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The North Pacific Oscillation (NPO), an important mode of atmospheric variability, is a crucial trigger for
the development of El Nifio-Southern Oscillation (ENSO) via the seasonal footprinting mechanism.
How the NPO effect on ENSO changes in response to greenhouse warming remains unclear, however.
Here, using climate model simulations under high-emission scenarios, we show that greenhouse
warming leads to an enhanced influence of NPO on ENSO as is manifested by enhanced responses of
winter sea surface temperature (SST), precipitation and wind anomalies in the equatorial Pacific to the
preceding winter NPO. The strengthened NPO impact is also reflected in an increased frequency of
NPO events that are followed by ENSO events. Warmer background SST enhances the wind-
evaporation-SST feedback over the subtropical North Pacific due to a nonlinear SST-evaporation
relationship. This strengthens the NPO-generated surface zonal wind anomalies over the equatorial
western-central Pacific, which trigger ENSO. Increased impact of winter NPO on ENSO could enable

prediction of interannual variability at longer leads.

El Nino-Southern Oscillation (ENSO) is the strongest air-sea coupling
system in the tropics and it exerts substantial impacts on climate, ecosys-
tems, water resources and human livelihoods worldwide'”’. Further, ENSO
is suggested to be one of the most important sources of seasonal climate
predictability in many parts of the world*’. Thus, identifying and under-
standing the factors relevant to ENSO has been a long-standing issue in
climate science.

In addition to the process within the tropical Pacific, recent studies
suggested that extratropical ocean-atmospheric variability can influence
ENSO on multiple timescales'**". In particular, the boreal winter North
Pacific Oscillation (NPO), an important mode of atmospheric variability
over the North Pacific™”, can notably influence the following ENSO
development via the seasonal footprinting mechanism'*'>”’. Positive winter
NPO-related subtropical cyclonic anomalies lead to sea surface temperature
(SST) warming in the subtropical North Pacific via a reduction of upward
turbulent heat flux. This winter NPO-generated subtropical SST warming
propagates southwestward and induces surface westerly wind anomalies
over the equatorial western-central Pacific during the following summer via

the wind-evaporation-SST (WES) feedback'*'*”. This further determines
the ENSO evolution during the following winter.

Observations showed that the majority of winter NPO events are fol-
lowed by ENSO events in the following winter, including the strong El Nifio
events of 1982-83, 1997-98 and 2015-16, and the strong La Nifia events of
1988-89, 1998-99, 1999-00 and 2007-08 (Supplementary Fig. 1). Further
studies indicated that the enhanced impact of the winter NPO on the tro-
pical Pacific since the early 1990s plays an important role in the recent
increased occurrence of central Pacific El Nifios, a type of ENSO event with
maximum SST anomalies in the tropical central Pacific**”’. It is also argued
that the extratropical atmospheric variability associated with the NPO is an
important source for the occurrence of multi-year El Nifio events™. Thus,
the NPO is an important factor in the generation and complexity of ENSO.

How the influence of the winter NPO on ENSO changes under global
warming is an important issue, which contributes to understanding and
predicting future ENSO events. This question so far remains unanswered.
Using a set of large ensemble climate simulations extracted from the sixth
phase of the Coupled Model Intercomparison Project (CMIP6), here we
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show a strengthened influence of the winter NPO on the subsequent winter
ENSO under greenhouse warming,

Results

Impact of NPO on ENSO and model evaluations

To obtain the winter NPO pattern, we first apply an EOF analysis on the
observed and quadratically detrended D-1JF0 (hereafter time notations of
—1,0and 1 denote preceding, current and following years, respectively) SLP
anomalies over the North Pacific (20°-70°N and 120°E-100°W) for the
period of 1949-2021. The second EOF mode (EOF2) stands for the NPO
pattern (Supplementary Fig. 1). The observed winter NPO index is then
obtained by projecting the observed and quadratically detrended D-1JF0
SLP anomalies onto the EOF2. The winter NPO index in the CMIP6 models
is obtained using a common basis function approach (Materials and
methods): each model’s quadratically detrended winter SLP anomalies are
projected onto the observed EOF2 to obtain the NPO index in that model.
The NPO indices in observations and CMIP6 models are scaled to have a
standard deviation (s.d.) of one over the respective full analysis period to
depict the temporal variations of the NPO. Regression of SLP anomalies
onto the normalized winter NPO index represents the individual spatial
patterns of the NPO.

