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1.  Introduction
The term, El Nino–Southern Oscillation (ENSO), is used to describe variations between warm (El Nino) and 
the cool (La Nina) phases of anomalous Sea Surface Temperatures (SSTA) in the central and eastern equatorial 
Pacific and overlying changes in the atmospheric circulation. These events are also associated with large changes 
in tropical Pacific rainfall that are largely considered to be a redistribution of climatological Precipitation (PR) 
(Choi et al., 2015). The climatic impacts of ENSO though, are not restricted to the tropical Pacific. These climatic 
impacts, which are known as teleconnections, extend around the globe making ENSO the most prominent driver 
of global interannual climate variability (McPhaden et al., 2006; Taschetto et al., 2020). Some of the more remote 
teleconnections include temperature and PR changes as far away as South Africa and Antarctica (Taschetto 
et al., 2020).

The prominent global climate impacts of ENSO and its teleconnections make understanding any projected 
changes to anthropogenically induced warming extremely important. As such, it has been the area of much 
research in recent decades, since climate models utilized for projections began to realistically represent ENSO 
(Meehl et al., 1993; Timmermann, 1999). Previous generations (i.e., versions 5 and below) of Coupled Model 
Intercomparison Project (CMIP) models have shown no consensus on ENSO SSTA amplitude change in conven-
tionally defined regions of the central-eastern equatorial Pacific (Cai et al., 2021; Eyring et al., 2021), however, 
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signs of SST spatial structure changes were apparent (Power et al., 2013). The 6th installment of CMIP models 
(CMIP6) appear to display a slight increase in ENSO SSTA amplitude that is reported as insignificant when 
analyzed in 30 years windows (Lee et al., 2021), but significant when the entire 21st century is contrasted against 
the 20th century (Cai et al., 2022).

CMIP models do, however, display a relatively large enhancement and eastward shift of the tropical atmos-
pheric response to ENSO, regardless of any ENSO SSTA amplitude changes (Cai et al., 2014; Lee et al., 2021; 
Power et al., 2013). As PR changes are often used to identify extreme ENSO events, these relative PR changes 
have underpinned projections of increasing extreme ENSO events in the future (Cai et al., 2014). As this PR 
enhancement is associated with an enhanced diabatic heating, which acts as a source of the atmospheric waves 
responsible for these teleconnections, the relative climatic impacts of ENSO events are expected to be larger (Cai 
et al., 2014). In CMIP5 models, however, the teleconnection changes have been more difficult to show simply 
at the grid point level than envisioned (Perry et al., 2017; Yeh et al., 2018), with supporting evidence instead 
coming from regional averages (Perry et al., 2020; Power & Delage, 2018) or the separation of climate models 
into subsets based on the representation of various factors (Bonfils et al., 2015; Cai et al., 2021).

CMIP6 models provide another opportunity to analyze the response of ENSO teleconnections to numerous 
prescribed radiative forcing scenarios across the new generation of state-of-the-art climate models (Eyring 
et al., 2016). Here, we add to the literature on projected ENSO teleconnection changes in CMIP6 models (Yeh 
et al., 2022), focusing on addressing the following question: “Do CMIP6 models agree on if and how global 
ENSO teleconnections will change under different projected emissions scenarios?”

2.  Models and Methods
2.1.  CMIP6 Models

Our CMIP6 analysis focuses on the projected change in PR and Surface Temperature (TAS) teleconnections 
over the period 2081–2100, with respect to the historical period simulation (1959–2014) under four different 
Shared Socioeconomic Pathways (SSP) (O’Neill et al., 2017). These are: SSP126, SSP245, SSP370 and SSP585, 
which respectively have an approximate global radiative forcing of 2.6, 4.5, 7.0, and 8.5 W/m 2 in the year 2100. 
We utilize all available models and ensemble members at the time of analysis (Table S1 in Supporting Informa-
tion S1). We expect any impact of internal decadal variability on the multi-model ensemble mean (MMM) to be 
very small as it scales with 1/N, where N is the number of simulations utlised (e.g., Liguori et al., 2020).

