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Abstract
Southeastern South America (SESA)’s precipitation is thought to be influenced by both El Niño Southern Oscillation (ENSO) 
and Antarctic Oscillation (AAO), especially in austral spring. Previous studies conclude AAO can modulate ENSO’s impact 
on precipitation over the SESA region without differentiating between El Niño and La Niña events. In the present study, 
we use composite analysis to further explore the combined impact of AAO and ENSO on austral spring precipitation over 
Southeastern South America (SESA) to answer this question and explain the dynamic mechanisms. We found that different 
AAO phases can influence La Niña’s impact on SESA austral spring precipitation considerably, while this does not apply 
for El Niño events. From our analysis, we found that AAO exerts more impact on austral spring precipitation over SESA 
compared to ENSO during La Niña years by influencing northerly wind and southward water vapor flux, which contributes 
most of the moisture into the SESA region, due to the strengthening of South Atlantic subtropical anticyclone and stronger 
meridional gradient in low-level pressure. Besides, there is an upper-level trough (ridge) over subtropical South America 
indicating advection of cyclonic (anticyclonic) vorticity inducing anomalous increase (decrease) of precipitation over that 
region during La Niña/AAO− (La Niña/AAO+). We do not see this opposite difference within El Niño groups combined 
with different phases of AAO.
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1 Introduction

The southeastern South American region (SESA, the sub-
tropical region east of the Andes, roughly between 45◦

–65◦  W, 20◦–40◦  S) is one of the AR6 WGI reference 
regions, which is used as an illustration of the interplay 
between climate variability drivers and regional change. 
This area covers the most active agricultural region and is 
one of the most populated parts in South America (Olmo and 
Bettolli 2022), extending over Uruguay, Paraguay, south-
ern Brazil and eastern Argentina. This region is especially 
susceptible to extreme precipitation as part of the La Plata 
River Basin, which strongly depends on agriculture and 
hydroelectricity production (Zamboni et al. 2010; Nuñez 
and Blázquez 2014).

SESA is one of the rainiest portions of the continent and 
one of the few areas in the world where an obvious increas-
ing trend of precipitation has been detected since the 20th 
century (Olmo et al. 2020; Díaz et al. 2021), mainly in the 
austral late spring and summer (Gonzalez et al. 2014). Pre-
cipitation in SESA has large variability from interannual 
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to multidecadal time scales, which has significant impacts 
on agricultural and socio-economic aspects (Martín-Gómez 
and Barreiro 2016). There are significant signals of El Niño 
Southern Oscillation (ENSO) on the annual variation of 
precipitation in SESA (Grimm et al. 2000; Barros and Sil-
vestri 2002; Silvestri 2005; de Souza et al. 2021). Previous 
research shows that ENSO is significantly positively corre-
lated with the precipitation variation in SESA, and this cor-
relation is most robust and strongest in austral spring while 
weaker in austral summer (Montecinos et al. 2000; Barreiro 
2010). Grimm et al. (1998) found that in November(0) of 
El Niño (EN) years, there occur the highest precipitation 
anomalies due to the intensification of the mesoscale con-
vection, and vice versa during La Niña (LN) years. This 
relationship serves as the foundation of using ENSO as an 
interannual predictor of precipitation in that region (Zam-
boni et al. 2010).

Other factors can modulate ENSO’s impact on precipita-
tion in the SESA region. It is found that the precipitation 
variability during OND among El Niño events is modulated 
by SST in the subtropical south-central Pacific (SSCP) 
(Barros and Silvestri 2002). This means that the response 
of precipitation to EN events or LN events might be differ-
ent, which may be caused by the difference in intensity or 
evolution of different EN/LN events, while it can also be 
associated with other regional or remote forcings. Silves-
tri and Vera (2003) detected that the Antarctic Oscillation 
(AAO) has a strong modulation of ENSO’s impact on SESA 
precipitation during austral spring based on correlation anal-
ysis (Silvestri and Vera 2003). In the Southern Hemisphere, 
AAO is the dominant pattern of circulation anomaly vari-
ability (Thompson and Wallace 2000) and is characterized 
by a large-scale seesaw oscillation of atmospheric masses 
between mid-latitudes and the Antarctic (Gong and Wang 
1999). It is the basic structure of atmospheric circulation 
in the Southern Hemisphere and shows the variation of the 
intensity of the mid-latitude westerlies in the Southern Hem-
isphere (Qin et al. 2005). There is anomalously low pressure 
over Antarctica and high pressure over the mid-latitudes of 
the Southern Hemisphere during the positive phase of the 
AAO and vice versa. These patterns can be found throughout 
the year; however, AAO is more active during austral spring 
(Gong and Wang 1999; Thompson and Wallace 2000). Sil-
vestri and Vera (2003) explored the combined effect of 
ENSO and AAO on precipitation over SESA by correlation 
analysis. They concluded that variation of AAO strongly 
modulates precipitation in the SESA region because it 
explains the variance fraction of precipitation not related to 
ENSO. However, correlation analysis may not be sufficient 
to figure out the combined impact considering the decadal 
variation of AAO–ENSO relationship (Fogt and Bromwich 
2006; L’Heureux and Thompson 2006; Stammerjohn et al. 

