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Abstract
The El Niño Southern Oscillation (ENSO), as one of the largest coupled climate modes, influences the livelihoods of millions 
of people and ecosystems survival. Thus, how ENSO is expected to behave under the influence of anthropogenic climate 
change is a substantial question to investigate. In this paper, we analyze future predictions of specific traits of ENSO, in 
combination with a subset of well-established precursors—the Trade Wind Charging and North Pacific Meridional Mode 
(TWC/NPMM). We study it across three sets of experiments from a protocol-driven ensemble from CMIP6—the High 
Resolution Model Intercomparison Project (HighResMIP). Namely, (1) experiments at constant 1950’s radiative forcings, 
and (2) experiments of present (1950–2014) and (3) future (2015–2050) climate with prescribed increasing radiative forc-
ings. We first investigate the current and predicted spatial characteristics of ENSO events, by calculating area, amplitude 
and longitude of the Center of Heat Index (CHI). We see that TWC/NPMM-charged events are consistently stronger, in both 
the presence and absence of external forcings; however, as anthropogenic forcings increase, the area of all ENSO events 
increases. Since the TWC/NPMM-ENSO relationship has been shown to affect the oscillatory behavior of ENSO, we ana-
lyze ENSO frequency by calculating CHI-analogous indicators on the Continuous Wavelet Transform (CWT) of its signal. 
With this new methodology, we show that across the ensemble, ENSO oscillates at different frequencies, and its oscillatory 
behavior shows different degrees of stochasticity, over time and across models. However, we see no consistent indication of 
future trends in the oscillatory behavior of ENSO and the TWC/NPMM-ENSO relationship.
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1  Introduction

The El Niño Southern Oscillation (ENSO) is one of the larg-
est modes of coupled ocean–atmosphere variability and has 
large-scale impacts on climate patterns across the globe. 
A large body of research has connected ENSO to signifi-
cant variations in temperature, precipitation and pressure 
patterns both in the Tropical Pacific and beyond (Rasmus-
son and Carpenter 1982; Dai and Wigley 2000; Alexander, 
et al. 2002; Cai et al. 2011). Therefore, the better we under-
stand and characterize ENSO and its behavior, the easier 
it becomes for affected communities to prepare and thus 

increase their resilience in the face of ENSO-related cli-
matic impacts. In this endeavor, the ability to predict the 
occurrence of ENSO events in a timely manner would prove 
extremely helpful. This is the reason why the scientific com-
munity has been extensively investigating the atmospheric 
and oceanic conditions that precede ENSO events and initi-
ate the transition between its different states (Wang, Deser, 
Yu, DiNezio, and Clement 2017).

In this study, we focus on a specific set of initiating 
mechanisms, namely the extra-tropical anomalies related 
to the North Pacific Oscillation (NPO) (Anderson 2003). 
In particular, the sea-level pressure (SLP) anomalies that 
accompany a positive NPO phase weaken the subtropi-
cal high in the northern Pacific Ocean, thus reducing the 
strength of the off-equatorial trade winds. These anomalies 
in the trades trigger a combined dynamic and thermody-
namic response within the underlying ocean that has been 
shown to initiate a positive ENSO event (i.e. an El Niño). 
Dynamically, NPO-induced Trade Wind Charging (TWC) 
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causes convergence of warm water in the equatorial sub-
surface that subsequently shoals in the eastern equatorial 
Pacific and initiates a positive ENSO event (Anderson and 
Perez 2015).

Thermodynamically, the NPO-induced North Pacific 
Meridional Mode (NPMM) (Chiang and Vimont 2004; 
Amaya 2019) connects to the onset of ENSO through the 
formation of equatorial Kelvin waves that propagate along 
the thermocline (Amaya et al. 2019; Thomas and Vimont 
2016; Alexander, et al. 2010; Liu and Xie 1994). By con-
trast, anomalies connected to a negative NPO lead to a 
negative ENSO event (i.e. a La Niña). Since both the TWC 
and NPMM anomalies arise from NPO events, they will be 
henceforth referred to as TWC/NPMM variations. Recent 
studies on the relationship between ENSO and TWC/NPMM 
have shown that it is non-stationary in time both in historical 
data (Pivotti and Anderson 2021) and in control experiments 
of CMIP6 HighResMIP (Pivotti, et al. 2023).

