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Abstract 1 

This study provides an overview of the future projected changes in the probability 2 

density function (PDF) and variability of the equatorial Pacific sea surface temperature 3 

in the El Niño 3.4 region (SST3.4). Moreoverwe analyzed how these changes affect the 4 

relationship with the extreme temperature events in southern South America under 5 

global warming. We used two different emission scenarios for climate change 6 

simulations in the Coupled Model Intercomparison Project Phase 5 (CMIP5), RCP4.5 7 

and 8.5, and for two future periods: 2031-2060 and 2071-2100. The Kolmogorov-8 

Smirnov test was applied to compare the PDFs of SST3.4 among the historical and 9 

futures periods. We found that PDFs of SST3.4 for both future periods significantly 10 

differ from the PDFs in the historical period for both scenarios. Changes in SST3.4 11 

under greenhouse warming will alter the intensity and position of the teleconnection 12 

patterns. In particular, we observed that the mean difference of sea level pressure 13 

anomalies between El Niño and La Niña would weaken in the future. This result could 14 

explain that, in general, no significant correlations and quantileregression slopes at the 15 

90th percentilebetween SST3.4 and extreme temperature indices in southern South 16 

America were projected for both the near and far future. The projections of the 17 

models with the best performance in the historical period did not provide much clarity 18 

because they display some differences between them but showed us that the 19 

individual models simulate changes in the relationships between SST3.4 and extremes 20 

temperature according to the period and the scenario. 21 

 22 
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1. Introduction 5 

El Niño-Southern Oscillation (ENSO) is the most predominant mode of interannual 6 

climate variability in the tropical Pacific as well as in remote regions around the world 7 

(Yeh et al. 2018). ENSO manifests itself through anomalous sea surface temperatures 8 

(SST) in the equatorial Pacific that trigger Rossby wave trains from the tropics to higher 9 

latitudes (Karoly 1989). These wave trains traveling across the atmosphere are known 10 

as teleconnections. ENSOinfluences precipitation and surface air temperature over 11 

many parts of the globe through atmospheric teleconnections(Ropelewski&Halpert 12 

1987,Halpert&Ropelewski 1992). 13 

ENSO can affect the intensity and occurrence of extreme events such as heatwaves, 14 

droughts, and floods (King et al. 2016). In the first part of this work (Collazo et al. 15 

2021), we analyzed ENSO association with four extreme temperature climate indices in 16 

southern South America. We showed that warm SST in the El Niño3.4 region is 17 

associated with a higher occurrence of warm extremes of minimum temperature in 18 

northern and central Argentina and Chile, southern Brazil, and Uruguay during the 19 

winter and spring. 20 

ENSO variability and teleconnections are embedded in climate change, and their 21 

response will be largely dependent on two factors: changes in the mean state both in 22 



 

the tropical Pacific and elsewhere around the globe, and changes in ENSO properties 1 

such as its spatial pattern and amplitude (Yeh et al. 2018). 2 

Global Climate Models (GCMs) are a necessary tool to simulate the future climate. 3 

Coupled Model Intercomparison Project Phase 5 (CMIP5) provides coordinated 4 

simulations of the state-of-the-art of climate system and utilizes a set of emission 5 

scenarios based on Representative Concentration Pathways (RCPs) for future 6 

projections (Taylor et al. 2012). RCPs are prescribed pathways for greenhouse gases 7 

and aerosol concentrations, together with land-use change (van Vuuren et al. 2011). 8 

The pathways are characterized by the radiative forcing produced by the end of the 9 

21st century, i.e., the extra heat that the lower atmosphere will retain as a result of 10 

additional greenhouse gases. 11 

The diversity and complexity of ENSO remain to be a challenge for the climate 12 

modelers (Capotondi et al. 2015).GCMsproject large changes in the tropical Pacific 13 

mean state in response to global warming;however, the changes in ENSO amplitude 14 

are highly model dependent (Yeh & Kirtman 2007, Collins et al. 2010,Bellenger et al. 15 

2014).Nevertheless, there is modeling evidence that ENSO activity will increase in 16 

association with an increment vertical oceanic stratification due to global warming (Cai 17 

et al.2015,Wang et al. 2019,Carréric et al. 2020).  18 

Regardless of uncertainties on ENSOprojections, climate models suggest that ENSO 19 

teleconnections will change due to differences in the mean atmospheric circulation as 20 

a result of anthropogenic forcing in the 21st century (Yeh et al. 2018). The 21 

climatological mean state of the extratropical atmosphere influences the propagation 22 

of tropically forced Rossby waves and their teleconnections (Branstator 1984, 23 



 

Trenberth et al. 1998 and reference therein). Meehl et al. (1993, 2006) identify a 1 

weaker ENSO teleconnection in the mid-latitudes resulting from changes in the mid-2 

latitude mean state in the future climate. However, future changes in ENSO amplitude 3 

(Guilyardi et al. 2012, Kim & Yu 2012, Stevenson et al. 2012) and its teleconnections 4 