We assess the performance of the 37 CMIP6 models to capture the
observed winter NPO in their historical simulations over the period
1900-1990 (referred to as the present-day climate period). The CMIP6
models were able to well simulate the observed spatial pattern of the winter
NPO. In particular, the pattern correlations between the D-1JF0 NPO-
related SLP anomalies over the North Pacific in the observations and the 37
CMIP6 models are larger than 0.8, although there appears a diversity in the
intensity of the southern and northern lobes of the NPO across the models
(Supplementary Fig. 2). Furthermore, the majority of the CMIP6 models
reproduce reasonably well the seasonality of ENSO, with the monthly
variance of the Nino3.4 SST index peaking in boreal winter though there is a
diversity of ENSO amplitude in the models (Supplementary Fig. 3).

We examine the correlation coefficient between the D-1JF0 NPO index
and the DOJF1 Nino3.4 SST index during the present-day climate period to
evaluate whether a model is able to reproduce the significant relation
between the winter NPO and the following winter ENSO. Hereafter, the
D-1JF0 ENSO signal has been removed by means of linear regression to
avoid the impact of the ENSO peak signal. A total of 29 models simulate a
close relationship of the winter NPO with the following winter ENSO, and
these 29 models are selected in the following calculations (Fig. 1a). The
multi-model mean (MME) correlation coefficient of the D-1JF0 NPO index
with the DOJF1 Nino3.4 SST index among the 29 selected models (r = 0.28
with a standard deviation of 0.07) is close to the observed (r=0.31). Fur-
thermore, the MME of the 29 selected CMIP6 models produces well the
evolution of the SST and atmospheric anomalies in association with the
winter NPO (Fig. 1b-f): A positive D-1JF0 NPO leads to SST warming
anomalies in the subtropical North Pacific in spring (Fig. 1¢). The generated
SST warming anomalies in the subtropical North Pacific propagate equa-
torward and result in westerly wind anomalies over the tropical western-
central Pacific (TWCP) in JJAO via the WES feedback (Fig. 1d), and con-
tribute to the development of El Nifio in the following autumn-winter via
the tropical Bjerknes positive air-sea interaction (Fig. le, )'*'>”.

Strengthened impact of winter NPO on ENSO under global
warming

We compare the connection of the winter NPO to the following winter
ENSO in the 29 selected models between the present-day (1900-1990) and
future (2007-2097) climate periods. We calculate the response of the tro-
pical SST anomalies in ONDOJF1 to the D-1JF0 NPO. In particular, we
regress quadratically detrended ONDOJF1 SST anomalies onto the respec-
tive normalized D-1JF0 NPO index for the present-day and future climate
periods. We then obtain an average of the regression coefficients over the
tropical central and eastern Pacific (TCEP, 5°S-5°N and 160°E-90°W),
yielding the response of the TCEP SST in ONDOJF1 to preceding winter

NPO. Most models (25 of the 29 selected models, 86%) generate a
strengthened TCEP SST response in ONDOJF1 in the future climate
(Fig. 2a). The TCEP SST response increases by 32% based on the multi-
model mean, from 0.25°C in the present-day climate to 0.33°C in the future
climate (Fig. 2a). This increase passes the 95% confidence level according to
the bootstrap test (Figs. 2a, c). When all the 37 CMIP6 models are con-
sidered (including 8 models that produce weak NPO-ENSO connection in
the present-day climate), a strong inter-model consensus maintains, with 31
of the 37 models generating an increased response (84%, Supplementary
Fig. 4). Aggregated over the 37 models, there is an increase of 41%, from
0.22°C s.d. " to 0.31°C s.d.”" (Supplementary Fig. 4).

In addition, the enhanced SST response is associated with an
enhanced tropical precipitation response. 26 of the 29 models simulate
a strengthened impact of the D-1JF0 NPO on the ONDOJF1 pre-
cipitation in the TCEP (90%, Figs. 2b, d). The 29-model mean increase
is 65%, from 0.37 mm day ' s.d.”' in the present-day climate to
0.61 mm day ™' s.d.”" (Fig. 2b). The enhanced impact of the winter
NPO on the following winter ENSO is also supported by a comparison
between the ONDOJF1 SST and wind response patterns between the
present-day and future climate periods. Surface westerly wind
anomalies and SST warming are stronger in the TCEP under a warmer
climate (Figs. 2e, f).

