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Enhanced North Pacific impact on El Nifio/
Southern Oscillation under greenhouse warming

Fan Jia®", Wenju Cai®%3X, Bolan Gan®34, Lixin Wu®3* and Emanuele Di Lorenzo ®°

A majority of El Nifio/Southern Oscillation (ENSO) events are preceded by the North Pacific Meridional Mode (NPMM), a
dominant coupled ocean-atmospheric mode of variability. How the precursory NPMM forcing on ENSO responds to green-
house warming remains unknown. Here, using climate model ensembles under high-emissions warming scenarios, we find an
enhanced future impact on ENSO by the NPMM. This is manifested by increased sensitivity of boreal-winter equatorial Pacific
winds and sea surface temperature (SST) anomalies to the NPMM three seasons before. The enhanced NPMM impact trans-
lates into an increased frequency of NPMM that leads to an extreme El Nifio or La Niiia. Under greenhouse warming, higher
background SSTs cause a nonlinear evaporation-SST relationship to more effectively induce surface wind anomalies in the
equatorial western Pacific, conducive to ENSO development. Thus, NPMM contributes to an increased frequency of future

extreme ENSO events and becomes a more influential precursor for their predictability.

warm phase El Nifio and cold phase La Nifia, is a consequen-

tial mode of climate variability affecting extreme weather,
agriculture and ecosystems worldwide'”. Since 1950, a majority
of the El Niflo and La Nifia events were preceded by sea surface
temperature (SST) anomalies associated with the North Pacific
Meridional Mode (NPMM), a dominant mode of coupled ocean—
atmosphere variability in the North Pacific** (Supplementary
Fig. 1). The NPMM is initiated mainly by a pattern of North
Pacific atmospheric variability>*~’. Specifically, when negative sea
level pressure anomalies over the central subtropical North Pacific
(15°N-45°N, 150°E-120°W) in boreal winter weaken the north-
east trade winds over the subtropical eastern Pacific, the associated
decrease in wind speed reduces the evaporative heat loss, leaving a
warm SST anomaly ‘footprint’™® in the underlying ocean. The warm
SST anomalies extend southwestwards to the Equator via a wind-
evaporation-SST (WES) feedback®"’, forming a distinct positive
NPMM pattern peaking in boreal spring (Supplementary Fig. 1a).
The pattern features a covarying meridional north-minus-south
positive SST gradient and tropical surface westerly wind anoma-
lies, which is conducive to ENSO that matures in the ensuing
boreal winter.

ENSO events preceded by the NPMM include the 1982, 1997 and
2015 extreme El Nifio events and the 1998 extreme La Nina event
(Supplementary Fig. 1b), which caused extreme weather events
worldwide and billions of dollars in damage'”. Model simulations
reveal a similar relationship, with a significant positive correlation
between the NPMM index in boreal spring and ENSO index in
the ensuing winter''~"*. In particular, positive NPMM events show
some skill at predicting El Nifio events'>"®, and if information of the
associated subtropical winds is incorporated in prediction models,
the ENSO prediction skill is increased'®. Coupled with ENSO
SST anomalies', the NPMM is suggested to favour generation of

E 1 Nifio/Southern Oscillation (ENSO), alternating between its

central Pacific (CP) ENSO”'®, a type of event that has the larg-
est SST anomalies in the tropical central Pacific****, although all
extreme El Nifio events since 1950 were preceded by a positive
NPMM''-*, A decadal strengthening of the NPMM is also found to
increase ENSO complexity”*** and partly explain an ENSO property
shift from an eastern Pacific type to a CP type around 1999/2000*%,
contributing to the consensus that the NPMM is an influential trig-
ger of tropical Pacific variability on various timescales*~*. Together
with initial equatorial subsurface conditions* and variability from
the South Pacific*~, the NPMM contributes to ENSO generation
and ENSO diversity.

However, how the NPMM forcing on ENSO responds to green-
house warming is an important issue but remains unknown. Using
outputs from the fifth and sixth phases of the Coupled Model
Intercomparison Project (CMIP5 and CMIP6), in this article we
show an enhanced impact of the NPMM on ENSO under green-
house warming.

Forcing of ENSO by the NPMM and model selections

To depict the NPMM mode, we apply a maximum covariance
analysis (MCA) on quadratically detrended monthly SST and sur-
face wind anomalies over the Pacific Ocean’ in observations and
modelling outputs (see Observed and CMIP5/6 data in Methods).
Concurrent ENSO-related SST and wind variability are removed
by linear regressions of SST and wind anomalies onto the monthly
cold tongue index (CTI, that is, SST anomalies averaged in the
region of 6°S-6°N, 180°-90° W) before the MCA analysis™'*!>*!-%3,
The SST expansion coefficient of MCA scaled to have a standard
deviation (s.d.) of 1.0 is taken to describe the temporal variations of
the NPMM, hereafter referred to as an NPMM-SST index. Linear
regression of SST and surface wind anomalies onto the NPMM-SST
index is taken to represent the spatial pattern of the NPMM (see
Depiction of the NPMM in Methods).
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Fig. 1| Observed and modelled forcing of the NPMM on ENSO. a, Equatorial Pacific SST response (°Cs.d.™) to the NPMM over the 1948-2018 period in
observations (black bar) and over the 1900-1999 period in CMIP5 (blue bars) and CMIP6 (orange bars) models, measured by area-averaged regression
coefficients of the grid-point DOJF1 equatorial Pacific SST anomalies (5°S-5°N, 140° E-80° W) onto the normalized MAMO-averaged NPMM-SST index
(see Sign-dependent average in Methods). A total of 18 CMIP5 and 30 CMIP6 models are able to produce statistically significant impact of the NPMM on
the equatorial Pacific, and these 48 models are selected. b-d, Spatial pattern of the Pacific response by regression of DOJF1 tropical Pacific SST (°Cs.d.™;
shaded) and 10 m wind (ms~'s.d.”"; vectors) anomalies onto the normalized MAMO-averaged NPMM-SST index based on observations (b) and multimodel
average of the 30 selected CMIP6 models (¢) and 18 selected CMIP5 models (d). e,f, NPMM spatial pattern by regression of monthly SST (shaded) and

