
npj | climate and atmospheric science Article
Published in partnership with CECCR at King Abdulaziz University

https://doi.org/10.1038/s41612-024-00772-5

Multi-year La Niña frequency tied to
southward tropical Pacific wind shift

Check for updates

Guojian Wang 1 & Agus Santoso 1,2,3

Multi-year La Niña events cause prolonged climate disruptions worldwide, but a systematic
understanding of the underlyingmechanisms is not yet established. Herewe showusing observations
and models from the sixth phase of Coupled Model Intercomparison Project that a greater frequency
of consecutive La Niña events is tied to the upper equatorial Pacific Ocean when it favors more rapid
heat discharge. The propensity for heat discharge is underscored by negative skewness in upper-
ocean heat content, underpinned by southward tropical Pacific wind shift during austral summer.
Models with stronger westerly anomalies south of the equator simulate steeper east-to-west upward
tilt of the thermocline that is favorable for a greater discharge rate. This highlights the crucial role of the
southwardwind shift in the nonlinear systemof theEl Niño-SouthernOscillation. The large inter-model
spread in multi-year La Niña processes underscores the need in constraining models for reliable
climate prediction and projection.

As the earth’s dominant year-to-year climate variability, El Niño-Southern
Oscillation (ENSO) vacillates between El Niño and La Niña, with warmer
and colder than normal sea surface temperature (SST) over the central-to-
eastern equatorial Pacific Ocean, respectively1. The recharge-discharge
oscillator is one of the classic ENSO theories to explain the oscillatory
behavior of ENSO2–4. During El Niño events, the westerly wind anomalies
over the western and central tropical Pacific Ocean induce eastward pro-
pagation of downwelling Kelvin waves, leading to eastward expansion of
western Pacific warm pool, and a deepened thermocline in the eastern
equatorial Pacific and a shoaled thermocline in the west. The anomalous
westerlies subsequently promote a decrease of the upper equatorial Pacific
Oceanheat content throughpolewardSverdrup transport2. Thedischargeof
the equatorial warmwater terminates El Niño and favors a phase transition
to a La Niña. In contrast, easterly wind anomalies during La Niña promote
equatorward transport and recharges the tropical Pacific Ocean heat con-
tent, setting the stage for an El Niño.

ENSO exhibits asymmetric properties5–9, not only in amplitude
between ElNiño and LaNiña associatedwith a positive SST skewness in the
easternPacific and anegative SST skewness in the central Pacific8–14, but also
in temporal evolution for which La Niña occurring for more than 1 year is
more common than its El Niño counterpart8,15–17. Since the start of the 21st
century, three multi-year La Niña sequences have occurred (Fig. 1A). Such
long-lasting La Niña sequence has drawn much attention as it prolongs La
Niña-associated global climate disruptions via teleconnection, e.g., frequent
floods over eastern Australia and persistent drought in the United

States15,18–21. Understanding the dynamics underpinningmulti-year LaNiña
occurrences is of utmost importance for its near-term prediction and long-
term projection.

Observational evidence has suggested that the La Niña associated
recharge process tends to be weaker in amplitude compared to El Niño
associated discharge22–25, allowing for a longer duration of La Niña than
El Niño26–29. Other studies offered various perspectives, including forcing
from subsurface thermal anomalies30–33, off-equator34–39, inter-basin
interaction20,40, and meridional width of tropical Pacific SST pattern41,42. In
general, there has been a lack of common understanding to explain multi-
year La Niña occurrences, in particular with regards to observed decadal
variations and inter-model diversity. This study discloses a strong link
between the occurrences of multi-year La Niña and the tropical Pacific
upper-ocean heat content in both observations and climate models.

