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Abstract This study compares the evolution of atmospheric and oceanic anomalies as well as predictions
for the two most recent triple-dip La Nifia events in 1998-2001 and 2020-2023. Subsurface cooling in the
equatorial Pacific was stronger and more persistent during 1998-2001. In contrast, surface easterly winds
were stronger during 2020-2023 as was the east-west sea surface temperature (SST) contrast along the
equator. We argue that in the absence of appreciable equatorial Pacific heat discharge, persistent and strong
surface trade winds and a strengthened mean zonal SST contrast across the tropical Pacific contributed to the
development of the 2020-2023 triple-dip La Nifia. In terms of the subsurface layer heat budget, the growth
and maintenance of unusually cold SSTs during the triple-dip La Nifia in 1998-2001 were mainly the result of
ocean vertical entrainment and diffusion, as well as meridional advection, associated with enhanced equatorial
upwelling; while for the triple-dip La Nifia in 2020-2023, zonal advection was the largest contributor. The two
events were mostly well predicted by multi-model averages at 1-8 months lead times. We hypothesize that
mean state change with enhanced zonal SST contrast and trade winds over the last several decades altered the
physical processes associated with the growth and maintenance of the most recent La Nifia, affecting its
predictability. Successful prediction in real-time of the 2020-2023 event more than half a year in advance was
surprising because there was little memory in oceanic heat content which is often considered a key predictor.

Plain Language Summary El Nifio-Southern Oscillation is the strongest interannual variability on
Earth and the main source of global seasonal climate predictability. Here, we examine the evolution of oceanic
and atmospheric anomalies in the tropical Pacific during two triple-dip La Nifias in 1998-2001 and 2020-2023,
comparing the physical processes that gave rise to them and the skill in predicting them. Our results show that
the processes giving rise to these events were different and likely affected by mean state changes in the tropical
Pacific. In particular, the easterly trade winds and zonal SST contrast across the basin have strengthened that
played a crucial role in the growth, maintenance, and prediction of the La Nifia in 2020-2023. The evolution of
the La Nifia in 2020-2023 was successfully predicted in real-time more than half a year in advance, which is
surprising because there was little memory in oceanic heat content which is often considered a key predictor.

1. Introduction

El Nifio-Southern Oscillation (ENSO) plays a crucial role in seasonal-interannual climate variability and
predictability (National Research Council, 2010). Since the pioneering work of Bjerknes (1969), the impacts of
ENSO on global and regional climate have been well documented (Li, Hu, Liang, & Zhu 2019; Li et al., 2023;
McPhaden et al., 2020; Yulaeva & Wallace, 1994). Coupled ocean-atmosphere interactions in the Pacific provide
the scientific foundation for operational seasonal-to-interannual climate forecasts (e.g., O'Lenic et al., 2008; Peng
et al., 2013). However, ENSO is irregular and diverse in its properties because of noise and nonlinearity in the
system (An et al., 2020; Capotondi et al., 2015; Timmermann et al., 2018) which makes it challenging to accu-
rately predict ENSO and its global impacts (McPhaden et al., 2015). For example, predictions of 2010-2011
La Nifia (e.g., R.-H. Zhang et al., 2013), 2014-2015 El Nifio (e.g., Zhu et al., 2016), and 2017-2018 La Nifia
were unsuccessful for the majority of ENSO prediction models (https://iri.columbia.edu/our-expertise/climate/
enso/; Huang et al., 2017; Z.-Z. Hu et al., 2020). Thus, further understanding ENSO dynamics is very important,
particularly for rare but highly consequential multi-year La Nifia events (McPhaden, 2023).
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Appreciable irregularity of the ENSO cycle between its cold and warm phases leads to asymmetric evolution
in which El Nifio normally lasts about 1 year from boreal summer to the following spring, while La Nifia often
persists over two and in some cases three consecutive years (DiNezio et al., 2017; Z.-Z. Hu et al., 2014; Kim &
Yu, 2022; Ohba & Ueda, 2009; Okumura et al., 2011; Song et al., 2022). According to the Climate Prediction
Center (CPC) Oceanic Nifio Index definition for ENSO, among the total of 20 El Nifio events during 1951-2023
(Figure S1 in Supporting Information S1), 15 (75%) were 1-year duration and 5 (25%) persisted for 2 years.
Among a total of 13 La Nifia events, 4 (31%) were 1 year, 6 (46%) lasted 2 years (double-dip events), and 3 (23%)
persisted for 3 years (triple-dip events) (Z. Gao et al., 2023). This asymmetry in multi-year El Nifio and La Nifia
events represents a deviation from a pure cyclic behavior of ENSO, which can not be fully explained by the orig-
inal recharge oscillator theory (Z.-Z. Hu et al., 2017; Jin, 1997; Kessler, 2002; Yu & Fang, 2018). A variety of
processes may account for these asymmetries between El Nifio and La Nifia, including a nonlinear atmospheric
response to SST (e.g., Ohba & Ueda, 2009), the contrasting influence of the Indian Ocean on the decay phases of
El Nifio and La Nifia (e.g., Okumura et al., 2011), and the asymmetry associated with the recharge and discharge
dynamics (Z.-Z. Hu et al., 2017) linked to nonlinear oceanic dynamical processes (DiNezio & Deser, 2014;
Hayashi & Jin, 2017; Z.-Z. Hu et al., 2014; Song et al., 2022).