(Sterl et al. 2007) are strongly dependent on the model used, since the signal is usually 5 

small compared to the natural variability (Stevenson 2012). Therefore, there are many 6 

uncertainties about ENSO future projections in terms of changes in amplitude, 7 

variability, and pattern (Collins et al. 2010). Despite the lack of agreement of the 8 

climate models, there is a consistently projected strengthening of the atmospheric 9 

response to ENSO across the equatorial Pacific (Power et al. 2013, Cai et al. 2014, Perry 10 

et al. 2017). Furthermore, chapter 14 of the Fifth Assessment of Intergovernmental 11 

Panel on Climate Change (Christensen et al. 2013) concluded that there was high 12 

confidence that ENSO will remain the dominant mode of interannual variability with 13 

global influences in the 21st century (Collins et al. 2010, Guilyardi et al. 2012, Kim & Yu 14 

2012, Stevenson 2012). 15 

The projections also indicate changes in extreme temperature indices congruent with 16 

warmer conditionsof both cold and warm extremes, i.e., a constant and significant 17 

decrease in cold nights (TN10p) and cold days (TX10p), and an overall significant 18 

increase in warm nights and days (TN90p and TX90p, respectively) from the end of the 19 

20th century to the 21st century in all the Representative Concentration Paths (RCP) 20 

scenarios (Seneviratne et al. 2012). However, the smallest change in the minimum 21 

temperature percentile indices (TN10p and TN90p) is predicted for southern South 22 

America (Sillmann et al. 2013b). For both the summer and winter minimum and 23 

maximum temperatures, the highest percentiles will increase significantly more than 24 



 

the lowest in almost all the globe, although this asymmetric is most pronounced in the 1 

northern hemisphere (Kodra&Ganguly 2014).The future projections by an ensemble of 2 

regional climate models in South America show that, during the austral summer, 3 

theincrease in the frequency of warm nights is larger than that projected for warm days 4 

(López-Franca et al. 2016). The authors suggest that thisbehavior in La Plata Basin is 5 

consistent with the cooling effect of cloud cover affecting maximum temperature, while 6 

minimum temperature is affected bynighttime greenhouse warming. 7 

In order to understand the causes of the extreme events changes, it is necessary to 8 

analyze how their main forcings could evolve under climate change conditions. Up 9 

today, there has been limited research investigating future changes in extreme 10 

temperatures in South America due to changes in ENSO teleconnections. There is still a 11 

debate in the scientific community about the future projections of ENSO 12 

teleconnections and the role of regional air-sea coupled processes outside the tropics 13 

in modulating these ENSO atmospheric teleconnections (Yeh et al. 2018).These 14 

uncertainties are due to the fact climate models simulate equatorial cold tongues 15 

extending too far westward, which in turn produces biased ENSO precipitation 16 

teleconnections (Cai et al. 2009). In addition, biases in other oceanic basins can 17 

influence the representation of ENSO strength and timing of atmospheric 18 

teleconnections (Taschetto et al. 2020). The complexity and diversity of the 19 

teleconnections are because it depends on multiple nonlinear factors (Capotondi et al. 20 

2015). 21 

The goal of this study is to evaluate the changes projected by two RCPs scenarios, 22 

RCP4.5 and RCP8.5, in the variability and distributions of the sea surface temperature 23 



 

(SST) in the equatorial Pacific as well as changes in the ENSO teleconnection with 1 

extreme temperature events in southern South America in the near (2031-2060) and 2 

far (2071-2100) future. In order to assess the teleconnections, we estimated the 3 

correlations and quantile regressions between SST and four extreme temperature 4 

indices globally used. 5 

 6 

2. Data and methodology 7 

In order to study changes in the variability and distribution of the sea surface 8 

temperature in the equatorial Pacific, we used CMIP5 modeled SST data in El Niño 3.4 9 

region (SST3.4, 5°N – 5°S, 170-120°W) in the historical period (1976-2005), near future 10 

(2031-2060), and far future (2071-2100), obtained from KNMI Climate Explorer 11 

(https://climexp.knmi.nl/start.cgi, access 12/08/2020). As a reference to the historical 12 

period, we additionally included the observed SST in the El Niño 3.4 region (SST3.4) of 13 

the Hadley Centre Global Sea Ice and Sea Surface Temperature (HadISST) version 1.1 14 

(Rayner et al. 2003). 15 

To represent the ENSO teleconnection in the past and the future, we employed sea-16 

level pressure (SLP) anomalies in the southern hemisphere for the same GCMs in 17 

Collazo et al. (2021)(Table S1). The anomalies were estimated for the climatological 18 

period 1981-2010. The projected induced changes in extreme temperature events in 19 

southern South America (20 –60°S, 75 – 50°W) by the ENSO were explored considering 20 

four climate indices used internationally (Table 1), defined by Expert Team on Climate 21 

Change Detection and Indices (ETCCDI). These extremes were simulated by CMIP5 22 

models in both near and far future periods. These indices are based on a percentile 23 



 

threshold, i.e., they describe the exceedance rates above or below a threshold defined 1 

as the 10th or 90th percentile derived from the 1961–1990 base period. This data is 2 

available on the webpagehttp://climate-3 

modelling.canada.ca/climatemodeldata/climdex/climdex.shtml (Access 12/08/2020). 4 