Further, while variability of ENSO, its precursors, and 
its teleconnections are still topics of investigation, it is now 
apparent that anthropogenic global warming further com-
plicates their evolution and interactions. Numerical models 
have been a fundamental tool to understand how these modes 
and their relations behave now and will in the future. A 
paper by Yeh, et al. (2018) provides a comprehensive over-
view of recent findings on ENSO projected changes, based 
on the simulations from the third and fifth Coupled Model 
Intercomparison Projects—CMIP3 and CMIP5 respectively. 
The main conclusion is that the impacts of global warming 
on ENSO are not well constrained, but ever-evolving, and 
model simulations do not agree on how the teleconnections 
will change in scale and intensity. A more recent study by 
Beobide-Arsuaga, et al. (2021) instead focuses on ENSO 
amplitude across CMIP5 and CMIP6 models and shows how 
inter-model variability is reduced in the latest CMIP6. Other 
studies have focused on multiple characteristics of future 
ENSO events, such as its amplitude (Wang, Deser, Yu, DiN-
ezio, and Clement 2017), its variability (Collins et al. 2010), 
and how the characteristics of these different events affect 
weather patterns (Wang, et al. 2017). Furthermore, a large 
body of literature has looked specifically at the predicted 
changes in the frequency and number of extreme ENSO 
event occurrences (Cai, et al. 2014; Cai, et al. 2015; Marjani 
et al. 2019). One important aspect that has not been inves-
tigated at length is the frequency of the oscillatory ENSO 
signal, both with regard to changes in the range of its perio-
dicities as well as its behavior, i.e. stochastic versus oscilla-
tory. In Timmerman et al. (1999) the ENSO frequency was 
predicted to increase because of global warming. However, 

using historical data, Pivotti and Anderson (2021) showed 
that even in the absence of anthropogenic forcing the behav-
ior of ENSO can show internal multi-decadal shifts between 
stochastic and oscillatory phases and that these shifts mir-
ror changes in the strength of the TWC/NPMM-ENSO 
relationship.

Our objective here, then, is to examine future changes 
in the characteristics of ENSO in relation to the TWC/
NPMM-ENSO coupling under the influence of increased 
human-induced climate forcings, as well as changes in the 
frequency of the oscillatory ENSO signal since, historically, 
they have shown to vary together. This is carried out using 
a state-of-the-art model ensemble called High Resolution 
Model Intercomparison Project (HighResMIP) which is part 
of the CMIP6 protocol. In particular, in Sect. 2 we describe 
in details the HighResMIP model ensemble and the experi-
ments we employ, as well as the different methodologies that 
we utilize in the study. In Sect. 3 we present the results that 
we then summarize and discuss them in Sect. 4.

2 � Data and method

2.1 � Data

The model ensemble for this analysis is the one developed 
for the High Resolution Model Intercomparison Project 
(HighResMIP), which is endorsed by CMIP6 and thoroughly 
described in (Haarsma et al. 2016). This ensemble is meant 
to investigate the effects that increased horizontal resolution 
may have on model performance. In a previous study on the 
same ensemble (Pivotti et al. 2023) it was shown that hori-
zontal resolution does not play a significant role in the rep-
resentation of the TWC/NPMM-ENSO relationship. There-
fore, we again use the HighResMIP as an ensemble, since we 
know its ensemble members well capture the TWC/NPMM-
ENSO coupling, and because it has he added value of it 
being protocol-driven, but will not engage in a discussion 
on resolution. We utilize three experiments for each model, 
with one run per experiment, namely: (1) control-1950, a 
100 years long simulation with constant 1950’s radiative 
forcing levels which correspond to a global radiative forc-
ing of ~ 0.5 W/m2 (Myhre, et al. 2013); (2) hist-1950, an 
experiment with prescribed radiative forcings from 1950 to 
2014; and (3) highres-future, a simulation that continues 
from where hist-1950 ends until 2050, with external forc-
ings prescribed to follow the RCP8.5 scenario from the fifth 
IPCC. In this pathway no mitigation efforts are implemented 
(Pachauri and Alle 2014) and the radiative forcing increase 
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relative to pre-industrial levels reaches 8.5 W/m2 by 2100 
(Riahi et al. 2011). For brevity, we will refer to experiment 
(1) as the control and to the 101 years of combined hist-1950 
and highres-future as the transient run henceforth. Accord-
ing to the HighResMIP protocol, each institution runs all 
experiments at a standard and an enhanced horizontal reso-
lution. The details of the models, the institutions responsi-
ble and their specific resolutions are presented in Table 1. 
Importantly, from previous studies using datasets of compa-
rable (~100 year) length (Pivotti and Anderson 2021; Pivotti 
et al. 2023), we find the length of the HighResMIP simula-
tions to be adequate to investigate the temporal features of 
the TWC/NPMM-ENSO relationship both in the control and 
transient simulations.