Considering the asymmetry in event duration, the occurrence of triple-dip La Nifas is particularly striking. Since
1951, three triple-dip La Nifia events (1973-1976, 1998-2001, 2020-2023) have occurred. The first two events
developed in the wake of strong El Nifios in 1972-1973 and 1997-1998 (McPhaden, 1999), respectively, while in
contrast, the latest event occurred after a borderline El Nifio in 2019-2020 (Figure 1a; C. Gao et al., 2022; Hasan
et al., 2022; Huang et al., 2022; Li et al., 2022; R.-H. Zhang et al., 2022). Among the six multi-year La Nifia
events since 1982 (Figure S2 in Supporting Information S1), two of them lasted into a third year (1998-2001 and
2020-2023; Figure 1), while the other four were followed by either El Nifios (2009-2010 and 2018-2019), or
neutral conditions (1985-1986 and 2012-2013).

Given the rarity of triple-dip La Nifia events, their evolution and prediction skill have not been well documented.
Thus, our purpose is to compare the evolution as well as the prediction of the two most recent events, and to
examine the associated physical processes involved in their variability and predictability. Due to data availability,
we have restricted our focus to the 1998-2001 and 2020-2023 events since they are the best documented. We
will examine similarities and differences in oceanic and atmospheric anomalies, such as sea surface temperature
(SST), subsurface ocean temperature, atmospheric deep convection, and low-level wind anomalies in the tropical
Pacific. Furthermore, the impact of the mean state change on the growth and maintenance of triple-dip La Nifia
events will be addressed. Lastly, the hindcasts of the 19982001 event and real-time predictions of the 2020-2023
event will be verified.

The rest of the paper is organized as follows. The observational and model prediction data are introduced in
Section 2. Sections 3—5 show the similarities and differences in the evolution of oceanic and atmospheric anom-
alies in the equatorial Pacific during the 2020-2023 and 1998-2001 La Nifias, the impact of the tropical Pacific
mean state changes, and the hindcasts and real-time predictions of the two triple-dip La Nifias, respectively. We
conclude with a summary and discussion in Section 6.

2. Observational and Model Prediction Data

For observations, we use the Global Ocean Data Assimilation System (GODAS) which is a real-time ocean
reanalysis (Behringer & Xue, 2004) that has long been used for monitoring the global ocean and ENSO evolu-
tion at CPC (Z.-Z. Hu et al., 2022). The reanalysis is based on a quasi-global configuration of the Geophysical
Fluid Dynamics Laboratory Modular Ocean Model version 3 (GFDL MOMyv3) with a domain from 75°S to
65°N. Both temperature and synthetic salinity profiles are assimilated in a 3-Dimensional Variational Analysis
(3DVA) scheme with 40 vertical levels and a horizontal resolution of 1° by 1°, enhanced to 1/3° in the meridional
direction within 10° of the equator. The GODAS is forced by the momentum flux, heat flux, and freshwater flux
from the National Centers for Environmental Prediction and the Department of Energy reanalysis (NCEP/DOE;
Kanamitsu et al., 2002).