Results
Observed multi-year La Niña
To revisit the historical LaNiña years, we used the classicNiño3.4 SST index
which covers SSTanomalies over both the central-to-eastern tropical Pacific
Ocean. We define an ENSO event as when Niño3.4 is greater than 0.75
standard deviation (s.d.) for both El Niño and LaNiña (red and blue dots in
Fig. 1A)during austral summer season (December, January, February,DJF).
21 LaNiña events have occurred since 1948 in comparisonwith 14 ElNiño.
Around 70% (15 out of 21) La Niña belongs to seven multi-year La Niña
sequences while no multi-year El Niño has been observed based on current
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criterion. In this study we define amulti-year event as when two or three La
Niñahappen in consecutive years. Among those consecutive sequences, two
(1983–1984 and 1998–2000) were preceded by a strong El Niño in the year
1982 and 1997, defined as when Niño3.4 index is greater than 1.5 s.d., and
five multi-year La Niña sequences (1949–1950, 1954–1955, 2007–2008,
2010–2011, and 2020–2022) did not follow a strong El Niño.

The identified relationship is not affected by different methods in
defining an ENSO event, e.g., definition thresholds and ENSO regimes.
Using different thresholds to define La Niña generates a similar rela-
tionship (Supplementary Fig. 1). The recent advance in understanding
ENSO43 has been based on categorizing ENSO into two different regimes
with distinct dynamics, i.e., Central Pacific (CP) and Eastern Pacific (EP)
ENSO,which could explain different impacts associatedwith the first and
second La Niña in a multi-year event18,19,21. Utilizing Niño3 and Niño4
SST index, a CP ENSO event is defined as whenNiño4 SST is greater than
Niño3 SST (blue and red triangle in Fig. 1A), while an EP ENSO event is
defined as when Niño3 SST is greater than Niño4 (blue and red circle in
Fig. 1A) (ref. 44). There does not seem to be a clear preference in ENSO
regime that precedes or follows one another in a multi-year event. Other
events that could be captured by either Niño3 or Niño4 are also indicated
(pink and green markers in Fig. 1A). Recounting La Niña events as when
it passes the threshold for any Niño index does not influence the rela-
tionship betweendecadalWWVskewness anddecadal LaNiña frequency
(Supplementary Fig. 2).

As limited by the length of observational record, here we count the La
Niña occurrences using an 11-year sliding window which shows a decadal
variation (blue curve in Fig. 1B). The choice of 11-year window is to include
as many samples as possible in the analysis and the conclusion is not sen-
sitive to 21-year and 31-year as alternatives. As ENSO is intimately linked to

the background climate upon which it evolves9, we propose that multi-year
La Niña occurrences are tied to decadal variation in the tropical Pacific
upper-ocean heat content. Here we use the conventional integrated warm
water volume (WWV) above the 20 °C isotherm between 120°E–80°W,
5°S–5°N as a surrogate of the equatorial Pacific Ocean heat content45,46, and
calculate theWWVskewness for eachof the 11-yearwindow (black curve in
Fig. 1B). There is a close relationship between the La Niña occurrences and
WWV skewness across the decadal periods, with a correlation coefficient of
−0.71 (note the reversed y-axis on the right-hand side): more La Niña
occurrences tend to occur when the propensity leans towards a discharge
state of the equatorial Pacific Ocean heat content. The contribution of
consecutive La Niña sequences to the total La Niña occurrences is also
highlighted, i.e., higher decadal La Niña occurrences coinciding with more
consecutive La Niña sequences (blue dots in Fig. 1B). As such, the occur-
rences ofmulti-year LaNiña events, although limited in numbers, appear to
be related to the decadal WWV propensity. Replacing the WWV by ocean
temperature integrated in the upper 300m (T300) generates similar rela-
tionship (Supplementary Fig. 3). Below we show that climate models are
able to generate an inter-model relationship between WWV skewness and
multi-year La Niña frequency that is consistent with the observed rela-
tionship inferred from the relatively short observational record.

