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Abstract
Analyzing December–February (DJF) precipitation in the southern tropical Andes—STA ( 12◦ S–20◦ S ; > 3000 m.a.s.l) 
allows revisiting regional atmospheric circulation features accounting for its interannual variability over the past 35 years 
(1982–2018). In a region where in-situ rainfall stations are sparse, the CHIRPS precipitation product is used to identify the 
first mode of interannual DJF precipitation variability (PC1-Andes). A network of 98 rain-gauge stations further allows veri-
fying that PC1-Andes properly represents the spatio-temporal rainfall distribution over the region; in particular a significant 
increase in DJF precipitation over the period of study is evident in both in-situ data and PC1-Andes. Using the ERA-Interim 
data set, we found that aside from the well-known relationship between precipitation and upper-level easterlies over the 
STA, PC1-Andes is also associated with upward motion over the western Amazon (WA), a link that has not been reported 
before. The ascent over the WA is a component of the meridional circulation between the tropical North Atlantic and western 
tropical South America—WTSA ( 80◦ W–60◦ W ; 35◦ S–10◦ N ). Indeed, the precipitation increase over the last 2 decades is 
concomitant with the strengthening of this meridional circulation. An intensified upward motion over the WA has moistened 
the mid-troposphere over WTSA, and as a consequence, a decreased atmospheric stability between the mid- and the upper 
troposphere is observed over this region, including the STA. We further show that, over the last 15 years or so, the year-to-
year variability of STA precipitation (periodicity < 8 years) has been significantly associated with upward motion over the 
WA, while upper-level easterlies are no longer significantly correlated with precipitation. These observations suggests that the 
STA have experienced a transition from a dry to a wet state in association with a change in the dominant mode of atmospheric 
circulation. In the former dominant state, zonal advection of momentum and moisture from the central Amazon, associated 
with upper-level easterlies, is necessary to develop convection over the STA. Since the beginning of the 21st century, DJF 
precipitation over the STA seems to respond directly and primarily to upward motion over the WA. Beyond improving our 
understanding of the factors influencing STA precipitation nowadays, these results point to the need of exploring their pos-
sible implications for the long-term evolution of precipitation in a context of global warming.

Keywords Amazon-Andes connectivity · Altiplano precipitation · Amazon convection · South America atmospheric 
circulation
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1 Introduction

The tropics encompass the wettest regions of the world, 
receiving more than 50% of the global annual precipita-
tion (Adler et al. 2003, 2018). Recent studies have docu-
mented changes in tropical precipitation variability since 
the 1990s, with an increase in extreme wet and dry events 
during the rainy and the dry season, respectively (Allan et al. 
2010; Hsu et al. 2011; Kao et al. 2017; Adler et al. 2018; 
Gu and Adler 2018; Panthou et al. 2018). South America 
is home to the largest tropical rainforest of the world, the 
Amazon, and the highest mountain chain in the inner trop-
ics, the Andes. A significant increase in precipitation and 
enhanced deep convection over the northern Amazon Basin, 
in the core of tropical South America, has been detected in 
the December–May (wet) season since the end of the 20th 
century, especially over its western and equatorial regions 
(Barichivich et al. 2018; Wang et al. 2018; Espinoza et al. 
2019a, b). This increased convection over the northern 
Amazon Basin has been attributed to changes in the Walker 
cell over the tropical Pacific Ocean and the cell connect-
ing tropical South America and the tropical Atlantic Ocean 
(Espinoza et al. 2016; Barichivich et al. 2018). The authors 
argued that the tropical North Atlantic warming has indeed 
intensified low-level easterlies, increasing moisture transport 
from the Atlantic Ocean towards the Amazon. This mecha-
nism was also identified by Wang et al. (2018), who used the 
Community Atmosphere Model version 4 (CAM4) to show 
that the main factor responsible for the increased Novem-
ber–May precipitation over the Amazon, is the warming of 
the tropical North Atlantic.

In contrast to the equatorial Amazon, precipitation over 
the southern Amazon (southward of 15◦ S ) has experienced 
a significant decline, especially in the September–Novem-
ber season (Marengo et al. 2011; Fu et al. 2013; Debor-
toli et al. 2015; Espinoza et al. 2016, 2019a). Espinoza 
et al. (2019a) also showed that the September–November 
rainfall decline over the 1982–2017 period is significantly 
associated with increased mid-tropospheric subsidence 
over the southern Amazon, but also with enhanced deep 
convection over the equatorial Amazon. Based on these 
results, the authors inferred that tropical North Atlantic 
warming impacts the Amazonian precipitation through 
a seasonal change in the meridional circulation between 
the tropical North Atlantic and tropical South America. 
According to these studies, it appears that changes in the 
atmospheric circulation in tropical South America, espe-
cially in the Amazon region, have occurred since the last 
decades of the 20th century and that they are mainly asso-
ciated with the tropical North Atlantic warming.

Regarding precipitation in the southern tropical Andes 
(> 3000 m.a.s.l.; 20◦ S–12◦ S ), the picture is much less 

conclusive. For instance, Morales et al. (2012) showed that 
annual precipitation reconstructed from tree-ring growth 
in the western Altiplano during the period 1300–2006 CE 
displays a negative trend since the second half of the 20th 
century, while using in-situ precipitation data, the authors 
noticed that annual precipitation in the same region does 
not show significant trends. Possible trends are of spe-
cial interest when it comes to austral summer precipita-
tion, since it is an essential water resource for agricul-
ture, ecosystem sustainability, and human consumption, 
especially in the Altiplano region (Garreaud et al. 2003; 
Vuille 2003a, b; Vizy and Cook 2007; Perry et al. 2014; 
Segura et al. 2019; Vera et al. 2019), where it is strongly 
associated with Amazonian convection. The main objec-
tive of this study is therefore to analyze long-term changes 
in December–February precipitation over the southern 
tropical Andes, including its mean values and interannual 
variability, and its relationship with the intensified convec-
tion observed over the western Amazon. To that end, we 
used the CHIRPS satellite precipitation product and in-situ 
precipitation data covering the upper-elevation zones of 
the Andes (> 3000 m.a.s.l.) between 20◦ S and 12◦ S . In 
addition, the ERA-interim reanalysis data set is used to 
evaluate temporal changes in the atmospheric circulation, 
connecting convection over the Amazon with precipitation 
over the southern tropical Andes.

This manuscript has the following structure. In Sect. 2, we 
give a brief review of prior studies related to December–Feb-
ruary precipitation variability over the southern tropical 
Andes on different time scales. The December–February 
atmospheric circulation climatology over South America is 
also described in this section, since it constitutes impor-
tant background information. We discuss the data sets and 
methods used in Sect. 3, and we present and describe our 
primary results in Sect. 4. This latter section is composed of 
three subsections. In the first one, we introduce the upward 
motion over the western Amazon as an explanatory mecha-
nism for precipitation variability over the southern tropical 
Andes. The second and the third subsections are focused 
on how the increased convection over the western Amazon 
has influenced the long-term precipitation variability in the 
southern tropical Andes. A discussion of our results and the 
principal conclusion of this study are presented in Sect. 5.

