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ABSTRACT
The El Niño/Southern Oscillation (ENSO) constitutes the largest single source of interannual climate variability on a global scale, 
yet our understanding of its characteristics is limited by a focus on the modern instrumental era. To study ENSO characteristics 
during the pre-industrial era we rely on reconstructions of ENSO developed from a range of environmental proxies, documentary 
sources and palaeoclimate model simulations. Here we review the ENSO reconstructions from a range of sources covering the 
last millennium to assess characteristics of interannual ENSO variability and examine evidence for changes in ENSO charac-
teristics over time. Despite differences in target variables (i.e., ENSO indices, seasonal window) and record durations, several 
reconstructions show broadly similar patterns, including periods of reduced ENSO variability in the mid 14th century, mid 18th 
and 19th centuries, whereas high variance periods were common around the early 14th, 15th and 19th century. Climate model 
simulations also exhibit modulation of ENSO amplitude over time. However, the extent to which this reflects a forced response 
remains uncertain. Key differences among reconstructions make it challenging to assess the likelihood of changes in ENSO event 
frequency or diversity. We suggest that ensembles of pre-instrumental records, similar to climate model projections, may provide 
a way forward for improving our understanding of past ENSO variability. Future work that carefully selects or develops proxy 
records in a way that, for example, targets ENSO diversity or teleconnection stability over time will also lead to further progress.
This article is categorized under:
Paleoclimates and Current Trends > Paleoclimate
Paleoclimates and Current Trends > Modern Climate Change
Paleoclimates and Current Trends > Climte Forcing

1   |   Introduction

The El Niño/Southern Oscillation (ENSO) has far-reaching 
and near global-scale impacts on societies and ecosystems 
(Alizadeh 2024; Diaz and Markgraf 1992; Lin and Qian 2019; 
Philander  1990; Wyrtki  1975). Driven by large-scale 

interactions between the oceans and the atmosphere that 
occur primarily across the tropical-subtropical Pacific Ocean 
(Rasmusson and Carpenter  1982), ENSO oscillates between 
three main states. These include warm (El Niño), cool (La 
Niña) and neutral phases. ENSO significantly influences 
the climate in many parts of the world, with the nature and 
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severity of its impacts depending on other prevailing con-
ditions (Alizadeh  2024; Kahya and Dracup  1993; Lin and 
Qian 2019; McBride and Nicholls 1983; Moss et al. 1994; Peel 
et al. 2001; Philander 1990; Piechota et al. 1997; Rajagopalan 
et  al.  2000; Ropelewski and Halpert  1987; Tapper and 
Hurry 1993; Taschetto et al. 2020). El Niño conditions are typ-
ically associated with drought in the north west of the United 
States, eastern Australia, southern Africa, and Indonesia 
(Dunbar 2000; Piechota and Dracup 1996), while La Niña con-
ditions are commonly associated with drought in the south-
western United States (Allen and Anderson 2018) and floods 
in parts of Asia and Australia (Lieber et al. 2024; McGregor 
et al. 2024; Ward, Eisner, et al. 2014). Socio-economic impacts 
include effects on fishing industries (Bertrand et  al.  2020), 
global crop yields (Phillips et  al.  1998; Potgieter et  al.  2002; 
Rimmington and Nicholls 1993; Sazib et al.  2020; Yuan and 
Yamagata  2015), and the economic costs associated with 
managing natural disasters like mudslides and flooding in 
the southern United States, central South America, the horn 
of Africa and parts of Eurasia (Corringham and Cayan 2019; 
Ward, Jongman, et al. 2014). However, ENSO events differ in 
their impacts from one to the other (L'Heureux et  al.  2024), 
and their return frequency is not constant (Philander  1990; 
Timmermann et al. 2018).

