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Abstract
The South American Altiplano has a marked dry season during the austral winter (June to August, JJA). However, during this 
season synoptic meteorological conditions triggering heavy precipitation can damage socioeconomic activities, often causing 
the loss of human lives. Using daily in-situ precipitation data from 39 rain-gauge stations over the northern Altiplano ( 18◦S
-15◦S ; > 3000 m.a.s.l.) for the JJA season, we computed the historical percentile 90 (p90) and we identified extreme rainy days 
with precipitation higher than p90 in the 1980–2010 period. We identified 100 winter extreme precipitation events (WEPEs) 
over this region that can last between one to 16 days. The K-means analysis was applied to anomalies of geopotential height 
at 500 hPa from ERA-Interim data during the initial day or Day(0) of WEPEs lasting 1 day (42 cases), 2 days (19) and more 
than 2 days (39). We found 59 WEPEs characterized by an upper-level trough over the Peruvian-Chilean coast. At 850 hPa, 
these 59 WEPEs are also associated with cold surges along the eastern Central Andes, indicating an association between 
the upper-level trough and the cold surge in developing deep convection over the northern Altiplano. A lead-lag composite 
analysis further showed a significant lower- and mid-tropospheric moistening over the western Amazon 2 days before the 
onset of these 59 WEPEs, due to low-level northerly wind anomalies originating over equatorial South America. The other 41 
WEPEs are associated with a low-level southerly wind regime crossing the equator and a mid-and upper-level low-pressure 
system over the Peruvian-Chilean coast. While the low-level southerly regime enhances mid-tropospheric moisture transport 
from the equator towards the Altiplano due to the developed shallow meridional circulation when propagating equatorward, 
a low-pressure system promotes intensification of upward motion, boosting the upslope moisture transport from the lowlands 
to the east of the Central Andes towards the Altiplano.
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1  Introduction

The Central Andes, located between 15 ◦S and 25 ◦S , are 
geographically bound by the Amazon to the east and the 
eastern tropical Pacific to the west. The interaction between 
the orography and the atmospheric circulation modulates 
the spatial pattern of precipitation in the Central Andes, 

characterized by an east–west gradient, with wet regions 
near the Amazon border (e.g. Bendix and Lauer 1992; 
Houston and Hartley 2003; Garreaud 2009; Espinoza et al. 
2015). The Altiplano is an arid region located in the upper-
elevation zones of the Central Andes above 3000 m.a.s.l., 
where the annual precipitation value is approximately 
between 200 and 700 mm year−1 (Garreaud et al. 2003; 
Vuille and Keimig 2004). Indeed, between 50 and 75% 
of the annual precipitation over the Altiplano falls during 
austral summer (December–February), associated with the 
development of the Bolivian High and convection over the 
western Amazon (e.g. Lenters and Cook 1997, 1999; Gar-
reaud 1999b; Vuille 1999; Espinoza et al. 2020; Segura et al. 
2020). On the other hand, the contribution of austral win-
ter precipitation to the annual amount is small in the Alti-
plano, but extreme precipitation events during this season, 
including rain, snow and hailstorms, have strong social and 
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economic impacts on Andean societies (Poveda et al. 2020; 
Imfeld et al. 2021). Indeed, these events cause considerable 
damage to road infrastructure, crop fields, and the livestock 
sector as well as being responsible for the loss of human 
lives (Sistema Nacional de Defensa Civil 2006; Perea-Flores 
2018). Thus, the objective of this study is to understand the 
atmospheric mechanisms associated with austral winter 
(June–July–August; JJA) extreme precipitation events in the 
northern Altiplano, a region located in the Central Andes 
between 18 ◦S and 15 ◦S , above 3000 m.a.s.l.

During austral winter, the retreat of the South American 
Monsoon System (SAMS) reduces the development of deep 
convection over most of the southern part of tropical South 
America, and as a consequence, upper-level easterlies do 
not exist over this region (e.g. Silva Dias et al. 1983; Horel 
et al. 1989; Lenters and Cook 1997; Zhou and Lau 1998; 
Wang and Fu 2002; Vera et al. 2006; Garreaud et al. 2009; 
Nie et al. 2010). Therefore, mid- and upper-level westerlies 
originating over the cold and dry eastern tropical Pacific 
prevail over the central Andes during JJA (Garreaud 1999b; 
Vuille 1999; Garreaud 2009; Espinoza et al. 2020). Mid- 
and upper-level westerlies introduce westerly momentum 
flux over the eastern Andean ridge, thereby preventing the 
upslope transport of moist air from the western Amazon 
toward the Altiplano (Garreaud 1999b). Another important 
mechanism for inhibiting precipitation on the Altiplano is 
the large-scale subsidence associated with the regional Had-
ley Cell due to the convection over northern South America 
(Wang and Fu 2002; Vera et al. 2006; Garreaud et al. 2009; 
Espinoza et al. 2021). Thus, this explains the small amount 
of precipitation over the Altiplano during austral winter. 
Notwithstanding this atmospheric circulation, the Altiplano 
has faced extreme precipitation events during this season 
(Vuille and Ammann 1997; Poveda et al. 2020; Imfeld et al. 
2021).

Cold air incursions, also called “cold surges”, originating 
in mid-latitudes over South America are one among several 
synoptic-scale circulations influencing extreme precipita-
tion events over the eastern Central Andes (Garreaud and 
Wallace 1998; Garreaud 1999a; Boers et al. 2015; Hurley 
et al. 2015; Eghdami and Barros 2019; Poveda et al. 2020; 
Imfeld et al. 2021). Indeed, cold surge events are a distinc-
tive feature of the South American climatology, and they are 
observed in all seasons (Garreaud and Wallace 1998; Gar-
reaud 2000; Vera and Vigliarolo 2000; Alvarez et al. 2013; 
Espinoza et al. 2013; Paccini et al. 2018). Garreaud (2000) 
showed that the precursor of cold surges consists of a cold 
high-pressure system at lower-levels, originating over the 
subtropical eastern Pacific and crossing the Andes between 
30 ◦S and 45 ◦S to reach southern Argentina (see Figure 10 
in Garreaud 2000). At this point of the event, the low-level 
flow is geostrophic, but the blocking effect of the subtropi-
cal Andes turns the low-level flow into an ageostrophic, 

terrain-parallel flow, with a northward direction that allows 
the incursion to propagate into lower latitudes. Occasionally, 
these cold surges can reach the equatorial regions of South 
America (Parmenter 1976; Marengo et al. 1997; Garreaud 
1999a, 2000; Vera and Vigliarolo 2000; Seluchi et al. 2006; 
Bowerman et al. 2017; Figueroa et al. 2020). It is important 
to signal that cold surges could also be part of the interac-
tion between convection in the equatorial region of South 
America and the extratropics as explained by Kasahara and 
da Silva Dias (1986).