The enhanced impact of the winter NPO results in an increase in the
number of NPO events followed by ENSO events. Here, we apply 1.0 s.d. of
the D-1JF0 NPO index as a threshold to define the NPO events and 1.0 s.d.
of the ONDOJF1 Nifo3.4 SST index to select ENSO events. The above
thresholds of 1.0s.d. are defined for each of the present-day and future
climate periods (instead of the entire analysis period) to avoid the effects of
changes in NPO and ENSO amplitude under global warming. We find an
increase in the frequency of positive (negative) NPO events followed by El
Nifio (La Nifa) events (Fig. 3). In aggregation, there is a significant increase
in the frequency of positive NPO followed by EI Nifio (22%) from 0.27 under
the present-day climate to 0.33 under the future climate (Fig. 3a), and a
significant increase in the frequency of negative NPO followed by La Nifa
(26%) from 0.27 to 0.34 (Fig. 3b). There is also a significant increase in the
frequency of winter positive NPO followed by strong El Nifo or negative
NPO followed by strong La Nifa in the future climate (Supplementary Fig.
5). Here, we use 1.5 s.d. of the ONDOJF1 Nifo3.4 SST index to define strong
ENSO events. Aggregated across the 29 models, there is a 39% increase in
the occurrence ratio for the positive NPO followed by strong El Nifio event,
and 22% increase for the negative NPO followed by strong La Nifia event
under future climate (Supplementary Fig. 5). It should be mentioned that
although the MME shows an increase in the occurrence ratio, it is important
to point out that about 33% (20%) of the models produce a decrease in the
frequency of NPO followed by El Nifio (La Nifia) events (Fig. 3). This may be
because the occurrence of ENSO is also influenced by other extratropical
ocean-atmosphere variability in addition to the NPO'*""*"**,

Increased WES feedback over subtropical North Pacific in a
warming climate
Winter NPO-related winds and SST anomalies in the subtropical
North Pacific are maintained and propagate southward to the tropical
Pacific in the following summer via the WES feedback'”"?, which fur-
ther affect the following ENSO development. As in previous
studies'>""”, the intensity of the WES feedback is described by the WES
parameter, which represents change in the surface latent heat flux
induced by per unit change in surface winds (Materials and methods).
All 29 models show an enhanced WES feedback over the subtropical
North Pacific in MAM]JJAO under a warming climate (Fig. 4a). In
response to the similar winter NPO forcing, a stronger WES feedback
over the subtropical North Pacific would lead to enhanced JJAO surface
wind anomalies over the TWCP (Fig. 4b), which further exert a
stronger impact on the following ENSO (Fig. 2).

Studies have demonstrated that change in the WES feedback is closely
related to changes in the background mean surface wind speed and SST*"**.
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(a) corr. coef. between D-1JFO NPO and DOJF1 Nino3.4
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Fig. 1 | Impact of winter NPO on following ENSO in CMIP6. a Correlation
coefficients of the D-1JF0 NPO index and the DOJF1 Nifo3.4 SST index over
1900-1990 in 37 CMIP6 models and over 1949-2021 in observations (green bar).
Horizontal line in a indicates the correlation significant at the 90% confidence level.
A total of 29 models can produce significant connection of the D-1JFO NPO index
with the following winter ENSO (light blue bars), thus these 29 models are selected.
Dark blue and red bars in a indicates multi-model average of the 37 models and the

29 selected models, respectively. Error bars in a represent the respective multi-model
standard deviation (s.d.) of the considered models. Regression maps of the quad-
ratically detrended SST (°C) and 850-hPa wind (m s ') anomalies in D-1JF0 (b),
MAMO (c), JJAO (d), SONO (e) and DJF1 (f) onto the D-1JF0 NPO index for the
multi-model mean of the 29 selected models over 1900-1990. Only ensemble mean
of SST anomalies exceeds 1.0 s.d. of the inter-model variation is shown in b-f.

On the one hand, stronger background mean surface wind speed will lead to
a larger surface latent heat flux response to the same wind anomalies, thus
contributing to a stronger WES feedback’**. However, changes in the mean
surface wind speed over the subtropical North Pacific are weak (Supple-
mentary Fig. 6), which cannot explain the enhanced WES feedback in the
future climate. On the other hand, the WES feedback would be more effi-
cient at a higher background mean SST due to the nonlinear relationship
between SST and evaporation™ . Therefore, as suggested by previous
studies'®”, the enhancement of the WES feedback over the subtropical
North Pacific in a warming climate is attributable to a higher background
mean SST (Supplementary Fig. 7).

