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Abstract

Motivated by the 2020-2023 triple-dip La Nirna event, with central Pacific (CP)
events in 2020 and 2022 bracketing an eastern Pacific (EP) event in 2021, we
examine how La Nina diversity impacts Pacific teleconnections. Although CP/EP
El Nino diversity and its atmospheric impacts are well studied, comparable
distinctions among La Nina events remain less developed. Using observations,
reanalysis, and ocean model output, we characterise the seasonal evolution of CP
and EP La Nina events in oceanic structure, atmospheric circulation, rainfall,
and biological productivity. CP La Niha events exhibit broader meridional and
stronger equatorial Pacific cooling, enhanced western Pacific subsurface warm-
ing, and a stronger atmospheric zonal circulation, producing intensified rainfall
over the Maritime Continent and northern Australia. EP La Nina events show
confined eastern Pacific cooling that persists into austral autumn, alongside a
weaker but longer-lived mid-latitude atmospheric response and enhanced South
America rainfall. Our results highlight how distinguishing La Nifa diversity could



help resolve currently unconstrained impacts, including those associated with
prolonged La Nifa events under future warming.
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Introduction

The El Nifio Southern Oscillation (ENSO) is the primary driver of year-to-year cli-
mate variability in the Earth system, altering atmospheric circulation patterns and
triggering widespread ecological and societal impacts [1-3]. While ENSO’s warm phase
(El Nino) has received considerable attention [4-8] due to its stronger intensity and
immediate socio-economic impacts [1, 8], its cool phase, La Nina, has been historically
understudied. However, in recent years, La Nina events have gained significant traction
as they could become a more frequently occurring feature of our global climate under
anthropogenic warming [9-11]. La Nina events are characterised by cooler-than-normal
sea surface temperatures (SST) in the central to eastern equatorial Pacific Ocean,
and influence atmospheric temperature and precipitation patterns worldwide [12]. The
three consecutive La Nina events between 2020 and 2023 (also referred to as a ‘triple-
dip La Nina’), exemplified the far-reaching consequences of these cool phase events,
contributing, among other things, to devastating floods in Australia [13], an extremely
active Atlantic hurricane season [14], and disruptions to precipitation patterns across
multiple continents [15, 16]. These multi-year La Nina conditions not only drive per-
sistent rainfall deficits and temperature anomalies within individual event years, but
add cumulative risk of extreme weather [17], including drought and wildfires in the
southwestern United States [18, 19] and flooding over Southeast Asia [20].

Although the different manifestation of the SST patterns associated with La Nina
events have global impacts, our understanding of its diversity remains far from com-
plete, especially compared to its El Nifio counterpart. While central Pacific (CP) and
eastern Pacific (EP) El Nifio events exhibit distinct spatial patterns [21], La Nina
events are more subtle in their SST pattern differences [22], making them more dif-
ficult to distinguish. However, La Nina events may display a less subtle diversity
in their teleconnections [23]. As shown in previous studies, some La Nina events
are more intense, persistent, or coupled with distinct atmospheric patterns that lead
to regional variations in their impacts on temperature, precipitation, and extreme
weather events [24, 25].

Besides the recent triple-dip La Nina events cumulating in prolonged extreme cli-
mate disruptions, this sequence of events uniquely featured alternating types of La
Nina events [26]. Generally, most of La Nina-related SST variability occurs in the
Central Pacific. While this was the case for the first and third of the recent sequence
of events, the second La Nifia over 2021/2022 featured more pronounced cooling in
the eastern side of the Pacific [27]; see also Fig. 1. These differences in SST cooling
patterns between individual La Nina years could also explain the different large-scale
impacts associated with, e.g., the first and second La Nina in this multi-year event.
In turn, spatial differences in the peak location of SST cooling could drive substantial



atmospheric teleconnection differences that modulate precipitation and temperature
anomalies across disparate global regions [28]. The characteristics and impacts of
different types of La Nina events is the central theme of this paper.

Motivated by the above discussion, in this paper we strive to address (i) the poten-
tial advantages of distinguishing between CP and EP La Nina events and, (ii) to
quantify their commonalities and differences in associated oceanic and atmospheric
patterns. We show that as our understanding of ENSO deepens, distinct “flavours” of
La Ninas merits recognition, particularly concerning their influences on hydroclimatic
impacts around the Pacific. We demonstrate that by disentangling potential analogues
within the La Nina events, we can refine impact-based forecasting, risk assessments,
and tailored adaptation strategies for regions differentially affected by the varying
manifestations of these events.