During the austral summer, the convergence of low-level 
southerlies with warm and moist low-level northerlies origi-
nating over the Amazon creates a NW-SE oriented band 
of strong precipitation, extending from the eastern Central 
Andes toward the Atlantic, reflecting the leading edge of the 
cold surge (see Figure 3 in Garreaud and Wallace 1998; Gar-
reaud 1999a, 2000). It is important to note that the NW–SE 
orientation of the rainfall band is also influenced by the 
Andes’ topography, and the heat source over the Amazon 
basin and Central Brazil helps sustains the NW–SE ori-
ented low-level convergence zone (Figueroa et al. 1995). 
Along the eastern slopes of the Central Andes, precipitation 
occurs at the intersection of the cold surge with the terrain 
(1000–2000 m.a.s.l) which is also the altitude of maximum 
moisture flux during cold surge events (Chavez and Taka-
hashi 2017; Eghdami and Barros 2019). In the northeastern 
Altiplano, Hurley et al. (2015) showed that cold surges trig-
ger extreme precipitation during the austral summer, and 
they are responsible for most of the snowfall at Quelccaya 
Ice Cap in Peru ( 70.82 ◦W , 13.93 ◦S ; 5670 m.a.s.l.). In the 
austral winter, cold surge events trigger the same dynamic 
response in tropical South America, with a NW–SE oriented 
band of precipitation extending from the central Amazon 
towards the Atlantic coast (Garreaud 2000; Espinoza et al. 
2013; Bowerman et al. 2017; Paccini et al. 2018). In addi-
tion, the better defined NW–SE oriented band of precipita-
tion in this season could be explained by the basic state of 
the Southern Hemisphere winter, in particular due vertical 
and meridional shear of the zonal wind (Kasahara and da 
Silva Dias 1986).

While cold surges have also been related to cloud cover 
over the Altiplano (Sicart et  al. 2016), the relationship 
between extreme precipitation events over the Altiplano 
and cold surge events during austral winter has not been 
explored in detail. Sicart et al. (2016) used in-situ meteoro-
logical data to calculate a cloud index (CI) at Zongo Glacier 
( 16 ◦S , 5050 m.a.s.l.). The authors showed that about 87% 
of the highest values of CI (extreme cloudy days) during 
JJA are, indeed, related to cold surge events that reach the 
Bolivian Andes. The remaining 13% are associated with 
anomalous upper-level trough conditions over the Chilean 
coast at 45 ◦S . Upper-level troughs are characterized by low-
pressure and cold air temperature anomalies between 500 
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and 200 hPa, but increased air temperature above 200 hPa 
due to tropopause folding (Hoskins et al. 1985; Cox et al. 
1995; Kiladis 1998; Knippertz 2007). In addition, strong 
updrafts along the eastern side of the upper-level troughs 
can produce precipitation when approaching regions char-
acterized by a moist and warm troposphere. Several studies 
have shown that upper-level troughs can develop into cut-off 
lows, which are isolated cells moving equatorward (Hoskins 
et al. 1985; Kiladis and Weickmann 1992; Knippertz and 
Martin 2005; Campetella and Possia 2006; Garreaud and 
Fuenzalida 2007; Pinheiro et al. 2017; Wernli and Sprenger 
2007). Vuille and Ammann (1997) evidenced that snowfall 
during six dry seasons (May–September of 1984, 1986 and 
1990–1993) over the south-central Altiplano ( 25 ◦S–20 ◦S ) 
are mainly influenced by cut-off lows originating over the 
eastern Pacific. In a recent study, the passage of upper-level 
troughs over the Altiplano was identified as the principal fac-
tor triggering precipitation over the Peruvian Andes during 
austral winter (Bonshoms et al. 2020). However, the authors 
showed that dry synoptic conditions in the Peruvian Andes 
could equally be associated with the passage of upper-level 
troughs. Thus, it remains unclear if convection over the Alti-
plano is triggered by the presence of upper-level troughs 
alone, or if it requires an interaction of the upper-level 
trough with other atmospheric mechanisms. For instance, 
it could be that weakened convection over northern South 
America decreases subsidence over the Altiplano. Further-
more, how these circulation anomalies relate to extreme 
precipitation events over the northern Altiplano have not 
yet been explored.

Thus, the goal of this study is to identify the atmospheric 
mechanisms triggering extreme precipitation events over 
the dry northern Altiplano, a region where studies regard-
ing winter extreme precipitation events are scant. Using 
in-situ precipitation data from the northern Altiplano, we 
characterize for the first time extreme precipitation events 
occurring in June to August (JJA) from 1980 to 2010. The 
ERA-Interim reanalysis data set (Dee et al. 2011) was used 
to map low-, mid- and upper-level atmospheric circulation 
over South America and the eastern Pacific at the onset of 
these extreme events. Likewise, we made use of the CHIRPS 
precipitation product (Funk et al. 2015) to detect regions 
in South America where rainfall could be associated with 
extreme precipitation events over the northern Altiplano.

This paper has the following structure. In Sect. 2 we pre-
sent the data and the methodology of this study. Characteris-
tics of the identified extreme precipitation events, including 
their duration and the associated atmospheric circulation at 
the onset of the events, are presented in Sect. 3. In Sect. 4, 
we present the two atmospheric configurations associated 
with heavy precipitation in the northern Altiplano, identified 
by using the K-means clustering analysis. Their associated 

precipitation and atmospheric circulation are described in 
Sects. 5 and 6. Finally, conclusions are presented in Sect. 7.

2 � Data and methods

2.1 � Data

2.1.1 � In‑situ precipitation data over the northern Altiplano

We made use of 39 rain-gauge stations, from the Peruvian 
and Bolivian meteorological services (SENAMHIs), located 
over the northern Altiplano ( 18 ◦S–15 ◦S ; >3000 m.a.s.l.; 
Figure 1a; Table S1) collected by the project “Data on cli-
mate and Extreme weather from the Central Andes” (DEC-
ADE; Hunziker et al. 2017). Hunziker et al. (2017) stated 
that rain-gauge stations in the Altiplano present measure-
ment problems. Typical measurement errors include trunca-
tion in the maximum value of precipitation, gaps, systematic 
missing values on specific days of the week, among oth-
ers. Due to these measurement problems, Andrade (2018) 
chose those 39 rain-gauge stations in which measurement 
errors are minimal to analyze trends in extreme precipita-
tion events for the 1980–2010 period. For further informa-
tion on the tests applied to the 39 rain-gauge stations, see 
Hunziker et al. (2017). Thus, using the same 39 rain-gauge 
stations, we analyzed only daily precipitation in all austral 
winter seasons (JJA) for the period 1980–2010, meaning that 
2852 days were used in this study. All days in austral winter 
for the 1980–2010 period have precipitation data from at 
least 27 rain-gauge stations, with most of the days having a 
maximum of 39 rain-gauge stations available (Figure S1a). 
In addition to these 39 stations, we also used 62 additional 
lower-quality rain-gauge stations located across the Alti-
plano only for composite analyses only (Fig. 1a, Table S1), 
allowing for a more thorough analysis of the spatial precipi-
tation structure during extreme precipitation events in the 
Altiplano.

2.1.2 � CHIRPS data set

The Climate Hazard group Infrared Precipitation with Station 
(CHIRPS) dataset is a gridded precipitation product resulting 
from the combination of satellite precipitation estimates and 
in-situ precipitation data (Funk et al. 2015). The high spa-
tial resolution ( 0.05◦ × 0.05◦ ) and its long temporal coverage 
(1982–2018) render CHIRPS one of the most useful precipita-
tion products to study precipitation variability over the tropi-
cal Andes (Paccini et al. 2018; Sulca et al. 2018; Satgé et al. 
2019; Segura et al. 2019, 2020). In this study, we use CHIRPS 
at a daily time scale during the austral winter seasons in the 
1981–2010 period in order to identify regions over tropical 
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South America where precipitation is associated with extreme 
precipitation events over the northern Altiplano.