To further confirm that a higher background mean SST contributes to
enhanced surface wind anomalies over the TWCP, we perform a set of
numerical simulations using the Community Atmospheric Model of ver-
sion 5.0 of the Community Earth System Model of version 1*°, including one
control experiment and two sensitive experiments. The control experiment
is forced by the observed monthly global climatological mean SST (referred
to as EXPctrl). The first sensitive experiment (referred to as EXPsnpsst) is
forced by observed monthly global climatological mean SST plus winter
NPO-generated SST anomalies in MAM]JJAQ in the subtropical North
Pacific (5°-25°N and 110°-180°W). The second sensitive experiment
(referred to as EXPsnpsst&bgsst) is the same as the EXPsnpsst, but
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(a) ONDOJF1 TCEP SST response
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(d) ONDOJF1 TCEP precipitation response (mm day)
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Fig. 2 | Strengthened impact of winter NPO on following winter ENSO under
global warming. ONDOJF1 a SST (°C) and b precipitation (mm day ') responses in
the tropical central-eastern Pacific over the present-day (blue bar) and the future
climate period (red bar) in the 29 selected models. Multi-model mean (MME) of the
29 models is also shown in a, b. Error bars denote 1.0 s.d. of the 10,000 inter-
realizations of the bootstrap test (Materials and Methods). Probability distributions
of the 10,000 inter-realizations of the c ONDOJF1 SST and d precipitation responses
for the present-day (blue bar) and the future climate period (red bar). Green lines in
¢, d indicate the mean value of 10,000 inter-realizations, and stippling regions

indicate 1.0 standard deviation of the 10,000 inter-realizations. e Regression map of
the SST (shading, °C) and 850-hPa wind (m s™') anomalies in ONDOJF1 onto the
normalized D-1JF0 NPO index for the MME of the 29 selected models over the
present-day climate period of 1900-1990. Only MME of SST anomalies exceeds
1.0 s.d. of the inter-model variation is shown in e. f MME changes in the ONDOJF1
SST and 850-hPa wind responses between the future climate period and the present-
day climate period for the 29 models. Only the SST changes significantly at the 95%
confidence level are shown in f.
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Fig. 3 | Increased frequency of winter NPO events followed by ENSO events under
global warming. Comparison of the occurrence ratio of a positive winter NPO

events followed by El Nifio events in the following winter over the total positive NPO
events, and b negative NPO events followed by La Nifia events over the total negative

NPO events for the present-day climate period (blue bars) and the future climate
period (red bars). The MME and corresponding error bars are also presented. Error
bars are defined as 1.0 s.d. of 10,000 inter-realizations of a bootstrap test.

additionally adds the projected background SST warming in spring and
summer over the global tropical and subtropical regions (between 40°S and
40°N). A comparison of the EXPsnpsst&bgsst and EXPsnpsst provides
information about the role of the background SST change. The control
experiment is integrated for 40 years, and the two sensitive experiments are
integrated for 30 years. The last 28-year means of each experiment are used
to access the model response to the SST forcing. It shows that surface
westerly wind responses over the TWCP are much stronger in the
EXPsnpsst&bgsst compared to those in the EXPsnpsst (Figs. 4e, f). This
confirms that given the same SST anomalies in the subtropical North
Pacific, higher background mean SST could lead to stronger surface wind
responses over the tropical Pacific, which further leads to an enhanced
influence of winter NPO on ENSO.

Studies have shown that the amplitude of the winter NPO, particularly
its southern centre, plays an important role in determining the strength of
the winter NPO influence on ENSO”~*. We have examined the inter-model
relationship between the change in the ONDOJF1 TCEP SST response to the
D-1JF0 NPO index and the change in the standard deviation of the D-1JF0
NPO index among the 29 CMIP6 models (Supplementary Fig. 8a). The
standard deviation of the D-1JFO NPO index is used to denote the amplitude
of the winter NPO. It can be seen from Supplementary Fig. 8a that the
change in the winter NPO-ENSO correlation in a warming climate is not
related to the change in the winter NPO amplitude. We have also examined
the inter-model relationship between the change in the ONDOJF1 TCEP
SST response to the D-1JF0 NPO and the change in the intensity of the
southern centre of the D-1JF0 NPO (Supplementary Fig. 8b). The intensity
of the southern lobe of the winter NPO is described by the D-1JF0 SLP
anomalies averaged over 20°-45°N and 150°E-130°W regressed on the
D-1JF0 NPO index. The two variables in Supplementary Fig. 8b are not
closely related with each other. Therefore, the above results together indicate
that an increased influence of the winter NPO on the subsequent ENSO in a
warming climate is not due to the change in intensity of the winter NPO.

Winter NPO-related subtropical wind stress curl anomalies are able to
lead to a charge or discharge of the subsurface ocean heat content in the
tropical central Pacific***’. Specifically, positive winter NPO-generated
southwesterly wind anomalies over the subtropical North Pacific provide
negative surface wind stress curl anomalies over the tropical North Pacific
(Supplementary Fig. 9a,b). These negative wind stress curl anomalies lead to
downward Ekman pumping and meridional Sverdrup transport toward the
tropical central Pacific, which increases the subsurface temperature over the
tropical Pacific and is conducive to the El Nifo onset. We assess this
mechanism by regressing D-1JFMO surface wind stress curl anomalies over
the tropical North Pacific (2.5°-12.5°N and 120°W-180°W-average) onto
the normalized D-1JF0 NPO index in the present-day and future climate.
Change in the response of the D-1JFMO surface wind stress curl over the
tropical North Pacific between the two periods is weak (Supplementary Fig.
9¢). Thus, the enhanced impact of NPO on ENSO is not likely attributed to
changes in the trade wind charging mechanism.