2  Background

The southern tropical Andes are characterized by a particu-
lar geographical configuration, with the wet and warm Ama-
zon region to the east and the dry and cold eastern tropical 
Pacific to the west. Therefore, the spatial pattern of precipi-
tation over this Andean region is characterized by a strong 
east–west gradient (e.g. Bendix and Lauer 1992; Houston 
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and Hartley 2003; Garreaud 2009; Espinoza et al. 2015). The 
complex topography and the low density of stations make 
it difficult to accurately characterize the spatio-temporal 
precipitation variability in this region. Segura et al. (2019) 
showed that the upper-elevation southern tropical Andes (> 
3000 m.a.s.l and south of 8 ◦ S) shares a similar seasonal 
and interannual precipitation variability. Confirming previ-
ous studies, the authors demonstrated that the annual cycle 
of precipitation in this region is unimodal with a peak in 
December–March representing 75% of the total annual pre-
cipitation (Garreaud et al. 2003; Vuille and Keimig 2004).

December–March precipitation over the southern tropical 
Andes is associated with the development of the so-called 

Bolivian High (BH), an anticyclonic system between 400 
and 200 hPa (Fig. 1a; Virji 1981; Lenters and Cook 1997; 
Vuille et al. 1998; Garreaud et al. 2003; Vuille and Keimig 
2004; Garreaud 2009). The anticyclonic circulation around 
the BH produces upper-level easterlies over the southern 
tropical Andes, especially over the Altiplano. As a conse-
quence, zonal winds at 200 hPa (U200) over the southern 
tropical Andes have often been used as an index for depict-
ing the intensity and position of the BH. Furthermore, sev-
eral studies have evidenced a strong and significant rela-
tionship between December–March precipitation and U200 
over this region on different time scales: diurnal (Junquas 
et al. 2018), intraseasonal (Garreaud 2000; Sicart et al. 

Fig. 1  a 1982–2018 climatology of vertical motion (w) at 500 hPa 
(shaded; Pa s−1 ) and horizontal winds (u,v) at 200 hPa (vector; m 
s−1 ). b 1982–2018 climatology of specific humidity (q) at 500 hPa 
(shaded; g kg−1 ) and horizontal winds at 800 hPa (m s−1 ). Values of 
w are multiplied by 100. In a, b the 3000 m.a.s.l. contour is shown as 
a crimson line. In b the magenta line highlights the region over which 
the zonal-mean is calculated. c Pressure-latitude cross section show-
ing 1980–2018 climatology of December–February (DJF) zonal-
mean meridional circulation (meridional-v and vertical-w winds; 
vectors), zonal winds (u; contours) and specific humidity (q; shaded) 

in the tropical North Atlantic and western tropical South America. 
Westerlies (easterlies) are shown in solid (dashed) lines and the con-
tour interval is 5 (2) m s−1 . Red line represents the 0 m s−1 of zonal 
wind contour. Zonal-mean is calculated using v, w, u and q in the 
region delimited by the magenta line in Fig. 1b. The dashed gray line 
represents the Andes’ profile. The profile is calculated as the maxi-
mum topography elevation according to the ERA-Interim reanalysis 
data set. The atmospheric data are retrieved from the ERA-Interim 
reanalysis data set
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2016), seasonal (Garreaud 1999; Segura et al. 2019), inter-
annual (Vuille et al. 2000; Garreaud and Aceituno 2001; 
Minvielle and Garreaud 2011; Sulca et al. 2018; Segura et al. 
2019; Vera et al. 2019) and decadal (Segura et al. 2016). 
The physical mechanism of this relationship relies on the 
introduction of easterly (westerly) momentum flux from the 
mid- and upper troposphere toward lowlands in the eastern 
Andes, which enhances (prevents) moisture-laden near-
surface upslope flow (Garreaud 1999). In addition, Falvey 
and Garreaud (2005) highlighted the importance of the mid-
tropospheric zonal moisture transport from the central Ama-
zon in developing convection over the Altiplano. It is worth 
noting here that the role played by moisture transport in the 
mid-troposphere (700–400 hPa) in the development of deep 
convection in tropical regions, essentially by decreasing dry 
entrainment in clouds, was pointed in several studies (e.g. 
Zhang and Chou 1999; Sassi et al. 2001; Wu et al. 2009; 
Sherwood et al. 2010).

The interannual December–March precipitation vari-
ability in the southern tropical Andes is associated with sea 
surface temperature (SST) variability in the central Pacific 
(El Niño–La Niña events; e.g. Aceituno and Garreaud 1995; 
Vuille et al. 2000; Garreaud and Aceituno 2001; Vuille and 
Keimig 2004; Lagos et al. 2008; Vuille et al. 2008; Sulca 
et al. 2018). Warm (cold) SST anomalies in the central 
Pacific are associated with anomalous upper-level westerlies 
(easterlies) over the southern tropical Andes, which inhibit 
(enhance) convection and precipitation over this Andean 
region (Garreaud 1999). Furthermore, the influence of the 
central Pacific SST variability on December–March precipi-
tation over the southern tropical Andes has also been high-
lighted on decadal time scales (Segura et al. 2016).

On the other hand, the Amazon Basin was shown to be 
the main moisture source for precipitation over the southern 
tropical Andes (Vuille 2003a, b; Martinez and Dominguez 
2014; Perry et al. 2014). Indeed, the BH is a product of deep 
convection over the continental South Atlantic Convergence 
Zone, which includes the central Amazon and central and 
southeastern Brazil, during the mature phase of the South 
American Monsoon System or SAMS (Silva Dias et al. 1983; 
DeMaria 1985; Figueroa et al. 1995; Lenters and Cook 1997; 
Gandu and Silva Dias 1998; Rodwell and Hoskins 2001). The 
SAMS is related to a climatological intensification of low-
level winds and moisture transport from the tropical Atlantic 
Ocean toward the southern tropical continent (Fig. 1b; e.g. 
Virji 1981; Vera et al. 2006; Nie et al. 2010). This process 
is associated with increased vertical moisture transport from 
lower to upper-tropospheric levels, which is a necessary condi-
tion for developing deep convection over the Amazon region 
(Fig. 1a,b; Zhou and Lau 1998; Schiro et al. 2016; Sakaguchi 
et al. 2018). Indeed, Nie et al. (2010) showed that the meridi-
onal circulation associated with the SAMS is characterized by 
a strong ascending branch south of the Equator ( 18◦ S–0◦ N ) 

and low-level northerlies originating over the Northern Hemi-
sphere (see Figure 8c in Nie et al. 2010).

In order to capture how the meridional circulation and 
moisture transport between the tropical North Atlantic and 
western tropical South America might influence the relation-
ship between convection over the western Amazon and pre-
cipitation over the southern tropical Andes, we computed the 
zonal-mean of meridional winds and vertical motion from the 
ERA-Interim reanalysis data set at different pressure levels 
(1000–100 hPa) inside the region delimited by the magenta 
line in Fig. 1b (Fig. 1c). This procedure was also done for 
zonal winds and specific humidity (Fig. 1c). The domain is 
configured so as to avoid being influenced by the particulari-
ties of the Caribbean region to the North, on the one hand, 
and by the radically different low-level atmospheric circulation 
over the eastern Pacific, on the other hand.