For the current analysis, the variables of interest are sea 
surface temperature, SST, and zonal wind stress, τX. The first 
variable is used to capture the variability of ENSO, the latter 
for TWC/NPMM (Chakravorty et al. 2020). We limit our 
focus to the Tropical Pacific, between latitudes 20S and 20N 
and longitudes 120E and 70W, where both ENSO and TWC/
NPMM are active, following the lead of Anderson and Perez 
(2015) and Larson and Kirtman (2013). Temporally, we cal-
culate winter means over the months during which ENSO 
and TWC/NPMM are most active: November-January for 
ENSO (SST) (Trenberth 1997) and November-February for 
TWC/NPMM (τX) (Anderson and Perez 2015) respectively. 
Lastly, it is important to note that since we are interested in 
the τX mode that precedes ENSO events by 1 year (Anderson 
2003), the two variables are lagged accordingly.

2.2 � Method

Across the study we have utilized three main analytical 
diagnostics. The first is a variation of the classic Canonical 

Correlation Analysis (CCA) called the CCA in the basis 
of Principal Components (PC’s) (Bretherton, Smith, and 
Wallace 1992). In particular, as in the classic version of 
the CCA, this method is used to isolate the most highly 
correlated modes between two variables, in this case the 
detrended winter means of SST and the detrended winter 
mean τX during the prior year. In this version, the CCA is 
applied not to the full fields, but only to a subset of their 
respective PC’s, obtained through an Empirical Orthogonal 
Functions (EOF) analysis. Furthermore, we exclude from the 
CCA the PC of τX that has the highest correlation with the 
concurrent Niño3.4 index, as we want to remove the influ-
ence from concurrent ENSO events on the zonal wind stress 
as in Chakravorty, et al. (2020), and Larson and Kirtman 
(2014). We use the CCA in the basis of PC’s to understand 
whether and how each ensemble model reconstructs the 
relationship between ENSO and its extra-tropical precursor 
TWC/NPMM. This method is described in further details 
in previous articles by the authors where we analyzed the 
relationship between ENSO and the TWC/NPMM precursor 
in the SODAsi.3 reanalysis dataset (Pivotti and Anderson 
2021) and in the control runs of the HighResMIP ensemble 
(Pivotti et al. 2023).

Secondly, we calculate the Center of Heat Index (CHI) 
of ENSO (Giese and Ray 2011) to better understand its 
spatial characteristics. We chose CHI because it provides 
multiple spatial characterizations of ENSO in a robust, well-
tested and coherent manner. In this analysis we calculate the 
amplitude and the longitude, as well the area of each ENSO 
event. In each of these calculations we include all the years 
that satisfy the CHI requirement, namely the years in which 
the area over which the SST anomalies are greater than 0.5 
( < −0.5 respectively) is larger than the Niño 3.4 area (5S-5N 

Table 1   Details of the HighResMIP ensemble utilized in this study

Institution Model ID Ocean Res 
(km)

Atm Res (km) Name Reference

CMCC CMCC-CM2-HR4 25 100 CMCC LR Scoccimarro et al. (2018a)
CMCC-CM2-VHR4 25 25 CMCC HR Scoccimarro et al. (2018b)

CERFACS CNRM-CM6-1 100 100 CNRM LR Voldoire (2019a)
CNRM-CM6-1-HR 25 50 CNRM HR Voldoire (2019b)

MPI MPI-ESM1.2-HR 40 100 MPI LR von Storch, et al. (2018b)
MPI-ESM1.2-XR 40 50 MPI HR von Storch, et al. (2018a)

EC-Earth EC-Earth3P 100 80 EC-Earth LR EC-Earth Consortium (2019)
EC-Earth3P-HR 25 40 EC-Earth HR EC-Earth Consortium (2018)

MOHC HadGEM3-GC31-LL 100 250 HadGEM3 LR Roberts (2017b)
HadGEM3-GC31-HM 25 50 HadGEM3 HR Roberts (2017a)
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170–120W)—further details can be found in (Giese and Ray 
2011).