The RCP4.5 and RCP8.5 climate scenarios were considered to represent moderate and 5 

extreme global warming, respectively. The RCP scenarios do not produce discernibly 6 

different climate change until mid-century, while long-term climate change by the end 7 

of the century is appreciably different across the RCPs (IPCC 2014). This difference 8 

motivated the use of two future periods.We used extreme temperature indices from 9 

the same CMIP5 GCMs and for the experiment r1i1p1 as the first part of this work, 10 

except for GFDL-CM3, HadGEM2-ES, and IPSL-CM5A-MR for scenario RCP4.5 because 11 

these data were unavailable. The experiment identifier indicates which member of an 12 

ensemble of parent experiment runs this simulation branched from.  13 

We regridded the extreme temperature indices from all GCMs to a common grid of 14 

2.5°x2.5° in southern South America to compare the different models, as Collazo et al. 15 

(2021). We applied a first-order conservative remapping procedure (Jones 1999), 16 

following Sillmann et al. (2013a). Then, the extreme temperature indices were 17 

seasonally averaged: summer (DJF), autumn (MAM), winter (JJA), and spring (SON). In 18 

addition, we used the spatially averaged SST in El Niño 3.4 region for each GCM and 19 

the ensemble. 20 

 21 

2.1 Methodology 22 

2.1.1 Changes in the SST3.4 probability distributions 23 



 

ENSO is one of the main climate drivers, and its changes could affect the global 1 

atmospheric circulation.Observed SST3.4 variability has a dominant frequency in the 2 

power spectrum of ~3-8 years, associated with ENSO, which is invariant to different 3 

record lengths in the historical period (Deser et al. 2006). Therefore, we decided to 4 

explore SST3.4 changes in probability density function (PDF) and variability between 5 

the 30 years windows in the historical (1976-2005) and near (2031-2060) and far 6 

future (2071-2100) by applying the Kolmogorov-Smirnov test (KS-test, Smirnov 7 

1939).The null hypothesis of this non-parametric test states that there is no difference 8 

between the empirical cumulative distribution functions of two samples, and it is 9 

sensitive to differences in both location and shape of the empirical cumulative 10 

distribution functions of the two samples. We tested with 5% of a significant level.The 11 

discrimination between the near future and the far future seeks to analyze in detail the 12 

projected changes under different CO2 concentrations. 13 

In particular, we were interested in determining whether the differences found with 14 

KS-test were due to changes in the variances of the SST3.4. For this goal, we used the 15 

non-parametric Fligner-Killeen to test if the variances in each of the historical and near 16 

and far samples are the same (Fligner& Killeen 1976). This test is robust against 17 

departures from normality (Conover et al. 1981). 18 

 19 

2.1.2 ENSO teleconnections in the future 20 

In order to study the link between the ENSO and extreme temperature events in 21 

southern South America in the near and far future, we calculated the Spearman 22 

correlation (Spearman 1904) and the quantile regression for the 90th percentile 23 



 

(Koenker 2005) between SST3.4 and extreme temperature indices for the four seasons, 1 

as Collazo et al. (2021). The statistical significance of the correlations and regressions 2 

was evaluated at a 5% significant level. Before these estimations, the linear trends of 3 

the extreme temperature indices and the spatial average of the SST in the central 4 

equatorial Pacific were filtered in each future period separately.  5 

Spearman correlation coefficient allows us to measure the non-linear association 6 

between two continuous random variables that do not follow a normal distribution. 7 

On the other hand, quantile regression explores different aspects of the relationship 8 

between adependent variable and independent variables, for example, the impact of 9 

one variable on the tails of the distribution of another by considering the lowest or the 10 

highest percentiles. More details can be found in Collazo et al. (2021). 11 

Special attention was paid to the projections made by the GCMs that demonstrated a 12 

good performance in representing the ENSO teleconnections in the historical period, 13 

according to Taylor diagrams (Taylor 2001), Cohen’s kappa coefficient (Cohen 1960), 14 

and mapcurves values (Hargrove et al. 2006). The metrics are complementary, so we 15 

considered that the GCMs have a good performance if the Taylor diagram showed a 16 

correlation above 0.5 and the absolute difference between the modeled and observed 17 

standard deviation is less than half the observed standard deviation (and one standard 18 

deviation in the case of quantile regression). Furthermore, the GCMs must present a 19 

moderate strength of agreement or above (>0.41) according to Cohen’s kappa 20 

coefficient and a mapcurve value above 0.6 when we compared against observations 21 

(Collazo et al. 2021). 22 



 

We also analyzed the changes in the SLP anomalies pattern between an extended 1 

historical period (1936-2005) and the future period (2031-2100) under El Niño and La 2 

Niña conditions. We decided to use this extended period in order to obtain more 3 

robust SLP composites patterns. The SST3.4 index (after being detrended) was 4 

standardized, and a threshold of +/-0.5 was considered to define opposite ENSO 5 

phases. Later, we estimated the differences of the SLP anomalies among the two 6 

periods. The stippling in the figures indicates that the difference is significant at 1% 7 

according to a t-test for the difference of two means. 8 

Finally, with global warming in association withanthropogenic climate change, atmospheric 9 

and oceanic variables have begun to include trends related to global warming (Solomon & 10 