During the December–February season the ascending 
branch of the meridional circulation over western tropical 
South America is located over the western Amazon ( 15◦ S
–0◦ N ), and is connected to low-level northerlies and upper-
level southerlies that cross the Equator (Fig. 1c). Low-level 
northerlies originate in the tropical North Atlantic ( 10◦ N
–20◦ N ) and cross northern South America ( 0◦ N–10◦ N ) until 
reaching the western Amazon region ( 15◦ S–0◦ N ). Meridional 
winds in the opposite direction are observed at upper-levels 
between the western Amazon region and the tropical North 
Atlantic. This implies that there is an exchange of energy and 
mass between the Southern and the Northern Hemisphere, in 
agreement with our current understanding of monsoon systems 
(Bordoni and Schneider 2008; Schneider and Bordoni 2008). 
Another characteristic of monsoon systems is the presence 
of upper-level easterlies over the ascending branch (dashed 
lines in Fig. 1c). This meridional circulation and the asso-
ciated upper-level easterlies over its ascending branch have 
previously been diagnosed by Gill (1980) and Silva Dias et al. 
(1983) based on theoretical considerations. These mechanisms 
are in fact a response to the diabatic heating released over 
regions of deep tropical convection (in this case the South 
American monsoon). South of this meridional circulation 
cell a westerly regime prevails in the mid- and the upper 
troposphere (as expected from Bordoni and Schneider 2008; 
Schneider and Bordoni 2008; Nie et al. 2010). The transition 
between easterlies and westerlies is observed between 20◦ S 
and 15◦ S , as indicated by the red line in Fig. 1c. At 200 hPa, 
this red line signals the latitude at which the BH is centered as 
it is observed in Fig. 1a.
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3  Materials and methods

3.1  Data

3.1.1  Satellite precipitation over the high Andes

We used The Climate Hazard group Infrared Precipitation 
with Stations (CHIRPS; Funk et al. 2015) data set to ana-
lyze the December–February precipitation variability over 
the region already defined in the introduction ( 20◦ S–12◦ S , 
above 3000 m.a.s.l.; Fig.  2a). This region, which largely 
intersects the Altiplano region, will be generically referred 
to in the following as the southern tropical Andes (note 
that in other publications, the area is rather named-Central 
Andes-, being in the middle of the Cordillera that extends 
from Patagonia to Colombia). The high spatial resolution 
( 0.05◦ × 0.05◦ ) and the temporal coverage from January 
1981 to December 2018 make CHIRPS a suitable satellite 
precipitation product to study the precipitation variability 
over the complex topography of the Andes, as shown in pre-
vious studies (Paccini et al. 2018; Sulca et al. 2018; Segura 

et al. 2019). The SRTM digital elevation product was inter-
polated to match the CHIRPS resolution, to allow selection 
of the grid points of the December–February precipitation 
field corresponding to our study domain.

3.1.2  In‑situ records

In this study, we made use of 98 rain-gauge stations over 
the Altiplano: 79 from the National Service of Meteorol-
ogy and Hydrology (SENAMHI) of Peru and 28 from the 
project “Data on climate and Extreme weather for the Cen-
tral Andes” (DECADE; Hunziker et al. 2017). The in-situ 
precipitation data set covers the period from 1982 to 2015 
at a monthly time step. More specific details regarding the 
rain-gauges are listed in Table S1. For any given year and 
station, December–February precipitation is computed only 
if all 3 monthly values of the December–February season are 
available; otherwise it is treated as a missing value. Based on 
that criterion, we found that the maximum number of years 
with missing data is three (3).

Fig. 2  a Spatial pattern of the first EOF mode of December–February 
(DJF) precipitation variability over the southern tropical Andes (PP-
Andes; > 3000 m.a.s.l.; 12◦ S–20◦ S ) for the 1982–2018 period shown 
as correlation coefficients between the first principal component of 
PP-Andes (PC1-Andes) and the original CHIRPS fields (shaded). The 
EOF analysis is carried out on the PP-Andes DJF fields for the 1982–
2018 period. The 95% significance level is shown as a magenta line. 
b Correlation values between DJF in-situ precipitation (98 rain-gauge 
stations) and PC1-Andes for the 1982–2015 period. Colored (white) 
circles represent correlation values that are significant (non-signif-

icant) at the 95% confidence level. c PC1-Andes (red line) and the 
mean normalized in-situ precipitation in the southern tropical Andes 
(PP; black line). PP is calculated using the normalized DJF precipita-
tion of 98 rain-gauge stations located in the southern tropical Andes, 
as shown in b. The 98 rain-gauge stations only cover the 1982–2015 
period. The linear trend is shown for PC1-Andes (red dashed line, 
significant at p value < 0.05) using a Kendall-test. For PP, linear 
trends are estimated for the 1982–2015 period (dashed black line, p 
value < 0.1) and the 1987–2015 period (solid black line; p value < 
0.01). In a, b the 3000 m.a.s.l. contour is shown as a crimson line
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3.1.3  Atmospheric and sea surface temperature data sets

We used specific humidity, equivalent potential temperature, 
zonal and meridional wind and vertical motion at pressure 
levels between 1000 and 100 hPa from the ERA-Interim 
reanalysis (http://apps.ecmwf .int/datas ets/data/inter im-full-
daily /; Dee et al. 2011). This reanalysis data set is available 
from January 1981 to December 2018 at a monthly time step 
and with a spatial resolution of 0.5◦ × 0.5◦ . Next, for each 
variable the interannual variability of the December–Febru-
ary season is analyzed.

3.2  Methods

3.2.1  Empirical orthogonal function

The empirical orthogonal function (EOF) method was used 
to obtain the leading mode of the spatio-temporal Decem-
ber–February precipitation variability over our domain 
of study. With the aim of avoiding that the EOF analysis 
might be biased by the strong west–east precipitation gra-
dient across the southern tropical Andes, precipitation at 
each grid point was normalized using its historical mean 
and standard deviation before the EOF analysis was applied. 
The spatial pattern associated with the first mode of Decem-
ber–February precipitation over the southern tropical Andes 
is referred as EOF1-Andes while the principal component 
is denoted as PC1-Andes. EOF1-Andes is presented as the 
correlation field between precipitation at each grid point and 
PC1-Andes.

3.2.2  Butterworth filter

Segura et al. (2016) showed that austral summer precipita-
tion over the southern tropical Andes presents a significant 
decadal and interdecadal variability (periods > 8 years). 
With the objective of analyzing changes in the interannual 
variability of December–February precipitation over the 
southern tropical Andes, we applied a Butterworth high-
pass filter to the first principal component PC1-Andes. The 
Butterworth filter uses a cutoff frequency to keep only the 
frequencies of interest when analyzing the power spectrum 
of a time series. The power spectrum values of the relevant 
frequencies are multiplied by one (1), while those of the 
frequencies to be discarded, are multiplied by zero (0). An 
interesting feature of the Butterworth filter is that it allows 
controlling the sharpness applied to the frequency cutoff. 
This is referred to as the order of the filter. A small (large) 
order value means a soft (sharp) transition between relevant 
and discarded frequencies (Roberts and Roberts 1978). The 
Butterworth filter has been widely used to analyze precipita-
tion and other meteorological variables in different regions 
(e.g. Zeng et al. 2008; Gouirand et al. 2012; Berntell et al. 

2018) including the Altiplano (Melice and Roucou 1998; 
Segura et al. 2016). In this study, the interannual (decadal) 
variability is composed of all frequencies higher (lower) 
than 0.125 year−1 or periods lower (higher) than 8 years. 
The computation of the interannual variability of PC1-Andes 
was done as follows. First, we used the Butterworth filter 
with an order of 5 to obtain the decadal variability of PC1-
Andes. Then, we subtracted this decadal time series from the 
original PC1-Andes to obtain the interannual variability of 
PC1-Andes. The same procedure was applied to all atmos-
pheric variables discussed later.

3.2.3  Trend analysis

We used the Kendall test with a significance level at 95% to 
evaluate precipitation trends. The slope of the trend is calcu-
lated using a linear regression. For the CHIRPS data set we 
analyzed the 1982–2018 period, while in-situ precipitation 
trends were computed for the 1982–2015 period. A trend 
analysis was also applied to atmospheric variables for the 
period 1980–2018.