Finally, to investigate whether the power and oscillatory 
behavior of the ENSO signal show trends across the ensem-
ble, we turn to the Continuous Wavelet Transform (CWT) and 
apply it to the first PC of Tropical SST anomalies (Pivotti and 
Anderson 2021). To study the resulting time/periodicity maps 
W(p,t) (where p is the periodicity and t time), we calculate 
three indicators that mirror how the CHI characterizes the SST 
spatial anomaly maps. As a first step, to guarantee significance, 
we consider only the values that lie within the cone of influ-
ence. Then, to reduce noise, we exclude the values whose 
periodicity is higher than 10 years and whose power is less 
than the standard deviation of W(p,t).The first indicator we 
calculate is P(t), which captures the power of the signal over 
time. To do so, at each time point t, we sum the power across 
periodicities for each time-point analogous to the calculation 
of the CHI-amplitude.

As a second indicator, C(t), we estimate the “central perio-
dicity” at each time point, similarly to the calculation of the 

P(t) = ΣpW(p, t)

CHI-longitude, by calculating the weighted mean of the perio-
dicity, where for each (p,t) the weight is the normalized power 
W*(p,t).

where

Finally, as a third indicator S(t), we estimate the weighted 
spread around the estimated center of periodicity C(t).

3 � Results

We apply the CCA in the basis of PC’s to the winter 
means of τX and SST, and obtain pairs of time series 
called Canonical Variables (CV). These time series are in 

C(t) = Σpp ⋅W ∗ (p, t)

W ∗ (p, t) = W(p, t) ∕ ΣpW(p, t)

S2(t) = Σp(p − C(t))2 ⋅W ∗ (p, t),

S(t) =
√

S2(t)
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Fig. 1   Ensemble mean maps of normalized anomalies of τX and SST 
regressed against their respective first Canonical Variable for control 
(a, b) and transient runs (d, e). (a, d) maps of τX. Positive (nega-
tive) values are shaded in brown (green). Magnitude of normalized 
τX (unitless) are given by the color bar on the r.h.s of the panel. (b, 

e) maps of SST. Positive (negative) values are shaded in red (blue). 
Magnitude of normalized SST (unitless) are given by the color bar 
on the r.h.s of the panel. In panels (c, f) the values of spatial correla-
tion between the regression maps from each model and the ensemble 
mean maps. In brown the values for TWC​X in blue those for ENSO
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decreasing order of correlation value, which means that 
the first pair captures the modes showing the highest cor-
relation. In this case, the pair of CV’s has a 1 year lag 
by construction and represent a mode of τX (CVτx(t–1)) 
and a mode of SST (CVSST(t)) respectively. In order to 
illustrate the spatial characteristics of these highly cor-
related modes, we regress CVτx(t–1) and CVSST(t) against 
the normalized anomaly fields of their respective variables 

and obtain for each experiment two anomaly maps. We do 
not show here the 40 individual regressed maps for each 
experiment, (which for the control experiments can be 
found in Pivotti et al. (2023)). Instead we illustrate how the 
ensemble behaves as a whole by calculating the ensemble-
wide average maps of τX and SST for control and transient 
experiments separately. The resulting maps are shown in 
Fig. 1, panels (a, b) for the control experiments (TXC, SC) 

Control Transient
(a) (b)

TWC-charged CHI-ENSOCHI-ENSO(c) (d)

Fig. 2   Amplitude of the Center of Heat Index (CHI). For each model, 
we calculate the CHI-amplitude of all winter (NDJ) events that satisfy 
the CHI-criterion (CHI-ENSO) as well as for the CHI-ENSO events 
that have a strong TWC event the preceding winter (TWC-charged 
CHI-ENSO). Markers show the average CHI values, and the stand-
ard error of the mean is shown by the black dashed lines. Red mark-
ers represent LR models and blue represent HR models, in black the 
ensemble mean. The y = x line is shown in dotted black. In (a, b) the 