Simulated consecutive La Niña sequences
Using historical data from 33 coupled climate models that participated in
the Coupled Model Intercomparison Project phase six (CMIP6) (ref. 47)
(see “Methods” and Supplementary Table 1), we first count the multi-year
LaNiña occurrences over the entire 20th century due to the rareness of such
multi-year La Niña events. Consistent with observed, there are two types of
multi-year La Niña events that follow and do not follow a strong El Niño,

Fig. 1 | Observed decadal La Niña occurrences and decadal WWV skewness.
A Niño3.4 SST index (170°W–120°W, 5°S–5°N) averaged over December, January,
and February fromHadISST63. El Niño (red dots) and La Niña (blue dots) events are
defined as when Niño3.4 is greater than 0.75 standard deviation (s.d.). The con-
secutive LaNina sequence is indicated by the light blue vertical shades. Among those
events, CP ENSO event is indicated by triangle when Niño4 (160°E–150°W,
5°S–5°N) is greater than Niño3 (150°W–90°W, 5°S–5°N) in amplitude and EP
ENSO is indicated by circle when Niño4 is smaller than Niño3 (ref. 44). Beyond
ENSO events captured by Niño3.4 index, additional CP and EP ENSO events are
defined aswhenNiño4 andNiño3 index is greater than 0.75 s.d., respectively.BTime

evolution of decadal La Niña occurrences and WWV skewness in 11-year sliding
windows. The WWV is defined as the water volume with temperature above 20 °C
over the domain of 120°E–80°W, 5°S–5°N45. The blue and orange shade indicates
when WWV skewness is negative and positive, respectively. The blue dot indicates
consecutive La Niña sequence over that 11-years window (center year) with the big
size indicating two sequences and the small size indicating one sequence. The cor-
relation coefficient between the two curves and the p value are also indicated. In
observation, there is a tendency for multi-year La Niña event to occur more often
when the tropical Pacific Ocean is easier to discharge than recharge.
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both contributing to the total occurrences of multi-year La Niña events
(Supplementary Fig. 4A, B).

We also calculated WWV skewness which shows a close inter-model
relationship with multi-year La Niña frequency (Fig. 2), indicating that
models with greater negativeWWV skewness tend to simulatemoremulti-
year La Niña events. The inter-model correlation coefficients are all sig-
nificant above 90% confidence level with various thresholds to define the La
Niña (Supplementary Fig. 5). This underscores the preference ofmulti-year
La Niña events for a discharge state in the upper tropical Pacific Ocean heat
content, thus supporting the observed relationship. Belowwe show that the
southward tropical Pacific wind shift during austral summer links WWV
skewness and multi-year La Niña.

The observed and simulated southward wind shift
When an El Niño develops, the westerly wind anomalies over the tropical
Pacific Ocean are symmetric about the equator. Through the air-sea feed-
back, the westerly anomalies eventually lead to El Niño peak in austral
summer.As a response to the seasonal evolution in solar radiation, the zonal
windsmove southward to the south of the equator following the southward
displacement of the tropical warmwater48,49. As such, the symmetric pattern
in zonal wind anomalies disappears during austral summer when El Niño
matures48–51. The same happens for easterly wind anomalies during LaNiña
butwithweakermagnitude than that duringElNiño52. The southwardwind
shift contributes to the ENSO phase locking7,48–54. Here we found that the
southward displaced zonal wind anomaly plays a key role in the simulated
WWV skewness.

We first regressed zonal wind anomalies on Niño3.4 SST focusing on
DJF season over the 20th century for each climate model. We then apply
empirical orthogonal function (EOF) analysis55 to the 33fields of the ENSO-
related zonal winds over the tropical Pacific Ocean (10°S–5°N,
130°E–80°W). The dominant EOF pattern reflects the southward wind
shifts with anomalouswesterlies south of the equatorwhenElNiñomatures
(Fig. 3A). The corresponding principal component which represents the
inter-model differences in the southwardwind shift pattern is systematically
linked to theWWVskewness;models simulating a greater westerly south of
the equator tend to generate greater negative WWV skewness (Fig. 3B).