10 m wind (vectors) anomalies onto the monthly NPMM-SST index based on the multimodel average of the 30 selected CMIP6 (e) and 18 selected CMIP5
(f) models. Error bars in a indicate the respective multimodel s.d. of the selected models. Values more than the 95% confidence level in b or the most
robust features of ensemble where the mean exceeds 1.0 s.d. in c-f are shown. Colour bars in b-d,e f represent regression coefficients (°C s.d.™).

We assess the ability of CMIP5 and CMIP6 models to reproduce
the observed NPMM characteristics in their historical simulations
over the 1900-1999 period, hereafter referred to as the present-day
climate (see Model assessment in Methods). The modelled spatial
pattern, intensity and coupling strength of the NPMM are gener-
ally comparable to those in the observations, although bias exists
(Supplementary Fig. 2a-c). The CMIP5 and CMIP6 models also
correctly simulate the seasonality of the NPMM, with the monthly
variance of the NPMM-SST index peaking in boreal spring
(Match, April and May (MAMO, where ‘0’ refers to current year))
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(Supplementary Fig. 2d-f). On a multimodel ensemble basis, the
representation of the NPMM is improved from CMIP5 to CMIP6,
especially in the simulation of NPMM spatial pattern and intensity.

Given that ENSO peaks in boreal winter (December, January
and February (DOJF1, where ‘1’ refers to the following year)), we
measure the impact of the NPMM forcing on ENSO by a lagged
regression of the grid-point DOJF1 equatorial Pacific SST anomalies
(5°S-5°N, 140°E-80°W) onto the normalized MAMO-averaged
NPMM-SST index, yielding the response of the equatorial Pacific
grid-point SST. The impact is then evaluated by an average of the
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Enhanced impact of NPMM forcing under future climate
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Fig. 2 | Enhanced impact of the NPMM forcing on ENSO under greenhouse warming. a, Comparison of the DOJF1 equatorial Pacific SST response under
100-year present-day (1900-1999; blue bars) and future (2000-2099; orange bars) climate in the 30 selected CMIP6 models. The multimodel mean
and corresponding error bars for the CMIP6 models (labelled CMIP6-MME) and for the 48 selected CMIP5 and CMIP6 models combined (labelled
CMIP5&6-MME) are also shown. Error bars are calculated as 1.0 s.d. of 10,000 inter-realizations of a bootstrap method (see Bootstrap test in Methods).
Three models that simulate a decreased connection are greyed out. b,¢, Histograms of 10,000 realizations of a bootstrap method for the Pacific SST
response in the CMIP6 models (b) and in the CMIP5 and CMIP6 models combined (c). Blue and orange vertical lines indicate the mean values of

10,000 inter-realizations for the present-day and future periods, respectively. The grey shaded regions indicate the respective 1.0 s.d. of the 10,000
inter-realizations. d, Multimodel-mean spatial pattern of the DOJF1 Pacific response to the NPMM under future climate of the 30 selected CMIP6 models,
obtained as for the present-day climate shown in Fig. 1c. e, Multimodel mean change in the DOJF1 Pacific response pattern between the future and
present-day periods using the 30 selected CMIP6 models. Only the mean that exceeds 1.0s.d. in d, or the change that is statistically significant above the
95% confidence level as determined by a two-sided Student's t test in e, is shown. Colour bars in d,e represent regression coefficients (°C s.d.™).

regression coefficients over grid points that are statistically sig-
nificant (see Sign-dependent average in Methods). Hereafter, the
preceding ENSO signal is removed from all the fields by linear
regression onto the D-1JFO0 (where ‘-1’ refers to the preceding year)
CTI index before the lagged regression analysis.

A total of 48 models (18 CMIP5 and 30 CMIP6 models) simu-
late a warming response in the central and eastern equatorial Pacific
to a positive NPMM (Fig. 1a) under the present-day climate, and
these 48 models are selected. A larger proportion of the CMIP6
models (30 of 42 models, or 71.4%; orange bars in Fig. 1a) repro-
duce the NPMM forcing on ENSO than that in CMIP5 (18 of 36
models, or 50.0%; blue bars in Fig. 1a). The multimodel mean
response averaged over the equatorial Pacific in the 30 selected
CMIP6 models (0.37+0.10°Cs.d.™!) is close to the observed
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(0.36°Cs.d.™"). However, the response in the 18 selected CMIP5
models (0.30+0.16°Cs.d.™!) is 16.7% weaker.

The simulated spatial pattern of the DOJF1 Pacific response (Fig.
1b-d) and the NPMM pattern (compare Fig. le,fand Supplementary
Fig. 1a) are comparable to the observed but are more realistic in
CMIP6 (Fig. 1b,c) than in CMIP5 (Fig. 1b,d). Overall, the selected
models produce the observed NPMM-ENSO connection; that is,
a positive NPMM leads to an El Niflo and the associated coupled
oceanic-atmospheric processes involving the WES feedback and
Bjerknes feedback’ (Supplementary Fig. 3).