4  Results

4.1  Atmospheric mechanisms associated 
with the interannual variability of December–
February precipitation

Figure 2a shows, based on correlation coefficients, the 
spatial pattern of the first mode of precipitation variabil-
ity in the southern tropical Andes (EOF1-Andes), while the 
associated principal component (PC1-Andes) is displayed 
in Fig. 2c. The high percentage of explained variance by 
EOF1-Andes (57.5%) and the high correlation coefficients 
over most of the southern tropical Andes indicate that the 
interannual variability of December–February precipitation 
is likely controlled by the same mechanisms over the entire 
region, consistently with the results of Segura et al. (2019). 
The high and significant correlation coefficients between 
PC1-Andes and in-situ precipitation (Fig. 2b) show that 
PC1-Andes, while computed using CHIRPS, adequately 
represents the regional interannual precipitation variabil-
ity within our zone of study. As a logical consequence, the 
mean normalized in-situ precipitation (black line in Fig. 2c), 
calculated using normalized December–February precipita-
tion from each rain-gauge station, is significantly related to 
PC1-Andes for the 1982–2015 period ( r = 0.94 ; p value < 
0.05). Notably, PC1-Andes shows a linear increase over the 
1982–2018 period, indicating a positive trend in Decem-
ber–February precipitation in the southern tropical Andes. 
The significance of this precipitation increase and its associ-
ated atmospheric circulation will be covered in Sect. 4.2.
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Several studies have evidenced the strong relationship 
between December–February precipitation and zonal winds 
at 200 hPa (U200) over the southern tropical Andes (see 
Sect. 2). This is confirmed by Fig. 3a, which displays a nega-
tive and significant (p value < 0.05) correlation between 
PC1-Andes and U200 over the region between 20◦ S–10◦ S 
and 80◦ W–60◦ W . Furthermore, a correlation analysis 
between PC1-Andes and vertical motion at 500 hPa (Pa s−1 ) 
shows that an intensified upward motion over the western 
Amazon ( 80◦ W–60◦ W ), especially between 10◦ S nd 0◦ N , 
is significantly associated with increases in precipitation 
over the southern tropical Andes (Fig. 3b). It is worth point-
ing out here that the link between the upward motion and 
the low-level meridional flow, both being components of the 
meridional circulation in western tropical South America, 
has been shown in Fig. 1c.

A correlation analysis for the 1982–2018 period between 
PC1-Andes and the interannual variability of zonal winds 
and specific humidity over western tropical South America 
and the tropical North Atlantic Ocean at different tropo-
spheric levels shows two important features (Fig. 4) specifi-
cally localized between 25◦ S and 15◦ S , the region where the 
Altiplano is located: (1) a significant negative correlation 
between PC1-Andes and zonal winds above 600 hPa, and 
(2) a significant positive correlation between PC1-Andes 
and specific humidity in the mid-troposphere (600–400 hPa). 
These two characteristics have been analyzed in previous 
studies and, indeed, they are physically related (Garreaud 
1999; Vuille and Keimig 2004).

Figure 4 also displays significant regression coefficients 
between PC1-Andes and vertical motion above 700 hPa 
between 10◦ S and 0◦ N , and with the low-level meridional 
flow between 0◦ N and 10◦ N . These results suggest the exist-
ence of a significant connection between precipitation over 
the southern tropical Andes and convection over the western 
Amazon, which is part of the meridional circulation over 
western tropical South America. The association between 
upward motion and cross-equatorial low-level northerlies in 

the tropical region was already identified in theoretical stud-
ies (Gill 1980; Silva Dias et al. 1983). However, to our best 
knowledge, convection over the western Amazon has not 
been identified in previous studies as a possible explanatory 
factor for precipitation variability in the southern tropical 
Andes. Though several studies have shown daily extreme 

Fig. 3  a Correlation field between the first principal component of 
December–February (DJF) precipitation over the southern tropical 
Andes (PC1-Andes; > 3000 m.a.s.l.; 12◦ S–20◦ S ) and zonal winds at 
200 hPa (U200) for the 1982–2018 period. Only correlation values 

significant at the 95% confidence-level are shown. b Same as a but 
for DJF vertical motion at 500 hPa. In a, b the 3000 m.a.s.l. contour 
is shown as a crimson line. Atmospheric data are retrieved from the 
ERA-Interim reanalysis data set

Fig. 4  Pressure-latitude cross section of the first principal component 
of December–February (DJF) precipitation over the southern tropi-
cal Andes (PC1-Andes; > 3000 m.a.s.l.; 12◦ S–20◦ S ) regressed upon 
DJF zonal-mean meridional circulation (v,w) in the tropical North 
Atlantic and western tropical South America. Correlation coefficients 
between PC1-Andes and DJF zonal-mean u (q) are shown in shaded 
colors (contours). Positive (negative) correlation values between PC1-
Andes and q are shown in solid (dashed) contours and they have an 
interval of 0.1. Regression and correlation analyses are performed 
for the 1982–2018 period. Only significant correlation values at 95% 
confidence level are shown. Regression coefficients associated with 
meridional winds and vertical motion are shown if either the regres-
sion coefficient for the meridional or vertical component has a con-
fidence level of 95% according to a F test. Zonal-mean is calculated 
using v, w, u and q in the region delimited by the magenta line in 
Fig. 1b. The dashed magenta line is the Andes’ profile calculated as 
in Fig. 1c. Atmospheric data is retrieved from the ERA-Interim rea-
nalysis data set
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precipitation events over the eastern tropical Andes to be 
tied to convection over the western Amazon, the mecha-
nism for triggering convection was generally associated with 
southerly cold air incursions originating over high latitudes 
(Hurley et al. 2015; Sicart et al. 2016) rather than with the 
meridional circulation over western tropical South America 
as we show in this study.

As explained in Sect. 1, an intensification of convection 
over the Amazon since the beginning of the 21st century 
has been detected in several studies (Barichivich et al. 2018; 
Wang et al. 2018; Espinoza et al. 2019a). In the following 
sections, we analyze how enhanced convection over the 
western Amazon has influenced the long-term precipitation 
variability in the southern tropical Andes.

4.2  Long‑term precipitation increase 
in the southern tropical Andes

A trend analysis shows a significant increase in PC1-Andes 
for the 1982–2018 period (p value < 0.05 in Kendall test). 
The increasing trend is still significant (p value < 0.05) when 
discarding the extreme values of 1983 and 1984 (not shown), 
which are associated with strong El Niño and La Niña 
events, respectively. In-situ precipitation also displays an 
increasing trend over the 1982–2015 period, at a 90% confi-
dence level (p value < 0.1; Fig. 2c). At a regional scale, the 
precipitation increase for the 1982–2018 period is significant 
(p value < 0.05) in the northernmost regions and the western 

slopes of the southern tropical Andes (Figure S1a). If we 
reduce the period of analysis to 1987–2018, a significant 
precipitation increase is also observed in the southernmost 
region ( 18◦ S–20◦S ; Figure S1b). In-situ precipitation also 
exhibits this pattern (Figure S1c,d). These results suggest a 
significant increase in regional December–February precipi-
tation over the southern tropical Andes for the 1982–2018 
period. In particular a reduction in the number of extreme 
dry years is observed (red and black lines in Fig. 2c). The 
decrease in extreme dry years could affect the phenology of 
the Altiplano flora. Indeed, Chávez et al. (2019) have dem-
onstrated an exceptional increase in peatland productivity 
for the period 2002–2017 in the Altiplano using the NDVI 
Landsat data set.