Since the models all have a different number of ensemble members, for a comparison that does not weight a 
subset of models with more ensemble members more than other models, MMMs are calculated from model 
means where the individual models have more than one ensemble member. This ensures that each model has the 
same weighting in the MMM. It is worth noting that the results presented here are very similar if instead of using 
individual model means to calculate the ensemble mean, the first ensemble member of each individual model is 
used.

2.2.  Methods

Here, each model's ENSO teleconnections are defined by linear regressions with the respective Nino 3.4 region 
SSTA (hereafter NINO34) at each grid point. This study focuses on the Surface Temperature (TAS) and PR 
teleconnections occurring during the typical ENSO peak phase during December-February (DJF). The statistical 
significance of the scenario ENSO teleconnection differences at each grid point, relative to the historical period, 
is calculated using a two-sample t-test. We note that only models that provide data in both experiments (i.e., the 
SSP scenario and historical simulation) are utilized in the difference and significance calculations (Table S1 in 
Supporting Information S1).

Regions utilized for the regional analysis presented here follow those defined for IPCC AR6 (Figure 1a and Table 
S2 in Supporting Information S1) (Iturbide et al., 2020). In regards to the regions, only land regions in which the 
MMM displays a significant teleconnection in at least one experiment (i.e., the SSP scenarios or historical simu-
lations) are analyzed. Here, significant regional teleconnections are identified where the multi-model ensemble 
displays a teleconnection deemed significantly (at or above the 95% level) different from zero with a t-test.
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Figure 1.  The global December-February precipitation (PR) teleconnections of El Nino–Southern Oscillation (ENSO) (measured in °C of the ENSO index) and their 
projected changes. (a) Displays the MME PR teleconnections of the historical simulation, calculated over the 1950–2014 period. The AR6 regions with region codes are 
overlayed (see Table S2 in Supporting Information S1). (b) through to (e) display the projected teleconnection changes in the 2081–2100 period for SSP-126 to SSP-585 
scenarios (see panel titles). In panels (b–e), black stippling indicates projected statistical significant teleconnection amplification, while purple stippling indicates 
projected statistical significant teleconnection dampening. Numbers displayed in the bottom left of panels(b–e) represent the percentage global area (left) and global 
land area (right) displaying significant changes.
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2.3.  CMIP6 Representation of ENSO Teleconnections

Given the impact of these teleconnections on climate and extremes around the globe, it is important to under-
stand how well they are reproduced in CMIP models. There are many ways to assess the model perfermance, 
including looking at simplified metrics like the agreement in the sign of the teleconnections (Langenbrunner & 
Neelin, 2013), regional average teleconnection strength over land (Perry et al., 2020), or a combination of both 
(Power & Delage, 2018). Simplified metrics like these suggest that CMIP6 models provide a robust depiction of 
the teleconnection representation (Eyring et al., 2021).

More complex metrics, like spatial correlation coefficients, have some drawbacks if you are trying to ascertian 
the skill of a particular model with limited ensemble members as they can be significantly influenced by climatic 
noise (Batehup et al., 2015; Perry et al., 2020). These spatial metrics are, however, well suited for looking at 
changes in multi-model mean properties, the focus of this study. The recent study of Planton et al. (2020) suggests 
that the spatial correlations at the near global scale (i.e., minus the tropical Pacific) between CMIP6 models and 
the observations are significantly stronger than those of CMIP5 models. As such, CMIP6 models appear to be a 
suitable tool to further explore projected future changes.

3.  Projected Precipitation Teleconnection Changes
3.1.  Global Precipitation (PR)

Significant differences are seen between projected ENSO teleconnections and historical simulations under all 
projection scenarios presented (Figures 1b–1f). As the central/eastern equatorial Pacific PR increases fall in the 
region with a relatively small positive ENSO PR teleconnection (Figure 1a), this PR change is consistent with 
the eastward shift of ENSO's equatorial PR response reported in earlier studies (e.g., Yun et al., 2021). There is 
also a remarkable visual similarity in the regions displaying projected teleconnection changes for each emissions 
scenario (Figures 1b–1f), which is reflected by the spatial correlations between difference maps ranging between 
0.85 and 0.95 (Table S3 in Supporting Information S1). The magnitude of these teleconnection difference does, 
however, scale with the magnitude of the SSP scenarios radiative forcing (Figures  1 and S1a in Supporting 
Information S1) and the warming level in many locations (Figure S2a in Supporting Information S1). This is also 
reflected by the Root Mean Squared (RMS) scenario PR teleconnection differences being 0.068, 0.099, 0.176 and 
0.174 mm/day/°C, respectively, for the SSP-126, 245, 370 and 585 scenarios (Figure 1).