We focus on results from CMIP6 models because of their over-
all higher skill. To test the robustness of our conclusions in terms
of a sensitivity to ensemble member size, we also present the
results using all 48 selected CMIP5 and CMIP6 models combined.
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Fig. 3 | Stronger impact of the NPMM on ENSO in the future climate. a,b, Comparison of an occurrence ratio of positive NPMM events (NPMM-

SST index > 0.755s.d.) preceding El Nifio (Nifio3.4 index> 0.75s.d.) over total positive NPMM events (a) and negative NPMM events (NPMM-SST

index <—0.75s.d.) preceding La Nifia (Nifio3.4 index < —0.75s.d.) over total negative NPMM events (b) for the present-day (1900-1999; blue bars) and
future (2000-2099; orange bars) periods in the 30 selected CMIP6 models. The multimodel mean and corresponding error bars for the CMIP6-MME and
CMIP5&6-MME are also shown. Error bars are calculated as 1.0 s.d. of 10,000 inter-realizations of a bootstrap method (see Bootstrap test in Methods).

Models that simulate a decrease in the occurrence ratio are greyed out.

We begin by showing that future NPMM is more impactful in forc-
ing ENSO.

Stronger NPMM impact on ENSO under greenhouse
warming

We apply lagged regression of quadratically detrended DOJF1 SST
anomalies onto the respective MAMO-averaged NPMM-SST index
over the present-day (1900-1999) and future (2000-2099) period
to obtain the average of significant regression coefficients over the
equatorial Pacific (see Sign-dependent average in Methods). A total
of 27 of the 30 selected CMIP6 models (90.0%) produce an enhanced
response to the NPMM (Fig. 2a). The multimodel mean increase is
18.9%, from 0.37°Cs.d.™" in the present-day climate to 0.44°Cs.d.™
in the future climate. This increase is statistically significant above
the 95% confidence level (Fig. 2b), according to a bootstrap method
(see Bootstrap test in Methods). When the 18 selected CMIP5 mod-
els are included, a strong inter-model consensus persists, with 39
of the 48 models (81.3%) simulating an increase. The 48-model
mean increase is 17.7%, again statistically significant above the 95%
confidence level (Fig. 2c). The enhanced impact of the NPMM is
supported by a comparison between the DOJF1 Pacific response pat-
terns over the two periods (Figs. 1c and 2d), showing stronger warm
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SST and westerly wind anomalies in the equatorial western and cen-
tral Pacific under future climate (Fig. 2e).

Associated with the enhanced NPMM forcing, there is an
increase in NPMM events that precede ENSO events. Here we use
0.75s.d. of the NPMM-SST index as a threshold to define NPMM
events and 0.75s.d. of the Niflo3.4 index to define ENSO events;
the result is insensitive to the threshold for ENSO definition used
(Supplementary Fig. 4a). Under future climate, there is an increased
occurrence ratio in terms of positive NPMM events preceding
El Niflo events over the total positive NPMM events (Fig. 3a; 24
of the 30 models, or 80.0%, generating an increase) and negative
NPMM events preceding La Nifa events over the total negative
NPMM events (Fig. 3b; 22 of the 30 models, or 73.3%, generating
an increase). When the CMIP5 and CMIP6 models are combined,
a statistically significant increase in the occurrence ratio per-
sists underpinned by a strong inter-model consensus, with 75.0%
(70.8%) of the models generating the increase in terms of a positive
(negative) NPMM preceding an El Nifo (a La Nifa).

For extreme ENSO events that exert severe impacts, the increased
NPMM forcing on ENSO under greenhouse warming is particularly
conspicuous. The occurrence ratio of positive NPMM events pre-
ceding extreme El Nifio (defined by E-index>1.5s.d., as in ref. **)
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Fig. 4 | Mechanism for the stronger NPMM forcing on ENSO. a b, Inter-model relationship between the change (future minus present-day) of the DOJF1
equatorial Pacific SST response (y axis; °Cs.d.”"°C™") with WESp (W sm=3°C™") (a) and with summer deep convection response (mmd-'s.d.”'°C™") (b).
The CMIP5 and CMIP6 models are denoted by stars and dots, respectively, using models in which data are available (see Observed and CMIP5/6 data

in Methods). Linear fit is displayed together with correlation coefficient r and P value based on the 30 selected CMIP6 models (black line and black text)
and the 48 selected CMIP5 and CMIP6 models combined (green line and green text). Changes in each model are scaled by the corresponding increase in
global mean temperature. ¢, Responses of FMAMIJJASOO precipitation anomalies (mmd-") to FMAMJJASOO SST anomalies using the 30 CMIP6 models
alone and the 48 CMIP5 and CMIP6 models combined over the subtropical Pacific (5°N-25°N, 160° E-120° W), in the present-day (blue dots) and future

(orange dots) 100-year periods. The precipitation anomalies are binned in 0.

