discharges in the Rio Dulce 
river basin (Fig. 4, right panel). Generally, we observe a 
higher heterogeneity of the atmospheric dynamics at meso- 
and synoptic-scale in Group 3 in comparison to the other 
two groups. This is further confirmed by the low significance 
of the anomaly values of its composite (Figs. S7,  S9, S11, 
Supplementary material).

Overall, our analysis identified 21 out of 40 (53%) 
extreme discharge events to be associated with cold surges or 
with atmospheric processes similar to cold surges. It emerges 
that these climatic features result in extreme discharges in 

Fig. 7  As in Fig. 5 but for the extreme discharge event occurred on 
December, 27th, 1986, representative of Group 3. The air-temper-
ature longitudinal cross-section and the average topography (filled 
black polygons) are obtained averaging between 25.5° and 28.5° S

◂
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Fig. 8  As in Fig. 3 but for the 
climatological composite of 
ERA-Interim data relevant to 
extreme discharge events of 
Group 1
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both drainage basins with similar frequency of occurrence. 
We emphasize that our analysis does not represent a quanti-
tative estimation of the contribution of cold surges to annual 
discharge totals, because we only analyzed the conditions of 
extreme hydro-meteorological events (> 99.9th percentile). 
Nevertheless, it documents the importance of cold surges 
for discharge anomalies in the eastern flank of the southern 
Central Andes.

Our observation is in good agreement with other stud-
ies. According to a sea-level pressure-pattern classification 
over southern South America, the ‘cold-surge mode’ results 
as the second-most recurrent synoptic pattern after zonal 
circulation (Compagnucci and Salles 2002) and cold-surge 
events account on average for about 50% of the total sum-
mertime precipitation south of 25° S (Garreaud and Wallace 
1998; Garreaud 2000). In addition, it has been observed that 
during the development of cold surges the associated tran-
sient mid-latitude waves undergo strong amplification and 
their amplitude is given by the superposition of fast-moving, 
synoptic-scale waves and quasi-stationary, planetary waves 
(Krishnamurti et al. 1999; Garreaud 2000). In a recent study, 
Boers et al. (2019) have suggested that upper-level Rossby 
waves likely control a global rainfall-teleconnection pattern 
which is responsible for long-distance (> 2500 km) cou-
pling of extreme rainfall events. These authors showed that 
extreme-rainfall events in the monsoon systems of south-
central Asia, East Asia, and Africa are synchronized and 
revealed concise links between south-central Asia and the 
European and North American extra-tropics, as well as the 
Southern-Hemisphere extra-tropics.

6  Conclusions

Past studies highlight the high dynamics and varying trends 
of rainfall patterns in South America and there are several 
causes for hydro-meteorological extreme events. In the 
southern Central Andes, we identified propagating cold 
fronts as one important trigger mechanisms for the strong-
est hydrologic events.

We analyzed the atmospheric dynamics at large- and 
meso-scales associated with extreme discharge events 
(> 99.9th percentile) representing the strongest 40 distinct 
events in the southern Central Andes from 1979 to 2016. 
We rely on daily rainfall (n = 11) and river-discharge (n = 9) 
gauge time series starting from 1940 in tributaries of the 
Upper Rio Bermejo and the Rio Dulce in NW Argentina. 
We performed a detailed analysis of their magnitude-fre-
quency distributions for these semi-arid and humid areas. 
The associated atmospheric conditions of the identified 
extreme events were investigated with reanalysis data. Our 
study suggests that to the east of the southern Central Andes 
(20°–30°S) one of the most important climatic features 

controlling the formation of intense mesoscale convec-
tive systems is caused by low- to middle-level temperature 
changes associated with cold surges. These are often linked 
with the passage of mid-latitude waves over South America 
during the monsoon season. We make the following three 
key observations:

1. For the period between 1940 and 2016, daily rainfall 
observations from the semi-arid and humid areas do 
not show significant differences in their magnitude-
frequency relations. On the contrary, the distributions 
of daily specific discharge exhibit more pronounced 
variability with a heavier tail for the southern semi-
arid Rio Dulce river basin than for the northern Upper 
Rio Bermejo river basin with more humid conditions. 
Importantly, in the semi-arid environment this differ-
ence is characterized by fewer discharge events with 
intermediate magnitude (0.2 year mean return period, 
i.e. > 98th percentile) than in the humid environments, 
whereas the number of rare events (20 years mean return 
period, i.e. > 99.9th percentile) is comparable in the two 
areas. The rainfall distributions for the two catchments 
do not exhibit a similar behavior, evidencing the strong 
nonlinear relationship between rainfall and discharge, 
especially in case of storm events and rare floods. 
Based on our analysis, we argue that discharge data are 
more suitable than rainfall observations for identifying 
extreme hydro-meteorological events and their impact 
on geomorphologic processes.