Focusing on land areas, each projection scenario displays significant PR teleconnection changes. The smallest 
land area displaying these significant changes is approximately 9%, in the SSP-126 scenario projections, while 
the SSP-585 scenario displays significant teleconnection differences over approximately 39% of global land 
areas. The large majority of these significant teleconnection changes are amplifications of the historical telecon-
nections, as indicated by the large proportion of back stippling in Figures 1b–1e compared to the purple stippling.

3.2.  Regional Precipitation (PR)

Our regional analysis finds significant projected changes in many of the regions (Figure 2), while also again 
suggesting that the number of regions expecting to see this change increases as the SSP scenario radiative forcing 
increases (Figure S1c in Supporting Information S1). For instance, for the SSP-126 scenario, only two regions 
display significant changes, with both suggesting an amplification of the regional teleconnection modeled during 
the historical period. While, for the high emission SSP-585 scenario, significant PR teleconnection changes are 
found in 20 regions. So approximately 49% of the regions that display a significant PR teleconnection display a 
significant SSP induced change. Furthermore, 19 of these 20 regions display a significant amplification of the 
historical period teleconnection, while the remaining region displays a significant dampening.

There are several regions that best display the apparent scaling of the teleconnection changes with increasing 
global warming levels (Figure S3 in Supporting Information S1). For a teleconnection amplification, the South 
American monsoon region (SAM), South-east South America, Mediterranean region and the western central 
Asia region are among those regions that display clear changes that appear to scale with forcing magnitude and 
warming level (Figures 2 and S3 in Supporting Information S1). On the other hand, regions like North Central 
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America (NCA) display a clear decreasing teleconnection strength with increasing radiative forcing and warming 
level.

4.  Projected Surface Temperature Teleconnection Changes
4.1.  Global Surface Temperature (TAS)

Significant differences are also clearly seen between projected ENSO TAS teleconnections (2081–2100) and 
historical simulations (Figure 3a; 1950–2014) in all projection scenarios presented (Figures 3b–3f). Similar to PR 
change, there is a very strong visual similarity between the projected teleconnection changes for each emissions 
scenario which is reflected by the spatial correlations between difference maps that range between 0.68 and 0.87 
(Table S3 in Supporting Information S1). Consistent with what was seen for the PR teleconnection changes, the 
magnitude of these maps of teleconnection differences appears to scale with the magnitude of the SSP scenarios 
radiative forcing (Figures 3 and S1b in Supporting Information S1) and the global warming level (Figure S2b 
in Supporting Information S1). This is also seen in the RMS scenario TAS teleconnection differences of the 
SSP-126 scenario being 0.057°C/°C, while the RMS of SSP-245, 370 and 585 scenarios are approximately 22%, 
58% and 92% larger.

Focusing on land areas alone, each projection scenario again displays significant TAS teleconnection changes. 
The SSP-126 scenario projections display the smallest land area with significant changes, which is approximately 
12%, while the SSP-585 scenario displays significant teleconnection differences over approximately 37% of 
global land areas.

Figure 2.  Regional precipitation (PR) teleconnections and their projected changes, where relatively low (high) PR teleconnection regions are presented in the upper 
(lower) panel (i.e., note the different y-axis values). Regional teleconnections of the different projections scenarios are depicted by the colors (See legend), while the 
historical teleconnections are represented by the black boxplots. Significant regional projected differences (at the 95% level) are identified by a colored symbol near 
the lower x-axis, where the colors again represent the scenario displaying the significant change, while the symbol indicates whether the change is an amplification 
or damping of the historical teleconnection (see legend). The central mark in each boxplot is the median, while the edges of the box are the 25th and 75th percentiles. 
Boxplot whiskers extend to the most extreme datapoints the algorithm considers to be not outliers, while the outliers are plotted individually (gray plus signs).
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4.2.  Regional Temperature (TAS)