2.1.3 � Atmospheric reanalysis data set

We used horizontal wind and vertical motion, temperature, 
specific humidity and geopotential height from the ERA-
Interim reanalysis data set (http://​apps.​ecmwf.​int/​datas​ets/​data/​
inter​im-​full-​daily/; Dee et al. 2011). The atmospheric variables 
have a spatial resolution of 0.5◦ × 0.5◦ and cover pressure lev-
els from 1000 to 100 hPa. We analyzed these atmospheric 
variables at a daily time scale for the June-August season in 
the 1980–2010 period.

2.2 � Methods

2.2.1 � Extreme precipitation events in the northern 
Altiplano

To compute a single time series representing precipitation 
over the northern Altiplano, we calculated the arithmetic 
mean of the in-situ precipitation for each day between the 
1st June and 31st August in the 1980–2010 period (Fig. 1b; 
PP-Andes). For each day, we averaged over all the data avail-
able in the 39 rain-gauge stations located in the northern 
Altiplano, resulting in a unique regional time-series of daily 
precipitation (Fig. 1b). We used this approach given that 

Fig. 1   a Percentage of days with data available at each rain-gauge sta-
tion. The 39 rain-gauge stations used to calculate the winter extreme 
precipitation events in the Altiplano are marked by circles with 
magenta contour. The total number of days during June-August sea-
sons in the 1980–2010 period is 2852. The red line denotes the alti-
tude of 3000 m.a.s.l. b Daily precipitation time series of the northern 
Altiplano (PP-Andes) calculated by using the arithmetic mean from 

the 39 rain-gauge stations in magenta shown in a. The red horizon-
tal line is the percentile 90 of PP-Andes. c,d Frequency of winter 
extreme precipitation events (WEPEs) as a function of 15-day inter-
vals in each month (June-06; July-07; August-08) and year, respec-
tively. In c and d, brown, orange and cyan bars represent WEPEs last-
ing 1 day, 2 days and more than 2 days, respectively

http://apps.ecmwf.int/datasets/data/interim-full-daily/
http://apps.ecmwf.int/datasets/data/interim-full-daily/
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the spatial distribution of rain-gauge stations in our study 
zone, featuring more stations in the eastern than in the west-
ern side, is maintained during the 1980–2010 period (Fig. 
S1b). The similar spatial distribution of rain-gauge stations 
across years assures that PP-Andes is not influenced by low 
precipitation rates from the arid western zone, even during 
periods with a minimum number of rain-gauge stations with 
available data. Next, we calculated the percentile 90 (p90; 
red line in Fig. 1b) of PP-Andes, and we identified days in 
which PP-Andes is equal or greater than p90 (0.57 mm d−1 ). 
It is important to remember that 0.57 mm d−1 is a regional 
statistic, computed by using 39 stations. Furthermore, we 
verified that 61% of the days in our PP-Andes index equal 
zero, meaning that 39% of the time precipitation with val-
ues greater than zero occurs on a regional scale. We used a 
fixed percentile 90 (p90) instead of a seasonal value for the 
1980–2010 period because the large number of days with 
zero precipitation in June and July decreases the value of 
their respective percentile 90 compared to August. Using the 
fixed p90 we identified 286 individual extreme precipitation 
events in the 1980–2010 period.

Compagnucci et al. (2001) used sequences of 5 consecu-
tive days to properly capture the synoptic-scale circulation 
over South America. We applied this concept to group indi-
vidual extreme precipitation events, and we proceeded as 
follows. For the June–August season in each year during the 
1980–2010 period, we detected the first ( n1 ) and the second 
event ( n2 ) occurring after 1st June. Then, if n1 and n2 are 
separated by 5 consecutive days or less with precipitation 
below p90, we merged these two events into a single event 
( ev1 ) that started in n1 and finished in n2 . We repeated the 
same operation between ev1 and a third individual event 
since 1st June ( n3 ). In the opposite case, n1 is considered 
as a single extreme event ( ev1 ), and the same operation is 
calculated between n2 and n3 . The final events considered 
for the study are indicated in Table 1. They can last between 
one and 16 days, with the possibility of including at most 5 
consecutive days showing precipitation below the percentile 
90 of PP-Andes (see Table 1). It is important to note that 
only eight final events show minimum precipitation equal 
to 0 mm day−1 . Following this procedure, we identified 100 
winter extreme precipitation events in the northern Altiplano 
(100 WEPEs). We divided the WEPEs into three groups 
based on their duration: events lasting 1 day (42 WEPEs), 2 
days (19 WEPEs) and more than 2 days (39 WEPEs).

2.2.2 � Composite means and anomalies of atmospheric 
circulation and precipitation

In this study, we used the anomalies of horizontal wind and 
vertical motion, temperature, geopotential height and spe-
cific humidity, when compared to their climatology over 
the reference period 1980–2010. First, we computed a daily 

climatology for each variable from the 22nd May to the 10th 
September. Second, the daily climatology was temporally 
smoothed using a Hamming window of 5 days. Then, daily 
anomalies were computed by subtracting from the original 
data the smoothed daily climatology for each atmospheric 
variable. The same procedure was applied when calculating 
precipitation anomalies using the CHIRPS data set.

In order to describe the atmospheric processes that are 
associated with the onset of winter extreme precipitation 
events in the northern Altiplano, we used daily lead-lag com-
posites of anomalous horizontal wind and vertical motion, 
specific humidity, geopotential height and temperature at 
different pressure levels (1000–100 hPa). The composite 
analysis starts four days prior - Day(-4) - to the onset of the 
event or Day(0). We also analyzed the regional precipitation 
pattern over western tropical South America using CHIRPS 
precipitation anomalies. The significance of the anomalies 
depicted in the composite analysis is evaluated using the 
Cramér test with a significance level of 95% (Cramér 1999), 
which was used in previous studies over the tropical Andes 
(Segura et al. 2019).

Composite analyses were also performed using the zonal-
mean of atmospheric variables from 30 ◦S to 0 ◦N , and from 
80 ◦W to 60 ◦W to describe the atmospheric circulation over 
western tropical South America. Indeed, we aim to describe 
the moisture transport from the western Amazon toward the 
northern Altiplano. In order to avoid noise, introduced by 
the very different atmospheric circulation to the west of the 
Andes, especially at lower-tropospheric levels, we proceeded 
as follows. For each grid-point along the latitude axis, we 
calculated the longitude located one degree to the west of 
the grid representing the highest altitude between 80 ◦W and 
60 ◦W . Next, the zonal-mean was calculated by averaging 
the data only over the region extending from this longitude 
to 60 ◦W.

2.2.3 � K‑means clustering analysis

With the aim of depicting the atmospheric circulation asso-
ciated with the onset of each WEPE, we applied a K-means 
clustering of normalized anomalies of geopotential height 
at 500 hPa at the initial day of each event. The normaliza-
tion was done using the mean and the standard deviation of 
the historical daily anomalies of geopotential height at 500 
hPa in each grid-point. In addition, the clustering process 
was separately applied to each WEPE group classified by its 
duration (see Sect. 2.2.1). For each WEPE group and using 
the silhouette method, we decided to obtain three clusters 
or three groups of days. The silhouette coefficient measures 
the relative difference between the intra-cluster distance and 
the distance to the next closest cluster. This means that days 
in each cluster have a similar spatial pattern of geopotential 
height at 500 hPa, that separates them from the ones in the 
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other two clusters. The atmospheric circulation at 850, 500, 
and 200 hPa associated with each cluster is computed by 
averaging horizontal winds, geopotential height, specific 
humidity, and temperature at those pressure levels in days 
corresponding to each cluster.