2008). Additionally, whether the impacts of AAO are the 
same among EN events or LN events is unknown.

Considering that precipitation anomalies can cause severe 
impacts on human society and economics, especially over 
the regions strongly dependent upon agriculture and hydroe-
lectricity production, such as SESA (Zamboni et al. 2010), it 
is meaningful to explore the combined impact of ENSO and 
AAO on precipitation anomalies over the SESA region and 
provide suggestions for decision-makers to make effective 
response. In this study, we use composite analysis to explore 
the teleconnection of both climate variabilities and analyze 
whether the modulation of AAO on ENSO’s impact is linear 
or nonlinear. Because the connection between ENSO and 
AAO is obvious in the seasons when the ENSO phases reach 
their mature stage, namely austral spring and summer (Fogt 
and Bromwich 2006), and AAO is most active in austral 
spring (Han et al. 2017), in this study, we explore the role of 
the combined impact of AAO and ENSO on SESA precipita-
tion in austral spring and the physical processes behind it.

2  Data and methodology

In this study, we focus on the period between 1979–2019 (all 
datasets we used cover this period), considering the quality 
of reanalysis data in the Southern hemisphere is improved 
substantially since 1979 with coverage by satellites. We use 
four monthly observational precipitation datasets and one 
reanalysis precipitation dataset to check the robustness of 
our results. The Global Precipitation Climatology Project’s 
(GPCP v2.3) precipitation dataset is the combination of sat-
ellite data and observations with a resolution of 2.5◦ (Adler 
et al. 2018). The second dataset is the CPC Merged Analysis 
of Precipitation (CMAP), with the same spatial resolution as 
GPCP (Xie and Arkin 1997). NOAA/OAR/ESRL PSL pro-
vides GPCP and CMAP from their website. The third dataset 
is the Global Precipitation Climatology Center (GPCC) full 
data monthly product (version 2020), which is the land pre-
cipitation estimate only based on station data, and this data-
set is available in the 0.5◦ resolution (Schneider et al. 2008, 
2017, 2020). The fourth observational dataset is from the 
Climate Research Unit (CRU TS v.4.06) with a spatial reso-
lution of 0.5◦ (Harris et al. 2020). We also use the reanalysis 
of monthly precipitation from the fifth-generation European 
Center for Medium Range Forecasts (ECMWF) reanalysis 
(ERA5) (Hersbach et al. 2020). Great caution needs to be 
approached when using reanalysis precipitation data because 
reanalysis products usually have large variations. However, 
compared to satellite datasets, reanalyses agree better with 
in situ observations over extra-tropical land areas, although 
tending to fall into ‘wet’ and ‘dry’ sets generally (Alexander 
et al. 2020). Outgoing Longwave Radiation (OLR) measures 
the amount of terrestrial longwave radiation released into 
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space. By extension, it can be intercepted by water vapor and 
cloud in the atmosphere. Negative (positive) OLR anomaly 
indicates enhanced (suppressed) convection. Therefore OLR 
can be used as a proxy for precipitation. We use monthly 
interpolated Outgoing Longwave Radiation (OLR) data from 
NOAA (Liebmann and Smith 1996).

We use the vertical integral of northward water vapor flux 
(IVT, positive values indicate a flux from the south direction 
to the north, negative represents the water vapor flux trans-
ported from the north) and the vertical integral of eastward 
water vapor flux (IVT, positive values indicate a flux from 
west to east and vice versa) from ERA5 monthly averaged 
data on the single level dataset, which is vertically integrated 
from the surface of the Earth to the top of the atmosphere 
(Hersbach et al. 2019). Monthly mean atmospheric datasets 
including geopotential horizontal wind, geopotential height 
in this paper come from the ERA5 monthly averaged data 
on pressure levels dataset. The monthly intrinsic pressure 
level stream function is from NOAA NCEP/NCAR Climate 
Data Assimilation System I (CDAS-1) dataset (Kalnay et al. 
1996). All anomalies in this study are calculated with regard 
to the climatological bimonthly mean based on the period 
1979–2019.