Recent triple-dip La Nina event

The SST cooling patterns during the peak phase (December to February) of the three
recent consecutive La Nina events from 2020-2023 are highlighted in Figure 1. During
the 2020/21 La Nina, the most intense cooling was located predominantly in the central
Pacific (Fig. 1a); for the second 2021/22 La Nifia the most intense cooling occurred
in the eastern Pacific (Fig. 1b) and during the 2022/23 La Nina the strongest cooling
was again present in the central Pacific (Fig. 1c). Many aspects around this triple-dip
La Nina events are unusual. For example, multi-year La Nina events are often thought
to be preceded by El Nifio conditions [29] but, interestingly, the recent consecutive
La Nifia events did not follow a strong El Nifio event [30, 31] as suggested by heat
content discharge mechanism [32]. Instead, research suggests that it is related to a
weak precursor El Niflo event in 2019 that peaked in the central Pacific [10]. Regardless
of what factors initiate the occurrence of multi-year La Nifia events, it is the first time
that alternating types of La Nina events were observed in consecutive years [26, 27].

Given that the maximum SST cooling patterns for the two types of La Nifia events
occurred more than 10,000 kilometres apart [33], it is expected that distinct precipi-
tation anomaly pattern differences are observed as well. Focussing on land areas, the
more ‘traditional’ CP La Nifia events in 2020/21 and 2022/23 (Fig. la,c) exhibited
the following commonalities in precipitation anomaly patterns: Both years showed
drier than usual conditions in parts of subtropical and Tibetan plateau regions and
wetter conditions in cooler parts of Asia. The global pattern correlation of precipi-
tation anomalies over land between these two CP La Nina events is 0.38, indicating
some regional similarities. However, correlating precipitation anomalies of 2021/22
with 2022/23 or 2020/21 results in substantially lower pattern correlations (r < 0:1).
Among the two CP La Nifia years, most similarities in rainfall impact appear to occur
on the western side of the Pacific (west of 180 E). Interestingly, the EP La Nina in
2021/22 and CP La Nifia in 2022/23 (Fig. 1b,c) show closer similarities on the eastern
side of the Pacific, including over North and South America.

Overall, the recent multi-year La Nina episode, with its differences in Pacific SST
cooling signatures and contrasting large-scale land precipitation anomalies, raises fun-
damental questions about the inherent variability of La Nina events. To what extent
are the observed differences in SST and rainfall deviations between EP and CP events
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Fig. 1 Sea-surface temperature anomalies (SSTA) (only negative anomalies are shown) and pre-
cipitation deciles over land during months DJF (December to February) for the triple-dip La Nifia
events: (a) 2020/21, (b) 2021/22, and (c) 2022/23. Common baseline period 1920-2025 was used for

anomalies.

statistically robust? Do different types of La Nina events exhibit commonalities in
their atmospheric and oceanic responses despite the diverse impacts they bring about?
In this paper, we elucidate the similarities of past observed La Nina events by focusing
on observation and reanalysis data reaching back to the beginning of the 20th century
(see Methods section).



Results and Discussion

Distinction of La Nina types

We first examine the temporal signatures of CP and EP La Nina events during 1900 to
2023 using multiple observational datasets. CP La Nina events (sample size n = 25),
the predominant type, exhibit a wide range of equatorial zonal SST anomalies between
events and across all seasons. This is consistent across all three analysed SST datasets:
HadISST, ERSST, and COBE (Fig. 2a,d,g). (For more details on datasets see Data
section.) In contrast, the magnitude of SST anomalies during the included EP La Nifia
events (N = 5) is more similar across events and throughout the equatorial Pacific. The
strongest negative SST anomalies occur in the eastern equatorial Pacific (Fig. 2b,eh).
Both event types show peak cooling during the developing (SON) and mature (DJF)
phases, with CP events exhibiting much stronger negative SST anomalies around
180 E compared to EP events.

The contrast between CP and EP La Nina events is most evident in their differ-
ence plots (Fig. 2¢,f,i). CP events reveal much stronger negative anomalies around
180 E during their developing and mature phases (SON and DJF) compared to EP
events, while event type differences in the western Pacific are minimal. EP events
show stronger negative SST anomalies in the eastern Pacific during their peak (DJF)
and decaying (MAM+) phases, resulting in positive difference anomalies. Notably, CP
events demonstrate a quicker recovery to neutral conditions in the eastern Pacific dur-
ing the decaying phase compared to EP events. The mean equatorial SST anomalies
during both types of La Nina events is consistent across the three observational SST
products, indicating that the result is robust.

Spatial di erences between EP and CP La Nina SST pattern

Figure 3 shows composite large-scale SST anomalies associated with CP and EP Nina
events during 1900 to 2023. This figure highlights the seasonal evolution of SST anoma-
lies in the Pacific Ocean in both zonal and meridional directions during both event
types, from the development stages (Fig. 3a,b) to its decay (Fig. 3e,f).