Regional analysis finds significant projected TAS teleconnection changes in many of the regions that display 
significant ENSO teleconnections (Figure 4). Further to this, these results again also suggest that the number of 
regions expecting to see this change increases as the scenario radiative forcing increases (Figure S1d in Support-
ing Information S1). For instance, the SSP-126 scenario has only two regions with significant changes, and both 

Figure 3.  As in Figure 1, but for the global December-February surface temperature teleconnections of El Nino–Southern Oscillation and their projected changes.
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of these display a dampening of the teleconnection modeled during the historical period. The high emission 
SSP-585 scenario, on the other hand, displays significant TAS teleconnection changes in 22 regions, accounting 
for 49% of the regions defined here to display an ENSO teleconnection. Eighteen of these regions display an 
amplification of the historical period teleconnection, while the remaining four regions display a dampening.

There are several regions that best display the apparent scaling of these TAS teleconnections changes with 
increasing warming levels. For teleconnection amplifications, the regions that occupy the Northern half of South 
America (e.g., North-west South-America, North South-America, North-east South-America, and the SAM) all 
seem to display a clear teleconnection amplification. There is, however, a temperature teleconnection amplifica-
tion seen in many locations, including many regions in African, Australian and Asia. On the other hand, North 
West North-America and the Tibetan Plateau both display a clear decreasing TAS teleconnection strength with 
increased radiative forcing (Figure 4) and warming levels (Figure S4 in Supporting Information S1).

5.  Mechanisms of Change/Amplification
Here we identify a clear eastward shift and intensification of the equatorial PR signal, which is consistent with 
many earlier studies (e.g., Yun et al., 2021). As to how this relates to the larger scale atmospheric circulation, we 
look to the velocity potential in the upper atmosphere (300 hPa level). A positive NINO34 SSTA is associated 
with a decrease in convergence over the central/eastern Tropical Pacific, and an increase in convergence over the 
tropical Indian and Atlantic oceans (Figure 5a, contours). As the SSP scenario forcing increases, a clear eastward 
shift of this velocity potential response is also clearly seen (Figures 5b and S5 in Supporting Information S1), 
such that the SSP585 scenario velocity potential pattern has a maximum spatial correlation with the historical 
pattern when it is shifted west by 12° longitude. This projected eastward shift leads to ENSO velocity poten-
tial teleconnection dampening over the western tropical Pacific, the western tropical Atlantic and over tropical 
South America, along with an amplification in most other tropical regions (Figures 5b and S5 in Supporting 
Information S1). The magnitude of this velocity potential response also appears to largely increase along with 
the eastward shift, such that the velocity potential teleconnection in the SSP585 scenario is ∼25% stronger than 

Figure 4.  As in Figure 2, but for the regional surface temperature teleconnections and their projected changes.
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the historical when it is shifted west by 12° longitude (Figure 5c). These changes again scale with the magnitude 
of the projected warming, as indicated by the shading and stippling shown in Figure 5a. Here, the majority of 
latitudes between 40–160°E have a positive relationship with warming level, while those between 170°W and 
30°E largely display a negative relationship with warming level. It is also interesting to note that the historical 
ENSO velocity potential response, which is largely asymmetric about the equator in the Atlantic region, appears 
to become more symmetric in a high emission scenario and warming level future (Figure S5 in Supporting 
Information S1).

6.  Conclusions
We find a clear and significant ENSO teleconnection changes in DJF for the period 2081–2100, relative to 1950–
2014. These changes are most clearly seen as an eastward shift and intensification of the atmospheric response 
to ENSO, as shown by the velocity potential changes reported in Figure 5. These global atmospheric circulation 

Figure 5.  (a) Shading presents the correlation between each model's projected global mean warming (calculated as a difference between the 2080–2100 and 1958–2014 
averages) and its El Nino–Southern Oscillation (ENSO) 300 hPa velocity potential teleconnection. The overlying black contours represent the historical ensemble mean 
ENSO 300 hPa velocity potential teleconnection. Black stippling indicates projected statistical significant teleconnection amplification, while cyan stippling indicates 
projected statistical significant teleconnection dampening. (b and c) respectively display the spatial correlation and regression relationship calculated between the 
historical and projected (see legend) ENSO teleconnection calculated while shifting historical pattern (x-axis).
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changes are consistent with those expected, given the projected intensification of ENSO PR changes reported in 
earlier studies (Cai et al., 2014, 2021; Power et al., 2013).