We use the monthly Southern Annular Mode (SAM) 
index defined by Marshall to represent AAO (available 
from http:// www. nerc- bas. ac. uk/ icd/ gjma/ sam. html) (Mar-
shall 2003). It is based on the differences between normal-
ized monthly zonal mean sea level pressure (MSLP) at 40 
◦ S and 65◦ S following the definition of Gong and Wang 
(Gong and Wang 1999). SAM is slightly altered because it 
uses the mean MSLP observations from six stations located 
approximately at each of the latitudes to calculate a proxy 

zonal mean (Marshall 2003). ENSO events are represented 
by the Niño 3.4 index, which is defined as the SST anoma-
lies in the Niño 3.4 region (170◦ W–120◦ W, 5 ◦ S–5◦ N) 
and is available from the Climate Prediction Center (CPC, 
https:// psl. noaa. gov/ data/ clima teind ices/ list/). Both indices 
are linearly detrended and standardized prior to analysis. 
A composite analysis is applied in this study to explore the 
combined influence of ENSO and AAO on precipitation 
anomalies over SESA. We assess the statistical significance 
of the composite anomalies by a Student’s t test.

3  Results

3.1  Climatological features of SESA

Prior to analyzing the combined impact of ENSO and AAO 
on precipitation over SESA, we first describe the climato-
logical precipitation and atmospheric circulations in SESA. 
In southeastern South America, precipitation presents large 
variability from interannual to multidecadal time scales and 
is influenced by tropical oceans (Martín-Gómez and Bar-
reiro 2016). We calculate the mean bimonthly precipitation 
over the SESA region for each of our five datasets. Figure 1a 
shows that precipitation in SESA is the strongest in austral 
spring (ND) and summer (JF). In this study, we focus on the 
austral spring (ND) precipitation because previous research 
indicated that the link between precipitation over SESA 
and ENSO is the strongest in austral spring as well as AAO 
is most active in this season (Grimm et al. 2000; Barreiro 
2010; Martín-Gómez and Barreiro 2016).

Fig. 1  a Climatological mean of bimonthly precipitation over the 
SESA region during 1979–2019 (unit: mm/day). b Climatological 
mean of precipitation (shading, unit: mm/day, using GPCC precipita-

tion dataset) and 850 hPa horizontal wind of ND season during 1979–
2019 (vectors, unit: m/s)

http://www.nerc-bas.ac.uk/icd/gjma/sam.html
https://psl.noaa.gov/data/climateindices/list/
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We use all the precipitation datasets mentioned above 
to plot the climatological mean of precipitation in the ND 
season during 1979–2019 over the SESA region and find 
no noticeable difference among all the datasets. Therefore 
we use the result from the GPCC dataset as an example in 
Fig. 1b, as the GPCC dataset is the precipitation estimate 
only based on station data and has higher spatial resolu-
tion among all the datasets we used. Figure 1b describes 
climate means of precipitation and 850 hPa horizontal wind 
in the months ND. An easterly flow at low latitude from the 
tropical ocean turns south after getting close to the Andes, 
transporting heat and moisture to subtropics. Generally, 
the strengthening of the low-level northerly flow along 
the eastern side of the Andes indicates the South America 
low-level jet (SALLJ) events. The SALLJ determines the 
spatio-temporal variability of precipitation in SESA because 
it transports a large amount of moisture from the Amazon 
basin to this region. Previous research concludes that the 
frequency of SALLJ is significantly modulated by ENSO, 
especially during austral spring (Montini et al. 2019). To the 
south of 40◦ S, mean conditions are dominated by a westerly 
low-level flow, which persists throughout the year and is 
accompanied by typical mid-latitude perturbations. In sum-
mary, low-level northerly and moisture from the north of 
South America and the Amazon are crucial for precipitation 
in SESA. In this study, we explore the impact of AAO and 
ENSO on austral spring precipitation over SESA and ana-
lyze the circulation anomalies (low-level horizontal wind, 
geopotential height, and 200 hPa streamfunction) and water 
vapor transport related to AAO and ENSO. Additionally, 
we discuss the frequency variation of SALLJ events among 
different groups in the discussion section.

3.2  Extreme ENSO and AAO cases

Previous research indicates that AAO is on average anti-
correlated with ENSO, especially at interannual time scale 
during late austral spring and austral summer (L’Heureux 
and Thompson 2006; Clem and Fogt 2013; Vera and Osman 
2018) and more significantly in recent decades (Vera and 
Osman 2018). There is a preference for the occurrence of 
AAO negative phase during El Niño events and AAO posi-
tive phase during La Niña events (Clem and Fogt 2013), 
in which cases ENSO teleconnection reinforces due to the 
increase of transient momentum flux in the South Pacific 
(Fogt et al. 2011). However, there also exist outliers, when 
El Niño is associated with unusual AAO positive phase, 
for example, the El Niño year 2015/16 (Fogt and Brom-
wich 2006; Vera et al. 2018) when AAO and ENSO are 
out-of-phase.