Recharge/discharge processes exchange heat between the equatorial band and adjacent off-equatorial areas to the
north and south (Jin, 1997). An index for this heat exchange is given by the warm water volume which is defined
as the GODAS monthly mean 20°C isotherm depth (D20) anomaly averaged in (5°S—5°N, 120°E-80°W; Meinen
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Figure 1. Monthly mean of the Nifio3.4 (black line; °C) and normalized warm water volume (WWV) (green line) indices
during (a) July 2019 to April 2023 and (b) July 1997 to April 2001. WWYV is normalized by its standard deviation over
January 1991 to December 2020, which is 6.4 m. The Nifio3.4 index is shaded with a value larger than 0.5°C or smaller than
—-0.5°C.
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& McPhaden, 2000). We also analyze the heat budget in the ocean mixed layer (Z.-Z. Hu et al., 2016; Huang
et al., 2010):

oT

E =Qu+Qv+Qw+sz+Qq+R
where, 07/0t is the temperature tendency, Q, and Q, are zonal and meridional advection, respectively; and Q,,
(Q,,) represents vertical entrainment (diffusion). Q, is adjusted surface heat flux, which is the net surface heat
flux plus a correction for penetrative shortwave radiation lost below the base of the mixed layer. R represents the
effects of horizontal heat diffusion, sub-monthly processes, and imbalances in the heat budget due to the GODAS
data assimilation process (see below).

The ocean mixed-layer heat budget is computed with pentad data in the global ocean from 74°S to 64°N on a
1° x 1° resolution from GODAS. The mixed layer depth (MLD) was determined with the criterion of a density
difference of 0.125 kg m~ between the surface and the bottom of the mixed layer. The MLD is calculated using
the pentad fields of temperature and salinity from GODAS. Using GODAS output from 1979 to 2008, Huang
et al. (2010) verified that the heat budget overall captures the physical processes controlling SST variability
associated with ENSO. The GODAS data assimilation method introduces sources and sinks of heat such that the
mixed layer heat balance does not exactly close. In most situations though, the imbalance is relatively small and
does not adversely affect the interpretation of dominant physical processes affecting the mixed layer heat budget.

Monthly mean SSTs are from the upgraded version of Optimum Interpolation OIv2.1 with improved bias correc-
tions (Huang et al., 2021). OIv2.1 SSTs are a blend of in situ ship and buoy SSTs with satellite SSTs derived
from the Advanced Very High-Resolution Radiometer. OIv2.1 data are available from September 1981 onward
on a 1° by 1° resolution. ENSO evolution is described by the Nifio3.4 index, which is defined as SST anomalies
(SSTAs) averaged over 5°S—5°N, 170°W-120°W. Monthly means of outgoing long-wave radiations (OLR) on a
2.5° % 2.5° grid are from Liebmann and Smith (1996), which is used to represent deep convection variation asso-
ciated with ENSO evolution. The surface wind stress is represented by pentad and monthly mean surface winds
from NCEP/DOE reanalysis. The wind stress was calculated using the drag coefficient derived with a modified
Charnock formula and empirical stability functions (Xue et al., 2011).