05°C SST anomaly intervals to obtain median anomaly in each bin first. Linear

fits are provided, similar to a and b, for CMIP6 alone (thick line) and CMIP5 and CMIP6 combined (thin line). d, Same as in Fig. 2a but for a comparison
of the 10 m FMAMJJASOO zonal wind response (ms~'s.d.”") to the normalized MAMO NPMM-SST index averaged over the equatorial western Pacific

(5°S-5°N, 140° E-160° W).

and negative NPMM events preceding extreme La Nina (defined
by C-index<—1.75s.d., as in ref. ') increase in 73.3% and 66.7%,
respectively, of the 30 selected CMIP6 models (Supplementary Fig.
4b,c) (see E-index and C-index in Methods). In aggregation, there
is a 58.3% increase in the relationship between positive NPMM
and extreme El Nifo, from 12 per 100 positive NPMM events that
precede extreme El Nifio under present-day climate to 19 per 100
positive NPMM events that precede extreme El Nifio under future
climate (Supplementary Fig. 4b); likewise, there is a 75.0% increase
in the relationship between negative NPMM and extreme La Nifia,
from 12 per 100 negative NPMM events preceding extreme La Nina
under present-day climate to 21 per 100 negative NPMM events
preceding extreme La Nifia under future climate (Supplementary
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Fig. 4c). With the 18 selected CMIP5 models added, the conclusion
remains. Thus, the enhanced NPMM forcing leads to an increased
frequency of extreme ENSO events.

Enhanced thermodynamic feedbacks under greenhouse
warming

Mechanisms for the increased NPMM impact on ENSO lie in an
increased efficacy of thermodynamic feedbacks associated with
the NPMM. In the following, we show that there is a lack of an
inter-model consensus on a change in the NPMM intensity per se,
especially in the subtropical Pacific (Supplementary Figs. 5a-c and
6a) despite an increase in some models reported earlier®. Further,
there is a lack of impact from changes in trade-wind charging
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mechanism* (Supplementary Fig. 6b). Instead, the increased
NPMM impact on ENSO is due to an enhanced WES feedback®>*
and summer deep convection response’” under greenhouse
warming.

Enhanced WES feedback

The NPMM-related SST and surface wind anomalies propagate to
the equatorial western and central Pacific during boreal spring and
early summer (FMAM]JJ0) through the WES feedback®**. These
surface anomalies trigger Bjerknes positive feedback and induce
ENSO development in the ensuing seasons. We use change in latent
heat flux per unit change in zonal wind speed to estimate the inten-
sity of the WES feedback as in previous studies™*'~*, referred to as
a WES parameter (WESp) (see WES parameter and decomposition
in Methods). The WESp in the future climate increases over the
subtropical Pacific (Supplementary Fig. 5d-f), covering the main
NPMM pathway (5°N-25°N, 160° E- 130°W) to the tropical Pacific.
This increased WESp is simulated in all 30 models (Fig. 4a), and
models that generate a larger increase in the FMAM]JJO WESp tend
to simulate a stronger DOJF1 Pacific SST response. The inter-model
correlation is statistically significant (r=0.55, P<0.001), indicating
that the more intense WES feedback acts as one important mecha-
nism for the greater NPMM impact in forcing ENSO.

Changes in the WESp can be induced by changes in the wind
speed, relative humidity, SST and air-sea surface temperature dif-
ference (see WES parameter and decomposition in Methods).
The decomposition finds that the changing SST term dominates
the changing WESp decomposition in all models, suggesting that
the increased WESp in the future climate comes mainly from
the increased background SST (Supplementary Fig. 7a,b). This is
despite part of the reinforcing effect being offset by a basin-wide
increase in the relative humidity and a decrease in the air-sea sur-
face temperature difference (blue and cyan bars in Supplementary
Fig. 7a, respectively; Supplementary Fig. 7c,d). Further, stronger
mean zonal wind would lead to a more intense WES feedback, and
vice versa’", but there is no inter-model consensus on changes
in the zonal wind over the subtropical Pacific (Supplementary
Fig. 7a,e). Thus, the rising mean SST is a dominating forcing for the
enhanced WES feedback.

Stronger summer deep convection response

After boreal spring/early summer, the inter-tropical convergence
zone moves northward and interacts with the NPMM-related SST
anomalies in the subtropical Pacific, causing a Gill-type atmo-
spheric response that projects surface wind anomalies onto the
Equator for the second time. Referred to as a summer deep convec-
tion response'’, the associated wind anomalies offer another oppor-
tunity for the NPMM to influence the tropical Pacific and ENSO.
We measure the summer deep convection response by regression
of late boreal summer/early fall (JASOO) precipitation anomalies
onto the normalized MAMO-averaged NPMM-SST index. The
summer deep convection response features a cyclonic circulation
and positive precipitation anomalies over the subtropical Pacific
(Supplementary Figs. 3¢ and 5g). Under greenhouse warming, the
summer deep convection response shows a general enhancement,
especially west of the dateline (Supplementary Fig. 5h,i), with 26 of
the 30 models (86.7%) producing a stronger precipitation response
to the NPMM (Fig. 4b). The stronger summer deep convection
response is significantly positively correlated (r=0.51, P<0.001)
with the stronger DOJF1 Pacific SST response. Hence, the stronger
summer deep convection response also contributes to the enhanced
NPMM forcing.