Due to the widespread implications of the phenomenon, scientific 
interest in ENSO has been high and our understanding of the sys-
tem's complexity has evolved rapidly over the past 30 years (Cai 
et al. 2021; Guilyardi et al. 2020). We now understand that ENSO is 
modulated by internal variations operating across a range of times-
cales. At the decadal to multidecadal scale, ENSO is influenced by 
low-frequency modes such as the Interdecadal Pacific Oscillation 
(IPO; England et al. 2014; Henley 2017; Newman et al. 2016; Power 
et al. 1999; Schlör et al. 2024; Trenberth and Stepaniak 2001) and 
related modes like the Pacific Decadal Oscillation (PDO), which 
share overlapping spatial and temporal characteristics (Capotondi 
et al. 2023; Okumura et al. 2017; Power et al. 2021). These low-
frequency variations present key challenges due to their inter-
action with ENSO and complicate efforts to disentangle natural 
variability from external forcing, as changes in mean state occur at 
multiple timescales (Chung and Li 2013; Kosaka and Xie 2013; Li 
et al. 2020; Liguori and Lorenzo 2018; Martín-Gómez et al. 2024; 
Wills et al. 2018).

At shorter timescales, ENSO is modulated by intraseasonal 
variability such as the Madden-Julian Oscillation (MJO; 
Hendon and Salby  1994; Jiang et  al.  2020), which not only 
influences ENSO but is also modulated by it (Dasgupta 
et al. 2021; Shimizu and Ambrizzi 2016). ENSO also interacts 
with the Indian Ocean and Atlantic Ocean basins in com-
plex and multifaceted ways. Sea surface temperatures within 
these basins influence regional climate and can, in turn, exert 
feedbacks that affect ENSO evolution (Cai et  al.  2019; Ham 
et al. 2013; Kug and Kang 2006; Wu et al. 2005). These basin 
interactions are mediated by atmospheric processes such as 
the Walker circulation and the atmospheric bridge mecha-
nism, which transfers ENSO signals across both the tropics 
and the extratropics, particularly the North Pacific (Alexander 
et al. 2002; Schott et al. 2009) and the South Pacific through 
the South Pacific Meridional mode (Chiang and Vimont 2004; 
Sanchez et al. 2019; Zhang et al. 2013).

External forcings, such as volcanic eruptions and solar vari-
ability, can also modulate ENSO-related feedbacks. For ex-
ample, it has also been proposed that volcanic eruptions (see 
McGregor et al. (2020) and references within) and solar vari-
ability affect ENSO through their impacts on atmospheric 
and oceanic conditions that govern its dynamics, although 
links between these external forcings and ENSO remain a 
topic of active debate (Adams et al. 2003; Cai et al. 2021; Cobb 
et  al.  2013; Dee et  al.  2020; Handler  1984; Jiang et  al.  2023; 
McGregor et  al.  2020; Wilcox et  al.  2023; Zhu et  al.  2022). 
Additionally, anthropogenic climate change introduces new 
complexities for predicting ENSO behavior because rising 
global temperatures may alter the frequency, intensity, telecon-
nections, and characteristics of ENSO events (Alizadeh 2024; 
Cai et al. 2023, 2021, 2020, 2015, 2018; Fredriksen et al. 2020; 
Hendon et  al.  2009; Lieber et  al.  2024; Maher et  al.  2022; 
Maher et al. 2023; Timmermann et al. 2018).