Newman 2012).Detrending ensures that the timeseries are not biased by the global warming 11 

of the historical period and the projected changes (Thompson et al. 2009).Therefore, we 12 

repeated the composites of anomaly SLP under El Niño and La Niña but detrended these 13 

anomalies in the historical and future periods, separately, since the anthropogenic climate 14 

change is even more prominent in the following decades. 15 

 16 

3. Results and discussion 17 

3.1 Changesin the SST3.4 probability distributions 18 

Figure 1 shows the PDF of SST in the El Niño 3.4 region according to different GMCs in 19 

the historical (1976-2005), near (2031-2060), and far future (2071-2100) periods under 20 

the RCP4.5 scenario. The ensemble mean was also considered, as well as the 21 

observations in the historical period. These properties were analyzed for the four 22 

seasons. Comparison of the historical and far future PDFs of SST3.4 revealed a shift 23 



 

towards warmer conditions under RCP4.5 and a significant difference in all GCMs and 1 

seasons according to the K-S test (except GFDL-ESM2M in DJF). On the other hand, the 2 

SST3.4 probability distributions of three GCMs in the near future did not differ from 3 

the historical period in some seasons (NorESM1-M in SON, CNRM-CM5, and GFDL-4 

ESM2M in DJF).Although the RCP4.5 scenario projects stable SSTs from the mid-5 

century in the Pacific (Hoegh-Guldberg et al. 2014), approximately half of the models 6 

show significant changes in PDFs between the near and distant future in the El Niño3.4 7 

region. 8 

Significant changes in the SST3.4 PDFs could be due to changes in the mean and/or 9 

changes in the variations. In particular, we were more interested in changes in the 10 

variances since they might produce changes in the correlations with the extreme 11 

temperature indices. Under RCP4.5, only a few GCMs revealed significant differences 12 

between historical and far future variances (Table S2). Contrary to what we expected, 13 

we found more significant differences in the near than in the far future. Regarding the 14 

sign of the difference, we saw that it depends on the model. 15 

The PDFs of SST3.4 under RCP8.5 are presented in Figure 2. In the far future, the 16 

distributions of the SST3.4 are significantly different from the historical ones for all 17 

GCMs and seasons. In the near future, only the GFDL-ESM2M model in DJF does not 18 

indicate significant differences.Comparison between near and far future PDFs also 19 

showed significant differences under this extreme scenario of global warming (except 20 

MIROC5 in JJA and SON). Both periods showed a shift towards warmer conditions. On 21 

the contrary, most of the GCMs project that the variance of the SST3.4 will not vary in 22 

future periods (Table 2).However, agreeing with Cai et al. (2018), we found that 23 



 

CCSM4 and GDFL-ESM2M models generated reduced SST variability in the eastern 1 

Pacific. On the other hand, the ensemble mean simulate an increased variance. Cai et 2 

al. (2018) associated this result with the reduced climatological rainfall in the 3 

equatorial eastern Pacific projected by CCSM4 and GDFL-ESM2M, in contrast to 4 

increased climatological rainfall in the ensemble average. Moreover, they affirm that 5 

this increase in variability is largely due to greenhouse-warming-induced intensification 6 

of upper-ocean stratification in the equatorial Pacific, which enhances ocean–7 

atmosphere coupling. 8 

 9 

3.2 ENSO teleconnections in the future 10 

Projected changes in SST3.4 distributions under future climate will likely continue to 11 

alter ENSO teleconnections due to changes in the mid-state of the atmosphere over 12 

the globe. Correlations and quantile regression for the 90th percentile between SST3.4 13 

and extreme temperature indices in southern South America were analyzed for 14 

scenarios RCP4.5 and RCP8.5 in the near and distant future. Figure 3 shows the most 15 

projected category by the GCMs in the near future under RCP4.5. The possible 16 

categories are significant positive correlation, significant negative correlation, and no 17 

significant correlation. Most GCMs show an agreement that no significant correlations 18 

between SST3.4 and extreme temperature indices were expected in the near future, 19 

except for significantly positive correlations in northern Chile and its coast and 20 

northwestern Argentina for warm nights and days. Moreover, significant negative 21 

correlations were observed cold days in northern Chile and for warm days in central 22 

Argentina in DJF.At the end of the century, even fewer grid points presented an 23 

agreement of significant correlations for RCP4.5 (Figure S1).  24 



 

The agreement of the GCMs in the near future under the RCP8.5 scenario showed 1 

similar patterns to those obtained under RCP4.5 (Figure S2). In the far future, the most 2 

outstanding difference among scenarios is that the significant negative correlations are 3 

widely extended in central Argentina under RCP8.5 in SON (Figure S3). For the other 4 

three extremes indices, the majority of GCMs agreed in no significant correlations.In 5 

general, all regions that presented agreement between the models show the same sign 6 

of correlation and significance as in the historical period (Collazo et al. 2021), except 7 