3 � Winter extreme precipitation events 
(WEPEs) over the northern Altiplano

We identified 100 WEPEs in our zone of study (Table 1; see 
Sect. 2.2.1). In total, there are 286 days identified as WEPEs 
out of the total of 2852 days considered during the JJA sea-
son in the 1980–2010 period. The accumulated precipitation 
during the 100 WEPEs is 591 mm, while the total JJA pre-
cipitation for the 1980–2010 period is 728 mm. This means 
that WEPEs ( 11% of the days) are responsible for at least 
81% of all JJA precipitation. Table 1 shows the precipitation 
characteristics of the 100 WEPEs regrouped by their dura-
tion. From all WEPEs, the maximum duration is 16 days and 
the maximum precipitation rate is 16.4 mm day−1 , occurring 
in the WEPE of 13 days. While WEPEs lasting 1 day are the 
most frequent, maximum precipitation rates are observed in 
WEPEs lasting more than 2 days.

Figure 1c shows the frequency of WEPEs as a function 
of the period of the month of their initial day or Day (0). 
August is the month with more occurrences of WEPEs (46) 
compared to June (30) and July (24). This is because WEPEs 
lasting more than 2 days are more frequent in August. On 
the other hand, WEPEs lasting 1 day have a slightly higher 
occurrence at the beginning of June and at the end August, 
while WEPEs lasting 2 days were not captured at the begin-
ning of June, but the they are mostly equally distributed 
throughout the rest of the JJA season. This result indicates 
that the threshold of percentile 90, used in this study, could 
clearly identify extreme precipitation events in the JJA sea-
son, even though August shows a slight increase in the pre-
cipitation climatology. On interannual time scales (Fig. 1d), 
we observe two periods with high occurrence of WEPEs: the 
1983–1989 period and the 2000–2004 period. Furthermore, 
we observe that the number of WEPEs per year is less than 
or equal to three since 2005. Notwithstanding the novelty of 
these results, which might be associated with interannual to 
decadal variability of the large-scale circulation (e.g. ENSO, 
PDO), they are beyond the scope of this study.

Atmospheric circulation at the onset of WEPEs in the 
northern Altiplano

The spatial patterns of mean precipitation during WEPEs 
lasting 1 day, 2 days, and more than 2 days are displayed in 

Fig. 2   a Mean precipitation during days of winter extreme precipita-
tion events (WEPEs) lasting 1 day. The red line denotes the altitude 
of 3000 m.a.s.l. b, c similar to a, but for WEPEs lasting 2 days and 
more than 2 days, respectively. d Composite of horizontal wind (vec-
tors) and air temperature (color shading) anomalies at 850 hPa during 
the initial day (D-0) of WEPEs lasting 1 day. The green line indicates 

the altitude of 3000 m.a.s.l. g, j similar to d, but at 500 and 200 hPa, 
respectively, and the color shading represents anomalies of geopoten-
tial height. e, h, k similar to d, g, j respectively, but for WEPEs last-
ing 2 days. f, i, l similar to d, g, j, respectively, but for WEPEs lasting 
more than 2 days
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Fig. 2a–c, respectively. Rain-gauge stations display a pro-
gressive precipitation increase from the eastern side toward 
the interior of the northern Altiplano, as WEPEs lengthen in 
duration, meaning that WEPEs lasting more than 2 days have 
a larger regional impact that those lasting only 1 or 2 days.

Figure 2d–f display the associated anomalies of horizon-
tal winds and air temperature at 850 hPa at the initial day 
or Day (0) of WEPEs lasting 1 day, 2 days and more than 2 
days, respectively. WEPEs lasting 1 and more than 2 days 
are associated, at this tropospheric level, with cold tempera-
ture anomalies over extratropical South America, accom-
panied by southerly wind anomalies along the eastern side 
of the Central Andes, which are indicators of cold surges 
originating at higher latitudes (Fig. 2d, f, Garreaud 1999a, 
2000; Vera and Vigliarolo 2000; Seluchi et al. 2006; Espi-
noza et al. 2013). However, the position of the leading edge 
of cold surges differs between groups. In addition, in WEPEs 
lasting more than 2 days, northerly wind anomalies over 
the Amazon directed toward Southeastern South America 
(SESA) and a strong temperature gradient along the leading 
edge of the cold surge are evident (Fig. 2f). Indeed, Garreaud 
(2000) showed that this low-level atmospheric circulation 
is similar to an early stage of a cold surge event, while the 
one associated with WEPEs lasting 1 day is similar to a late 
stage when the cold surge is penetrating the tropics. On the 
other hand, the composite of WEPEs lasting 2 days shows 
that low-level southerly wind anomalies have reached the 
equator, which explain cold anomalies over tropical South 
America (Fig. 2e).

At 500 hPa, anomalies of geopotential height at Day(0) 
of WEPEs indicate a positively tilted wave train with a 
northeastward orientation (moving northeastward), ema-
nating from the Southern Pacific towards the West coast 
of South America (Fig. 2g–i). Negative anomalies of geo-
potential height accompanied by cyclonic circulation at 500 
hPa are observed over the Peruvian-Chilean coast at 20 ◦S 
(Fig. 2g–i). In addition, the anomalies of geopotential height 
and horizontal winds at 500 hPa intensify as WEPEs exhibit 
longer duration. The same pattern of geopotential height and 
wind anomalies is observed at 200 hPa (Fig. 2j–l). Thus, 
the pattern of geopotential anomalies at 500 and 200 hPa 
over the Peruvian-Chilean coast indicate that upper-level 
troughs are present in the development of extreme precipi-
tation events in the northern Altiplano.

In summary, cold surges along the eastern Central Andes 
as well as upper-level troughs over the Peruvian-Chilean 
coast are associated with heavy precipitation events over 
the northern Altiplano. As geopotential height anomalies 
at 500 hPa show an intensification as WEPEs last longer, in 
the next section, we classify different patterns of geopoten-
tial height anomalies at 500 hPa to identify atmospheric 
processes that are relevant in producing WEPEs over the 
northern Altiplano.