Negligible impact from trade-wind charging
NPMM-related boreal-winter and spring extratropical wind-stress
curl anomalies can induce a charge (discharge) of the ocean heat
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content (trade-wind charging)*, facilitating the onset of El Nifo
(La Nina) events. We measure this process by regression of FMAO
wind-stress curl anomalies onto the normalized MAMO-averaged
NPMM-SST index. There is a significant weakening in the mul-
timodel response of off-equatorial wind-stress curl to the NPMM
from the present-day to future climate (Supplementary Fig. 5j-1).
Meanwhile, there is little relationship between the inter-model
changes in the wind-stress curl response and those in the Pacific
SST response (Supplementary Fig. 6b). The enhanced impact of the
NPMM forcing is thus unlikely to be induced by this mechanism.
Overall, the nonlinear relationship between evaporation and SST
anomaly* under a warming background SST is of primary impor-
tance. In response to SST anomalies, larger precipitation anoma-
lies are generated in the future than in the present-day climate, as
indicated by different slopes for the two periods (Fig. 4c). It is the
warmer subtropical local background SST that enhances both the
WES feedback and the summer deep convection response, rather
than a relative warming to the tropical region, a point underscored
by a lack of inter-model relationship between SST warming patterns
and changes in the two processes (Supplementary Fig. 6¢,d). These
two enhanced thermodynamic processes induce larger westerly
wind anomalies in the equatorial western Pacific from early boreal
spring to early boreal fall (February to October) (Fig. 4d), mani-
fested as a statistically significant strengthening in the response of
westerlies to the MAMO-averaged NPMM-SST index, by as much
as 68.0%. The stronger wind response is seen over the entire nine
months (Supplementary Fig. 8). These larger westerly wind anoma-
lies are conducive to an El Nifo-like condition in the ensuing winter
by triggering oceanic Kelvin waves and Bjerknes positive feedback,
hence an enhanced NPMM-ENSO connection. These results hold
when the 18 selected CMIP5 models are included (green lines and
green text of Fig. 4a,b; light blue and pink lines and text of Fig. 4c).

Negligible impacts from mean state change and model bias
The equatorial Pacific mean state is projected to change under
greenhouse warming', which seems less important in the enhanced
NPMM forcing on ENSO (Supplementary Fig. 9a). An inter-model
correlation between changes of the DOJF1 Pacific SST response and
changes of equatorial Pacific climatological SST shows an overall
lack of a statistically significant relationship (correlation <—0.1)
except over a small area of far-eastern Pacific around 90°W (corre-
lation <0.35), supporting the importance of the enhanced subtropi-
cal processes in the intensified NPMM-ENSO connection. There
is no evidence to suggest that either the model cold tongue bias
(Supplementary Fig. 9b) or the bias of NPMM-ENSO connection
itself (Supplementary Fig. 9c) contributes to the enhanced future
Pacific SST response.

Enhanced NPMM impact in an intermediate climate model
We further demonstrate the increased NPMM impact in an inter-
mediate climate model (see Intermediate model description in
Methods). This model has been used to study NPMM or climate
change-related issues*''*. We perform two sets of 30-member
initial-value ensemble runs based on the common equilibrium
state of long-time integrated CTRL (constant CO, concentration of
355 ppm; Methods) and 4 x CO, (1,420 ppm; Methods) with slightly
different initial conditions. For each member, the observed positive
NPMM SST pattern (Supplementary Fig. 1a) amplified by a factor
of 4 (to increase a response signal) is initiated over the subtropical
Pacific on the first day of March for 24h and tracked for one year
within the fully coupled environment (see Single-model ensemble
experiments in Methods).

The initial experiments under CTRL reproduce the NPMM-
ENSO relationship in the multimember ensemble mean. A posi-
tive NPMM SST anomaly in boreal spring induces an El Nifo-like
Pacific response in the ensuing winter (Fig. 5a), although the warm
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Fig. 5 | Enhanced impact of the NPMM forcing on ENSO in a single-model ensemble experiment. a,b, Multimember ensemble mean of the DOJF1 SST and
10 m wind responses to SST forcing of a positive NPMM in the initial experiments under CTRL (a) and 4 x CO, (b) conditions (see Single-model ensemble
experiments in Methods). Only responses that exceed 1.0 s.d. are shown. Colour bar represents SST anomalies (°C). c-f, Histograms of 10,000 realizations

of a bootstrap method (see Bootstrap test in Methods) for the Pacific SST response (), background WESp (d), summer deep convection response (e)

and trade-wind charging mechanism (f) in the initial experiments under CTRL (blue) and 4 x CO, (orange). The Pacific SST response is measured by
area-averaged DOJF1 equatorial Pacific (5°S-5°N, 160° E-90° W) SST anomalies. The background WESp is obtained by an average of WESp over the major
path of the WES feedback (5°N-25°N, 160° E-130° W) during MAMJJO. The summer deep convection response is measured by an average of JASOO
precipitation anomalies over the key region of summer deep convection (5°N-25°N, 150° E-130° W). The trade-wind charging mechanism is measured by
an average of wind-stress curl anomalies over the key region of trade-wind charging (0° N-5° N, 170° E-120° W) during MAMO. Blue and orange vertical
lines indicate mean values of 10,000 inter-realizations for the CTRL and 4 x CO,, respectively. The grey shaded regions indicate the respective 1.0s.d. of the

10,000 inter-realizations.

SST anomalies are more concentrated in the central Pacific com-
paring with the observed. This pattern agrees with many previous
findings of a stronger statistical relationship between the NPMM
and the CP ENSO events”'®'****, The same NPMM SST pattern
under 4 X CO, causes stronger DOJF1 SST and wind anomalies over
the equatorial Pacific (Fig. 5b). This enhanced response is statisti-
cally significant above the 95% confidence level based on a boot-
strap test (Fig. 5¢), with the multimember ensemble mean DOJF1
equatorial Pacific SST anomalies increasing from 0.22°C under
CTRL to 0.45°C under 4XxCO,. As in our analysis of CMIP5/6
models, both the WES feedback and the summer deep convec-
tion response strengthen significantly under 4x CO, (Fig. 5d.e),
enhancing the impact of the NPMM forcing under greenhouse
warming. By contrast, the negative wind-stress curl response dur-
ing MAMO (trade-wind charging progress) weakens significantly
under 4 X CO, (Fig. 5f), which is opposite to the stronger Pacific El
Nino-like response during DOJF1.
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Conclusions