To assess hindcasts of the La Nifia in 1998-2001 and real-time predictions of the La Nifia in 2020-2023, we
examine the predictions from six models in the North American Multimodel Ensemble project (NMME; Kirtman
et al., 2014). The six models are NCEP CFSv2, the National Aeronautics and Space Administration NASA_
GEOS5v2, the National Center for Atmospheric Research NCAR_CCSM4, the Geophysical Fluid Dynamics
Laboratory GFDL_SPEAR, and the Environment and Climate Change Canada CanCM4i and GEM_NEMO. The
predictions (hindcasts and real-time predictions) start from January 1982 to the present with a range of 9 months.
However, due to the unavailability of some data in the 9-month lead time, in this work, we only examine the
1-8 months leads. The ensemble members range from 4 to 24 and the spatial resolution of the NMME data is
1° x 1°. Details about the models and data can be found in Kirtman et al. (2014) and https://www.cpc.ncep.noaa.
gov/products/NMME/.

Except for the OIv2.1 SST starting from November 1981 and NMME from January 1982, all other
observational-based data used in this work are from January 1979 onward. All the anomalies are computed as the
departures from climatologies based on January 1991 to December 2020.

3. Evolution of the La Nifias During 2020-2023 and 1998-2001

For the 2020-2023 triple-dip La Nifia event, the negative SSTAs emerged in the spring of 2020, and peaked in
late 2020 and early 2021 (shading in Figure 2a). After the weakening in the spring and summer of 2021, the
negative SSTAs restrengthened during late 2021 and early 2022. The negative SSTAs mostly persisted into spring
2022, lasted until the following winter, then gradually declined and returned to neutral conditions in February
2023. This SSTA evolution (shading in Figure 2a) was coherent with the fluctuations in both surface wind stress
(vectors in Figure 2b) and deep convection anomalies (shading in Figure 2b). SSTA variations were also linked
to wind-forced Kelvin wave activity along the equator (Figure 2a). For example, the initiation of negative SSTAs
in the spring of 2020 occurred in response to an upwelling Kelvin wave and reduction of negative SSTAs during
early and late 2021 were caused by two downwelling Kelvin waves. The small fluctuations in SSTA and the
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Figure 2. Hovmoller diagrams of the monthly mean of (a) sea surface temperature (SST) (shading) and D20 (contours), and (b) outgoing long-wave radiations (OLR)
(shading) and surface wind stress (vector) anomalies averaged in 2°S—2°N during January 2020 to April 2023. The units are °C for SST, m for D20, W/m? for OLR, and
N/m? for wind stress. The contours in white, black, and purple in (a) represent positive, zero, and negative D20 anomalies, respectively.

Nifio3.4 index during October 2021 to December 2022 were also consistent with multiple weak upwelling and
downwelling Kelvin waves.

For the triple-dip La Nifia event in 1998-2001, the negative SSTAs were initiated in the spring of 1998 after the
decay of the extremely strong El Nifio in 1997-1998 (Figures 1b and 3a; see also McPhaden, 1999). The negative
SSTAs peaked in late 1998, weakened during the spring and summer of 1999, and restrengthened in the fall of
1999 and the winter of 1999-2000. After weakening during the spring and summer of 2000, negative SSTAs
peaked again for a third time in the fall of 2000 and the winter of 2000-2001. However, this third peak was much
weaker than the previous two. Negative SSTAs eventually disappeared in the summer of 2001 and conditions
returned to normal. Both suppressed deep convection and surface easterly wind stress anomalies (Figure 3b) were
largest during periods of peak negative SSTA during 1998-2001. Similar to the event in 2020-2023, the evolution
of SSTAs in 1998-2001 was also linked to Kelvin wave activity though Kelvin waves are less evident in these
monthly analyzed data than in higher resolution mooring time series data (e.g., McPhaden, 1999). In short, the
evolution of the basin-wide atmospheric and oceanic anomalies during the triple-dip La Nifias of 1998-2001 and
2020-2023 was broadly consistent with coupled ocean-atmosphere interactions involving wind-SST-thermocline
feedbacks that we expect to operate during ENSO events (Bjerknes, 1969; C. Wang, 2018).