During CP La Nina events, the mean SST anomalies show a broader spatial extent
in both zonal and meridional directions, as well as more strongly negative significant
SST anomalies. Negative SST anomalies stretch well into the Northern and Southern
Hemisphere (exceeding 20 North and South), forming a broad, wedge-shaped pattern
that is observed from the developing through to the decaying phases (SON through to
MAM+1). The strongest negative SST anomalies occur in the developing and mature
phase (SON and DJF; Fig. 3a,c). In addition, negative outgoing longwave radiation
(OLR) anomalies are observed over the approximate region of the South Pacific Con-
vergence Zone, Maritime Continent and northern Australia that continue through the
decaying phase, while OLR anomalies are positive over the central Pacific. Signifi-
cantly positive SST anomalies are flanking the region of cool SST anomalies to the
north and south during all seasons (Fig. 3a,c,e), and in the western Pacific in the
developing stage of the event. During this part of the year, they are particularly strong
in the Coral Sea, stretching eastwards (Fig. 3a).



Fig. 2 Zonal sea-surface temperature anomalies during CP and EP La Nira events
Composites of SST anomalies during CP and EP La Nina events between 1900 and 2023, averaged
over the equatorial Pacic (10 N-10 S) from three di erent observational datasets: HadlISST, ERSST,
COBE. Shown are the seasonal averages for months SON (panels a-c), DJF (panels d-f), and MAM+1
(panels g-i). Solid curves indicate mean of the composites; background shading indicates the max-
min range of observed SST anomalies for each dataset and event type. The di erences between CP
and EP La Nina events are shown in the right-most column; panels c, f, i. Anomalies are calculated
relative to the 1981{2010 climatology.

In contrast, during EP La Nina events, the composite negative SST anomalies are
weaker and occur in the tropical regions only within approximately 20 North and
South. The region of signi cantly negative SST anomalies is much smaller compared
to the CP event composite and mostly con ned to the eastern Paci c. Furthermore,
SST anomalies are only signi cant in the developing through to the decaying phases
(Fig. 3b,d), highlighting the shorter duration of EP events. Positive SST anomalies
during EP events are only signi cant in the north Paci ¢ during the developing and
decaying phase (Fig. 3b,f). Interestingly, parts of the western Paci ¢ show signi cantly
negative SST anomalies around the western Maritime Continent and are strongest in
the Western North Paci ¢ during the peak and decaying part of the event (Fig. 3d,f).

Subsurface ocean di erences between EP and CP La Nirna

The vertical ocean temperature anomaly structure during La Nina events also reveals
substantial di erences between the western and eastern Paci c (Fig. 4). In the west-
ern Pacic west of approximately 150-160 W, anomalously warm waters typically
extend deep into the subsurface ocean. Conversely, the thermocline shoals toward the
east, bringing cooler anomalies closer to the surface. This eastward tilt enhances the
cold tongue in the eastern Pacic and reinforces the west{east gradient in subsur-
face temperatures, characteristic of La Nina events [35]. Both CP and EP La Nina
events exhibit cooler-than-normal surface and near-subsurface conditions. However,



Fig. 3 Composites associated with CP and EP La Nina events of sea-surface temperature anomalies
using HadISST (1900-2023). Stippling indicates signi cance (p < 0:05) at the 95th percentile. Solid
black curves depict positive OLR anomalies (1900-2015) as computed from Ref. [34]; dashed curves
indicates negative OLR anomalies. OLR is shown here as a proxy of cloud coverage.

CP La Nina events develop anomalous warming at around 150 metres below the sur-
face, intensifying from the developing phase through to the decay phase. EP La Nina
events also show warm subsurface anomalies in the western tropical Paci c, although
these are generally weaker than in CP events (Fig. 4b,e,h). Both CP and EP events
exhibit subsurface cooling, but the spatial pattern di ers: CP events tend to produce
stronger warm anomalies in the western basin together with more prominent subsur-
face cooling in the central Paci ¢ and relatively weaker cooling near the eastern coastal
margins; by contrast, EP events are associated with stronger surface cooling and pro-
nounced negative subsurface anomalies along the eastern Paci ¢ continental margin
while often showing relatively warmer subsurface conditions in the central Pacic
(Fig. 4c,f,i). These contrasts also a ect the thermocline slope (approximated by the
20°C isotherm, indicated by cyan and pink contours in Fig. 4): CP events are asso-
ciated with a slightly steeper thermocline in the western Paci ¢, whereas EP events
show deeper/eastern cooling that sharpens the zonal gradient. The cooling along the
eastern margin during EP events can persist into the decaying phase due to continued
upwelling (Fig. 4i). Overall, CP La Nina events produce stronger basin-scale subsur-
face temperature anomalies during the peak season, but the central versus coastal
eastern patterns emphasise the need to distinguish CP and EP event structures.