mean CHI-amplitude of the average ENSO events (x-axis) plotted 
against the mean CHI-amplitude of the TWC-charged CHI-ENSO 
events (y-axis), for the control runs (a) and the transient runs (b). In 
(c, d) the comparison is between the results for the control experi-
ments (x-axis) and those for the transient experiments (y-axis). For all 
CHI-ENSO events (c) and limited to the TWC-charged CHI-ENSO 
events (d)
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and panels (d, e) for the transient (TXT, ST) respectively. 
The first interesting result is that both TXC and TXT cap-
ture a positive anomaly in the zonal component of the 
northern Tropical Pacific trades, while SC and ST recon-
struct a positive SST anomaly in the eastern portion of the 
Equatorial Pacific. This confirms that across the ensemble 
the most highly correlated modes of lagged τX and SST are 
the TWC/NPMM precursor and ENSO in both control and 
transient experiments, as it is in the historical data (Pivotti 
and Anderson 2021). Moreover, their spatial character-
istics are largely unaltered by the increase in anthropo-
genic forcings, as indicated by the high spatial correlations 
between patterns: ρ(TXC,TXT) = 0.93 and ρ(SC, ST) = 0.97, 
respectively. Furthermore, in order to better capture the 

ensemble behavior, for each set of experiments, we cal-
culate the spatial correlation between the map of each 
individual model against the corresponding ensemble 
mean map. The results are presented on the right-hand 
side of Fig. 1, in panels (c, f). These results indicate that 
the correlation values for the SC and ST maps are higher 
across the ensemble for both control and transient runs, 
as compared to the correlation values for the TXC, TXT 
maps. This suggests a greater inter-model agreement in 
the reconstruction of ENSO patterns, when compared to 
TWC/NPMM patterns. Furthermore, models with a stand-
ard resolution (LR) and those with an increased resolution 
(HR) show no significant difference in their correlation 

Control Transient
(a) (b)

TWC-charged CHI-ENSOCHI-ENSO(c) (d)

Fig. 3   Same as Fig. 2, except showing the CHI longitude instead of the amplitude
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values, which leads us to conclude that the difference in 
horizontal resolution does not affect a model’s ability to 
reconstruct the spatial characteristics of the TWC/NPMM-
ENSO relationship, either in the control, or in the transient 
runs. In addition, we investigated the significantly lower 
spatial correlation for ENSO in the transient experiment of 
CNRM LR, and we uncovered overall weaker SST anoma-
lies, as well as null anomalies around 150W. However, 
this is a map averaged over many ENSO events and, as the 

next steps look at isolated ENSO events, we decided not to 
exclude CNRM LR from the following analyses.

Having established that TWC/NPMM is a consistent 
ENSO precursor in this ensemble, we want to character-
ize its influence upon ENSO events. We do this by cal-
culating three components of CHI of ENSO: amplitude, 
longitude and area (Giese and Ray 2011). We then com-
pare average ENSO events against the ones initiated by 
TWC/NPMM. We define average ENSO events as those 
years during which the winter means of SST satisfy the 

(a) (b)Control Transient

CHI-ENSO TWC-charged CHI-ENSO(c) (d)

Fig. 4   Same as Figs.  2, 3, except showing an estimate of the CHI 
area. Since the models have different resolutions, we show here the 
ratio between the extension of the SST anomalies and the extension 
of the Niño3.4 area. It is important to remember that, because of the 

CHI requirement, all areas included in the calculation are larger than 
the Niño3.4 area, which means that all values are greater than 1 by 
default
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CHI requirement (details in the Sect. 2.2). These events 
will be referred to as CHI-ENSO events. Among the CHI-
ENSO events, we select those that are preceded by a TWC/
NPMM event. We identify these years T as those for which 
either

CV�x(T − 1) > std
(

CV�x
)

or CV�x(T − 1) < − std
(

CV�x
)

holds true, and these events will be referred to as TWC/
NPMM-charged CHI-ENSO.