4 � Classifying atmospheric circulation 
patterns associated with WEPEs

In this section we applied the K-means clustering analysis 
to anomalies of geopotential height at 500 hPa at day zero 
or Day(0) of WEPEs. It is well known that wave trains 
emanating from the southern Pacific are the main cause 
triggering cold surges and upper-level troughs over sub-
tropical South America (Garreaud 2000; Vera and Vigli-
arolo 2000; Campetella and Possia 2006; Garreaud and 
Fuenzalida 2007). However, we observe in Fig. 2 that 
horizontal wind anomalies over the tropical West coast of 
South America are also important. We therefore decided to 
apply the clustering method to the domain 40 ◦S − 150 ◦W 
and 20 ◦N − 40 ◦W . We avoided analyzing anomalies of 
geopotential height south of 40 ◦S since the temporal vari-
ability in this region is strong compared with the tropical 
region. In addition, we performed the clustering analysis 
separately for WEPEs lasting 1 day, 2 days and more than 
2 days. Using the silhouette method, we decided to divide 
each WEPE group into three clusters since the difference 
in the silhouette coefficient between three or four cluster 
is minimal (Figure S2). This means that we analyzed nine 
patterns of geopotential height anomalies at 500 hPa (three 
atmospheric clusters for each type of WEPE according to 
its duration). We also identified the atmospheric circula-
tion at 200 hPa and 850 hPa, as well as the regional precip-
itation pattern associated with each cluster (Figs. 3, 4, 5). 
Using this methodology, we classified WEPES lasting 1 
day in three groups. Group 1 with 15 events, Group 2 with 
15 events, and Group 3 with 12 events (Fig. 3). WEPEs 
lasting 2 days were classified in Group 1 (8 events), Group 
2 (7 events), and Group 3 (4 events) as observed in Fig. 4. 
WEPEs lasting more than 2 days were organized in Group 
1, Group 2, and Group 3, and they are composed of 18 
events, 11 events, and 10 events, respectively (Fig. 5). It 
is important to mention that a detailed description of each 
group of WEPEs can be found in the supplementary mate-
rial (Text S1).

Our cluster analysis shows that at upper-levels, the 
anomalies of geopotential height and horizontal wind at 
500 hPa and 200 hPa (Figs. 3 4, 5c, d, g, h, k, l) indicate 
a northeastward oriented wave train emanating from the 
southern Pacific. The geopotential height anomalies of this 
wave train have a similar pattern to the simulated in the 
interaction of convection over the equatorial region and 
the extratropical dynamics, shown by Kasahara and da 
Silva Dias (1986). In addition, the wave train evidenced 
in this study is characterized by an upper-level trough 
over the Peruvian-Chilean coast, which is associated with 
decreased atmospheric pressure and cyclonic anomalies in 
the mid- and upper-troposphere (Figs. 3, 4 5c, d, g, h, k, 
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l). An important property of upper-level troughs is their 
capacity to trigger heavy precipitation events when they 
encounter regions where the lower- and mid-troposphere 
exhibit a high moisture content (Hoskins et al. 1985; Cox 
et al. 1995; Kiladis 1998; Knippertz 2007). Indeed, all 
clusters show an anomalous air moistening at 500 hPa at 
Day0 of the event (Figs. 3 4 5c, d, g, h, k, l).

Despite the similarities in anomalies of specific humid-
ity at 500 hPa, the cluster analysis reveals differences in the 
spatial pattern of precipitation between the western Ama-
zon and the Altiplano. 27 WEPEs lasting 1 day ( Group 
1 and Group2), four WEPEs lasting 2 days (Group 3) and 
28 WEPEs lasting more than 2 days (Group 1 and Group 
3) show wet condition over the western Amazon and the 
Altiplano. Positive precipitation anomalies in both regions, 
observed in these 51 WEPEs, are explained by the posi-
tion of low-level southerly wind anomalies over subtropical 
South America (Figs. 3b, j;  4j;  5b, j). Indeed, southerly 
wind anomalies at 850 hPa, accompanied by negative tem-
perature anomalies south of 20 ◦S , indicate the presence of 
a cold surge along the eastern Central Andes, which has 
been signaled as an important factor for triggering deep 

convection and precipitation over the southern and western 
Amazon (Wang and Fu 2004; Espinoza et al. 2013; Sicart 
et al. 2016; Paccini et al. 2018). Furthermore, low-level 
northerly wind anomalies over the western Amazon and the 
SESA region in Group 1 of WEPEs lasting more than 2 days 
indicate an intensified southward moisture transport, char-
acteristic of an anomalous South American Low-Level Jet 
(Fig. 5b). Warm air temperature anomalies over the SESA 
region denote a strong temperature and pressure gradient, 
which is associated with a cold surge propagating into tropi-
cal regions in the following days (Garreaud 1999a, 2000; 
Vera and Vigliarolo 2000). It is important to note that, unlike 
the other groups, Group 3 of WEPEs lasting more than 2 
days is most frequent in August (Figure S3). Indeed, WEPEs 
lasting 1 and 2 days are more equally distributed in June, 
July, and August (Figure S3).

On the other hand, 41 WEPEs composed of 15 WEPEs 
lasting 1 day (Group 1), 15 lasting 2 days (Group 1 and 
Group 2), and 11 WEPEs lasting more than 2 days show 
a strong precipitation dipole between the western Amazon 
(dry) and the Altiplano (wet; Figs. 3e;  4a, e;  5e). This pre-
cipitation dipole can be explained by the circulation at 850 

Fig. 3   a, e, i Composite maps of daily land precipitation anomalies, 
and b, f, j atmospheric circulation anomalies at 850, c, g, k at 500 
and d, h, l at 200 hPa for the three groups based on the K-means 
clustering of normalized geopotential height anomalies at 500 hPa 
at the day 0 of winter extreme precipitation events (WEPEs) lasting 
1 day. Group 1, Group 2 and Group 3 are composed of 15, 15 and 
12 days, respectively. a Daily land precipitation (color shading) and 
specific humidity at 500 hPa (contours) anomalies. Positive (nega-

tive) anomalies of specific humidity are shown as solid (dashed) con-
tours. Contour interval is 0.25  g kg−1 , and the contour of 0  g kg−1 
is in black. b Horizontal winds (u–v; vectors) and air temperature (t; 
color shading) anomalies at 850 hPa. c, d similar to b, but at 500 and 
200 hPa, respectively. Color shading in c, d represents geopotential 
height anomalies (z). e, f, g, h similar to a, b, c, d, respectively, but 
for Group 2. i, j, k, l similar to a, b, c, d, respectively, but for Group 
3. The 3000 m.a.s.l. contour is shown as a green line
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Fig. 4   Similar to Fig. 3, but for WEPEs lasting 2 days. Group 1, Group 2 and Group 3 are composed of 8, 7 and 4 days, respectively

Fig. 5   Similar to Fig. 3, but for WEPEs lasting more than 2 days. Group 1, Group 2 and Group 3 are composed of 18, 11 and 10 days, respec-
tively
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hPa, which in these groups is characterized by southerly 
wind anomalies at the equator and along the eastern equato-
rial Andes (Figs. 3f;  4b, f;  5f). Concordantly, several stud-
ies have shown that, while the leading edge of this low-level 
southerly regime enhances convection, the back edge is asso-
ciated with subsidence and dry conditions (Garreaud 1999a, 
2000; Wang and Fu 2004; Espinoza et al. 2013; Sicart et al. 
2016; Paccini et al. 2018).

Thus, there is likely an association between the upper-
level trough over the Peruvian-Chilean coast and the dif-
ferent stages of southerly anomalies originating from sub-
tropical South America. One set of WEPEs (41 WEPEs) is 
related to an upper-level trough over the Peruvian-Chilean 
coast and low-level southerly wind anomalies crossing the 
equator, while the other groups (59 WEPEs), also associ-
ated with the upper-level trough, are characterized by low-
level southerly wind anomalies along the Central Andes 
( 20◦S ). While these mechanisms can explain the dynamics 
of WEPEs, there are remain questions regarding the mecha-
nisms described above and how moisture transport from the 
western Amazon toward the Altiplano occurs. These aspects 
are discussed in the next sections.

5 � Three mechanisms triggering WEPEs 
in the northern Altiplano

As explained in the previous section, the 100 WEPEs are 
strictly associated with an upper-level trough over the 
Peruvian-Chilean coast and increases in mid-tropospheric 
moisture over the western Amazon and the Altiplano. 