Fig. 4 Composite ocean temperature anomalies in the tropical Pacic (5 S{5 N and 140 E{
80 W) for CP (a, d, and g) and EP (b, e, and h) La Nina, acquired from the ACCESS-OM2-01
ocean{sea ice model. Each row corresponds to di erent seasons SON, DJF and MAM+; the right-
most column shows the dierences of the CP and EP composites. Anomalies are computed using
a 1958-2023 climatology and detrending has been applied. The cyan and purple contours mark the
20 C isotherm for the CP and EP composites, respectively.

Atmospheric di erences of EP and CP La Nira

In addition to their contrasting oceanic signatures, EP and CP La Nina events exhibit
markedly di erent atmospheric responses, particularly in the position and intensity
of tropical convection, the Paci ¢ Walker circulation, and associated teleconnections.
Traditionally, La Nifa events are characterised by anomalies in mean sea-level pressure
(MSLP) that indicate a strengthening of the Paci ¢ Walker circulation [36]: Lower
pressure over the western Paci c and higher pressure over the eastern Paci c create
an enhanced east{west pressure gradient along the equator, leading to stronger-than-
usual easterly trade winds [12]. Alongside these surface-pressure anomalies, La NiRa
events exhibit enhanced vertical velocities in the tropical atmosphere, with anomalous
ascent over the western Paci ¢ and compensating subsidence over the central to eastern
Paci c [37]. However, the zonal atmospheric circulation associated with La Nina di ers
between its EP and CP types.



During the developing stage (SON), both EP and CP La Nina events already
show contrasting patterns in vertical motion around the equator and surface-pressure
anomalies (Fig. 5a,b). For CP La Nina events, anomalous sinking motion emerges
over the entire equatorial eastern to central Paci ¢ associated with anomalously high
MSLP, while rising motion intensi es over the western equatorial Paci ¢ in line with
a large-scale decrease in MSLP (Fig. 5a). For EP La Nina, both surface pressure and
vertical velocity anomalies around the equator are much less pronounced (Fig. 5b).
Signi cant pressure anomalies are weaker and more localised. In particular, they are
restricted to the eastern continental margins of the tropical Paci ¢ and approximately
symmetric around the equator. Interestingly, the maximum low-pressure anomalies in
the western Paci c are displaced towards higher latitudes compared to those associ-
ated with CP events. These anomalies primarily a ect the eastern half of Australia,
stretching eastwards into the Coral Sea and beyond. In the Northern Hemisphere,
lower MSLP is found in the western north Paci c. This pattern is presumably associ-
ated with a weakening of the descending branches of the local Hadley cell over these
areas [38]. Anomalously high pressure in the eastern Pacic by contrast follows the
cooler SST anomaly pattern closely; the anomalies are however very weak. Overall,
during the developing phase, the vertical wind velocity anomalies around the equator
during EP La Nina are weaker and indicate a less intense strengthening of the Pacic
Walker circulation compared to CP La Nina composites (Fig. 5,b).

By the mature phase (DJF), pressure anomalies and vertical motions intensify
during both types of La Nina events (Fig. 5,c,d). The CP La Nina composites show a
major sinking branch around the western side of the Nifno03.4 region (around 18E&)
and beyond, accompanied by anomalous ascent over the Maritime Continent as well
as on the other side of the Paci ¢ basin, over far continental South America (Fig. 5,c).
In contrast, EP La Nina exhibit strong descent further eastward around 150W and
is almost exclusively restricted to the Nino3.4 region. The anomalous ascent in the
western Paci ¢ is negligible (Fig. 5,d). During EP La Nina, signi cant low MSLP
anomalies are located in the North Paci ¢ around 20°{30°N. This trough-like feature
could indicate an expansion of the Hadley cell during boreal winter, as shown by
Guo and Li [38]. This pattern has previously been shown to arise as a result of the
subsidence over the eastern to central Paci c, altering the subtropical ridge structure
and allowing anomalously low surface pressure to develop further south of the typical
location of the Aleutian Low [39]. A deep Aleutian Low during the peak La Nina phase
re ects an intensi ed mid-latitude response to EP La Nina forcing. This may be linked
to a negative Paci c North America pattern, which typically brings colder, wetter
conditions to the northwestern Paci c and drier, warmer conditions to the southern
United States [40].

Associated with the decaying stage of the event (MAM+), vertical motion along
the equator weakens in both EP and CP La Nina composites. However, this weakening
is stronger during CP La Nina events compared to EP La Nina events (compare
Figs. 5e and 5f). A notable contrast emerges: the atmospheric response during CP La
Nifna events diminishes rapidly after its peak, whereas EP La Nina events maintain a
pronounced dynamical signal. During EP La Nina, the anomalous low-pressure region
over the North Paci ¢ persists (however substantially weaker compared to the previous
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