To elaborate on this point, we calculated themeridional heat transport
using both subsurface temperature and oceanicmeridional velocity for each
model (see “Methods”). The net meridional heat transport is positive into
and negative out of the tropical Pacific Ocean. We then regressed it against
the inter-model differences in the southward wind shift pattern along the
integrated boundary (north plus south). The inter-model regression pattern
suggests that a model with greater westerly over the south of the equator
simulates greater ocean heat discharge out of the tropical PacificOcean (Fig.
4A). The correlation coefficient between the inter-model difference in the
southward wind shift and that in the recharge rate, calculated as the inte-
gration of the netmeridional heat transport over the upper 300macross the
Pacific basin, is as high as −0.7 (Fig. 4B).

We further found that the inter-model relationship is through the
modulation of the thermocline tilt along the tropical Pacific Ocean by the
southward wind shift (Fig. 4C). Amodel simulating greater westerly during
El Niño south of the equator is associated with the thermocline that is
skewed shallow in thewestern tropical PacificOcean and skeweddeep in the
eastern tropical Pacific Ocean. Consistent with the thermocline-response-
to-wind feedback48,50,51, it implies that the southward wind shift could be the
forcing for the propensity of the tropical Pacific Ocean heat content.
Moreover, the positive relationship between heat discharge rate and multi-
year La Niña frequency (greater heat discharge corresponding to higher
frequency of multi-year La Niña events) strictly implies that the southward
wind shift is the driver of multi-year La Niña, not the other way around (as
multi-year La Niña would lead to a recharge state). As such, a greater
westerly over the south of the equator is conducive for stronger heat dis-
charge (more negative recharge rate), corresponding to greater negative
WWV skewness (Fig. 3B) that is favorable to prolongedmulti-year LaNiña
events (Fig. 2).

Such strong link between the southward wind shift and the WWV
skewness is also captured by observation (Fig. 5). Applying sliding window
of 11-yr long, we calculated thewind response duringDJF. AnEOF analysis
was then applied to the multi-year zonal wind anomalies over the same
domain as in models. The southward wind shift pattern in observation is
similar to that simulated by models (Fig. 5A); when the westerly is greater
south of the equator, there is a tendency for theWWV skewness to bemore

Fig. 2 | Simulated multi-year La Niña frequency
and the WWV skewness over the 20th century.
Inter-model relationship between the simulated
multi-year La Niña frequency and the WWV
skewness over 1900–1999. The correlation coeffi-
cient (Corre. Coeff.), slope, and p value are indicated.
Consistent with observation, the strong inter-model
relationship suggests that the greater propensity for
the tropical Pacific Ocean to discharge, the more the
multi-year La Niña tends to occur.
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negative (Fig. 5B). Using 31-yr and 51-yr sliding window produces similar
results (Fig. 5C–F). This highlights the important role of the southward
wind shift that is consistent between observation and models, as the
mechanism governing the propensity of the tropical Pacific upper-ocean
heat recharge and discharge.

Discussion
We explain the occurrences of multi-year La Niña events linked to the
long-term mean state through processes internal to tropical Pacific
Ocean42, although the triggers can be external20,36,38–41. We found the
observed multi-year La Niña frequency is tied to decadal WWV skew-
ness (Fig. 1) in that greater negative WWV skewness is conducive to
more prolonged La Niña events. Strong El Niño is conducive to pro-
longed La Niña in the following years by inducing stronger heat dis-
charge, as such contributing to WWV skewness; there are also
independent multi-year La Niña events that do not follow strong El
Niño. The observed relationship is underpinned by a systematic inter-
model relationship across 33 CMIP6 models between the multi-year La
Niña frequency and WWV skewness (Fig. 2). A dynamical process
further explains the relationship. First, we found that WWV skewness is
governed by the southward tropical Pacific wind shift during ENSO
mature season, with a greater westerly over the south of the equator
setting up more favorable conditions for tropical Pacific Ocean heat
discharge (Figs. 3 and 4). Therefore, the simulated multi-year La Niña
frequency can be traced back to model’s performance in the simulation
of the southward wind shift. The key role of the southward wind shift in
modulating changes in the ocean heat content is also evident in obser-
vation (Fig. 5). Our results reveal the southwardwind shift during austral
summer sets up the preference for oceanic heat recharge or discharge.
This in turn affects the tendency for multi-year La Niña to occur, thus
contributing to asymmetry in the frequency of multi-year El Niño and

multi-year La Niña (Supplementary Fig. 6), highlighting the importance
of the southward wind shift in ENSO asymmetry.