The scatter diagram of the ENSO-AAO-index distribu-
tion is presented in Fig. 2 based on the detrended and stand-
ardized indices of the ND seasonal mean of both indices. 

To ensure the sample size for composite analysis, we select 
± 0.3 standard deviations as the threshold to define posi-
tive/negative phases of AAO. For ENSO events, we use the 
value ± 0.5 to separate El Niño and La Niña events. The 
events which are outside of the thresholds can be divided 
into two groups, namely “in-phase” events (both indices 
are beyond the threshold and of opposite sign, including El 
Niño/AAO− and La Nina/AAO+) and “out-of-phase events” 
(both indices are over threshold and of the same sign, includ-
ing El Niño/AAO+ and La Niña/AAO−). Although in each 
of the four sub-groups, there exist several events, we could 
see clearly that the in-phase events occur more often than 
out-of-phase events, indicating the fact that El Niño events 
preferentially come with AAO− and La Niña events occur 
preferentially with AAO+, which are mentioned by pre-
vious studies (Fogt and Bromwich 2006; L’Heureux and 
Thompson 2006; Gong et al. 2010; Clem and Fogt 2013). 
In this study, we define ENSO neutral phases combined with 
positive/negative AAO phase as well, i.e., ENSO neutral/
AAO+ and ENSO neutral/AAO−, which will be used to 
study AAO’s impact without ENSO’s influence.

Based on the above classification, we obtained six groups 
in total, which are from the ENSO phases in 1979–2019, 
combined with different AAO phases shown in Table 1.

3.3  Austral spring precipitation anomalies in SESA

Precipitation over SESA is significantly positively corre-
lated with ENSO during austral spring (Montecinos et al. 
2000), the season during which the most robust relationship 
between ENSO and SESA precipitation is found (Barreiro 

Fig. 2  Scatter diagram between SAM index and Niño 3.4 index for 
ND (red dashed lines indicate thresholds for separating La Niña, 
ENSO neutral and El Niño events; Grey dashed lines are the thresh-
olds for defining positive and negative AAO phases; Different colors 
of the dots represent differing classifications consistent with Table 1; 
Black dots represent years in AAO neutral phase, which are out of 
our interest)
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2010). It is thought that the teleconnection of ENSO is 
essentially linear, indicating that El Niño and La Niña tend 
to generate opposite precipitation anomalies, where precipi-
tation tends to be higher during El Niño events while having 
the opposite effect during La Niña years (Ropelewski and 

Halpert 1987; Rao and Hada 1990). This is supposed to be 
the basis for the predictability of precipitation in this region 
(Grimm et al. 2000; Zamboni et al. 2010). Additionally, it 
is noticed that precipitation anomalies among different EN 
(LN) events are sometimes greater than the mean difference 

Table 1  Classification of 
springs based on the phases 
of ENSO and AAO during 
1979–2019

Case AAO+ AAO−

El Niño 1986, 1987, 2014, 2015, 2018 1982, 1991, 1994, 1997, 2004
La Niña 1983, 1988, 1995, 1998, 1999, 2007,2008, 

2010, 2011, 2017
1984, 2000, 2005, 2016

ENSO neutral 1981, 1985, 1992, 1993, 2001, 2013 1979, 1980, 1996, 2003, 2012, 2019

Fig. 3  Differences of precipitation composites (unit: mm/day) in ND 
based on different groups in Fig. 2; The dotted regions indicate statis-
tical significance at the 95% confidence level estimated by two-tailed 

Student’s t test (from top to bottom: using monthly precipitation data-
set GPCP, CMAP, GPCC, CRU, ERA5)
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between different phases of ENSO (Barros and Silvestri 
2002).