Strengthening of the meridional circulation over western 
tropical South America

A trend analysis of horizontal winds at 200 hPa for the 
1980–2018 period shows a significant acceleration of east-
erlies over the equatorial western Amazon and of westerlies 
over subtropical South America. On the other hand, no sig-
nificant trends in zonal winds at 200 hPa are observed over 
the southern tropical Andes (Fig. 5a). This means that posi-
tive precipitation trends observed in the southern tropical 
Andes are not directly associated with changes in U200 over 
this region and that other possible influencing factors have to 
be identified. To start with, let’s come back to the pioneering 

a b

Fig. 5  a Trend analysis of December–February (DJF) vertical motion 
at 500 hPa (w500; shaded) and DJF horizontal winds at 200 hPa 
(u200–v200; vectors) calculated by using a linear regression for the 
1980–2018 period. Only trends significant at the 95% confidence 
level according to a Kendall-test are shown. Trends in horizontal 
winds are shown if trends in either zonal or meridional component 

are significant at 95% level. b Same as a but for specific humidity 
at 500 hPa (q500; shaded) and horizontal winds at 800 hPa (u800–
v800). In a, b the 3000 m.a.s.l. contour is shown as a crimson line. 
Atmospheric data is retrieved from the ERA-Interim reanalysis data 
set
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work of Gill (1980) and Silva Dias et al. (1983), stating that 
upper-level easterly acceleration in the equatorial region is 
explained as being a response to an intensified heat source 
closer to the equator. Considering the 1980–2018 tendency 
for the ascending motion at 500 hPa over the western Ama-
zon, a likely candidate for providing this heating source is 
the associated enhanced convection in this region (Fig. 5a), 
already detected in previous studies (Barichivich et al. 2018; 
Espinoza et al. 2019a). The overall scheme would thus go 
as follows: intensified convection over the western Amazon 
has provided a heating source close to the equator, causing 
acceleration of the upper-level easterlies over western equa-
torial South America and distorting the traditional Bolivian 
High response.

Since convection over the western Amazon is connected 
to low-level northerlies, as components of the meridional 
circulation over western tropical South America (Fig. 4), 
we performed a trend analysis of horizontal winds at 800 
hPa over 1980–2018 (Fig. 5b). As expected, a significant 
intensification of horizontal winds originating over the trop-
ical Atlantic Ocean and directed towards the continent is 
observed (Fig. 5b). Figure 5b also shows an intensified low-
level northerly flow to the east of the Andes between 10◦ S 
and 10◦N , while eastern equatorial South America between 
60◦ W and 40◦W is characterized by intensified low-level 
easterlies. This low-level wind intensification coincides with 
an increase in specific humidity at 500 hPa, especially over 
the Peruvian–Bolivian Amazon (Fig. 5b), suggesting an 
increase in moisture transport. Monsoon theory indicates 
that while low-level winds transport energy and mass from 

one hemisphere to the other, upper-level winds are respon-
sible for balancing the energy and mass budget by maintain-
ing mass and energy transport in the opposite direction of 
the low-level meridional winds. This process is observed 
in Fig. 5a, in which intensified southerlies at 200 hPa are 
observed crossing the equator between 60◦ W and 40◦ W . 
These results are also found using the NCEP-NCAR reanaly-
sis (Figure S2), indicating that this is a robust feature across 
different reanalysis products.

Figure 6a shows that the zonal-mean atmospheric circu-
lation in western tropical South America was significantly 
strengthened during the 1980–2018 period. In general, we 
observe an intensification of the ascending branch, located 
over the western Amazon ( 15◦ S–0◦N ), and an increased low-
level northerly flow between 10◦ S and 20◦ N . This mecha-
nism is explained by the transient solution presented in Silva 
Dias et al. (1983). As the heat source intensifies closer to 
the equator, the upper-level high drifts to the southwest of 
the heat source and the baroclinic response leads to a north-
erly flow acceleration in the lower troposphere. The latter 
suggests an enhanced moisture transport from the tropical 
North Atlantic towards the western Amazon, which would 
explain the significant increase in specific humidity at levels 
from 850 to 100 hPa in the region of the ascending branch. 
It is known that reanalysis products have problems in repro-
ducing the cross-equatorial mass flux—even though ERA-
Interim reanalysis are performing the best in this respect 
(Berrisford et al. 2011)—casting some uncertainty on the 
quantitative results of our analysis. However, the strengthen-
ing of the meridional circulation over western tropical South 

Fig. 6  a Pressure-latitude cross-section of trends in DJF zonal-mean 
meridional circulation (v–w, vectors) and specific humidity (shaded) 
in the tropical North Atlantic and western tropical South America. 
Linear trends are calculated using a linear regression for the 1980–
2018 period and only significant values at the 95% confidence-level 
according to a Kendall-test are shown. Vectors are shown if trend in 
either the meridional or vertical component is significant at the 95% 
confidence level. Zonal-mean is calculated as explained in Fig.  1c. 

The dashed magenta line shows the Andes’ profile calculated as in 
Fig.  1c. b Interannual time series of December–February stability 
index ( �e(200−500) ) in the 20◦ S–15◦ S region (red line) and in the 15◦ S
–10◦ S region (blue line) between 80◦ W–60◦ W , excluding zones to 
the west of the Andes as shown in Fig.  1b. �e(200−500) is calculated 
as the difference between equivalent potential temperature at 200 hPa 
and 500 hPa for the period 1980–2018. Atmospheric data is retrieved 
from the ERA-Interim reanalysis data set
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America identified in our study is consistent with the theo-
retical response to an equatorial diabatic heat source (Gill 
1980; Silva Dias et al. 1983). Furthermore, positive trends 
in precipitation and streamflow over the western Amazon, 
associated with intensified convection over this region, have 
already been documented in previous studies (Barichivich 
et al. 2018; Wang et al. 2018; Espinoza et al. 2019a).

Positive trends in specific humidity are observed in the 
mid-troposphere (700–500 hPa), indicating that vertical 
moisture transport from the lower to the mid-troposphere 
has intensified over the 1980–2018 period (Fig. 6a). In the 
Amazon, the seasonal increase in mid-tropospheric mois-
ture, which results in an increased equivalent potential tem-
perature ( �e ) at mid-tropospheric levels, is associated with 
the development of deep convection over this region due to 
reduced atmospheric stability between the mid- and upper 
troposphere (Fu et al. 1999; Scala et al. 2008; Zhuang et al. 
2017). Due to the mid-tropospheric moistening over west-
ern tropical South America ( 80◦ W–60◦W ) since 1980, we 
also observe an increased �e at this tropospheric level (not 
shown). Furthermore, the difference of equivalent poten-
tial temperature ( �e ) between 200 and 500 hPa ( �e(200−500) ) 
over western tropical South America between 20◦ S and 
15◦ S indicates a strong reduction in atmospheric stability 
between the mid and the upper troposphere in the southern 
tropical Andes since 2000 (Fig. 6b). Indeed, highest atmos-
pheric stability values after 2000 are similar to the lowest 
values in the period before 2000. Atmospheric stability in 
western tropical South America between 15◦ S and 10◦ S 
also shows a reduction, but it starts at the beginning of the 
1990s (Fig. 6b). Thus, atmospheric stability between the 
mid- and the upper troposphere is no longer a restriction for 
developing convection not only over the western Amazon, 
but also over the southern tropical Andes. The decrease in 
atmospheric stability could explain the reduction in the num-
ber of dry years in this Andean region as shown in Fig. 2c. 
Furthermore, the decreased atmospheric stability observed 
in the western Amazon seems to be concomitant with the 
detected precipitation trend in northern regions of the south-
ern tropical Andes.