However, the two triple-dip La Nifias showed considerable differences in their detailed structure and evolution.
For example, the negative D20 anomalies along the equatorial Pacific were stronger and more persistent during
1998-2001 La Niiia (Figure 3a) than during 2020-2023 La Nifa (Figure 2a) consistent with the stronger oceanic
heat discharge associated with the extremely strong El Nifio in 1997-1998 (Figure 1). On the other hand, although
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Figure 3. Hovmoller diagrams of the monthly mean of (a) sea surface temperature (SST) (shading) and D20 (contours), and (b) outgoing long-wave radiations (OLR)
(shading) and surface wind stress (vector) anomalies averaged in 2°S—2°N during January 1998 to April 2001. The units are °C for SST, m for D20, W/m? for OLR, and
N/m? for wind stress. The contours in white, black, and purple in (a) represent positive, zero, and negative D20 anomalies, respectively.

subsurface cooling (as represented by negative D20 anomalies) was weaker during the 2020-2023 La Nifia,
surface easterly wind anomalies were stronger and steadier (see pentad wind stress anomalies in Figure S3 in
Supporting Information S1). These more persistent and stronger easterly wind anomalies during 2020-2023 were
linked to the stronger warming in the western tropical Pacific (Figures 2 and 3).

4. Impact of the Mean State Changes in the Tropical Pacific

The differences between the two events were associated with mean state changes in the tropical Pacific which can
be seen by comparing linear trends over January 1982 to December 2022 and the differences between average
conditions in January 2020 to January 2023 and January 1998 to January 2001 (Figure 4). The patterns of the
linear trends and differences are similar and exhibit a La Nifia-like structure with strengthened zonal SST and
D20 anomaly gradients, strengthened zonal trade winds, and suppressed deep convection in the central equato-
rial Pacific. The warming trends in the western tropical Pacific are likely due to human -induced warming (e.g.,
Jiang & Zhu, 2020; Leung et al., 2022; Weller et al., 2016). These trends and differences are also consistent with
the ENSO regime shift and mean state changes across the equatorial Pacific in 1999/2000 (England et al., 2014;
Z.-Z. Hu et al., 2013, 2020; Lee et al., 2022; Xiang et al., 2013; W. J. Zhang et al., 2010) though this shift was
modulated by shorter time scale fluctuations (e.g., Capotondi & Qiu, 2023) and the major 2015-2016 El Nifio
(e.g., S. Hu & Fedorov, 2017; Li, Hu, & Huang, 2019; L'Heureux et al., 2017).

To examine the influence of the trends on the differences between the two La Nifias, we repeated the difference
calculation in Figures 4c and 4d after linearly detrending the data (not shown). As expected, the zonal contrast
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Figure 4. Anomalous linear trends of monthly means of (a) sea surface temperature (SST) (shading; °C/30 years) and D20 (contours; m/30 years), and (b) outgoing
long-wave radiations (OLR) (shading; W/m?/30 years) and surface wind stress (vectors; N/m?/30 years) over land during January 1982 to December 2022. Anomalous
differences between the monthly means in January 2020 to January 2023 and January 1998 to January 2001 for (c) SST (shading; °C) and D20 (contours; m), and

(d) OLR (shading; W/m?) and surface wind stress (vectors; N/m?). The contours in white, black, and purple in (a), (c) represent positive, zero, and negative values,
respectively. The green rectangles in (d) represent the Nifio4 and Nifiol+2 regions, respectively.

for both SST and D20 differences were reduced and the positive OLR difference in the eastern tropical Pacific
decreased. However, the difference pattern was still evident implying an impact of the mean state change on the
evolution of the 2020-2023 La Nifia.

The mean state change and long-term trends were associated with a zonal SSTA gradient change across the trop-
ical Pacific, which can be represented by Nifio4-Nifiol+2. The gradient was mostly negative in 1998-2001 La
Nifia (Figure 5a), which would not have favored persistent easterly wind anomalies (Lindzen & Nigam, 1987). In
contrast, the gradient was mostly positive in 2020-2023 La Nifia (Figure 5b), which would have favored persistent
easterly wind anomalies. Thus, human -induced warming of the western Pacific warm pool and the strengthened
zonal SST gradient likely contributed to the persistent easterly wind anomalies during the 2020-2023 triple-dip
La Nifia. Fang et al. (2023) also argued that the exceptionally strong southeasterly trade winds in March 2022 may
have a key role in generating the third year of the 2022-2023 La Nifia.