The results of these calculations are shown in Figs. 2, 3, 4 
which all have 4 panels. In Fig. 2a, b we plot, for each exper-
iment, the mean CHI amplitude of all CHI-ENSO events 
on the x-axis against the mean CHI amplitude of the TWC/
NPMM-charged CHI-ENSO events on the y-axis. Panel (a) 
shows the results for the control experiments and panel (b) 
shows them for the transient ones. In Fig. 2c, d instead we 
still look at the CHI-amplitude, but the means are calculated 
across type of experiment, with results for the control on the 
x-axis, and for the transient on the y-axis. In panel (c), we 
show the results for CHI-ENSO events and in panel (d) we 
show them for TWC/NPMM-charged events. Figure 3 has 
the same structure as Fig. 2, but shows the results for the 
CHI longitude, while Fig. 4 shows an estimate of the CHI-
area. In all plots we also show the mean calculated across 
the ensemble. Starting with the CHI-amplitude in Fig. 2a, 
b, we find that all the points are located above the 1–1 line 
(significant for 9/10) which indicates an ensemble-wide 
agreement that ENSO events initiated by TWC/NPMM are 
stronger than the average ENSO events, and that this differ-
ence holds true both in the control and the transient experi-
ments. Further comparison of CHI amplitude for the controls 
against transient experiments indicates that there is no trend 
in the CHI amplitude for either average CHI-ENSO events 
or TWC-charged ones, indicating that the influence of TWC/
NPMM on ENSO amplitude is not enhanced (nor reduced) 
as a result of anthropogenic forcings.

With regard to the longitude of ENSO events, Fig. 3a 
shows that the TWC/NPMM-charged CHI-ENSO events 
have their center of heat situated more westward than CHI-
ENSO events in the control runs (significant for 8/10 mod-
els). However, this result does not hold true in the case of the 
transient runs in Fig. 3b. Plotting the control values against 
transient ones in Fig. 3c, d, we find that the center of heat 
of CHI-ENSO events moves westwards in the presence of 
anthropogenic forcings, but remains unaltered for TWC/
NPMM-charged events. Combining these results suggests 
that average ENSO events will align westward where the 
TWC/NPMM-charged events already have their center of 
heat.

Finally, from Fig. 4a, b we see that the SST anomalies of 
the TWC/NPMM-charged events cover a larger area both in 
the control runs (significant for 6/10 models) as well as in 
the transient runs (significant for 9/10 models). Furthermore, 
CHI-ENSO events cover larger areas in the transient experi-
ments compared to the controls, whether they are initiated 
by TWC/NPMM Fig. 4d (significant for 7/10 models) or not 
Fig. 4c (significant for 6/10 models).

Fig. 5   CHI area (x-axis) plotted against the corresponding values of 
the CHI longitude (y-axis). Markers show the average CHI values. 
Red markers represent LR models, blue represent HR models, and the 
ensemble mean in black. Empty markers represent the control runs 
and filled markers represent the transient ones. In black the fitted 
regressed line whose coefficients are significant at α = 0.95

Fig. 6   Markers show the ratio between the number of TWC-charged 
CHI-ENSO events and CHI-ENSO events. On the x-axis the value 
for the control runs, on the y-axis for the transient ones. Red markers 
represent LR models, blue represent HR models, and in black is the 
ensemble mean. The y = x line is shown in dotted black
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The results of Figs. 3, 4 led us to further consider whether 
there was a relationship between the CHI-area and CHI-lon-
gitude values. Thus, we plot them for all CHI-ENSO events 
in Fig. 5. We find a significant negative correlation between 
them suggesting that the westward shift of the center of heat 
results from the fact that a larger portion of the equatorial 
Pacific SST is affected by ENSO variability, which conse-
quently moves the center of heat. As such, this apparent 
shift westward does not result from a shift towards CP-type 
ENSO events.

To summarize the results above, we find the amplitude 
of TWC/NPMM-charged events remains consistently larger 
whether under the influence of external forcings or in the 
control runs. In addition, the TWC/NPMM-charged events 
have larger area and hence are shifted more westward than 
standard events in the control run, however this difference 
disappears as the standard events grow larger and hence shift 
more westward under the influence of external forcings.

So far, we have analyzed the influence of the TWC/
NPMM-ENSO relationship on the spatial characteristics 
of ENSO. To complete the characterization of the TWC/

NPMM-ENSO relationship, we investigate the relative 
amount of TWC-charged events. In particular, we calculate 
the ratio between the number of TWC-charged CHI-ENSO 
events and the total amount of CHI-ENSO events for control 
and transient experiments separately. We show the results 
in Fig. 6 where we plot the value for the control simula-
tion on the x-axis, against the value for the transient one on 
the y-axis. Overall, we see a lack of inter-model agreement 
as the models are evenly split on whether the frequency of 
TWC-charged events are increasing or decreasing in the 
presence of increasing forcings. In both sets of runs, the 
TWC-charged events represent approximately 30% of the 
total CHI-ENSO events (mean of the relative amount of 
TWC-charged events calculated over all of the experiments), 
but can be as many as 40% in some simulations and as little 
as 10% in others (as shown in Fig. 6).