The transfer of this atmospheric circulation response to changes in TAS and PR teleconnections is partially 
clouded by the more complex range of processes required to drive these teleconnections (e.g., Drouard & 
Cassou, 2019). In spite of this, however, we find a clear signal for both TAS and PR, where under the high emis-
sion SSP585 scenario, approximately 50% of the regions that display significant historical TAS and/or PR tele-
connections show significant projected teleconnection differences. We note that correlations calculated between 
a scenarios projected regional PR and temperature teleconnection changes (i.e., comparing the MMM-historical 
difference in Figures 2 and 4 for each emission scenario) display weak negative correlations that are not statis-
tically significant. This suggests that knowing regional PR teleconnection changes cannot be used to inform the 
TAS teleconnection changes, and vice versa. However, the overwhelming majority of these significant projected 
regional temperature and PR changes suggest that an amplification of the historical teleconnections will occur 
(Figure S2 in Supporting Information S1), a result that is largely consistent with the CMIP5 findings of Power 
and Delage (2018). Further to this, the relatively small projected ENSO variance increases produced by CMIP6 
models (Cai et al., 2022; Lee et al., 2021 c.f., Figure 4.10) would be expected to further enhance the projected 
teleconnection amplification reported here, making to total impact of ENSO events even larger.

There are, however, several TAS and PR teleconnected regions that display a significant projected decrease in 
teleconnection strength under the high emission SSP585 scenario. For instance, a decreasing ENSO PR telecon-
nection is seen in the NCA, consistent with the study of Drouard and Cassou (2019). It is also important to note 
that decreasing TAS teleconnections are found in the North-western North-American and western North-Ameri-
can regions is consistent with earlier studies (Beverley et al., 2021; Kug et al., 2010). This teleconnection damp-
ing has been linked to the eastward shifted anomalous circulation changes over the North Pacific, rather than 
other differences, like the equator-to-pole temperature gradient (Beverley et al., 2021; Drouard & Cassou, 2019).

Given that teleconnections are defined relative to ENSO SSTA, the teleconnection changes identified here must 
be largely associated with changes in either ENSO SSTA spatial structure, or background state changes. The 
dynamics of these tropical Pacific PR response to ENSO events has been investigated in detail in several previous 
studies (Chung & Power, 2016; e.g., Power et al., 2013), with results showing that the changes in PR anomalies 
arise from a nonlinear interaction between unchanged ENSO-driven SSTA and the spatial varying background 
(global) warming.

Analysis of emissions scenarios between the low emission SSP-126 through to the high emission SSP-585, 
suggest that the ENSO PR and TAS teleconnection changes in many areas appear to scale with the modeled 
warming level (i.e., higher warming levels leads to larger teleconnection changes). This scaling of teleconnec-
tions with warming level is likely at least party related to changes in atmospheric moisture content and changes 
in the magnitude of the spatially varying background warming (i.e., weakening of Pacific zonal and meridional 
equatorial SST gradients) (Cai et al., 2021; Power et al., 2013). We note that some measures seem to suggest that 
the teleconnection changes saturate between the SSP370 and SSP585 scenarios, but this is not consistent across 
all measures. This should be explored further in future work.

It is also important to note that despite the MMM regional teleconnections displaying relatively large changes 
under moderate and high emission futures in most regions with significant changes, it is currently unclear how 
easy these changes would be to see in the real world (i.e., which is broadly equivalent to single model realization) 
due to model-to-model spread in the teleconnection changes (Figures 2 and 4) and the large amount of internal 
teleconnection variability (Batehup et al., 2015). However, the relatively small teleconnection changes projected 
for low emissions futures along with the scaling of teleconnection changes with warming suggests that a lot of the 
changes to ENSO teleconnections can be avoided by minimizing future warming, or vice versa, larger year to year 
TAS and PR variability due to ENSO is likely to be experienced with strong future warming.

Data Availability Statement
All CMIP6 processed data analyzed in this study are freely available from the Monash Bridges data repository, 
which can be found here: https://doi.org/10.26180/c.5844803.
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