Hsu et  al. (2012) argued that a future precipitation 
increase in monsoon regions is due to tropospheric moisten-
ing (thermodynamic component)—linked to a warming of 
the tropical oceans—rather than changes in the atmospheric 
circulation in the tropics, especially changes in wind conver-
gence (dynamic component). For the 1982–2018 period, we 
found results over tropical South America that are consist-
ent with that vision. In particular, we found a spatial pat-
tern of the vertically integrated total moisture trends in the 
troposphere (1000–100 hPa; not shown) that is similar to 
the spatial pattern of the 500 hPa specific humidity trends 
displayed in Fig. 5b, while no significant trends are observed 
in vertically integrated wind convergence (not shown).

Hence, these results indicate that observed positive 
trends in precipitation in the southern tropical Andes are 
significantly associated with increased convection over the 
Amazon and reduced atmospheric stability over the south-
ern tropical Andes. These processes are connected with an 
increased vertical moisture transport from lower- to upper-
tropospheric levels over western tropical South America. In 
the next section, we will show how the relationship between 
precipitation over the southern tropical Andes and atmos-
pheric circulation over the western Amazon has concomi-
tantly evolved with time for the 1982–2018 period.

4.3  Long‑term variation in the interannual 
precipitation variability

In the previous section, we showed that atmospheric sta-
bility over western tropical South America south of 10◦ S 
has been reduced. At the same time, it appears from Fig. 6b 
that its year-to-year variability has also been reduced after 
2006, suggesting a more constant vertical moisture transport 
from the lower to the mid-troposphere over those regions, 
including the southern tropical Andes. This raises the ques-
tion whether the strengthening of the meridional circula-
tion, through constant vertical moisture transport and a 
more predisposed atmosphere to develop deep convection, 
has affected the year-to-year precipitation variability in the 
southern tropical Andes, thereby becoming its principal 
source of interannual variability.

As seen previously, PC1-Andes has an intrinsic signifi-
cant decadal trend, which is associated with the strength-
ening of the meridional circulation over western tropical 
South America. Figure 7a shows that PC1-Andes also exhib-
its a decadal fluctuation, but since it only covers 37 years 
(1982–2018) it is difficult to evaluate its significance. It is, 
however, necessary to filter out this decadal-scale signal in 
order to retrieve the interannual signal and examine its link-
age with the fluctuation of the meridional circulation. To 
that end, a high-pass filter was applied to PC1-Andes with 
a cutoff period of 8 years (see Sect. 3.2.2). The time series 
associated with the interannual PC1-Andes variability is 
referred to as PC1-high (black line in Fig. 7a). The removal 
of the decadal-scale signal was equally applied to vertical 
and horizontal winds and specific humidity for the same 
region shown in Fig. 4, in order to obtain their interannual 
fluctuations. PC1-high is then regressed upon the zonal-
mean meridional wind and vertical motion over western 
tropical South America and the tropical North Atlantic at 
different tropospheric levels (1000–100 hPa; Fig. 7b). Fig-
ure 7b also shows a correlation analysis between PC-high 
and the zonal-mean specific humidity and zonal winds. This 
analysis is similar to the one carried out in Fig. 4, in which 
unfiltered data were used.
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Significant regression coefficients are observed between 
PC1-high and vertical motion above 600 hPa in the west-
ern Amazon, similar to the results using unfiltered data 
(Fig. 4), suggesting that convection over the western Ama-
zon is significantly associated with precipitation over the 
southern tropical Andes at interannual time scales for 
the 1982–2018 period. Figure  7b displays significant 
correlation values between PC1-high and zonal wind in 
the mid- and the upper troposphere over western tropi-
cal South America between 25◦ S and 15◦ S . Aside from 
the significant positive relationship with specific humid-
ity over the southern Altiplano, PC1-high also shows a 
significant negative correlation with specific humidity 
in the mid- and the lower troposphere between 20◦ S and 
0◦ N (Fig. 7b). Thus, at interannual time scales, positive 

anomalies of lower-tropospheric moisture over the western 
Amazon are associated with a precipitation decrease in the 
southern tropical Andes, maybe due to a decreased upward 
moisture transport from the western Amazonian lowlands.

Since a strengthening of the meridional circulation over 
western tropical South America has been observed for the 
1982–2018 period, we next explore whether the influence 
of western Amazon convection and upper-level zonal winds 
on southern tropical Andes precipitation have changed over 
time at interannual time scales. We performed a correlation 
analysis using different time periods and window lengths 
between PC1-high and the interannual fluctuations of verti-
cal motion at 500 hPa (w500-high) in two regions of western 
tropical South America ( 80◦ W–60◦W ): 20◦ S–15◦S (Fig. 8a) 
and 15◦ S–10◦S (Fig. 8b). Correlation coefficients are dis-
played in Fig. 8 as a function of the length of the correla-
tion period in years (y-axis) and the last year of this period 
(x-axis), meaning that correlation coefficients were analyzed 
for all possible time periods. For instance, the correlation 
value at point x = 1998 , y = 10 indicates that the correlation 
analysis is carried out for a time period of 10 years ending 
in 1998 (1989–1998). w500-high in 20◦ S–15◦S represents 
an average of vertical velocities at 500 hPa between the 
northern Altiplano and the western Amazonian lowlands. 
For the region in 15◦ S–10◦S , w500-high mainly corresponds 
to vertical velocities at 500 hPa over the western Amazon. 
This analysis is also done using the interannual variability of 
zonal winds at 200 hPa in the region between 20◦ S and 15◦ S 
of western tropical South America (U200-Andes; Fig. 8c).

It is evident in Fig. 8 that w500-high in regions 20◦ S
–15◦S (Fig. 8a) and 15◦ S–10◦S (Fig. 8b) has undergone a 
change in its relationship with PC1-high. Before 2002, 
both regions show a positive but insignificant correlation 
between w500-high and PC1-high. After 2002, this rela-
tionship has become negative and significant (p value < 
0.05), meaning that intensified upward motion over the 
western Amazon is associated with more precipitation over 
the southern tropical Andes at interannual time scales. A 
different pattern is observed in the correlation analysis 
between PC1-high and U200-Andes (Fig.  8c). U200-
Andes over this Andean sub-region is significantly cor-
related with PC1-high before 2002, while for the period 
2002–2018 no significant correlation is observed. Indeed, 
a significant correlation coefficient between PC1-high and 
U200-Andes is observed for the 1982–2018 period (upper 
right in Fig. 8c) mostly due to strong correlation values 
between these two variables before 2002. Hence, U200-
Andes and interannual variations of vertical velocities at 
500 hPa in 15◦ S–10◦S , denoted as w500-Amazon, are the 
principal atmospheric mechanisms that explain the inter-
annual variability of precipitation over the southern tropi-
cal Andes, but their respective influence has changed over 
the 1982–2018 period.

a

b

Fig. 7  a First principal component of December–February precipi-
tation over the southern tropical Andes (PC1-Andes; red line), its 
interannual variability as PC1-high (periodicity < 8 years; black line) 
and its decadal variability (periodicity > 8 years; blue line). b As in 
Fig. 4, except for PC1-high and interannual variations (periodicity < 
8 years) of specific humidity, zonal and meridional winds and verti-
cal motion in the tropical North Atlantic and western tropical South 
America
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A correlation analysis between w500-Amazon and U200-
Andes yields a correlation coefficient of r = 0.33 (p value < 
0.05). Although the correlation between w500-Amazon and 
U200-Andes is significant, the low correlation coefficient 
indicates that these variables are only weakly related since 
they share only 10% of the variance. In addition, this result 
suggests that the regional atmospheric circulation associ-
ated with U200-Andes and w500-Amazon is different. With 
the aim of identifying atmospheric mechanisms associated 
with U200-Andes and w500-Amazon, we performed a cor-
relation analysis using these two variables and interannual 
variations (< 8years) of zonal-mean zonal winds and spe-
cific humidity at different tropospheric levels over western 
tropical South America and the tropical North Atlantic 
(Fig. 9). The regression analysis between the interannual 
variability of the meridional circulation (meridional wind 
and vertical motion) over these regions and both U200-
Andes and w500-Amazon is also shown in Fig. 9. These 
analyses are done for the 1980–2018 period. Since U200-
Andes and w500-Amazon are negatively correlated with 
PC1-high, we multiplied U200-Andes and w500-Amazon by 

-1 before computing the correlation and regression analyses. 
Our objective with this procedure is to obtain atmospheric 
circulation associated with upper-level easterlies over the 
Altiplano (U200-Andes x -1) and upward motion over the 
western Amazon (w500-Amazon x -1), indices of the two 
mechanisms that enhance precipitation over the southern 
tropical Andes.