In the second portion of our analysis, we now turn to 
the oscillatory behavior of ENSO, as previous results indi-
cate that the strength of the TWC/NPMM-ENSO coupling 
can influence the stochasticity of ENSO variability in both 
historical data (Pivotti and Anderson 2021) and model 

Fig. 7   Time-series of the total 
power P(t), calculated as the 
sum of the power W(p,t) at each 
time point t across periodici-
ties of the Continuous Wavelet 
Transform (CWT) – see text for 
details. Results from the control 
runs are in blue and those for 
the transient in dashed red. The 
thin lines represent trends, when 
significant at α = 0.90, of the 
slope, whose value is written 
at the top of each panel. The 
power of CWT in K2 on the 
y-axis
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simulations (Pivotti et al. 2023). To capture potential future 
changes in the oscillatory behavior of ENSO variability, we 
look at how the power of the ENSO signal is spread across 
frequencies by calculating the Continuous Wavelet Trans-
form (CWT) of the leading principal component of Tropical 
SST anomalies (PC1). We use PC1 to isolate ENSO, because 
it is more representative of a model’s specific equatorial 
variability than a geographically fixed index like Niño3.4 
would be, as evidenced by the intra-model spatial variability 
in ENSO reconstructions shown in Fig. 1. Furthermore, the 
PC1 time series is more consistent with the previous portion 
of our analysis, where we utilize principal components in 
the CCA.

To study the time–frequency CWT matrices obtained for 
both control (CWT​C) and transient (CWT​T) experiment, we 
calculate the power of the signal P(t), the center of perio-
dicity C(t), and the spread around C(t), S(t) (details in the 
Sect. 2.2). First, we show P(t) in Fig. 7, along with any slope 
that is significant at α = 0.90. Looking at the slopes, 6 out of 
10 models indicate a future increase in the mean power of 
ENSO, and only one among them shows a trend of the same 
sign in the control run, suggesting that for at least 5 models 
such an increase is not a result of the model’s internal vari-
ability as opposed to external forcing, which is consistent 
with the results from Fig. 2c. We compare the trends of this 
estimate of the power with another one, namely the standard 
deviation of the Niño3.4 index, in Table 2, and we see that, 
when the values are significant, the two estimates agree on 
the sign of the trend.

We then show the centre of frequency C(T) in Fig. 8 
from which we draw two main observations: (1) the centre 
of ENSO frequency for a given model remains consistent 
between control and transient runs, with the only exception 
of HadGEM HR where ENSO oscillates at slightly shorter 
periodicities during the transient experiment; and (2) there 
are no ensemble-wide trends towards higher or lower perio-
dicities as the external forcings increase. Finally, in Fig. 9 
we show S(T) to see how ENSO periodicity spreads around 
C(T) across the ensemble. In some cases, the periodicity of 
the signal is narrowly constrained around C(T) (e.g. CNMR 
LR transient)—indicative of a more oscillatory behav-
iour—and in other cases it is spread over a wider range (e.g. 
HadGEM HR control)—indicative of a more stochastic 
behaviour—and sometimes the system transitions between 
these two kinds of behaviour (e.g. CMCC HR control). Once 
again, we see signs of internal variability, but no ensem-
ble-wide indication of a trend that predicts the system will 
move towards either a more stochastic and/or oscillatory 
behaviour. Given that previous results have shown enhanced 
TWC/NPMM-ENSO coupling leads to more stochastic 
ENSO variability (Pivotti and Anderson 2021; Pivotti, et al. 
2023), the lack of consistency in the transition of ENSO 
variability to either more or less stochastic (and hence less 
or more oscillatory) under the influence of external forcings 
agrees with the earlier findings in Fig. 6. To confirm this 
result, we calculate the running 30 years correlation between 
(1) the time series we have used throughout the analysis to 
isolate ENSO—the leading principal component of Tropi-
cal SST anomalies (PC1,SST)—and (2) the time series we 
built to isolate TWC/NPMM—the first canonical variable 
of τX (CV1,τx). As above, we find no inter-model agreement 
regarding the presence of trends in the strength of TWC/
NPMM-ENSO coupling under the influence of external 
radiative forcing (not shown).