2. The climatological composites of the 5-day time-lagged 
sequences of geopotential height in the middle (500 hPa) 
and upper (200 hPa) troposphere for the selected 40 
extreme discharge events showed a weak mid-latitude 
transient pressure dipole that crosses southern South 
America. The high-pressure core of this dipole moves 
eastward from the Pacific Ocean and crosses the Andes 
at the day before the event, forcing the advection of 
dry and cold air masses from higher latitudes into the 
continent. As a result, a cold front is established at low 
levels between these air masses advected from high 
latitudes and a low-pressure system to the east of the 
Central Andes associated with warmer and more humid 
than normal air masses. These atmospheric features are 
typical of cold surges, i.e., the incursion of mid-latitude 
waves to the east of the Andes into sub-tropical and trop-
ical latitudes which strongly affect the South-American 
precipitation pattern in particular during the wet season.

3. By applying a subjective classification scheme, we 
obtained three groups of extreme discharge events rep-
resenting 80% of all events. For each group we gen-
erated the climatological composites and described 
representative atmospheric processes and dynamics for 
a case-study event. These analyses showed that in the 
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study area extreme discharge events are mainly associ-
ated with the north-northeastward migration of frontal 
systems. For 53% of all the extreme discharge events, 
this frontal zone is a cold front, characterized by strong 
low-level convergence which provides sustained forcing 
for intense mesoscale convective systems, a key feature 
of cold surges. The remaining extreme events can be 
described as highly heterogeneous atmospheric pat-
terns, such as strong cyclonic activity in south-eastern 
Brazil or events of the South American Low-Level Jet 
occasionally associated with frontal systems developing 
at the edge of low-level south-southeasterly warm air 
flows.
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Appendix: Subjective classification 
of discharge events using the prevailing 
direction of moisture‑flux anomaly 
sequences

The aim of the analysis is to decipher whether the wind 
of the Upper Rio Bermejo and Rio Dulce basins (Fig. 9a) 
is zonal (westerly or easterly) or meridional (northerly 
or southerly) during the 5-day time-lagged sequences of 
the extreme discharge events. Therefore, four 90° wide 
directional sectors are considered, centered on the cardi-
nal directions and associated with zonal and meridional 
fluxes (Fig. 9b). For deciphering the evolution of the wind 
direction of each 5-day time-lagged sequence, the fol-
lowing method is applied: First, the area where the gauge 
station associated with the discharge event is identified 
(North or South basins, Fig. 9a); second, the frequency 
distribution of the direction of the wind anomaly is esti-
mated according to the four directional sectors using the 
values at the masked grid points of the identified area 
(North or South basins). The daily prevailing direction 
is given by the directional sector that has the maximum 
frequency and its frequency is at least equal to the 50th 

Fig. 9  a The two areas for 
deciphering the prevailing wind 
direction: (1) North basins, for 
the Upper Rio Bermejo [62.25–
66 W/20.25–26.25 S], including 
34 masked grid nodes; (2) 
South basins, for the Rio Dulce 
[63.75–66.75 W/25.5–29.25 S], 
with 23 masked grid nodes. b 
The four 90° wide directional 
sectors: meridional-southerly 
[45°, 135°), zonal-easterly 
[135°, 225°), meridional-
northerly [225°, 315°), zonal-
westerly [− 45°, 45°). As 
example, the red arrow indicates 
a meridional-northerly wind

http://creativecommons.org/licenses/by/4.0/
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percentile; if both conditions are not satisfied, the prevail-
ing wind direction is considered as undefined. As exam-
ple, the red arrow indicates a meridional-northerly wind 
(Fig. 9(B)).
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