However, the differences in circulation at 850 hPa between 
two groups of WEPEs suggest different mechanisms of 
atmospheric moisture transport from the western Amazon 
to the Altiplano. In this section, we focus our attention on 
the atmospheric circulation during the onset of 59 WEPEs 
associated with cold surges along the eastern slopes of the 
Central Andes. Since these 59 WEPEs show similar circu-
lation anomalies, we decided to merge them into a single 
group, meaning that Group 1 and 3 of WEPEs lasting 1 day, 
Group 3 of WEPEs lasting 2 days, and Groups 1 and 3 of 
WEPEs lasting more than three days were combined in a 
single composite. As the composite analysis was computed 
using 59 WEPEs, we were able to calculate the significance 
of the anomalies at the 95% significance level.

From Day(-4) to Day(-2), significant and positive precipi-
tation anomalies over equatorial South America intensify 
in the western region and show slight southward propaga-
tion towards the western Amazon (Fig. 6a–c). At 850 hPa, 
the southward propagation of convective activity toward 
the western Amazon is consistent with the strengthening 
of northerly wind anomalies that reach subtropical regions 
at Day(-2). On Day(-1) and Day(0), we observe that the 
northward propagation of precipitation has stalled over the 
western Amazon (Fig. 6d, e). Similar behavior is noticed in 
northerly wind anomalies at 850 hPa, which are not extend-
ing southward of 20 ◦S over South America (Fig. 6i, j). On 
the other hand, significant positive precipitation anomalies 
over the northern Altiplano are accompanied by the arrival 
of a cold surge along the eastern Central Andes (Fig. 6e, j).

The lead-lag daily composite analysis of the anoma-
lous zonal-mean of meridional wind and vertical motion, 

Table 1   Characteristics of 
winter extreme precipitation 
events in the northern Altiplano

The first column shows the lifetime of WEPEs in days, while the second column indicates the number of 
total WEPEs for each lifetime category. The total, maximum, minimum, and mean precipitation during 
WEPEs of different duration are displayed in column three, four, five and six, respectively

Lifetime (days) Total number 
of events

Total PP (mm) Max PP (mm) Min PP (mm) Mean PP (mm)

1 42 45.2 3.2 0.6 1.1
2 19 53.6 4.2 0.6 1.4
3 8 51.6 6.3 0.6 2.2
4 4 23.6 3.8 0.5 1.5
5 8 105.8 13.7 0.0 2.6
6 2 17.2 3.5 0.2 1.4
7 7 66.3 7.6 0.0 1.4
8 2 28.2 6.2 0.0 1.8
9 1 24.7 7.9 0.3 2.7
10 2 27.5 4.9 0.0 1.4
11 1 13.6 3.2 0.0 1.2
12 2 77.4 13.6 0.0 3.2
13 1 36.7 16.4 0,1 2.8
16 1 20.0 4.3 0.0 1.2
Total 100 591.0
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as well as zonal wind and specific humidity anomalies 
over western tropical South America ( 80 ◦W − 60 ◦W , see 
Sect. 2.2.2), are shown in Fig. 7a–e. Low-level northerly 

wind anomalies over the western Amazon (north of 20 ◦S ) 
strengthen from Day(-4) to Day(-2), and they are accom-
panied by significant lower-tropospheric moistening in the 
same region (Fig. 7a–c). We need to remark that the lack of 
strong anomalies of upward motion over equatorial South 
America could be explained by the fact that convection is 
localized, as observed in the strong anomalies of precipita-
tion in Fig. 6a, b. On Day(-2), weak significant anomalies 
of upward motion are observed at the leading edge of the 
low-level northerly anomalies, but strong anomalous upward 
motion above 500 hPa is observed over the tropical Andes 
south of 15 ◦S (Fig. 7c). Indeed, significant upper-level west-
erly wind anomalies south of 20 ◦S indicate the arrival of the 
eastern side of the upper-level trough over the Andes (see 
contour lines in Fig. 7c).

On Day(-1), the mid-troposphere over the western Ama-
zon significantly moistens, explained by the intensification 
of upward motion over the western Amazon (Fig. 7d). The 
mid-tropospheric moistening and the anomalous upward 
motion over the western Amazon, observed in Fig. 7d, are 
consistent with the development of precipitation in this 
Amazon region shown in Fig. 6d. South of 20 ◦S , the com-
posite analysis show significant anomalies of vertical motion 
as a result of the interaction of the leading edge of the cold 
surge with the eastern side of the upper-level trough over the 
Andes (Fig. 7d). On Day(0), humidity and vertical motion 
anomalies have intensified over the Altiplano, explaining the 
significant increase of precipitation.

It is known that cold surges produce upward motion along 
their leading edge, reaching mid-tropospheric levels dur-
ing the JJA season (Garreaud 1999a, 2000; Espinoza et al. 
2013; Bowerman et al. 2017). However, Fig. 7d,e shows 
that the ascending branch at the leading edge of the cold 
surge reaches the upper-troposphere over the Altiplano, 
specifically in the same zone where the eastern side of the 
upper-level trough is centered. Furthermore, they jointly 
propagate northward. Thus, the interaction between the 
upper-level trough and the cold surge also plays a major 
role in promoting ascending motion over the Altiplano. We 
suggest that this association is also related to the advection 
of cold air from the cold surge to the upper-level trough. 
This is an important feature since convection warms the core 
of the upper-level trough, decreasing its cyclonic vorticity 
and terminating the system (Hoskins et al. 1985; Garreaud 
and Fuenzalida 2007). Thus, cold air advection by the cold 
surge could keep the upper-level trough alive, explaining the 
reason for some long-lasting events, even if latent heat due to 
convection is released at mid- and upper-tropospheric levels 
over the Altiplano. This is an important topic that deserves 
a more in-depth analysis in future studies.

As stated above, upper-level westerly wind anoma-
lies over the Altiplano indicate the presence of an upper-
level trough emanating from the eastern Pacific. Thus, we 

Fig. 6   Daily lead-lag composite maps based on winter extreme pre-
cipitation events (WEPEs) over the northern Altiplano associated 
with low-level northerly wind anomalies over the western Amazon, a 
cold surge along the eastern Central Andes, and an upper-level trough 
over the Peruvian-Chilean coast (59 WEPEs). The composite analy-
sis is from four days before—Day(-4)—to the initial day—Day(0)—
of the WEPEs. a–e Anomalies of precipitation, and significant pre-
cipitation anomalies are marked with a black cross. f–j Anomalies of 
horizontal winds (u–v; vector), air temperature (T; color shading) and 
geopotential height (z; contour) at 850 hPa. Positive (negative) anom-
alies of geopotential height are shown in solid (dashed) contours. 
The contour interval of geopotential height is 10  m. Only anoma-
lies with a significance at 95%, using the Cramer test, are displayed 
( p-values < 0.05 ). In the case of horizontal winds, vectors are only 
shown when anomalies in either u or v are significant at 95% using 
the Cramer test. In a–j the 3000 m.a.s.l. contour is shown as a green 
line
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computed a lead-lag composite analysis of the vertical 
structure of anomalous air temperature, zonal and meridi-
onal wind and vertical motion at 20 ◦S between 100 ◦W and 
40◦W (Fig. 7f–j). As several studies have stated, upper-
level troughs are characterized by ascending motion over 
their eastern region and subsidence on their western side 
(Hoskins et al. 1985; Cox et al. 1995; Kiladis 1998; Knip-
pertz 2007). In addition, cold air temperature anomalies at 
mid- and upper-tropospheric levels and warm anomalies 
above 200 hPa, the latter associated with tropopause folding, 
are distinctive characteristics of upper-level troughs. These 

features are observed in Fig. 7f–j, in which significant upper-
level northerly (southerly) wind anomalies along the eastern 
(western) side of the upper-level trough are accompanied by 
significant anomalous upward motion (subsidence) along the 
eastward propagation of the upper-level trough. Cold (warm) 
air temperature anomalies below (above) 200 hPa are also 
noticed at the core of the upper-level trough (Fig. 7h–j). We 
observe an intensification of wind and temperature anoma-
lies while the upper-level trough approaches the Altiplano 
(Fig. 7f–j). On Day(0), anomalous upward motion over 
the Altiplano and over the western Amazon is, indeed, 