The differences in the mean state led to differences in the physical processes associated with the two triple-dip
La Nifias (W. Wang & McPhaden, 2001). Specifically, for the Nifio3.4 region (Figure 6), ocean vertical entrain-
ment and diffusion (Q,, and Q,,) were stronger during 1998-2001 than during 2020-2023, while zonal advection
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Figure 5. Zonal sea surface temperature anomaly gradient (Nifio4-Nifio1+2) during (a) January 1998 to January 2001 and
(b) January 2020 to January 2023 (°C). The anomalies are referred to a 1991-2020 climatology.

was large and negative during 2020-2023 but positive during 1998-2001. In contrast, meridional advection and
heat flux damping exhibited relatively small differences between the two triple-dip La Nifias. Thus, we hypoth-
esize that the growth and maintenance of the triple-dip La Nifia in 1998-2001 was mainly driven by ocean
vertical entrainment and diffusion, as well as meridional advection, consistent with an enhanced equatorial
upwelling circulation; while for the triple-dip La Nifia in 2020-2023, zonal advection was the largest contributor
followed by meridional advection and vertical entrainment and diffusion. The importance of the zonal advec-
tion in 2020-2023 was consistent with the stronger mean zonal SST gradient along the equator at that time as
a result of the long-term trend. These results are also consistent with those of Liibbecke and McPhaden (2014)
who showed from a Bjerknes stability index analysis that the mean state changes described here reduced the
effectiveness of thermocline feedbacks in the eastern Pacific and resulted in a more stable ENSO cycle in the
twenty-first century relative to the late twentieth century, which would favor the persistence of unusually cold
conditions like those observed in 2020-2023. We next explore how these factors affected the predictability of
the two events.

LIET AL.

8of 16



-~
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Atmospheres 10.1029/2023JD038843

03 Mixed—Layer Heat Budget in Nino3.4
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Figure 6. Nifio3.4 region averaged pentad mean sea surface temperature (°C), Q,, 0., 0,, + Q,,. O, - and R (°C/month) during
January 1998 to January 2001 (red bars) and January 2020 to January 2023 (blue bars). The anomalies are referred to a
1991-2020 climatology.

5. NMME Predictions

The real-time evolution of the 2020-2023 La Nifa event was generally well predicted by both the ensemble of
dynamical and statistical models collated by the International Research Institute for Climate and Society (IRI;
https://iri.columbia.edu/our-expertise/climate/forecasts/enso/current/?enso_tab=enso-sst_table) and by NMME
(https://www.cpc.ncep.noaa.gov/products/NMME/). Among the six NMME model predictions (Figure 7a, an
example of 8-month lead predictions), NCEP CFSv2 was generally the best, while GFDL_SPEAR had appreci-
able warm biases and NASA_GEQOS5v2 had obvious cold biases. Overall, for 1-8 months lead times, NMME
(Figure S4a in Supporting Information S1) captured the evolution of the triple-dip La Nifia during 2020-2023,
especially the cooling in the second half of 2020 and 2021.

For the triple-dip La Nifia in 1998-2001, the NMME hindcasts overestimated the amplitude of the first negative
SSTA peak in the winter of 1998-1999, captured the second negative SSTA peak in the winter of 1999-2000,
but failed to capture the third and minor negative SSTA peak in the winter of 2000-2001 (Figure 7b for 8-month
lead and Figure S4b in Supporting Information S1 for 1-7 months leads). The failure of the model prediction
during 2000-2001 might be due to the small SSTA, since a small signal (or equivalently low signal-to-noise ratio)
is generally associated with low ENSO predictability (Z.-Z. Hu et al., 2019). Thus, the multi-model ensemble
means from NMME captured the triple-dip La Nifias in 1998-2000 and 2020-2023 more than half a year in
advance, but not the third negative peak in the boreal winter of 2000-2001.