Recent studies have indicated that positive winter NPO phase could
induce upper-level easterly wind anomalies over the equatorial western-
central Pacific in concurrent winter via equatorward wave energy flux, the
so-called upper tropospheric process****. These upper-level easterly wind
anomalies could contribute to formation of the low-level westerly wind
anomalies in the equatorial western-central Pacific via modulating tropical
circulation. Then, the equatorial western-central Pacific low-level westerly
wind anomalies further impact the following winter ENSO development****,
We have examined upper-level (200-hPa) zonal wind anomalies in D-1JFO0
regressed upon the D-1JFO NPO index in the present-day and future climate
periods for the MME of the 29 CMIP6 models (Supplementary Fig. 10a, b).
Positive winter NPO could induce significant upper-level easterly wind
anomalies over the equatorial western-central Pacific both during the
present-day climate period and the future climate period (Supplementary
Fig. 10a, b), consistent with previous findings***. However, the differences
of the upper-level easterly wind anomalies over the equatorial western-
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Fig. 4 | Mechanism for the strengthened impact of winter NPO. a Intensity of the
WES feedback (WESI) in MAMJJAO over the subtropical north Pacific (5°-25°N and
160°E-130°W) during the present-day climate period (blue bars) and future climate
period (red bars). b JJAO 850-hPa zonal wind anomalies over the tropical western-
central Pacific (TWCP, 5°S-5°N and 140°-180°E) regressed onto the preceding
winter NPO index for the present-day climate period (blue bars) and the future
climate period (red bars). MME of the models are also shown in a, b, with error bars
denoting 1.0 standard deviation of the 10,000 inter-realizations of the bootstrap test.

Probability distributions of the 10,000 inter-realizations of the c MAMJJAO WESI
over subtropical northern Pacific and d JJAO 850hPa zonal wind response over
TWCP for the present-day climate period (blue bars) and future climate period (red
bars). Green lines in ¢, d indicate the mean value of the 10,000 inter-realizations, and
stippling regions indicate 1.0 standard deviation of the 10000 inter-realizations.

e Differences of 850-hPa winds (vectors) and 850-hPa zonal wind (shadings) in JJAO
between the EXPsnpsst and EXPctrl. f As in e, but for the differences between the
EXPsnpsst&bgsst and EXPctrl.

central Pacific related to the winter NPO are weak (box region in Supple-
mentary Fig. 10c). This suggests that the intensified impact of the winter
NPO on the following ENSO is not due to change of the upper tropospheric
process associated with the winter NPO.

Enhanced impact of NPO on ENSO in large ensemble
experiments

To further confirm the enhanced impact of the winter NPO on the following
ENSO, we make use of a set of 100-member experiments from 1950-2100

npj Climate and Atmospheric Science | (2024)7:69



https://doi.org/10.1038/s41612-024-00615-3

Article

. (a) ONDOJF1 TCEP SST response (°C) (b) NPO followed by EI Nino (occurrence ratio)
12 | : 20432097 | 4, T
= 1950-2004
10 4 10
28 28
w w
26 26
4 4
2 1 2
(U 0
0.14 0.16 0.18 0.2 0.22 0.27 0.3 0.33 0.36 0.39 0.42
1 (c) NPO followed by La Nina (occurrence ratio) (d) MAMJJAO WESI (W s m?)
1 |
1 |
w
[a) |
o
T T T
0.3 0.33 0.36 0.39 0.42 22.6 22.8 23 23.2 234 23.6
(e) JJAO TWP ua response (ms™)
g
w
o
o
0.12 0.15 0.18 0.21 0.24 0.27
() ONDOJF1 SST response during 2043-2097 () change of ONDOJF1 SST response
Ny o] il TR N
- < cciiiiiiiic -> 8>
10NA:tt: kKKK >
YV ¥ NN NAAAAN
¥ N ANS « e
e
0 4 X IR R?
> F . Y ¥ v vy
T A TAAA A>H R
AARARFATFIFIFIIII IS AR A I I T
10S 1 L SRR ST MMMV
KxEWNKA KAKKKK
EFREXKRKKKKKKK
DN AR
20S FoE RN, T T f T T
120E 180 120W 120E 180 120W
I S — I I — I I N 1 1 ]
-0.25 -0.15 -0.05 0.1 0.2 -0.06 -0.04 -0.02 0.01 0.038 0.05 0.07
SST:°C SST:°C