‘ENSO diversity’ adds further complexity to ENSO dynam-
ics. ENSO events are associated with distinct patterns of sea 
surface temperature (SST) warming (Capotondi et  al.  2015; 
Johnson  2013; Kug et  al.  2009; Larkin and Harrison  2005; 
Timmermann et al. 2018; Yeh et al. 2014). These differences 
result in varying temperature and precipitation teleconnec-
tions globally. Eastern Pacific (EP) El Niño events occur when 
warming is greatest in the eastern Pacific whereas for a Central 
Pacific (CP) event, warming is greatest in the central tropical 
Pacific (Ashok et al. 2007; Kao and Yu 2009; Kug et al. 2009; 
Larkin and Harrison 2005; Yeh et al. 2014; Yu and Kim 2013). 
While it is possible to define different types of La Niña events 
based on the location of SST cooling, the respective telecon-
nections are much less varied compared to EP and CP El Niño 
events (Schlör et al. 2023; Wiedermann et al. 2021; Yuan and 
Yan 2013). Recognition of ENSO diversity has challenged our 
understanding of recent (Newman et al. 2011; Yeh et al. 2009), 
and, by extension, projected changes in ENSO behavior (Chen 
et al.  2016; Freund et al.  2020; Freund et al.  2024; Kim and 
Yu 2012; Taschetto et al. 2014). Additionally, our understand-
ing of the asymmetry of impacts of La Niña and El Niño events 
Cai et  al.  (2010); DeLong et  al.  (2012); Frauen et  al.  (2014), 
and how this relates to ENSO diversity (Ren et al. 2022) and 
its modulation by other factors is still evolving (Sengupta 
et al. 2025).

The greatest limitation to understanding the complexity around 
ENSO is the limited number of observed events in the short in-
strumental record, prohibiting generalizations about ENSO prop-
erties (Diamond and Bennartz 2015; Wittenberg 2009). Notably, 
very strong events (such as the 1972/73, 1982/83, 1997/98, and 
2015/16 El Niños and the 1973/74, 1988/89, 2007/08, and 2010/11 
La Niñas (Santoso et al. 2017)) occur infrequently and are there-
fore under-represented in our instrumental data. These extreme 
events are distinguished by their unique dynamical characteris-
tics, such as unusually strong westerly wind bursts or extensive 
eastward displacement of warm water masses, as well as their 
significant socio-economic and environmental impacts (Liu 
et al. 2023). Such events have been central to advancing our under-
standing of ENSO dynamics, highlighting the need for extended 
(ideally multi-century) datasets. In an attempt to address this defi-
ciency, over the past ~30 years, a number of ENSO reconstructions 
(Table 1) have been developed (derived from both natural archives 
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and documentary records) that can provide insights into ENSO 
characteristics during the last millennium and contextualize ob-
servations over the 20th and early 21st Centuries (e.g., (Freund 
et al. 2019; Liu et al. 2017; Tierney et al. 2015)). In addition, General 
Circulation Models (GCMs) have been employed to simulate past 
ENSO behavior in pre-industrial periods. These models provide a 
valuable tool for understanding the fundamental processes gov-
erning ENSO dynamics and how they may have varied under dif-
ferent background climate states.

Climate change over the last millennium is relatively small com-
pared with changes on longer timescales; for example, early and 
mid-Holocene climates experienced very different seasonal in-
solation, while glacial climates were globally colder with altered 
atmospheric and oceanic circulation and temperature gradi-
ents. Exploring ENSO changes in these very different Holocene 
and glacial past climates provides valuable insights into ENSO 
sensitivity to changes in the mean state (Brown et  al.  2020; 
Emile-Geay et  al.  2015; Karamperidou et  al.  2015). However, 
high-resolution proxy records suitable for reconstructing ENSO 
in these past climates are limited, while records spanning the 
last millennium are more plentiful. We therefore focus this re-
view on the last millennium period, while noting that extending 
the ENSO record back further in time should be a goal of future 
proxy and modeling efforts.