TX90p in SON, where a northward shift of negative correlations is projected. 8 

A similar analysis was performed to determine the agreement among the 9 

GCMs,considering the slopes of the quantile regression (90th percentile) between 10 

SST3.4 and extreme temperature indices. Once more, the models agreed to indicate 11 

non-significant slopes for all the extreme indices and stations in the region, with some 12 

exceptions in northern Chile (not shown). 13 

Both RCPs scenarios indicate that the GCMs project a weaker relationship between the 14 

SST3.4 and the extreme indices than the observed in the present climate. Collazo et al. 15 

(2021) found significant correlations between SST3.4 and the warm extremes of both 16 

minimum and maximum temperatures in a sufficiently extensive region, mainly in 17 

winter and spring.For this reason, we are going to focus on analyzing in more detail the 18 

projections of these relationships. 19 

Considering only the models with the best performance in simulating the relationship 20 

in the historical periodandthe seasons with the strongest ENSO teleconnections 21 

(Collazo et al. 2021), we analyzed the future projections. In the historical period, we 22 

already highlighted that the warm extremes of the minimum and maximum 23 



 

temperature presented the strongest correlations with SST3.4 in JJA and especially in 1 

SON.Austral spring has been suggested as the season when ENSO heating anomalies 2 

can trigger changes in the occurrence of midlatitude intraseasonal regimes through 3 

Rossby wave propagation, leading to the observed ENSO teleconnection (Cazes-Boezio 4 

et al. 2003, Arizmendi& Barreiro 2017). This extratropical teleconnection disappears in 5 

summer when the circulation over southeastern South America is dominated by 6 

variability in the South Atlantic convergence zone (SACZ). In fall, extratropical South 7 

America is again affected by a wave pattern that extends over the South Pacific but is 8 

not correlated with ENSO(Cazes-Boezio et al. 2003).Regarding the models with the 9 

best performance in the historical period, the results were highly variable according to 10 

the season and the extreme index analyzed. 11 

The correlations between SST3.4 and TN90p in JJA for the three best models show 12 

some differences among them (Figure 4). In the near future under RCP4.5, CSIRO-Mk3-13 

6-0 and GFDL-ESM2M agree that warm conditions in SST3.4 favor an increase of warm 14 

nights in northern Chile and northwestern Argentina, while NorESM1-M projected 15 

these conditions in central Chile, central-western Argentina, Paraguay, and southern 16 

Brazil. In the far future for the RCP4.5 scenario, only GFDL-ESM2M presented a strong 17 

significant correlation in the west of the study region. Under RCP8.5, the spatial 18 

extension with significant correlations decreases over time, i.e., at the end of the 19 

century, the three models show only a few grid points with significant positive 20 

correlations. In conclusion, both scenarios and periods indicate that ENSO 21 

teleconnections in the future climate seem to weaken and affect a smaller region in 22 

southern South America compared to what was observed in the historical period. 23 



 

Regarding the quantile regression of the 90th percentile, we saw that the three models 1 

with the best results in the historical period show significant slopes in different regions 2 

for each scenario and period (Figure 5). Furthermore, as we observed for correlations, 3 

more grid points have significant slopes at the end of the century than what is 4 

observed in the near future for the RCP4.5, especially for the GFDL-ESM2M. This 5 

behavior is not observed underthe RCP8.5 scenario, which shows very few grid points 6 

with significant slopes in the far future.We would have expected similar patterns of 7 

correlations and slopes in the near future between both scenarios since during this 8 

period there are no major differences between the trajectories of greenhouse gas 9 

concentrations. However, variable results were found between the scenarios, periods 10 

and models that make it difficult to conclude due to the great uncertainty. In 11 

particular, for the GFDL model, Yeh & Kirtman (2007) found that it is very little 12 

sensitive tothe climate change scenario and the noise is the most likely primary source 13 

of the decadal modulation of ENSO. On the other hand, the changes between the near 14 

and far future projected byCSIRO-Mk3-6-0 under RCP8.5 could be associated with the 15 

changes in the variability of SST3.4 (Table 2). 16 

The future relationships between SST3.4 and warm nights in SON from the models 17 

with the best performance in the historical period are shown in Figure 6. Both 18 

scenarios present patterns of correlations very different fromthose observed in the 19 

historical period, even in the near future (Figure 6, upper panel). For this season in the 20 

historical period, the observations indicated that warm conditions of SST3.4 favor 21 

warm nights in the center and north of Argentina and Chile, Paraguay, south of Brazil, 22 

and Uruguay; and a reduction of TN90p in southern Argentina and Chile (Collazo et al. 23 

2021). In the near future, the RCP4.5 scenario shows positive correlations only in Chile. 24 



 