As expected, negative values of U200-Andes (easter-
lies) are associated with easterly anomalies above 600 hPa 
between 25◦ S and 15◦S (Fig. 9a). This correlation pattern is 
related to the vertical structure of the Bolivian High, shown 
by Lenters and Cook (1997). Figure 9a also shows that 
negative values of U200-Andes (easterlies) are not related 
to upward motion on a regional scale, but on a local scale, 
especially in the southern Altiplano. In addition, a moistened 
mid-troposphere in this region is associated with negative 
U200-Andes values (easterlies). A different correlation pat-
tern is found when using negative values of w500-Amazon 
(Fig. 9b). Negative w500-Amazon values (upward motion) 
are characterized by a significant relationship with lower 
and mid-tropospheric upward flow between 20◦ S and 10◦S . 

a

c

b

Fig. 8  a Correlation analysis between PC1-high and interannual fluc-
tuations (periodicity < 8 years) of DJF vertical motion at 500 hPa 
(w500-high) in the region 80◦ W–60◦ W ; 20◦ S–15◦ S . Correlation 
coefficients are shown as a function of the length of analyzed period 
in years (y-axis) and the ending year of the analyzed period (x-axis). 
Contours indicate segments with significant correlation values at 95% 
confidence level. b similar to a but using w500-high in the region 

80◦ W–60◦ W ; 15◦ S–10◦ S . c similar to a but for interannual fluctua-
tions of DJF zonal wind at 200 hPa in the region 80◦ W–60◦ W ; 20◦ S
–15◦ S (U200-Andes). Vertical motion at 500 hPa and zonal wind 
at 200 hPa are calculated excluding zones to the west of the Andes 
as shown in Fig.  1b. Atmospheric data is retrieved from the ERA-
Interim reanalysis data set
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Figure 9b also shows that w500-Amazon is associated with 
anomalous low- and mid-level northerlies between 5◦ S 
and 20◦N and low- and mid-level westerly anomalies at the 
Equator. Accordingly, convection over the western Amazon 
between 15◦ S and 10◦ S at interannual time scales (periodic-
ity < 8 years) is sustained by increased low- and mid-level 
moisture transport from the tropical North Atlantic rather 
than moisture transport originating over eastern equatorial 
South America. An interesting feature regarding Fig. 9 is 
the relationship between decreased lower-tropospheric mois-
ture between 20◦ S and 0◦ N , associated with negative val-
ues of U200-Andes (Fig. 9a) and w500-Amazon (Fig. 9b). 
Thus, at interannual time scales, upper-level easterlies over 
the Altiplano between 20◦ S and 15◦ S are associated with 
local convection over this region and horizontal moisture 
transport towards the southern tropical Andes from the cen-
tral Amazon. On the other hand, upward motion over the 
western Amazon ( 15◦ S–10◦S ) is associated with a regional 
increase in vertical moisture transport from lower- to upper-
tropospheric levels, especially in the region between 20◦ S 
and 10◦ S . These results are explained using Gill’s model 

(Gill 1980) and the results of Silva Dias et al. (1983). U200-
Andes is more closely related to the convective forcing in the 
continental portion of the SACZ while the meridional flow 
is very much influenced by the equatorial heat source in the 
western Amazon. Thus, when convection over the western 
Amazon is enhanced, cross-equatorial northerly winds in 
the lower troposphere are accelerated. Moreover, Silva Dias 
et al. (1983) showed that an equatorial heat source could 
perturb upper-level easterlies in the equatorial region but 
not in the southwest region of the heating.

As previously described, interannual variations in precipi-
tation over the southern tropical Andes respond differently 
to U200-Andes and w500-Amazon after 2002 (Fig. 8b, c). In 
order to identify significant patterns of atmospheric circula-
tion associated with precipitation over the southern tropical 
Andes at interannual time scales, we performed a correla-
tion analysis similar to the one shown in Fig. 6a, but, in this 
case, the correlation was done for two periods: 1982–2001 
(Fig. 10a) and 2002–2018 (Fig. 10b). For the 1982–2001 
period, PC1-high is significantly correlated with zonal winds 
above the Altiplano (Fig. 10a), and the correlation pattern is 

a b

Fig. 9  a Pressure-latitude cross section of December–February (DJF) 
zonal winds at 200 hPa (U200) in the region 80◦ W–60◦ W ; 20◦ S
–15◦ S regressed upon DJF zonal-mean meridional circulation (v,w) 
in the tropical North Atlantic and western tropical South America 
at interannual time scales (periodicity < 8 years). The interannual 
time series of DJF U200 in the region 80◦ W–60◦ W ; 20◦ S–15◦ S is 
referred as U200-Andes. Zones to the west of the Andes between 
20◦ S and 15◦ S , as shown in Fig.  1b, are excluded when comput-
ing U200-Andes. Moreover, U200-Andes has been multiplied by -1 
(easterlies pattern). Correlation coefficients between U200-Andes 
and interannual fluctuation of zonal-mean u (q) are shown in shaded 
colors (contours). Positive (negative) correlation values between 
negative U200-Andes, easterlies pattern, and q are shown in solid 
(dashed) contours and they have an interval of 0.1. Regression and 

correlation analyses are computed for the 1980–2018 period. Only 
significant correlation values at 95% confidence level are shown. 
Regression coefficients associated with meridional wind and vertical 
motion are shown if regression coefficients for either the meridional 
or vertical component show a confidence level of 95% according to a 
F test. b similar to a, but instead of U200-Andes, the interannual vari-
ability of vertical motion at 500 hPa in the region 15◦ S–10◦ S ; 80◦ W
–60◦ W (w500-Amazon) is used. Zones to the west of the Andes 
between 15◦ S and 10◦ S , as shown in Fig. 1b, are excluded when com-
puting w500-Amazon. In a, b zonal-mean u, v, q and w are calculated 
as explained in Fig. 1c. In a, b the dashed magenta line represents the 
Andes’ profile calculated as in Fig. 1c. Atmospheric data is retrieved 
from the ERA-Interim reanalysis data set
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similar to atmospheric circulation associated with negative 
values of U200-Andes (easterlies; Fig. 9a). The correlation 
analysis for the period 2002–2018 shows a different pat-
tern, where upper-level zonal winds over the Altiplano are 
no longer significantly associated with PC1-high (Fig. 10b). 
Instead, PC1-high is significantly correlated with vertical 
velocities between 20◦ S and 10◦S , especially above 600 hPa, 
and with meridional winds in the mid- and the lower tropo-
sphere (850–600 hPa) in the Northern Hemisphere (north of 
0◦ N ; Fig. 10b). The similarities between Fig. 9b and  10b 
lead us to conclude that the pattern of interannual variabil-
ity of December–February precipitation over the southern 
tropical Andes for the 2002–2018 period is strongly influ-
enced by enhanced convection over the western Amazon 
and increased low-level moisture transport from the tropical 
North Atlantic.