Fig. 7   Daily lead-lag composite maps based on winter extreme pre-
cipitation events (WEPEs) over the northern Altiplano associated 
with low-level northerly wind anomalies over the western Amazon, 
a cold surge along the eastern Central Andes, and an upper-level 
trough over the Peruvian-Chilean coast (59 WEPEs). The compos-
ite analysis is from four days before—Day(-4)—to the initial day—
Day(0)—of the WEPEs. a–e Zonal-mean of meridional wind-vertical 
motion (v–w; vectors), zonal wind (u; contours) and specific humid-
ity (color shading) anomalies over western tropical South America 
( 80 ◦W − 60 ◦W;30 ◦S − 0 ◦N ; see Sect.  2.2.2). Contour interval 
of u is 2 m s−1 . The green line denotes the highest altitude between 

80 ◦W − 60 ◦W . f–j Pressure-longitude cross-section at 20 ◦S for 
anomalies of zonal wind-vertical motion (u–w; vectors), meridional 
winds (v; contours) and air temperature (T; color shading). Solid 
(dashed) contours indicate positive (negative) anomalies of v. The 
contour interval of v is 2 m s−1 . The Andes profile at 20 ◦S is shown 
in brown. In a–j, only anomalies with a significance at 95%, using the 
Cramer test, are displayed ( p-values < 0.05 ). For zonal winds in a–e, 
significant anomalies are shown as black solid contours. In the case 
of v–w (u–w) in a–e (f–j), vectors are only shown when anomalies 
in either v or w (u or w) are significant at 95% using the Cramer test
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associated with the placement of the eastern branch of the 
upper-level trough over these two regions (Fig. 7j).

Even if the upper-level trough over the Peruvian-Chil-
ean coast and the cold surge east of the central Andes are 
the principal components of the upward motion over the 
Altiplano, significant lower- and mid-tropospheric moisten-
ing over the western Amazon before the onset of these 59 
WEPEs also plays an important role in the Altiplano precipi-
tation. This means that these 59 WEPEs can be explained by 
the associated of these three mechanisms (i) lower- and mid-
tropospheric moistening over the western Amazon before 
the onset of WEPEs, (ii) a cold surge arriving east of the 
eastern Central Andes, and (iii) an upper-level trough over 
the Peruvian-Chilean coast. It is important to mention that 
snowfall events associated with cut-off lows as described by 
Vuille and Ammann (1997) also form part of the WEPEs 
associated with these three atmospheric components.

6 � Two mechanisms triggering precipitation 
over the northern Altiplano

In Sect. 4, 41 WEPEs were characterized as being associ-
ated with an upper-level trough over the Altiplano and low-
level southerlies crossing the equator on Day(0) of the event, 
meaning that the mechanisms to transport moisture from the 
western Amazon to the Altiplano are different than those 
observed in Sect. 5. To address this question, we used a 
composite analysis of anomalous atmospheric circulation 
at different pressure levels and precipitation from four days 
before the initial day of the event (Fig. 8). We combined in 
a single composite Group 2 of WEPEs lasting 1 day, Group 
1 and 2 of WEPEs lasting 2 days, and Group 2 of WEPEs 
lasting more than 2 days.

From 4–2 days prior to the development of heavy pre-
cipitation over the northern Altiplano, the western Amazon 
presents increased precipitation (Fig. 8a–c). These precipita-
tion anomalies are explained by the southerly wind incursion 
from subtropical South America to the equatorial region, as 
observed in the zonal-mean of meridional wind and vertical 
motion anomalies, which shows the equatorward progression 
of low-level meridional wind anomalies (Fig. 8f–h). Further-
more, the southerly wind incursion triggers upward motion 
acceleration along its leading edge, and as a consequence, 
low-level moisture is transported to mid-tropospheric lev-
els (Fig. 8f–h). The intense low-level southerly wind incur-
sion is explained by the subsidence south of 20 ◦S , which is 
responsible for the northward advection of anticyclonic vor-
ticity from the extratropics, adding momentum for the incur-
sion to reach equatorial regions (Fig. 8f-h; Garreaud 1999a, 
2000; Vera and Vigliarolo 2000; Espinoza et al. 2013).

On Day(-1), the southerly incursion continues its north-
ward propagation, but anomalous upward motion is observed 

above 500 hPa south of 10 ◦S . This upward acceleration can-
not be explained by the low-level southerly wind incursion 
since upward motion generated by this mechanism tends 
to be restricted to the lower- and mid-troposphere. Indeed, 
the acceleration of upward motion in the upper-troposphere 
results from the arrival of the upper-level trough. Further-
more, moisture anomalies in the mid-troposphere between 
15 ◦W and 10 ◦S increased. We hypothesize that the com-
bination of the upper-level trough and the leading edge of 
the southerly wind incursion, indeed, enhanced this upward 
moisture transport. On Day(0), the significant increase of 
precipitation in the Altiplano region is explained by the 
moistening of the mid-troposphere over the Altiplano and 
the upward motion acceleration due to the presence of the 
upper-level trough (Fig. 8j). On the other hand, the decrease 
of precipitation over the western Amazon is a characteristic 
of low-level southerly winds crossing the equator, associated 
with low-level subsidence, as observed in Fig. 8j.

Thus, the 41 WEPEs analyzed in this section, even if they 
are associated with an upper-level trough, are characterized 
by a different role of the low-level southerly wind anomaly 
as compared to the 59 WEPEs described in Sect. 5. Indeed, 
the composite analysis shows that the incursion of low-
level southerly anomalies into equatorial South America, 
enhances upward moisture transport over the western Ama-
zon that the upper-level trough uses to trigger precipitation 
over the Altiplano.

7 � Conclusion

Extreme winter precipitation events over the northern Alti-
plano ( 18 ◦S − 15 ◦S ; > 3000 m.a.s.l.) are one of the extreme 
weather conditions that causes considerable damage to 
social and economic activities in this Andean region. In this 
study, we made use of 39 rain-gauge stations located over 
the northern Altiplano and we identified 100 winter extreme 
precipitation events (WEPEs) for June–August seasons in 
the 1980–2010 period. The duration of these events var-
ies between 1 and 16 days. In general, long-lasting WEPEs 
(more than 2 days; 39 WEPEs) are characterized by spatially 
more wide-spread precipitation, extending over much of the 
northern Altiplano, while precipitation during WEPEs last-
ing one (42 WEPEs) and 2 days (19 WEPEs) is spatially 
constrained to the eastern side of the northern Altiplano.