Consistent with previous studies suggesting that the southward tro-
pical Pacific wind shift can influence the eastern equatorial Pacific ther-
mocline depth48,50,51, we further found that the systematic inter-model
relationship is through the modulation of the thermocline tilt along the
tropical Pacific Ocean by the southward wind shift (Fig. 4C). A greater
ENSO nonlinearity (more negative; see “Methods”) represents a more
realistic ENSO simulation with more distinctive EP ENSO regime whose
SST anomalies are skewed positive56–61 (Supplementary Fig. 7). Models
simulating greaterwesterly over the south of the equator are able to simulate
more realistic ENSO nonlinearity (i.e., more negative, Fig. 4D), via the
thermocline that is skewed deep in the eastern tropical Pacific Ocean
through the thermocline-response-to-wind feedback.

We note that the inter-model spread in all of these processes and the
multi-year La Niña frequency is large (Figs. 2, 3B, 4B–D). This study thus
calls for more attention in the simulation of the southward tropical Pacific
wind shift, as it is not only important to explain many ENSO-related phe-
nomena, such as multi-year La Niña occurrences, but is also critical for
realistic simulation of ENSO nonlinearity, thus for improved climate pre-
diction and projection.

Methods
CMIP6 data and processing
To assess the possible relationship between multi-year La Niña frequency
and WWV skewness, we take outputs from 33 CMIP6 models47 (Supple-
mentary Table 1) in which data are available in all fields including ocean
temperatures, SST, and surface zonal wind stress. These models are forced
under historical forcing emission scenarios. Before data analysis, the hor-
izontal grids of eachmodel are regridded to 1° × 1°; the oceanic vertical level
is interpolated to upper 300m with 10m as interval. Monthly data from

Fig. 3 | Inter-model differences in the southward
wind shift pattern and its relationship withWWV
skewness. An EOF analysis is applied to 33 patterns
of 20th century ENSO-related zonal wind stress over
the domain of (10°S–5°N, 130°E–80°W) from 33
CMIP6 models focusing on DJF season. A The first
principal pattern (Nm−2 s.d.−1) describes inter-
model differences in the southward wind shift pat-
tern, explaining 34% of the total variance. The
purple contours indicate positive SST anomalies
associated with the principal component, high-
lighting symmetric SST anomalies about the equator
in comparison to the southward wind shift. B An
inter-model relationship of WWV skewness with
the corresponding principal component (s.d.). The
correlation coefficient, slope and p value are indi-
cated. The inter-model differences in the southward
wind shift can explain the inter-model spread in the
WWV skewness.
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1900 to 1999 are utilized. The oceanic meridional velocity is also utilized to
calculate the recharge rate.

Observations
We use ocean temperature data from the Institute of Atmospheric Physics/
Chinese Academy of Sciences62 (IAP/CAS) to calculate the observedWWV
skewness. SST and surface zonal wind stress are fromHadley Centre Sea Ice
and Sea Surface Temperature dataset63 (HadISST) and the National Centre
for Environmental Prediction (NCEP)/National Centre for Atmospheric
Research (NCAR) reanalysis 1 (ref. 64), respectively. Data covering 1948
onwards are used. Anomalies are referenced to the climatology over the full
data period and then quadratically detrended for both model simulations
and observations.