In order to explore whether AAO has similar impacts on 
EN and LN events on austral spring precipitation anomalies 
over SESA, we apply a composite analysis with a signifi-
cance test at 95% level, based on different groups identified 
in Fig. 2. We use and compare all five precipitation datasets 
for the analysis of the ND-precipitation composite anoma-
lies and obtain the Fig. 3. It illustrates the following results, 
which are confirmed by each of the datasets: (1) AAO has 
an impact on austral spring precipitation over this region, 
with more precipitation during AAO negative phases and 
vice versa, indicated by the difference in precipitation com-
posites between ENSO neutral years combined with AAO 
negative and positive phases. This confirms the conclusion 
obtained by Silvestri and Vera that there exists a negative 
correlation between AAO and precipitation over Paraguay 
and adjacent regions in ND season (less precipitation during 
AAO positive phase) (Silvestri and Vera 2003). There is a 
dipole pattern of precipitation between the SESA area and 
the SACZ region due to the influence of the Pacific-South 
America (PSA) patterns and AAO, which is also found in 
previous research (Mo and Paegle 2001; Vasconcellos and 
Cavalcanti 2010). (2) AAO shows its apparent modulation 
on La Niña’s impact on precipitation over SESA, especially 
in Paraguay, southeastern Brazil, northwestern Uruguay, 
and northeastern Argentina, indicating that when La Niña 
events occur combined with AAO negative phase, it causes 
less dry conditions compared with La Niña events during 
AAO positive phases (illustrated by the difference between 
two groups Niña/AAO− and Niña/AAO+, the middle col-
umn in Fig. 3). It means that not all La Niña events cause 
very dry conditions in the SESA region, while there exists 
a significant difference between La Niña events combined 
with different phases of AAO. (3) AAO does not show very 
significant modulation on El Niño’s impact on austral spring 
precipitation over this region (represented in the precipita-
tion difference between Niño/AAO− and Niño/AAO+, the 
left column in Fig. 3). Previous research from Silvestri and 
Vera explores the effect of ENSO and AAO on austral spring 
precipitation over SESA, using correlation analysis, with the 
conclusion that regions including northeastern Argentina, 
eastern Paraguay, and southern Brazil are influenced by the 
combined impact, while other parts of Argentina and Uru-
guay are influenced by ENSO with more independence of 
AAO variations (Silvestri and Vera 2003). However, their 
research does not distinguish the difference between AAO 
phases combined with El Niño and La Niña events. Our 
more detailed analysis shows that there exists this nonlin-
ear response of ENSO events to AAO events, with different 
impacts of AAO on El Niño and La Niña events.

3.4  Water vapor transport

Identifying moisture variation is crucial to understand the 
variability of precipitation. Section 3.3 shows that austral 
spring precipitation in the SESA region is related to the 
combined effect of ENSO and AAO. These large-scale phe-
nomena are responsible for atmospheric circulation system 
anomalies, which in turn influence the convective activity 
and moisture supply (Satyamurty et al. 2013). To explore 
moisture variation, we first calculate the moisture flux into 
the SESA region and the convergence of moisture over this 
area. The vertically integrated flux of water vapor is defined 
as follows:

where q indicates specific humidity, ��⃗V  is the wind vector, p 
is pressure ( Ps and Pt are the atmospheric pressures at the 
ground surface and top of the troposphere, respectively), and 
g is the acceleration caused by gravity. We use the monthly 
vertically integrated northward (meridional) water vapor 
flux (IVT) and vertically integrated eastward (zonal) water 
vapor flux (IVT) from the ERA5 dataset to calculate the 
amount of water vapor transported into the SESA region at 
the meridional and zonal direction. ERA5 defines these two 
parameters the horizontal rate of flux of water vapour, in the 
meridional and zonal direction, for a column of air extending 
from the surface of the Earth to the top of the atmosphere per 
meter across the flow. The mean convergence of the water 
vapor flux over the SESA region can be calculated by box 
model calculation (Satyamurty et al. 2013). We define the 
SESA region as a rectangle area (45◦–65◦ W, 20◦–40◦ S, in 
Fig. 1b). We calculate the convergence in meridional direc-
tion and zonal direction separately following:

where Trzonal and Trmeridional are the moisture transported 
across the boundaries into the SESA rectangular region. 
We take four boundaries of the SESA area, i.e., the western 
boundary (20◦–40◦ S, 65◦ W) and eastern boundary (20◦

–40◦ S ,45◦ W) to calculate zonal transport of moisture 
into the SESA region; we take the northern boundary (45◦

–65◦ W, 20◦ S) and southern boundary (45◦–65◦ W, 40◦ S) 
to calculate meridional moisture transport. The sum of 
transport in both directions is this region’s total (net) verti-
cally integrated water vapor flux convergence. We calculate 
these parameters in each group divided in Fig. 2. Figure 4 