The K-means clustering method was applied separately 
to geopotential height anomalies at 500 hPa at the initial 
day or Day(0) of WEPEs lasting 1 day, 2 days, and more 
than 2 days, respectively. This analysis showed that WEPEs 
are principally associated with two characteristic circulation 
types over tropical South America in the austral winter: (i) a 
low-level southerly wind incursion into tropical regions, and 
(ii) an upper-level trough over the Peruvian-Chilean coast. 
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However, the cluster analysis also shows that 59 WEPEs, 
composed of 27 WEPEs lasting 1 day, four WEPEs lasting 
2 days, and 28 WEPEs lasting more than 2 days, are char-
acterized on Day(0) by low-level southerly wind anomalies 
along the Central Andes. The other 41 WEPEs, composed of 
15 WEPEs lasting 1 day, 15 WEPEs lasting 2 days, and 11 
WEPEs lasting more than 2 days, are explained by low-level 
southerly wind anomalies over equatorial regions.

The difference in circulation at 850 hPa between these 
two groups means that the interaction between the upper-
level trough and the low-level southerly wind anomalies 

differs. Indeed, the lead-lag composite analysis on the 59 
WEPEs revealed the following characteristics. Before the 
onset of WEPEs, a lower-tropospheric moistening, associ-
ated with low-level northerly wind anomalies, is observed 
over the western Amazon, indicating an important role of the 
tropical circulation. On Day(-1), a cold surge arrives to the 
east of the northern Central Andes ( 20 ◦S ), inducing convec-
tion and precipitation over this Andean region. In addition, 
the eastern side of the upper-level trough reaches the Alti-
plano on Day(-1), intensifying convection over the Central 
Andes. On Day(0), the core of the upper-level trough and the 

Fig. 8   Daily lead-lag composite 
maps based on winter extreme 
precipitation events (WEPEs) 
over the northern Altiplano last-
ing 1 day and associated with 
low-level southerly winds cross-
ing the equator and an upper-
level trough over the Peruvian-
Chilean coast (41 WEPEs). The 
composite analysis is from four 
days before—Day(-4)—to the 
initial day—Day(0)—of the 
WEPEs. a–e Anomalies of pre-
cipitation. Significant precipita-
tion anomalies are marked with 
a black cross. f–j Zonal-mean of 
meridional wind-vertical motion 
(v–w; vectors), zonal wind (u; 
contours) and specific humidity 
(color shading) anomalies over 
western tropical South America 
( 80 ◦W − 60 ◦W;30 ◦S − 0 ◦N ; 
see Sect. 2.2.2). Contour inter-
val of u is 2 m s−1 . The green 
line denotes the highest altitude 
between 80 ◦W and 60 ◦W . 
In a–j, only anomalies with 
a significance at 95%, using 
the Cramer test, are displayed 
( p-values < 0.05 ). For zonal 
winds in f–j, significant anoma-
lies are shown as black solid 
contours. In the case of v–w 
in f–j, vectors are only shown 
when anomalies in either v or w 
are significant at 95% using the 
Cramer test
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leading edge of the low-level southerly wind anomaly align 
at the latitude of the Altiplano. Furthermore, the coupling 
of these two mechanisms intensifies the moisture transport 
from the western Amazon to the Altiplano on Day(0). Thus, 
three mechanisms are explaining these 59 WEPEs: (i) the 
low-level northerly wind anomalies over the western Ama-
zon prior to the onset of WEPEs, (ii) the low-level southerly 
wind anomalies along the central Andes, and (iii) the upper-
level trough over the Peruvian-Chilean coast.

The daily lead-lag composite analysis of the 41 WEPEs 
associated with the low-level southerly wind regime crossing 
the equator and the upper-level trough over the Peruvian-
Chilean coast describes another mechanism of transporting 
moisture from the western Amazon toward the Altiplano. 
Low-level southerly winds that crossed the equator lift 
moist air from lower- to mid-tropospheric levels over the 
western Amazon on Day(-2). From Day(-1) to Day(0), the 
upper-level trough helps transporting moisture toward the 
Altiplano, where precipitation initiates on Day(0). Further-
more, we can observe that these types of WEPEs are also 
characterized by a precipitation dipole between the western 
Amazon and the Altiplano. Hence, in these WEPEs, we only 
observe the interaction of two mechanisms: (i) the low-level 
southerly wind anomalies crossing the equator and (ii) the 
upper-level trough over the Peruvian-Chilean coast.

Thus, the 39 rain-gauge stations used in this study 
allowed identifying the extreme winter precipitation events 
over the northern Altiplano and their associated mecha-
nisms. Nevertheless, it is important to keep in mind that 
most of these rain-gauge stations are located on the eastern 
side of the northern Altiplano. Thus, a question to address 
in the future, is to assess the influence of the atmospheric 
mechanisms presented in this study for extreme precipitation 
events over the western part of our study region. Further-
more, the interaction of these regional atmospheric circu-
lation systems with the diurnal cycle of precipitation over 
the Altiplano should be investigated as done in the Amazon 
basin (Nunes et al. 2016). This point is important to men-
tion, especially regarding WEPEs characterized by anoma-
lous low-level northerly winds over the western Amazon 
prior to extreme events. As those winds carry moisture to 
the Andes-Amazon transition, the upslope wind circulation 
due to the difference in heating between the lowlands and 
the mountain could enhance moisture transport toward the 
Altiplano. Indeed, Junquas et al. (2018) showed that the 
diurnal cycle of precipitation over the Altiplano responds 
to the diurnal cycle of winds, especially due to the moisture 
transport from the Amazon to the highlands.

One point to highlight is that convection over the west-
ern Amazon, especially at the equator prior to the arrival of 
WEPEs, could facilitate the northward propagation of cold 
surges, due to the influence of tropical convection on the 
general circulation (Gill 1980). Convection over equatorial 

South America facilitates the development of an upper-level 
anticyclone south of the heat source (Rossby wave response), 
and this could reinforce the upper-level high pressure sys-
tem entering subtropical South America, responsible for 
the cold surge. Simultaneously, once the cold surge starts to 
trigger convection over tropical South America, convection 
over equatorial South America weakens, thereby decreasing 
subsidence over the Altiplano and allowing convection to 
enhance. Since the heat source over tropical South Amer-
ica deserves major attention regarding its contribution to 
WEPEs, future studies should focus on this tropical mecha-
nism to better quantify its role.

On a regional scale, the upper-level trough and low-
level southerly anomalies associated with WEPEs perturb 
the tropospheric circulation over western tropical South 
America in a way that could potentially also induce heavy 
precipitation events over other regions of the upper-elevation 
tropical Andes ( > 3000 ; 20 ◦S − 0 ◦N ). As convection over 
equatorial South America may be an important factor to 
enhance precipitation over the Altiplano, tropical intrasea-
sonal variability impacting South American weather, such 
as the MJO (Mayta et al. 2019) could influence the syn-
optic conditions prevailing during WEPEs. Another topic 
that we did not explore in this study, but which is of poten-
tial relevance for studies on interannual and interdecadal 
timescales, is the influence of large-scale coupled modes 
of ocean–atmosphere variability, such as the ENSO and the 
Pacific Decadal Oscillation on the occurrence of WEPEs.
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