5  Discussion and conclusions

The results presented above led us to propose a schematic 
(Fig. 11) where the two main elements of the atmospheric 
circulation controlling December–February (DJF) precipi-
tation over the southern tropical Andes ( 20◦ S–12◦S and > 
3000 m.a.s.l.) are represented. The mechanisms by which 
these two elements exercise their control are summarized 
below, as is the evolution of their influence over the last 35 
years.

The first element is the zonal wind at 200 hPa (U200). 
Previous studies (e.g. Vuille et al. 1998; Garreaud et al. 

2003; Vuille and Keimig 2004; Garreaud 2009; Vera et al. 
2019) have demonstrated that a strong negative relationship 
exists between DJF precipitation and U200 over the south-
ern tropical Andes (i.e., high values of DJF precipitation 
are associated with stronger easterlies at 200 hpa) at dif-
ferent time scales. U200 over this Andean region is part 
of the so-called Bolivian High, which is indeed a response 
to the latent heat release generated by deep convection 
over the continental region of the South Atlantic Conver-
gence Zone—SACZ (Silva Dias et al. 1983; DeMaria 1985; 
Figueroa et al. 1995; Lenters and Cook 1997; Gandu and 
Silva Dias 1998; Rodwell and Hoskins 2001). This U200-
related mechanism (schematized in Fig. 11 in red color) does 
not show any significant change over the 1980–2018 period; 
yet, DJF precipitation displays a significant increase over the 
same period. This suggests another controlling mechanism 
that took over since the beginning of the 2000’s.

This second controlling mechanism is the upward motion 
over the western Amazon—which is part of the meridional 
circulation between the tropical North Atlantic and western 
tropical South America (blue color in Fig. 11). This upward 
motion over the western Amazon has intensified over the 
two last decades as part of the increased meridional mois-
ture transport from the tropical North Atlantic. This led to 
increased convection and reduced atmospheric stability 
between the mid- and upper troposphere over western tropi-
cal South America, including the southern tropical Andes, 
resulting in increased moisture transport from lower- to mid-
tropospheric levels. These results are in line with the theory 
proposed in Gill (1980) and Silva Dias et al. (1983). Indeed, 

a b

Fig. 10  Similar to Fig. 6a but for a the 1982–2001 period and b the 2002–2018 period

Author's personal copy



Recent changes in the precipitation-driving processes over the southern tropical Andes/western…

1 3

while upper-level easterly acceleration over the southern 
tropical Andes is associated with diabatic heating south 
of the equator (continental SACZ), the cross-equatorial 

wind acceleration in the lower and upper troposphere is a 
response of a more equatorial heat source provided by the 
enhanced convection over the western Amazon. This latter 

Fig. 11  Schematic representation of the two atmospheric mecha-
nisms controlling the December–February (DJF) precipitation over 
the southern tropical Andes. The first mechanism (in red) is the mois-
ture-laden near-surface upslope flow at the eastern side of the south-
ern tropical Andes. This mechanism is associated with the so-called 
Bolivian High (BH), developed by deep convection over the conti-
nental South Atlantic Convergence Zone (SACZ). Moisture transport 
towards the SACZ is controlled by the South American Low-Level Jet 
(SALLJet) and the low-level flow from the tropical Atlantic Ocean, 

including the Intertropical Convergence Zone (ITCZ). The second 
mechanism (in blue) is the upward motion over the western Amazon 
(WA), which is an important factor for decreasing atmospheric sta-
bility over the southern tropical Andes. Upward motion over the WA 
and the Llanos Low-Level Jet (LLJet) are components of the meridi-
onal circulation between the tropical North Atlantic and western trop-
ical South America. Upper-level easterlies over western equatorial 
South America are also associated with this meridional circulation

Fig. 12  a Anomalies of zonal-mean December–February (DJF) spe-
cific humidity (q; shaded), zonal winds (u, contours), meridional 
winds and vertical motion (v–w; vectors) in 1983/1984. Positive 
anomalies of zonal wind are shown in solid (dashed) contours and the 
interval between contours is 2 m s−1 . The contour of 0 m s−1 is omit-

ted for zonal winds. b similar to a but for 2011/2012. In a, b zonal-
mean is calculated as explained in Fig. 1c. In a, b dashed gray line 
represents the Andes’ profile calculated as in Fig.  1c. Atmospheric 
data is retrieved from ERA-Interim reanalysis data set
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enhancement of convection over the western Amazon was 
identified in previous studies (Barichivich et al. 2018; Wang 
et al. 2018; Espinoza et al. 2019a).

The hypothesis of the existence of two atmospheric 
mechanisms determining the DJF precipitation variability 
over the southern tropical Andes, U200 and western Ama-
zon convection, is favored by the analysis of its interannual 
variability (periodicity < 8 years) and its associated atmos-
pheric mechanisms. Before 2000, a period when upward 
motion over the western Amazon was not strong enough 
for decreasing atmospheric stability, the interannual varia-
bility of DJF precipitation was strongly coupled with U200 
over the southern tropical Andes, because easterly anoma-
lies aloft favored moist air transport towards the central 
Andes, where dry conditions would otherwise prevail. 
Besides, strong moisture transport from the interior of the 
continent associated with upper-level easterly anomalies 
was often connected with La Niña summers. For instance, 
high DJF precipitation values in the southern tropical 
Andes during the 1983/1984 La Niña year was associated 
with upper-level easterly anomalies above the southern 
tropical Andes and anomalous subsidence over the west-
ern Amazon (Fig. 12a). From 2000 to 2002 onwards, a 
regional analysis evidences that interannual fluctuations 
of southern tropical Andes precipitation started to be sig-
nificantly associated with the meridional circulation over 
western tropical South America. Thus, enhanced convec-
tion over the western Amazon and strengthened low-level 
northerlies originating over the tropical North Atlantic 
seem to explain anomalous wet years in the southern tropi-
cal Andes after 2002, as occurred during the 2011/2012 La 
Niña summer (Fig. 12b). As a matter of fact, the low-level 
northerly flow has been identified as being the cause of 
anomalous wet years in the northwestern Amazon (Espi-
noza et al. 2013; Arias et al. 2015).

The existence of these two independent modes challenges 
our vision of how global change might impact the regional 
rainfall regime. Whilst, up to now, the role of U200 anoma-
lies has been emphasized (Garreaud et al. 2003; Minvielle 
and Garreaud 2011; Neukom et al. 2015; Vera et al. 2019) 
as the main driver of past and future precipitation changes 
in this region, changing conditions over the western Amazon 
and warming of the tropical North Atlantic could also play a 
major role in shaping the long-term evolution of precipita-
tion in the southern tropical Andes. Indeed, the projected 
decrease in summer precipitation in the Altiplano—due 
to westerly acceleration of the upper-level winds over the 
Andes—can be offset by an increase in western Amazon 
convection, an issue that deserves further scrutiny. By the 
same token, this explains why the use of ENSO for predict-
ing southern tropical Andes rainfall is not as powerful as it 
once appeared, since its influence is modulated by these two 
competing regional circulation factors. These results pave 

the way for considering new research topics, such as the 
influence of western Amazon convection on the variability 
of southern tropical Andes precipitation on a larger spec-
trum of time scales, ranging from diurnal, to intraseasonal, 
seasonal and decadal.
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