(1)��⃗Q = g−1 ∫
Ps

Pt

(q��⃗V)dp

(2)Trzonal = ∫
x

0

��⃗Qdx

(3)Trmeridional = ∫
y

0

��⃗Qdy
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illustrates that water vapor transport in the meridional direc-
tion contributes the largest amount of moisture convergence 
in the SESA area in all groups. The average of meridional 
moisture transport in the La Niña/AAO− group is more 
extensive than La Niña/AAO+ group (see in Fig. 4). We 
calculate the cross-correlation coefficient between moisture 
transport in both directions and precipitation in the SESA 
area during austral spring. The cross-correlation coefficient 
between moisture zonal transport and precipitation is 0.14, 
while the correlation coefficient between moisture meridi-
onal transport and precipitation is 0.79. Virji found that a 
northerly/northwesterly low-level jet (LLJ) east of the Andes 
is an important mechanism providing moisture to higher lati-
tudes by using satellite data (Virji 1981). Salio et al. (2002) 
concluded that the moisture transported by the LLJ east of 
the Andes can influence the convective activity over north-
ern Argentina and southern Brazil. From our analysis, we 
also confirm that water vapor transport in the meridional 
direction contributes most of the moisture transport in this 
region.

We use the monthly vertical integrated northward water 
vapor flux (IVT) from the ERA5 dataset to calculate the cli-
matology (in supplementary material, Fig. S1) and anoma-
lies of regional mean IVT in the meridional direction in 
austral spring. The climatology is negative, illustrating that 
the moisture is transported from the north at its climatol-
ogy field. Therefore for anomalies, negative values indicate 
stronger northerly moisture transport, while positive values 
represent weaker northerly transport. We calculate the cross-
correlation coefficient between the regional mean of pre-
cipitation anomalies and regional mean of meridional IVT 
anomalies in ND, and we find a high negative correlation 
between them (in Fig. 5), indicating that there is more pre-
cipitation in the SESA region when southward water vapor 

transport is stronger. We select all El Niño years and La Niña 
years when AAO is at its extreme phases based on Fig. 2. In 
El Niño (La Niña) years, we calculate the cross-correlation 
between two climate variability indices (i.e., Niño 3.4 index 
and SAM index) and meridional IVT anomalies separately. 
Interestingly, we find that when El Niño occurs, compared 
to AAO, El Niño plays a more important role in water vapor 
meridional transport to the SESA region (with higher cor-
relation − 0.57 between Niño 3.4 and IVT, no correlation 
between AAO and IVT), while during La Niña years, it is 
the AAO playing a more crucial role in water vapor meridi-
onal transport (with correlation coefficient 0.46 between 
AAO and IVT), while there is no correlation between Niño 
3.4 index and IVT anomalies (with a correlation coefficient 
of − 0.02 between them). This does not mean that during 
La Niña years, meridional IVT transport is independent 
of ENSO, but indicates that AAO plays a modulation role 
among La Niña events, which outperforms the difference 
among La Niña events.

The composite means of vertical integrated northward 
water vapor flux anomalies and 850 hPa horizontal wind 
anomalies within different groups are presented in Fig. 6. 
From Fig. 6, we see a clear stronger southward moisture 
flux transport during El Niño years, while this southward 
moisture flux transport as well as the northerly wind are 
much weaker in La Niña years, which confirms the previous 
conclusion that ENSO has linear teleconnection to the pre-
cipitation anomalies in SESA. To further explore the impact 
of AAO, we calculate the difference of composite means in 
Fig. 6 between different phases of AAO under each ENSO 
phase. From the results in Fig. 7, we see a pronounced differ-
ence between La Niña years combined with different phases 
of AAO. There is a stronger water vapor flux transported 
from the north into our study region as well as northerly 
wind anomalies in La Niña combined with AAO negative 
phase years (the climatology mean of water vapor flux is 

Fig. 4  Moisture transport across the zonal boundary and meridional 
boundary of the SESA rectangular area (unit: kg  s−1 , calculated by 
the box model; positive numbers are moisture transported into the 
region and negative values are moisture transported out of the region)

Fig. 5  Normalized time series of precipitation and vertical integral 
of northward water vapor flux (IVT) in the SESA region during ND 
from 1979–2019 (Extreme high precipitation and IVT in the same 
year are marked by stars)
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southward, and the low-level wind is northerly wind during 
La Niña years, in supplementary material, Fig. S1), com-
pared with La Niña combined with AAO positive phase.