The overall successful prediction of SSTA evolution during 2020-2023 (except for the timing of the third peak
in the second half of 2022) may be linked to the prevailing mean state changes (Figure 4) involving persistent
easterly wind anomalies and the strengthened zonal SSTA gradient, with a warmer western Pacific and cooler
eastern Pacific. Figure 8 depicts the NMME averaged SSTA differences between the two triple-dip La Nifia peri-
ods, which show that the averaged zonal SSTA gradient is larger in the triple-dip La Nifia in 2020-2023 than that
in 1998-2001 in the NMME predictions. Persistent and strongly coupled SSTs and winds would be incorporated
into the initial conditions for the model predictions. Subsurface heat content precursors, which are generally
considered a major source of predictability for ENSO, were small or unfavorable for this event (Figure 1). It is
possible therefore that despite weak subsurface cooling, predictability for the 2020-2023 La Nifia may have been
boosted by the trends in background conditions. Thus, the prediction skill difference between the two triple-dip
La Niflas may well have been associated with the mean state changes in the tropical Pacific.
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Figure 7. Observed (shading) and North American Multimodel Ensemble (NMME) six-models predicted monthly mean
Nifio3.4 index in (a) April 2020 to February 2023 and (b) April 1998 to February 2001. The curves represent the predictions
with an 8-month lead of the six models and the black lines denote their mean. The unit is °C.
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Figure 8. North American Multimodel Ensemble (NMME) averaged sea surface temperature anomaly (SSTA) differences between the means in January 2019 to
February 2023 and January 1998 to February 2001 in (a) 1, (b) 4, and (c) 7-month leads. The unit is °C.
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Figure 9. Root-Mean-Square-Errors (RMSE) of six models predicted monthly mean Nifio3.4 index in (a) January 2020 to
February 2023 and (b) January 1998 to February 2001 in 1-8 months leads. The bars are the average for 1-8 months leads.
The unit is °C. Horizontal red dashed and dotted lines represent the mean RMSE of 1-8 leads and +1 standard deviation over
the 3 years of each prediction ensemble, respectively.

Mean state trends may also account for the relatively small fluctuations in the root-mean-square-errors (RMSE)
for the 2020-2023 La Nifia NMME predictions (Figure 9a), where RMSE is defined as the root mean square of
the difference between the ensemble mean predicted Nifio3.4 index for each model and observed Nifio3.4 index.
In contrast, RMSEs for 1998-2001 La Nifia predictions were much more variable (Figure 9b), with large RMSE
during initial phases in the first half of 1998 and the period of the third dip in late 2000. The triple-dip La Nifia
in 1998-2001 developed after the historically strong El Nifio in 1997-1998 that was associated with a large
discharge of upper ocean equatorial heat content (Figure 1b). Previous work has suggested that the magnitude of
such a discharge is linked to the predictability of multi-year La Nifias, with a large discharge increasing the like-
lihood that La Nifia conditions lasting more than 1 year would ensue (DiNezio et al., 2017; Wu et al., 2021). As a
result, we might have expected that predictions initialized with a strong thermocline discharge or preceding major
El Nifio would show higher predictability than those with initial conditions of weaker magnitude. That proves
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not to be the case in comparing these two triple-dip La Nifias, suggesting that mean state trends in the tropical
Pacific over the past few decades may play a role in the predictability of the 2020-2023 La Nifia. Indeed, we can
see that the overall mean RMSE is slightly lower in 2020-2023 compared to 1998-2001, although the ranges of
the RMSE fluctuation, measured by their standard deviation, are comparable (see the horizontal red dashed and
dotted lines in Figure 9).