Fig. 5 | Strengthened impact of winter NPO on ENSO in 100-member large
ensemble simulation of MPI-ESM. a Probability distribution of the 10,000 inter-
realizations of the bootstrap test for a ONDOJF1 TCEP SST (°C) response to the
D-1JF0 NPO, b occurrence ratio of positive D-1JF0 NPO events followed by El Nifio
events, ¢ occurrence ratio of negative D-1JFO NPO events followed by La Nifia
events, d MAMJJAO WESI over the subtropical North Pacific, and e JJAO 850hPa
zonal wind response over the TWCP response to the D-1JF0 NPO for the present-
day climate period (blue bars) and future climate period (red bars). Green lines in
a-e indicate the mean value of 10000 inter-realizations, and stippling regions

indicate 1.0 standard deviation of the 10000 inter-realizations. f Regressions of the
SST (°C) and 850-hPa wind (m s™') anomalies in ONDOJF1 onto the D-1JE0 NPO
index for the MME of the 100-member simulations of the MPI-ESM over the future
climate period of 2043-2097. Only ensemble mean of SST anomalies exceeds 1.0 s.d.
of the inter-member variation is shown in f. g MME changes in the ONDOJF1 SST
and 850-hPa wind responses between the future climate period (2043-2097) and the
present-day climate period (1950-2004) for the 100-member large ensemble
simulation of the MPI-ESM. Only the SST changes significant at the 95% confidence
level are shown in g.

conducted with the Max Planck Institute for Meteorology Earth System
Model (MPI-ESM*, Materials and Methods). From 1950 to 2005, the model
is forced by historical changes in radiative forcings, including time-varying
anthropogenic greenhouse gases, volcanic eruptions, etc. From 2006 to
2100, the model is forced by the RCP8.5 scenario (radiative forcing increases
and reaches around 8.5 W m ™ near 2100). The only differences among the
100-member simulations are slight perturbations in the initial condition.
We compare the changes between the two periods: 1950-2004 and
2043-2097. The MPI-ESM simulations capture reasonably well the winter
NPO pattern (Supplementary Fig. 11) over the period of 1950-2004. The
multi-member ensemble mean also reproduces well the seasonal foot-
printing mechanism for the impact of the winter NPO on ENSO (Supple-
mentary Fig. 12). Like in the CMIP6 models, the MPI-ESM experiments

generate an increased correlation between the winter NPO index and the
following winter Nifio3.4 SST index (Supplementary Fig. 13) and a
strengthened ONDOJF1 TCEP SST response in most experiments (68%, Fig.
5a, f, g), with a statistically significant increase in the multi-experiment
ensemble mean change. The MPI-ESM experiments also produce an
increase in the frequency of positive (negative) winter NPO events followed
by El Nifo (La Nifia) events (Figs. 5b, ¢). Further, as in the CMIP6 models,
the WES feedback over the subtropical North Pacific (Fig. 5d) and the
summer surface zonal wind response over the TWCP (Fig. 5e) intensity
significantly in the MPI-ESM, signifying an enhanced impact of the winter
NPO on the following ENSO development under global warming (Fig. 5a).

We have also examined change of the winter NPO-ENSO relation
according to the 50-member large ensemble simulations conducted
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with the second-generation Canadian Earth System Model®. Study
has indicated that the CanESM2 can well simulate the physical process
for the influence of the winter NPO on the following ENSO”. Like in
the CMIP6 and the MPI-ESM, the CanESM2 experiments could
generate a pronounced enhanced impact of the winter NPO on the
following winter ENSO. Particularly, the correlation coefficient
between the winter NPO index and the following winter Nifio3.4 SST
index for the MME of the CanESM2 50 members during the future
climate period is significantly larger than that during the present-day
climate period (Supplementary Fig. 14). Hence, the above evidences
all confirm an enhanced impact of the winter NPO on ENSO in a
warming climate.

Discussion

In conclusion, the impact of the winter NPO on the following winter ENSO
becomes stronger under greenhouse warming. In a background of higher
mean SST with global warming, the WES feedback over the subtropical
North Pacific becomes stronger due to the nonlinear SST-evaporation
relationship. The strengthened WES feedback leads to stronger surface
zonal wind anomalies over the TWCP in response to the same amplitude of
SST anomalies over the subtropical North Pacific induced by the winter
NPO, and thus is more conducive to trigger ENSO. The strengthened
impact and associated mechanism in CMIP6 models are supported by a set
of large ensemble experiments, in which unit change of winter NPO leads to
a stronger ENSO-like response under greenhouse warming. This study
suggests that winter NPO will become a more influential factor in the
development of ENSO as greenhouse warming continues in the future, and
thus ENSO may become more predictable if the forecast is initialized in the
boreal winter.