3.5  Atmospheric conditions associated with ENSO 
and AAO

It is known that precipitation anomalies over SESA during 
ENSO events are associated with atmospheric circulation 
anomalies (Grimm et al. 2000). According to the results 
of the previous sections, it is necessary to explore how 

Fig. 6  Composite of vertical integral of northward water vapor flux anomalies (negative values indicate a flux from north to south, unit: 
kg m−1 s−1 ) and 850 hPa horizontal wind anomalies (vectors, unit: m/s) in different groups

Fig. 7  Difference in composite of northward water vapor flux (negative values indicate a flux from north to south, unit: kg m−1 s−1 ) and 850 hPa 
horizontal wind (vectors, unit: m/s; only significant results at 90% confidence level according to student’s t test are plotted here)
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the atmospheric circulation anomalies are associated with 
ENSO and AAO signals. This section analyzes the atmos-
pheric characteristics related to different phases of ENSO 
and AAO. From Fig. 8, we can see the Southern Hemisphere 
subtropical anticyclonic high-pressure systems (also known 

as Subtropical Anticyclones (SA) or Subtropical highs) in 
the South Atlantic and South Pacific (refers to the South 
Atlantic subtropical anticyclone (SASA) and the South 
Pacific subtropical anticyclone (SPSA) respectively), which 
connect tropical eateries with midlatitude westerlies (Li 

Fig. 8  Climatology of geopotential height (shaded, unit: m) and horizontal wind (unit: m/s) at 700 hPa (left) and 850 hPa (right)

Fig. 9  Composite of geopotential height anomalies (unit: m) and horizontal wind anomalies (unit: m/s) at 700 hPa in different groups
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et al. 2013). It is the essential part of the large-scale atmos-
pheric circulation which plays a crucial role in regional 
precipitation by influencing moisture transport over South 
America (Doyle and Barros 2002; Fahad et al. 2020). Fig-
ure 9 shows that during El Niño years, the SASA strengthens 
and the northwesterly wind becomes stronger, which is the 
favoring condition for meridional water vapor transport from 
northern South America. Previous research concludes that 
the northeast winds of the South Atlantic subtropical anticy-
clone (SASA) and the northerly wind of SALLJ provide the 
convection of moisture from the tropical regions to subtrop-
ics and our results are consistent with this conclusion. The 
Variability of AAO is featured by zonally symmetric pat-
terns of opposite geopotential height anomalies between the 
pole and the zonal region surrounding latitude 45◦ S (Gong 
and Wang 1999). It reflects the intensity variation of the 

mid-latitude westerly in the Southern Hemisphere (Qin et al. 
2005), which causes a permanent influence of extra-tropical 
disturbances (Quintana and Aceituno 2012). During the pos-
itive phase of AAO, the sea level pressure and geopotential 
height are anomalously high around the mid-latitude, and the 
migratory low-pressure systems move southward compared 
to the climatology positions. During the negative phase of 
the AAO, it favors the lower geopotential height at the mid-
latitudes, which is favorable for an intensification of wester-
lies as well as northward movements of the strongest meridi-
onal gradient in sea level pressure and geopotential height. 
From Fig. 9, AAO’s influence on the subtropical region can 
be seen in each group, especially in La Niña groups, favor-
ing the northerly wind during AAO negative phase. This is 
consistent with what we mentioned above.

Fig. 10  Composite of stream function at 200 hPa (blue contours, unit: m2/s) and outgoing longwave radiation (OLR, shading, unit: W/m2)
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Upper-level circulation is also crucial as it provides a 
dynamic lift for moisture to ascend and generate convec-
tion. We look at the upper-level circulation by conducting a 
composite analysis for 200 hPa streamfunction anomalies. 
From Fig. 10, we see that during El Niño years, there is an 
upper-level trough over subtropical South America which 
indicates the advection of cyclonic vorticity inducing an 
anomalous increase of precipitation over that region. It is 
the opposite case during La Niña years, especially for the La 
Niña/AAO+ case. An upper-level ridge is going against con-
vective development and inducing descent over the SESA 
region. In Fig. 1, we see that at the low level, the intense 
trade winds entering northern South America turn south-
ward east of the Andes during all seasons, forming the South 
America low-level jet (SALLJ) (Zamboni et al. 2010). This 
meridional flow throughout the year is closely correlated 
with precipitation east of the Andes at subseasonal and sea-
sonal scales in a way where more (less) rainfall is related to 
strengthened (weakened) northerly flow (Barros et al. 2002). 
In other words, the intensity and direction of the SALLJ will 
decide where and how much it will rain. Precipitation dur-
ing different seasons is associated with various phenomena, 
while the SALLJ is a common factor in providing moisture 
to this region. The SALLJ depends on several phenomena, 
such as the Amazon convection, the Chaco low, and the 
regional circulation anomalies induced by ENSO telecon-
nections. Given that the structure we mentioned in Fig. 10 
is barotropic, the anticyclone (cyclone) located to the east 
of Uruguay helps in strengthening (weakening) the SALLJ 
during El Niño (La Niña) events. Additionally, in Fig. 10, 
the OLR anomaly in El Niño groups is negative, illustrating 
wetter conditions in El Niño groups and vice versa. These 
patterns are consistent with the results we observe above in 
terms of precipitation and water vapor flux.