Under the RCP8.5 scenario, the negative correlations extend further north reaching 1 

the center of Argentina than those observed in the historical period.On the other 2 

hand, the correlations projected under the RCP4.5 scenario for the far future show 3 

similar patterns to those observed in the historical period in the north of the study 4 

region. Meanwhile, under RCP8.5, the ENSO teleconnection is limited only to some 5 

grid points on the continent. The projected slopes of the quantile regression show few 6 

grid points with significant values located in different regions according to the scenario 7 

and the period (Figure 6, bottom panel).Climate change is also expected to affect the 8 

intensity,frequency, and seasonality of the ENSO (Chand & Walsh 2009, Walsh et al. 9 

2012). The reduction of areas with a significant relationship between TN90p and 10 

SST3.4 in both seasons (JJA and SON) in the future could also respond to changes in the 11 

seasonality of anomalous equatorial Pacific warming. For instance, El Niño events tend 12 

to peak toward austral summer (Xie et al. 2010).During this season, the dominant 13 

mode of climate variability in South America in the historical period is the SACZ (Cazes-14 

Boezio et al. 2003). Therefore, it remains to analyze whether this intensification of 15 

ENSO in the summer will become the dominant mode of variability over South America 16 

in the future. 17 

Finally, we analyzed in more detail the correlation between SST3.4 and TX90p in MAM 18 

for some selected GMCs since half of the models analyzed presented a good 19 

performance in the historical period. Although in the historical period we had only 20 

observed significant positive correlations in northern Chile and northwestern 21 

Argentina, towards the end of the century, the RCP8.5 scenario simulates significant 22 

negative correlations in central Argentina, mainly towards the end of the century 23 



 

(Figure 7). These correlations imply a change in the pattern of teleconnections in the 1 

future. 2 

Coupled climate models exhibit a wide range of behaviors in the simulation of ENSO 3 

events and thus varying teleconnection patterns (Meehl et al. 2007a, 4 

Langenbrunner&Neelin 2013). In this work, we found changes in the projected 5 

correlations patterns between extreme temperature events in southern South America 6 

and SST3.4. In the USA, previous studies also found changes in the extreme 7 

temperature patterns during future El Niño events probably caused by a shift eastward 8 

and northward of El Niño teleconnection patterns in a warmer climate (Meehl et al. 9 

2007b).  10 

Figures 8-9 present the changes in ENSO-teleconnections patterns in the southern 11 

hemisphere during warm and cold conditions of the SST3.4 under the RCP4.5, 12 

respectively. Similar patterns, although more intense, were found under RCP8.5 13 

(Figures S4 and S5), i.e., El Niño/La Niña related sea level pressure anomalies 14 

strengthen with CO2 as it was observed by Stevenson (2012).Anticyclonic anomalies 15 

predominate in the 60-70°S latitude band during the historical period under El Niño 16 

events (Figure 8). Consistent with previous studies, we found that the Rossby wave 17 

trains excited by tropical convection during El Niño events induce an anticyclonic 18 

anomaly over the Amundsen Sea, particularly in JJA and SON (Karoly et al. 1989, Ding 19 

et al. 2011, Yiu&Maycock 2020).  20 

The projections show changes in the patterns, e.g., the anticyclonic anomalies are 21 

displaced northward, and the Rossby wave train emerging from the equatorial Pacific 22 

to the Amundsen Sea is not clearly seen.In particular, in southern Argentina and Chile, 23 



 

an increase of SLP anomalies is expected in the future during warm conditions of the 1 

tropical Pacific. During cold conditions of SST3.4, the SLP presents cyclonic anomalies 2 

in the southern Pacific (50-70°S, 200-280°E) in MAM, JJA, and SON in the historical 3 

period (Figure 9). This is consistent with the observed patterns for La Niña events. The 4 

circulation pattern in the future shows an intensification of the anomalies and a shift in 5 

the location of the centers that depend on the analyzedseason. In addition, Figures 8-9 6 

suggest a change in the seasonality of ENSO teleconnections in the future. During El 7 

Niño events, the anticyclone anomalies in the Amundsen Sea are weaker in winter. On 8 

the other hand, during La Niña, teleconnections reach a peak in austral fall and winter, 9 

while in the historical period,these maximums occurred in austral winter and spring. 10 

The mean difference of SLP anomalies between El Niño and La Niña in the future tends 11 

to be weaker than those of the historical period (Figure 10). Specifically in southern 12 

South America, a reduction of the area with significant differences between both 13 

phases of the ENSO is observed in all seasons.This weakening of the teleconnection 14 

patterns in the future projections may be the reason why, in general, we did not find 15 

significant correlations between SST3.4 and the extreme temperatures in southern 16 

South America. 17 

By filtering long-term trends, we remove the non-stationarity of the climate system, 18 

which is largely associated with anthropogenic climate changes in recent centuries 19 

(IPCC 2013). Figure 11 shows ENSO teleconnections after detrended SLP anomalies in 20 

the historical and future period under RCP4.5. In this last analysis, unlike what we 21 

observe when preserving the trends (Figure 8), the differences between El Niño events 22 

in the historical and future periods are not significant. Therefore, the significant 23 



 

differences found in Figure 8 largely respond to the presence of trends in the time 1 

series. However, both figures show a change in the seasonality of ENSO 2 

teleconnections in the future, as a weakening of the Rossby wave train is observed in 3 

the southern fall and winter during the El Niño events.For La Niña events, there are 4 

also no significant differences between the historical period and the future when the 5 