Meridional heat transport and recharge rate
To quantitatively evaluate the recharge and discharge of the tropical Pacific
Ocean heat content, we calculated the net meridional heat transport28 as
follows:

Tvðdepth; longitudeÞ ¼ � ρCpTðdepth; longitudeÞ � voðdepth; lontitudeÞ@10°N

þ ρCpTðdepth; longitudeÞ � voðdepth; lontitudeÞ@10°S

Tv is the net meridional heat transport across the tropical Pacific
Ocean boundary (10°N and 10°S), indicating the ocean heat content
into (positive) and out of (negative) of the tropical Pacific Ocean for
any given time point. ρ is the reference density (1035 kg m−3) and Cp is
the specific heat capacity of seawater (3985 J kg−1 °C−1). The first term
on the right-hand side of the equation is the heat transport by the
meridional velocity across 10°N (positive southward); the second term
is the heat transport by the meridional velocity across 10°S (positive
northward). Integration over the upper 300 m across the Pacific basin
generates the recharge rate.

ENSO nonlinearity
For eachmodel, we appliedEOF analysis over the detrended tropical Pacific
SST (15°S–15°N, 140°E–80°W). The first principal pattern exhibits a warm-
anomaly center in the central-eastern Pacific and the second principal
pattern shows a warm-anomaly center in the central Pacific and a cool-
anomaly center in both the eastern and western parts of the basin56. The
ENSOnonlinearity is determined byfitting the two corresponding principal
components (PC) with the quadratic function:

PC2ðtÞ ¼ α½PC1ðtÞ�2 þ βPC1ðtÞ þ γ

Fig. 4 | Inter-model relationship between southward wind shift pattern and
tropical Pacific recharge rate. A Inter-model regression pattern of the skewness in
net meridional heat transport along the integrated tropical Pacific boundary (see
“Methods”) onto inter-model differences in the southward wind shift pattern. The
integrated vertical profile of the meridional heat transport is a summation of that
along both 10°S and 10°N; as such it represents the netmeridional heat transport into
(positive) or out of (negative) the tropical Pacific Ocean.B Relationship between the
inter-model differences in the southward wind shift pattern and the skewness of
recharge rate integrated over the domain of (160°E–100°W, upper 300 m) as indi-
cated by the black box in (A). The correlation coefficient, slope and p value are
indicated. C The inter-model relationship between the southward wind shift and

skewness of thermocline gradient. The thermocline gradient is calculated as the
west-minus-east using thermocline depth averaged over the western tropical Pacific
Ocean (5°S–5°N, 160°E–120°W) and the eastern tropical Pacific Ocean (5°S–5°N,
120°W–80°W). D The inter-model relationship between the southward wind shift
and ENSO nonlinearity (α; see “Methods”). Models with greater negative α simulate
stronger nonlinear Bjerknes feedback with more distinctive Central Pacific and
Eastern Pacific ENSO regimes (see “Methods”). The inter-model differences in the
southward wind shift governs the inter-model spread in the discharge-recharge
propensity of the tropical Pacific Ocean heat content through its modulation on
thermocline tilt across the tropical Pacific Ocean; it also contributes to ENSO
nonlinearity, highlighting its important role in the nonlinear ENSO air-sea feedback.
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Models with greater negative α systematically produce larger negative
SST skewness in the Central Pacific and larger positive SST skewness in the
Eastern Pacific, therefore, more realistic ENSO nonlinearity56.

Statistical significance test
A bootstrap method43 is used to evaluate the one-standard-deviation range
in Supplementary Fig. 5. For each of La Niña threshold, 33 values from the
33 models are resampled randomly to construct 10,000 realizations of the
correlation betweenmulti-year La Niña frequency andWWV skewness. In
this randomresamplingprocess, amodel is allowed to be selected again. The
standard deviation of the 10,000 inter-realizations of inter-model correla-
tion coefficient is used for the uncertainty range.

Data availability
Data related to this paper can be downloaded from the following address.
HadISST from https://www.metoffice.gov.uk/hadobs/hadisst/data/
download.html; NCEP/NCAR Reanalysis 1 from https://psl.noaa.gov/
data/gridded/data.ncep.reanalysis.html; IAP/CAS from http://159.226.119.
60/cheng/; CMIP6 from https://pcmdi.llnl.gov/CMIP6/.

Code availability
All codes for the analysis are available upon request to the corresponding
author in this paper.
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