Table 2   Signs of the trends in ENSO variability as measured by the 
standard deviation of the Nino3.4 index (std(Niño3.4)) and the aver-
age power of the Continuous Wavelet Transform of the of the leading 
principal component of Tropical SST anomalies ( CWT)

Name Experiment std(Niño3.4) CWT

CMCC 

LR

C - -

T + +

CMCC 

HR

C +

T -

CNRM 

LR

C - -

T + +

CNRM 

HR

C + +

T + +

EC-Earth 

LR

C

T + +
EC-Earth 
HR

C
T + +

HadGEM3 
LR

C
T + +

HadGEM3 
HR

C +
T +

MPI 
LR

C + +
T -

MPI 
HR

C
T

The results that are significant at a α = 0.90 level are shaded in yellow 
if they are positive and blue if they are negative. Results that are not 
significant are not shown and the cell is not shaded. Analysis is per-
formed for all control (C) and transient (T) runs—see text for details
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4 � Summary and conclusion

In this paper, we study how the models participating in the 
HighResMIP protocol reconstruct the relationship between 
ENSO and its extra-tropical precursor TWC/NPMM.

In a previous study we had assessed that the control 
experiments reconstruct the coupling, by comparing them 
with historical reanalysis. Here, we continue our analysis by 
including experiments with increasing prescribed forcings 
between 1950 and 2050.

First, in our spatial characterization of the reconstruc-
tion of the TWC/NPMM-ENSO relationship, we show that 
the ENSO events initiated by TWC/NPMM are consistently 
stronger and cover a larger area than average ENSO events, 
and that this relation holds true both in the presence and 
absence of external forcings. As far as the area influenced 
by SST anomalies, we identify a projected increase in all 
future ENSO events. This increase is accompanied by a sub-
sequent westward shift of the center of heat, such that in the 
transient experiments the center of heat for average ENSO 
events aligns with the position of TWC/NPMM-charged 

ones, which were positioned relatively more to the west in 
the control runs as well. At the same time, we see a lack of 
agreement on whether the relative amount of TWC-charged 
events—which represent on average the 30% of all ENSO 
events—is deemed to increase or decrease in the presence of 
increasing forcings. Recent contributions (Jiang, et al. 2021; 
Planton, et al. 2021) have pointed out how CMIP6 models, 
albeit improved in their ENSO simulations, still persistently 
extend ENSO SST anomalies more westward than in obser-
vations. Here, we also identify a westward shift, however, it 
is a relative shift in relation to the control experiments, indi-
cating it is not driven by the mean state, but by the impact of 
increased radiative forcings. Furthermore, the shift is not a 
westward movement of all ENSO events, but it is confined 
to ENSO events that are not TWC/NPMM driven, which 
suggests the direction of the shift is not a result of a mean 
state bias (otherwise it would have affected all ENSO events 
similarly).

Given the known relation between TWC/NPMM-
ENSO variability and the oscillatory behaviour of ENSO 
itself, we then study how the power of ENSO spreads 
across different periodicities. We do that by constructing 

Fig. 8   Same as Fig. 7, except 
for the center of periodicity 
C(t) of the Continuous Wavelet 
Transform (CWT)—see text for 
details. Periodicity in years on 
the y-axis
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CHI-analogous indices to compare across TWC time-
periodicity maps. In the analysis, we find that the major-
ity of models agree on an increase of the overall power 
of ENSO, which confirms our spatial analysis above. 
However, this power trend is not due to specific trends in 
how the ENSO system oscillates. In particular, we see no 
clear trends in the frequency of ENSO variability under 
warmer conditions; and, similarly, we see no clear trends 
towards a more oscillatory nor stochastic ENSO vari-
ability. Furthermore, this ensemble is not predicting a 
shift in the strength of the TWC/NPMM-ENSO relation-
ship, which agrees with a previous results (Pivotti and 
Anderson 2021) that shows that these two features vary 
jointly over multi-decadal time-scales. As previously 
mentioned, the HighResMIP ensemble has the advantage 
of being protocol-driven. That said, it would be of value 
to extend this analysis to the larger ensemble of CMIP6 
models. Particularly, given the multi-decadal time scale 
of internal variations in the TWC/NPMM-ENSO cou-
pling, longer experiments could provide further insights 

on the future of this relation. In addition, it would be of 
interest to further investigate the CHI-analogous indices 
we constructed to study the TWC time-periodicity maps, 
and test their usability in frequency analysis of climate 
time series beyond ENSO.
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