Forcing of ENSO by the NPMM becomes stronger under green-
house warming. Both the WES feedback and summer deep convec-
tion response operate more effectively in a background of higher
SSTs under future climate because evaporation is a nonlinear func-
tion of the background temperature. Consequently, the NPMM
is more efficient in triggering ENSO events, including extreme EI
Nifo and extreme La Nifa events, by inducing larger surface wind
anomalies over the equatorial western Pacific, despite little change
in the NPMM amplitude. The enhanced impact and mechanism
are supported by the intermediate climate model experiments, in
which the same positive NPMM SST pattern induces a stronger
El Nino-like response in a warming climate. Thus, the enhanced
impact from subtropical North Pacific variability contributes to
the projected increase in frequency of extreme ENSO events under
greenhouse warming. Further, the enhanced impact means that
subtropical North Pacific variability becomes a more influential
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precursor for future ENSO prediction, offering an important ave-
nue for increasing ENSO predictability that can help to alleviate the
corresponding socioeconomic impact.
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Methods
Observed and CMIP5/6 data. The observed monthly SST and atmospheric fields
(three-dimensional velocities, heat flux, relative humidity, surface air temperature
and precipitation) covering the 1948-2018 period are from the Hadley Centre Sea
Ice and Sea Surface Temperature (HadISST) dataset* and the National Center for
Environmental Prediction (NCEP)/National Center for Atmospheric Research
(NCAR) reanalysis 1 (ref. '), respectively. We examine monthly outputs over
the 1900-2099 period from 36 CMIP5 models forced by historical forcing up to
2005 and thereafter representative concentration pathway (RCP) 8.5 scenario (an
escalating radiative force throughout the twenty-first century, reaching approximately
8.5Wm™in 2100)* and 42 CMIP6 models forced by historical forcing up to 2014
and thereafter Shared Socioeconomic Pathway (SSP) 5-8.5 scenario (approximately
equivalent to RCP 8.5)". One ensemble member of each model is used, which is
rlilpl in CMIP5 and mostly r1ilp1fl in CMIP6 (Supplementary Table 1). We
compare the NPMM forcing on ENSO between the 1900-1999 period (present-day
climate) and the 2000-2099 period (future climate). All the observational and
modelling data are interpolated to a 1°x 1° grid. Anomalies in this study are
computed by removing seasonal cycles and quadratic trends from the monthly data.
The anomalies in CMIP5 and CMIP6 outputs are obtained on the basis of
the full 200-year period (1900-2099). Four models (bcc-csm1-1-m, MRI-ESM1,
FIO-ESM and KIOST-ESM) are not involved in Fig. 4a, Supplementary Fig. 6¢ and
Supplementary Fig. 7 as the total wind-speed data of the first three models and the
latent heat-flux data of KIOST-ESM are unavailable. KIOST-ESM is not involved
in Fig. 4b,c and Supplementary Fig. 6d as the precipitation data are unavailable.
There is no evidence to suggest that results from the 78 CMIP5 and CMIP6 models
are dependent samples; due to butterfly effects’, even results from large ensemble
experiments with the same model can be treated as independent realizations.

Depiction of the NPMM. The NPMM is obtained by applying an MCA to
quadratically detrended monthly SST and 10 m wind anomalies over the Pacific
Ocean (21°S-32°N, 175°E-95°W) in observations and models’. The NPMM
temporal variation is described by the normalized monthly SST and wind
expansion coefficients of the MCA (NPMM-SST and NPMM-wind index,
respectively), and the NPMM spatial pattern is obtained by linear regression

of the SST and 10 m wind anomalies onto the NPMM-SST index. We use the
NPMM-SST index to study the NPMM-ENSO connection as this index is more
representative of the coupled mode’. By contrast, the NPMM-wind index mixes
the atmospheric variance of both the internal NPMM mode and external forcing
(such as the North Pacific Oscillation).

As commonly used in previous studies®'>'>*!-*>%, the ENSO signal is removed
by linear regression onto the monthly CTI (SST anomalies averaged in the region
of 6°S-6°N, 180°-90° W) before the MCA analysis or onto the D-1JF0 CTI index
before the regression analysis. The ENSO signal has been largely removed by this
approach since the largest simultaneous correlation coefficient between the NPMM-
SST index and CTT is less than 0.15 for the CMIP5 and CMIP6 models. Considering
that the ENSO may lead the NPMM in some models, we also recompute the NPMM
in the 48 selected models by removing (linear regression) both the simultaneous
CTI and the four-month leading CTI before the MCA analysis. Although the
detailed NPMM index of each model is slightly different between the two MCA
analyses, our conclusions, including the enhanced impact of the NPMM forcing and
the more efficient thermodynamic processes, do not change.

For CMIP5 and CMIP6 models, the MCA is applied to the full 200-year period
(1900-2099) to represent the overall simulations of NPMM in both the present-day
and future climates. Although the NPMM is the leading MCA mode (MCA1) of
subtropical north Pacific (after removing ENSO) in observations, it may appear
as the second mode (MCAZ2) in some climate models. Therefore, we compare the
SST patterns of the leading two MCA modes in each model’s historical simulation
(1900-1999) with the observed MCA1 SST pattern (20°S-32°N, 140°E-80° W),
taking the MCA mode that has a larger pattern correlation coefficient (closer to the
observed pattern) to be the model's NPMM. Using this method, six CMIP5 models
and six CMIP6 models have their NPMM:s captured by MCA2, with the remaining
models by MCAL1 (Supplementary Table 1).