6. Summary and Discussion

Triple-dip La Nifias are a striking feature of ENSO evolution, representing a dramatic deviation from pure cyclic
ENSO behavior. Here we compared the development and physical processes responsible for two triple-dip La
Nifia events in 1998-2001 and 2020-2023 in the context of mean state trends in the tropical Pacific. We also
examined the prediction skill for the two events and discussed possible sources of predictability. The first event
occurred in the wake of a strong El Nifio in 1997-1998, while the second one occurred after a borderline El Nifio
in 2019-2020. Atmospheric and oceanic anomalies associated with the two triple-dip La Nifias exhibited consid-
erable differences. The negative D20 anomalies in the equatorial Pacific were stronger and more persistent during
1998-2001 La Nifia, due to the stronger oceanic heat discharge caused by the extreme 1997-1998 El Nifio. In
contrast, the surface easterly trade winds were stronger during the 2020-2023 La Nifia, which can be linked to a
mean state change in the equatorial Pacific Ocean SST zonal gradient. We propose that even without appreciable
equatorial Pacific heat content discharge, persistent and strong surface easterly winds in balance with a stronger
zonal SST contrast across the equatorial Pacific contributed to the development and predictability of the 2020—
2023 triple-dip La Nifia. In the absence of a significant subsurface precursor, the initial trigger for this event may
have come from outside the Pacific basin through pan-tropical interactions (Cai et al., 2019; Hasan et al., 2022;
Mukhopadhyay et al., 2022; C. Wang, 2019). This hypothesis does not rule out the possibility that influences
from the extra-tropical north and south Pacific may also have contributed (Capotondi & Ricciardulli, 2021; Ding
et al., 2022; Iwakiri & Watanabe, 2021; Park et al., 2021). For example, a North Pacific Oscillation-like vari-
ability is a possible source of multi-year El Nifio events (Ding et al., 2022) and South Pacific Oscillation-like
anomalies can affect the evolution of ENSO by modulating the southeasterly trade winds along the equatorial
Pacific (You & Furtado, 2017). But once underway, strong positive Bjerknes feedbacks would have taken hold
given the already favorably strong trade winds and east-west SST contrast.

The persistent warming in the western tropical Pacific favored the development of strong easterly wind anomalies
in 2020-2023. This warming and increasing trade wind strength are likely related to the ENSO regime shift and
the interdecadal variation of the mean state in the tropical Pacific since 2000 (Z.-Z. Hu et al., 2013, 2020; Xiang
et al., 2013). The trend toward a more La Nifia-like background state over the past 20 years would logically favor
more frequent and longer lasting La Nifias just because of the shift toward colder mean conditions in the tropical
Pacific, warmer mean conditions in the western basin, and stronger trade winds.

Some climate models suggest that greenhouse gas (GHG) forcing will result in a permanent La Nifia-like mean
state response (Kohyama et al., 2018; Watanabe et al., 2021). For example, GFDL Earth System Model Version
2M projected a La Nifia-like mean state change with the ENSO amplitude decrease in a global warming scenario
(Kohyama et al., 2018). The observed mean state change is thus potentially associated with global warming due
to the increase in GHG concentrations in the atmosphere (Jiang & Zhu, 2018, 2020; Lee et al., 2022; and refer-
ences therein). However, many more models suggest the opposite, namely that the response to GHG forcing is a
permanent El Nifio-like mean state (e.g., Cai et al., 2021). If that is the case, the observed strengthening of the
easterlies and zonal SST gradient in the equatorial Pacific over the past few decades may be due to natural decadal
variability associated with, for example, the Interdecadal Pacific Oscillation (e.g., Power et al., 2021). Regardless
of the ultimate cause, the changing background conditions in the tropical Pacific appear to have significantly
influenced the evolution and predictability of the 2020-2023 La Nifia.

Seasonal NMME hindcasts and real-time predictions are limited to 8-month lead times. Thus, using this ensemble
we cannot determine how predictable the 2020-2023 La Nifia would have been at lead times longer than a year or
how its predictability would have compared with the 1998-2001 La Nifia at similar long lead times. Multi-year
societally relevant climate prediction is emerging as a new area of research predicated in part on target phenom-
ena like multi-year La Nifas for which there are various hypotheses to explain their evolution (https://usclivar.
org/meetings/multi-year-workshop). The study can be viewed as a baseline contribution to those efforts that seek
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