SLP anomalies are detrended (Figure S6). 6 

 7 

4. Summary and conclusions 8 

We analyzed changes projected by CMIP5 GCMs for the ENSO phenomenon and their 9 

link with extreme temperature events in southern South America in a warmer 10 

climate.Two scenarios were considered to represent the near (2031-2060) and far 11 

(2071-2100) future climate: RCP4.5 and 8.5. 12 

We found that SST3.4 PDFs shift towards warmer conditions. In general, the GCMs 13 

agree that the changes between the historical and two future periods are significant 14 

for both RCPs. Nevertheless, when we analyzed, in detail, the changes in the variance 15 

(since they could affect the correlation values) several models indicate that the 16 

variances do not significantly differ from the historical period in neither season. 17 

The GCMs seem to agree on projects for the future that the relationship between 18 

SST3.4 and extreme temperatures in southern South America will tend to weaken for 19 

all seasons. Only the north of Chile seems to retain some of its teleconnection with 20 

ENSO.The combination of internal variability and anthropogenic forcing generates 21 

extreme events (Dittus et al.2018), so the weakening of the ENSO signal in southern 22 

South America could imply thatanthropogenic forcingisthe primary driver ofprojected 23 



 

changes in extreme events, although more studies are needed in this regard.Previous 1 

studies observed that the smallest changes in temperature indices are simulated in 2 

southern South America, particularly in winter, following the small projected changes 3 

for the mean temperatures in this region (Meehl et al. 2007a, Sillmann et al. 2013b). 4 

We especially considered those models that presented a better performance in 5 

representing SST3.4 and extreme temperature relationships in the historical period. 6 

However, these models displayed correlation patterns with little spatial coincidence in 7 

future projections. The exception was the projections for the end of the 21st century 8 

under the RCP8.5 scenario. In this case, several models simulated significant negative 9 

associations between SST3.4 and MAM TX90p in central Argentina. 10 

Finally, changes in surface circulation patterns associated with warm and cold events in 11 

the equatorial Pacific were analyzed. We noticed a change in the intensity and the 12 

position of midlatitude Rossby waves associated with ENSO convective heating 13 

anomalies (Branstator&Selten 2009). Moreover, we observed that the teleconnection 14 

patterns of El Niño and La Niña events tend to be more similar in the future. This result 15 

could explain the fact that a large part of the observed relationships between extreme 16 

temperatures and SST3.4 in the historical period are lost or weaker in the future 17 

climate. Moreover, we observed that the temporal changes in ENSO teleconnections 18 

are mainly associated with the trends of SLP anomalies under global warming. 19 

This type of study is crucial for a comprehensive understanding of the future changes 20 

simulated by GCMs. It remains pending to contrast these results with the new 21 

generation of GCMs in the CMIP6. Furthermore, future changes in temperature 22 

extremes need to be assessed carefully in relation to other changes in circulation 23 



 

patterns, such as displacement of subtropical anticyclones (van Oldenborgh et al. 1 

2009, Sillmann&Croci-Maspoli 2009, He et al. 2017, Reboita et al. 2017, Cherchi et al. 2 

2018, Reboita et al. 2019) and other feedback mechanisms like soil moisture 3 

(Seneviratne et al. 2006, Jaeger & Seneviratne 2011, Hirschi et al. 2011). 4 
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 1 
 2 
Tables: 3 

 4 

Label Index name Description 

TN10p Cold nights Percentage of days in a month when daily minimum 

temperature is below the 10th percentile centered on a 5 

day window 

TN90p Warm nights Percentage of days in a month when daily minimum 

temperature is above the 90th percentile centered on a 5 

day window 

TX10p Cold days Percentage of days in a month when daily maximum 

temperature is below the 10th percentile centered on a 5 

day window 

TX90p Warm days Percentage of days in a month when daily maximum 

temperature is above the 90th percentile centered on a 5 

day window 

Table 1: Four Extreme Temperature Indices Recommended by the ETCCDI. 5 
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  RCP8.5 RCP8.5 

  Nearfuture (2031-2060) Far future (2071-2100) 