ENSO amplitude may change under global warming”*. However,
neither the change in the winter NPO-ENSO connection (Supplementary
Fig. 15) nor change in the frequency of NPO events followed by ENSO
events is related to change in the ENSO amplitude under global warming
(Supplementary Fig. 16). A recent study pointed out that the influence of the
spring PMM on the following winter ENSO shows an increase under global
warming'®. It is well known that the winter NPO is an important forcing for
the formation of the spring PMM. We have examined the response of
MAMO SST anomalies averaged over the subtropical North Pacific (5°-
20°N, 180°E-130°W) to the D-1JF0 NPO for the present-day and future
climate periods (Supplementary Fig. 17). The regional mean of SST
anomalies over 5°-20°N, 180°E-130°W can well represent the spring PMM
variability*>*. The response of MAMO SST anomalies over the subtropical
North Pacific to the D-1JF0 NPO for the MME of the 29 CMIP6 models is
significantly enhanced during the future climate period (Supplementary Fig.
17). Furthermore, there is a close inter-model relationship between the
change in the ONDOJF1 TCEP SST response to D-1JFO NPO and the change
in the MAMO SST anomalies over the subtropical North Pacific response to
D-1JF0 NPO among the 29 CMIP6 models (Supplementary Fig. 18). This
suggests that an enhanced influence of the winter NPO on the following
ENSO in a warming climate could be partly attributed to the enhanced
influence of the winter NPO on the subsequent spring PMM.

Methods

Observational and reanalysis data

Monthly mean SLP, three-dimensional wind velocities, precipitation rate,
surface zonal and meridional winds, and surface zonal and meridional
momentum fluxes are obtained from the National Centers for Environ-
mental Prediction-National Center for Atmospheric Research reanalysis™
(NCEP/NCAR), which are available from January 1948 to the present. SLP
and three-dimensional velocities from the NCEP/NCAR have a horizontal
resolution of 2.5° x 2.5° in longitude-latitude grids, and other surface vari-
ables are on T62 Gaussian grids. Monthly mean SST data are derived from
the National Oceanic and Atmospheric Administration (NOAA) Extended
Reconstructed SST version 5 (ERSSTv5) dataset™, which have a horizontal
resolution of 2.5° x 2.5° and span the time period from January 1854 to the

present. All the observational and reanalysis data are quadratically detren-
ded over the analysis period of 1949-2021.

CMIP6 data

We examine monthly outputs from the 37 CMIP6 models forced by his-
torical forcing up to 2014 (Historical simulations) and the Shared Socio-
economic Pathway 5-8.5 scenario to 2100 (SSP5-8.5 simulations)
(Supplementary Table 1). Monthly mean sea level pressure, precipitation
rate, surface temperature, three-dimensional velocities, surface zonal and
meridional winds, and surface zonal and meridional momentum fluxes are
all available in the historical and SSP5-8.5 simulations of the 37 CMIP6
models. We employ one member of each model, which is mostly
rlilplfl simulation (Supplementary Table 1). To calculate multi-model
average and pattern correlations between observed and simulated results, all
the data are converted to a common horizontal resolution of 2° x 2°. All the
CMIP6 data are quadratically detrended over the full period of 1900-2100.
Monthly anomalies are constructed by removing the monthly mean cli-
matology over the full period of 1900-2099 before they are quadratically
detrended. We compare the impact of winter (D-1JF0) NPO on the fol-
lowing winter (DOJF1) ENSO between the two 91-year periods, i.e., present-
day climate period (1900-1990) and the future climate period (2007-2097).
The 91-year period is used to reduce the influence from internal variability
as much as possible.

Large ensemble simulations

To confirm the results obtained from the CMIP6 models, we also use 100-
member large ensemble simulations conducted with the MPI-ESM* and
50-member large ensemble simulations conducted with the CanESM2".
MPI-ESM is a fully coupled atmosphere-ocean-land-sea ice climate model
with a horizontal resolution of about 1.9° x 1.9° in the longitude-latitude
grids. From 1950 to 2005, each of the MPI-ESM simulations is forced by
observed historical changes in radiative forcing agents including time-
varying anthropogenic sulfate aerosols, greenhouse gases, ozone con-
centrations, land-use change, and volcanic eruptions, similar to the corre-
sponding CMIP5 simulations. From 2006 to 2100, the MPI-ESM
simulations are forced by the representative concentration pathway 8.5
(RCP8.5), where the radiative forcing increases and reaches around
8.5 W m™? near 2100. The CanESM?2 is also a fully coupled atmosphere-
ocean-land-sea ice general circulation model*. Regarding the CanESM2,
five simulations are firstly performed for the period of 1850-1950 to pro-
duce five different oceanic states in 1950. Ten experiments are then run from
each of the above five historical simulations with slightly different initial
conditions in 1950, generating a total of 50 ensemble members of 150-yr
simulations for the period of 1950-2100. The 100-member large ensemble
simulations of the MPI-ESM and the 50-member large ensemble simula-
tions of the CanESM2 are forced by the same external forcing with only
slight differences in the initial conditions, and thus the diversity of results
among the different ensemble members is attributed solely to the internal
climate variability.