Model assessment. We use four metrics to examine the ability of CMIP5/6
models to reproduce the observed NPMM properties in the present-day climate,
including an NPMM pattern correlation, an NPMM intensity, an NPMM coupling
strength and an NPMM seasonality. The multimodel-mean pattern correlation
(Supplementary Fig. 2a) of NPMM SST variability in CMIP6 (0.78) is higher than
that in CMIP5 (0.71), associated with a 27.3% smaller inter-model spread (0.16)
comparing with CMIP5 models (0.22). The NPMM intensity is measured by an
average of SST regression coefficients in the southwest of Baja California (black
box in Supplementary Fig. 1a), where the largest SST anomalies of NPMM exist.
There are more models in CMIP6 simulating a reasonable NPMM intensity than
models in CMIP5 (Supplementary Fig. 2b). A total of 21 of the 36 (58.3%) CMIP5
models and 35 of the 42 (83.3%) CMIP6 models have correlation coefficients larger
than 0.7, indicating that the NPMM spatial pattern is more reasonably simulated
in CMIP6 than in CMIP5. Compared with the observation (0.41°Cs.d.™"), a

total of 29 of the 36 (80.6%) CMIP5 models underestimate the NPMM intensity
(multimodel mean: 0.34 +0.09°Cs.d.™"). By contrast, the multimodel average

(0.41 +£0.09°Cs.d.™!) of CMIP6 is identical to the observed, although the
inter-model spread remains unchanged.

Air-sea coupling processes are fundamental to development of the NPMM, which
is measured by a correlation between the respective NPMM-SST and NPMM-wind
indices (Supplementary Fig. 2c). The NPMM coupling strength is underestimated
in CMIP5 and CMIP6, with 23 of the 36 (63.9%) CMIP5 models and 32 of the 42
(76.2%) CMIP6 models generating a weaker NPMM coupling strength than the
observed correlation of 0.75. However, considering observational uncertainty, the
multimodel mean coupling strength is still in a reasonable range (0.72 +0.08 in
CMIP5 and 0.71+0.07 in CMIP6). The seasonality of the NPMM is reasonably
well simulated by the CMIP5 and CMIP6 models (Supplementary Fig. 2d-f), with
monthly s.d. of the NPMM-SST index peaking in MAMO and the NPMM-wind
index peaking one month earlier. Overall, the representation of the NPMM improves
from CMIP5 to CMIP6 on a multimodel ensemble average. The NPMM simulated
by the CMIP5/6 models is generally comparable to that in the observation, although
model bias exists. Together with the result of Fig. 1a, it suggests an improvement in
simulating the NPMM-ENSO connection in CMIP6 climate models.

Sign-dependent average. The regression coefficients in the equatorial Pacific
(5°S-5°N, 140°E-80° W) are averaged as follows". First, we consider and average
only the regression coefficients at grid points that are statistically significant (more
than the 95% confidence level). Second, the sign of the averaged value is checked.
If the sign is positive (negative), then only the significant positive (negative)
coefficients are averaged. If all the regression coefficients in the equatorial Pacific
grid points are insignificant, the value is set to zero. This method is adapted to
avoid an offset between the positive and negative values.

Bootstrap test. A bootstrap method™ is used to examine whether the multimodel
mean enhancement in the DOJF1 Pacific SST response is statistically significant™**.
The 30 response values in the present-day period (blue bars in Fig. 2a) are resampled
randomly to construct 10,000 realizations of mean response value over 30 models.

In this random resampling process, any response value can be selected again. The
same is carried out for the future period (orange bars in Fig. 2a). We compute the
s.d. of the 10,000 inter-realizations of mean response value for the two periods,
which is 0.019°Cs.d.™" and 0.021°Cs.d.™", respectively. The increased mean response
in the future period (0.07°Cs.d.™) is greater than the sum of these two s.d. values
(0.040°Cs.d.™), indicating statistical significance above the 95% confidence level
(Fig. 2b). We also use this bootstrap test to check the NPMM forcing on ENSO

(Fig. 3 and Supplementary Fig. 4), the enhanced western Pacific zonal wind response
(Fig. 4d and Supplementary Fig. 8) and the model experiment results (Fig. 5c-f).

E-index and C-index. A C-index and an E-index are used to determine

extreme ENSO events in models'. We apply an empirical orthogonal function
(EOF) analysis to the quadratically detrended DOJF1 SST anomalies of tropical
Pacific (15°S-15°N, 140° E-80° W) over 1900-2099. The leading two principal
components (PC1 and PC2) of the EOF analysis that correspond to a respective
positive phase of EOF1 (warm anomaly centre in the central eastern Pacific) and
EOF2 (a warm anomaly centre in the central Pacific and a cool anomaly aside)
are both scaled to have an s.d. of 1. The C-index and E-index are then defined by
[(PC1+4PC2)/2] and [(PC1 —PC2)/2], respectively.