  MAM JJA SON DJF MAM JJA SON DJF 

ACCESS1-0 0.12 0.01 -0.08 0.14 0.16 0.13 0.06 0.14 

bcc-csm1-1 0.05 -0.30 -0.36 -0.14 0.01 -0.24 -0.14 -0.11 

CanESM2 -0.09 -0.22 -0.14 0.16 0.11 0.06 -0.03 -0.33 

CCSM4 -0.77 -0.72 -1.00 -1.06 -0.69 -0.55 -0.53 -0.68 

CMCC-CM 0.33 0.43 0.68 0.61 0.62 0.59 0.59 0.77 

CMCC-CMS 0.24 0.44 0.42 0.63 0.25 -0.03 0.06 -0.19 

CNRM-CM5 0.02 0.12 0.84 0.35 0.13 0.12 0.47 0.17 

CSIRO-Mk3-6-0 0.08 0.43 0.16 -0.06 0.79 0.62 0.41 0.64 

GFDL-CM3 0.46 -0.01 0.76 1.16 0.32 -0.15 0.26 0.56 

GFDL-ESM2G -0.14 0.30 0.39 -0.19 -0.03 0.00 -0.31 -0.53 

GFDL-ESM2M -0.06 -0.06 -0.70 -0.55 -1.19 -0.53 -1.72 -2.17 

HadGEM2-CC -0.05 0.18 0.11 -0.19 0.03 0.29 0.20 0.06 

HadGEM2-ES 0.41 -0.13 -0.44 -0.41 0.11 -0.18 -0.33 -0.56 

inmcm4 -0.01 0.04 0.09 0.03 -0.08 -0.03 -0.01 -0.02 

IPSL-CM5A-LR -0.20 -0.26 0.04 0.01 0.00 0.01 0.00 -0.16 

IPSL-CM5A-MR 0.12 -0.19 -0.29 -0.12 0.05 -0.28 -0.36 -0.30 



 

IPSL-CM5B-LR 0.25 0.26 0.05 0.14 0.56 0.29 0.49 0.36 

MIROC5 0.52 0.85 1.00 1.57 -0.35 0.56 0.96 0.92 

MPI-ESM-LR 0.70 0.38 0.64 1.07 0.48 0.43 0.77 0.95 

MPI-ESM-MR 0.30 0.56 0.62 0.44 0.76 0.44 0.54 1.19 

MRI-CGCM3 0.33 0.29 0.56 0.54 0.49 0.39 0.62 0.81 

NorESM1-M -0.13 -0.22 -0.02 -0.22 -0.09 -0.28 0.10 -0.28 

ensemble mean 0.08 0.06 0.06 0.06 0.09 0.07 0.03 0.05 

Table 2: Idem Table 3 for RCP8.5 scenario. 1 

 2 

 3 

 4 

  5 



 

Figures: 1 
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Figure 1: Probability distributions of the sea surface temperatures in El Niño3.4 region in the 1 
historical. near and far future periods under RCP4.5 scenario. Significant differences between 2 

near and far future distributions are indicated with an asterisk. 3 
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Figure 2: Idem Figure 1 under RCP8.5 scenario. 2 
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Figure 3: Agreement between GCMs in the projected correlations for RCP4.5 in the near 3 
future. Percentage of the most projected category, being the three categories positive 4 

significant correlation, negative significant correlation, and no significant correlation at 95% 5 
confidence level. 6 
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Figure 4: Correlation between modeled SST in El Niño 3.4 region and warm nights index in JJAfor the 1 
near (NF) and far future (FF) under the RCP4.5 and RCP8.5 scenarios and forthe GCMs with best 2 

performance (dotted regions indicate significant correlation at the 0.05 significance level). 3 
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Figure 5: Slope of the 90
th

 percentile regression between modeled SST in El Niño 3.4 region and warm 1 
nights index [%°C-1] in JJAfor the near (NF) and far future (FF) under the RCP4.5 and RCP8.5 scenarios 2 

andforthe GCMs with best performance (dotted regions indicate significant correlation at the 0.05 3 
significance level). 4 
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Figure 6: Correlation between modeled SST in El Niño 3.4 region and warm nights index in SONfor the 8 
near (NF) and far future (FF) under the RCP4.5 and RCP8.5 scenarios andforthe CNRM-CM5 (dotted 9 
regions indicate significant correlation at the 0.05 significance level. upper row). Slope of the 90

th
 10 

percentile between modeled SST in El Niño 3.4 region and warm nights index [%°C-1]in SONfor the near 11 
(NF) and far future (FF) under the RCP4.5 and RCP8.5 scenarios andforthe MPI-ESM-LR (dotted regions 12 

indicate significant correlation at the 0.05 significance level. lower row). 13 
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Figure 7: Correlation between modeled SST in El Niño 3.4 region and warm days index in MAMfor the 2 
near (NF. a) and far future (FF. b) under RCP8.5 scenario andforthe GCMs with best performance (dotted 3 

regions indicate significant correlation at the 0.05 significance level). 4 
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Figure 8: Composites of the sea level pressure anomalies [hPa] during warm conditions of the 2 
standardized SST3.4 in the historical (1936-2005) and future (2031-2100) periods under RCP4.5 3 

scenario. The differences among those periods are also show. Stippling indicates significant 4 
difference at 1%. 5 
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Figure 9: Idem Figure 11 during cold conditions in SST3.4. 1 
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 3 

Figure 10: Mean difference of the sea level pressureanomalies [hPa] between El Niño and La 4 

Niña events during the historical period (left panel) and the future period (right panel) under 5 

the RCP4.5 scenario. Stippling indicates significant differences between El Niño and La Niña at 6 

1%. 7 
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Figure 11: Composites of detrended sea level pressure anomalies [hPa] during warm 2 
conditions of the standardized SST3.4 in the historical (1936-2005) and future (2031-2100) 3 

periods under RCP4.5 scenario. The differences among those periods are also show. Stippling 4 
indicates significant difference at 1%. 5 
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