Common basis function approach

In place of the NPO usually taken as EOF2 of the North Pacific SLP
anomalies, we use the common basis function (CBF) approach®™® to
extract the NPO pattern. The CBF approach circumvents the problems of
conventional EOF analysis. For instance, it avoids the issue that the EOF2
of the model simulation does not always capture the characteristics of the
NPO for some models, particularly if the simulated EOFs are not well
separated. The CBF approach is performed as follows. First, in the
observations, the NPO pattern is represented by the EOF2 of SLP
anomalies over the North Pacific (20°-70°N and 120°-100°W) during
1949-2021. Then, the observed NPO index is calculated by projecting the
observed and quadratically detrended winter SLP anomalies onto the
aforementioned EOF2 mode over the North Pacific region (20°-70°N and
120°-100°W). Meanwhile, the NPO index in the 37 CMIP6 models is
calculated by projecting the respective quadratically detrended simulated
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winter SLP anomalies onto the observed EOF2 pattern over the full period
of 1900-2099.

WES parameter

Asin previous studies'>"”?, the intensity of the WES is described by the WES
parameter, indicating the sensitivity of evaporation at the ocean surface to
surface wind changes. The WES parameter can be expressed as follows:

JL u
=—L

a=——=—-L—
ou w?

Here, a is the WES parameter, indicating the sensitivity of evaporation
at the ocean surface to surface wind changes. L represents surface latent heat
flux, u is the surface zonal wind anomaly, and # denotes the mean
wind speed.

Intensity of the NPO’s southern and northern lobes

First, we obtain the winter NPO pattern by regressing the quadratically
detrended D-1JF0 SLP anomalies onto the normalized D-1JF0 NPO index
over the full analysis period. The intensity of the NPO’s southern lobe is then
defined as D-1JF0 SLP anomalies averaged over 20°-45°N and
150°E-130°W. Meanwhile, the intensity of the NPO’s northern lobe is
obtained by averaging D-1JF0 SLP anomalies over the region of 50°-80°N
and 160°E-120°W.

ENSO variability
ENSO variability is represented by the boreal winter Nifo3.4 SST index,
defined by region-mean SST anomalies over 5°S-5°N and 120°-170°W.

Bootstrap test

We employ a bootstrap test to estimate whether changes in the response of
ONDOJF1 SST to D-1JF0 NPO index between the present-day and future
climate periods are statistically significant™. Specifically, we first obtain
ONDOJF1 SST responses as ONDOJF1 SST anomalies averaged in the TCEP
by regressions on the normalized D-1JF0 NPO index in the present-day and
future climate periods from the 29 selected CMIP6 models, respectively.
Then, the ONDOJF1 TCEP SST responses in the present-day and future
climate periods are resampled randomly to construct respective 10000
realizations. In this random resampling process, results in any models can be
chosen again. The standard deviations of the 10,000 inter-realizations of the
ONDOJF1 TCEP SST response for the present-day and future climate
periods are 0.02 and 0.03 °C, respectively. The ONDOJF1 TCEP SST
responses in the future and present-day climate periods are 0.33 and 0.25 °C,
respectively. Thus, the difference of the ONDOJF1 SST response between the
future and present-day climate periods (0.08 °C) is larger than the sum of the
standard deviation in the future and present climate periods (0.05 °C),
suggesting that the difference is statistically significant at the 95% confidence
level. The bootstrap test method is also used to estimate whether change in
the occurrence ratio of winter NPO events followed by ENSO events
between the present-day and future climate periods are statistically
significant.

Data availability

Data employed in this study are available from the corresponding authors
and can be freely obtained from the following websites: The NCEP-NCAR
Reanalysis data are derived from https://www.esrl.noaa.gov/psd/data/
gridded/data.ncep.reanalysis.derived.html; The ERSSTv5 SST data are
derived from https://psl.noaa.gov/data/gridded/data.noaa.ersst.v5.html;
The CMIP6 historical and SSP5-8.5 simulation outputs are derived from
https://esgf-node.llnl.gov/projects/cmip6/. The MPI-ESM large ensemble
simulations are derived from https://esgf-data.dkrz.de/projects/mpi-ge/.

Code availability
All codes are available from the corresponding author upon reasonable
request.
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