4  Discussion

We also study the impact of eastern pacific (EP) La Niña and 
central pacific (CP) La Niña events on austral spring precipi-
tation over SESA. We separate different types of La Niña 
based on the spatial distribution patterns of SST anomalies 
following the standard raised by Zhang et al. (2015). The 
EP (CP) La Niña is identified as exhibiting a larger SST 
anomaly in the east (west) of 150◦ W during the developing 
and mature phase of La Niña. The longitude of 150◦ W is the 
boundary of Niño 3 (5◦ S–5◦ N, 150–90◦ W) and Niño 4 (5◦

S–5◦ N, 160◦E–150◦ W) regions. Compared with the results 
we obtained above, the difference in impacts of different 
types of La Niña on precipitation over the SESA region is 
much weaker compared to the difference in effects of La 
Niña combined with varying phases of AAO (results are 
in the supplementary material, Fig. S2). Therefore, AAO 

can be used as a potential predictor for ENSO’s impact on 
precipitation over this region.

From Section. 3.5, we could conclude that atmospheric 
patterns associated with different phases of ENSO and AAO 
can influence the strength of SALLJ, consequently influ-
encing the moisture transported into the SESA region and 
the precipitation over this area. We also check if AAO and 
ENSO have an impact on the frequency of SALLJ events. 
Following the method defined by Montini et al. (2019), we 
select all the SALLJ days in ND during 1979–2019. Montini 
et al. conclude that the ERA-Interim 6-hourly dataset outper-
forms other reanalysis datasets they chose. Therefore we use 
ERA5 6-hourly zonal and meridional winds at 850 hPa and 
700 hPa to detect SALLJ days. SALLJ events are detected 
based on two locations along the mainstream of the jet, 
i.e., Santa Cruz de la Sierra, Bolivia (17.8◦ S, 63.2◦ W) 
and Mariscal Estigarribia, Paraguay (22◦ S, 60.6◦ W). We 
follow the criteria defined in that paper: (1) wind speed at 
850 hPa exceeding the 75th seasonal percentile, (2) vertical 
wind shear between 850 hPa and 700 hPa exceeding the 75th 
seasonal percentile, (3) wind direction is between NW and 
NE, i.e. meridional component should be larger than the 
zonal component and meridional wind from the north. We 
also analyze the influence of ENSO and AAO on SALLJ 
event frequencies, which is similar to the above settings. 
We average the SALLJ days each year in every category 
in Table 1, while we did not see an obvious difference in 
SALLJ frequencies among different groups. However, the 
frequency of SALLJ days in El Niño groups and ENSO neu-
tral groups are a bit larger than that in La Niña groups (see 
in Supplementary material Table I).

5  Conclusion

In this paper, we use composite analysis to explore the com-
bined impact of ENSO and AAO on austral spring precipita-
tion over the SESA region. We conclude that AAO modu-
lates ENSO’s teleconnection of austral spring precipitation 
in this region quite considerably but also nonlinearly: AAO 
strongly modulates La Niña’s impact, with opposite effects 
on precipitation of AAO negative and positive phases. How-
ever, we did not observe this difference for El Niño events 
indicating that AAO only has a weak impact on SESA dur-
ing El Niño years. Previous studies indicate that AAO and 
ENSO have teleconnections to austral spring rainfall over the 
SESA area, while they only conclude the linear relationship. 
Our study explores this in a more detailed way to make this 
topic more complementary.

These observations find their counterparts in our dynami-
cal analysis. For moisture transport, we found that meridi-
onal integrated water vapor flux (IVT) contributes most of 
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the moisture into the SESA region and is highly correlated 
with the regional precipitation anomalies, confirming that 
SALLJ plays an essential role in the amount of precipitation 
in this region. We find that during El Niño years, El Niño 
plays a vital role in influencing austral spring precipitation 
over the SESA region, while in La Niña years, AAO out-
performs ENSO by its impact on rainfall. For atmospheric 
circulation, we analyze both low-level and high-level pres-
sure systems, confirming that both, low-level jet transporting 
moisture and upper-level circulation providing the dynami-
cal lift for moisture, are influenced by ENSO and AAO, 
leading to different impacts on precipitation over the SESA 
region. In this paper, we explore the precipitation anomalies 
within a different combination of AAO and ENSO groups 
and explain the potential dynamical reason for the precipi-
tation patterns we observe. The mechanisms of how AAO 
leads to the difference in circulation systems are beyond this 
paper’s scope and need further work in the future.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00382- 022- 06592-8.
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