WESp and decomposition. The WESp is estimated by a change in latent heat flux
per unit change in zonal wind speed>*'~*’. By substituting a linearized standard
bulk formula for the latent heat flux, the WESp can be calculated as:

JoLH u

WESp = — == = ~LH 1

where LH is latent heat flux, u is the 10 m zonal wind and W is the total wind speed
(W in this work is directly obtained from model outputs). On the basis of the
standard bulk formula, the LH can be decomposed into™:

LH = LyCep, (qs — qa) W = LvCep, [qs (T) —RH x g (T+ S| W  (2)
where L, is latent heat of evaporation, C is the transfer coefficient, p, is surface
air density, S is air-sea surface temperature difference (S=T,- T, T, is surface air

temperature), T'is the SST and g, is saturation specific humidity. By integrating the
Clausius—Clapeyron equation, the g, is analytically expressed by:

€0 _aT, a a
qs(T)=7°e Toe™™ = goe™" (3)

where ¢, is a constant (2.862x 10~°kgkg™"), @ = L/(R,T%) = ~0.06 K~'. Substituting
equation (2) and equation (3) into equation (1), we obtain:

WESp = —L,Cep, [qs (T) — RH X g, (T + S)] ¥
—LyCep, (1 — RH x ) g, (T) uw (4)

= —LyCep,q0 (1 — RH x e*) e*Tuy
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The variability of WESp is induced by variations of RH, S, T and u,,. To
estimate contributions of the individual term, we further decompose changes in
the WESp into the following:

OWESp OWESp OWESp OWESp
AWESp = A ARH AT AS+R
P G ) T RE toor AT s
(5)
OWESp aTl as
A = |-L, 1 —RH A
3 (i) (uw) [ Cepyqo X € ( RH x ¢ )]PD (uw)  (6)
OWESp T4
ARH = |L,Cp a(T+5) ARH
9RH [ Copado X € x “W] BD @
OWES
pAT = [7aLVCEpaqo X <1 — RH x e"s) x "1 x uw] AT (8)
oT PD
OWES .
PAs= [aLvCEpaquH x T+ uw} AS ©)
N PD

where PD and A denote mean value in the present-day climate (1900-1999) and
changes in the mean value between future (2000-2099) and present-day climates,
respectively. Equations (6-9) indicate changes in the WESp because of changes in
wind speed (equation (6)), relative humidity (equation (7)), SST (equation (8)) and
air-sea surface temperature difference (equation (9)). The total wind speed can be
decomposed as:

W= /u?+ v+ w2 (10)
where w. is turbulent background wind speed’. Since zonal wind dominates the
WES feedback, equation (6) can be simply expressed by (see also ref. **):

OWESp
9 (uw)

y 1
A ~ A =A ~ A
() ~ & (uw) < u2+v2+wi> L4 (%)
1n

Equation (11) indicates that a stronger mean zonal wind corresponds to a more
intense WES feedback, and vice versa.

Intermediate model description. The intermediate climate model used in this
study consists of a Community Atmosphere Model version 3.1 (CAM3.1) and a
Zebiak-Cane type 1.5-layer reduced-gravity ocean model™>*'. The atmospheric and
oceanic components are fully coupled with flux corrections (CAM3.1-RGO model
hereafter)”*. The CAM3.1 has a T42 horizontal resolution and 26 vertical levels,
while the RGO has a 1° latitude by 2° longitude resolution covering a global domain
(see ref. * for details of this model). The CAM3.1-RGO model has been frequently
used to study NPMM or climate change-related questions*'"** as the effects of
different dynamic processes are easier to decipher in this model than in the CGCMs.

Single-model ensemble experiments. We conduct a 500 yr control run (CTRL)
and a 400 yr quadrupled CO, concentration run (4 X CO,) using CAM3.1-RGO.
The CTRL is forced by the observed atmospheric composition in 1990 (constant
CO, concentration of 355 ppm) and the 4 X CO, starts from the hundredth year of
CTRL with a sudden quadrupling (1,420 ppm) of CO, concentration. On the basis
of the respective equilibrium state of CTRL and 4 x CO, with slightly different
initial conditions, two sets of 30-member initial-value ensemble runs are carried
out. For each member, we initiate the observed positive NPMM SST pattern
(Supplementary Fig. 1a) amplified by a factor of 4 (to increase a response signal)
over the subtropical Pacific on the first day of March. The imposed anomaly is
enough for our intermediate climate model to have an NPMM signal through
March to May that is comparable to the observed. The model is then free to

run for one year within the fully coupled framework. In addition, two parallel

sets of 30-member ensemble experiments with zero SST anomalies initiated are
performed. All the ensembles are initialized on 1 March when the NPMM forcing
is applied. The oceanic and atmospheric responses to the imposed NPMM SST
forcing are obtained by the differences between the corresponding experiments
with and without initiated NPMM SST anomalies. The experiments reflect changes
in the impact of NPMM on the tropical Pacific from CTRL (resembling historical
simulations of CMIP5/6) to 4 X CO, condition (resembling RCP8.5/SSP585
simulations of CMIP5/6). Similar initial-value ensemble experiments using the
CAM3.1-RGO model were performed to study tropical inter-basin interactions®.

Data availability
Data related to the paper can be downloaded from the following websites: HadISST
v1.1, https://www.metoffice.gov.uk/hadobs/hadisst/; NCEP/NCAR Reanalysis,
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https://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.derived.html;
CMIP5 database, https://esgf-node.llnl.gov/projects/cmip5/; CMIP6 database,
https://esgf-node.llnl.gov/projects/cmip6/. A detailed reference and DOI

for each CMIP6 model are provided in the Supplementary Information. The
CAM3.1-RGO model experiment data are available from the corresponding
authors on request.

Code availability

Codes for calculating MCA and NPMM pattern are publicly available via Zenodo
at https://doi.org/10.5281/zenodo.5147938 (ref. *’). All other codes are available
from the corresponding author on request.
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