In this review we collate and present an overview of interannual 
ENSO variability over the past millennium for a broad audience. 
Because palaeo-ENSO reconstructions are typically based on spe-
cific ENSO indices, we begin by providing an overview of ENSO 
and how it is represented through various SST and sea level pres-
sure (SLP) measurements. We then review continuous interannual 
ENSO reconstructions and discrete ENSO event reconstructions as 
well as ENSO in GCMs. The representation of key ENSO features, 
including temporal evolution and spatial patterns, is systemati-
cally compared across the individual continuous reconstructions. 
This comparison involves analyzing the reconstructions' ability to 
capture ENSO's interannual variability, low-frequency modula-
tion, and spatial teleconnection patterns, as well as different types 
of El Niño patterns. Similarly, common ENSO events are identi-
fied from the discrete ENSO event reconstructions by focusing on 
years where multiple records agree on the occurrence of El Niño 
or La Niña conditions. We point out periods of common ENSO 
activity and show the consistency in the classification of event 
strength and type among these discrete reconstructions. Lastly, we 
synthesize all available interannual palaeo-ENSO information, in-
cluding both continuous and discrete reconstructions, to provide a 
comprehensive picture of ENSO during the pre-industrial era. We 
point towards common periods of enhanced or suppressed ENSO 
activity, changes in ENSO frequency or amplitude and discuss 
how we could better utilize palaeo-ENSO knowledge and new 
ENSO reconstructions.

2   |   Basic Enso Dynamics

ENSO is a coupled ocean–atmosphere process that evolves 
over months to years, producing distinct responses in both the 
ocean and atmosphere of the equatorial Pacific Ocean (Diaz and 
Markgraf  1992). The mean state of the tropical Pacific exhib-
its significant east–west (zonal) and north–south (meridional) 

variations (Figure  1). The thermally driven meridional Hadley 
Circulation features rising air near the equator and sinking air at 
approximately 30° latitude in the subtropics of both hemispheres 
(Hadley 1735). Near the surface, air flows back towards the equa-
tor, creating a band of low surface pressure close to the equator 
flanked by high pressure areas in the subtropics (Figure  1a). 
This pressure gradient drives the transfer of sensible and latent 
heat, generating the characteristic surface wind patterns. The 
western equatorial Pacific, known as the Western Pacific Warm 
Pool, experiences the warmest SSTs globally. This warm pool is 
a significant source of moisture and heat for the atmosphere over 
the Maritime Continent and surrounding areas (Bjerknes  1969; 
Dayem et  al.  2007; Kim et  al.  2020; McPhaden, Santoso, and 
Cai 2020). Persistent easterly trade winds in the equatorial Pacific 
are comprised of converging northeasterly and southeasterly 
winds in the Northern and Southern Hemispheres respectively 
(Figure 1b). These convergence regions experience strong upward 
motion and increased atmospheric moisture convergence. The 
resulting zone of intense convection, known as the Intertropical 
Convergence Zone (ITCZ), manifests as a quasi-stationary cloud 
band and heavy precipitation (Figure 1b) just north of the equator 
(Oliver 2005). The ITCZ is flanked by arid regions to its north and 
the Pacific Dry Zone (PDZ) to the south (Quinn and Burt 1970). 
The South Pacific Convergence Zone (SPCZ), another area of sub-
stantial rainfall and moisture convergence, extends southeastward 
from the western Pacific warm pool. It is positioned west of the 
eastern Pacific subtropical high (Figure 1b) and connects with the 
ITCZ in its northwestern extent (Vincent  1994). The ITCZ and 
SPCZ are associated with the large-scale precipitation distribution 
across the tropical Pacific, which closely corresponds to the SST 
pattern in the region (Figure 1a).

During the Neutral ENSO phase, a pronounced east–west 
(zonal) gradient exists in both SST and atmospheric pressure 
across the Pacific, with warm waters and low pressure in the 
west, and cooler waters and higher pressure in the east. This 
gradient drives the Walker Circulation, a zonal atmospheric 
overturning circulation (Bjerknes  1969), which is coupled to 
both oceanic and atmospheric conditions. The ocean–atmo-
sphere coupling forms a positive feedback loop known as the 
Bjerknes feedback. The east–west pressure gradient drives east-
erly trade winds along the equator. These winds cause westward 
surface currents and equatorial divergence, enhancing upwell-
ing of cool subsurface awater in the east. Enhanced upwelling 
amplifies the east–west temperature gradient. The increased 
temperature gradient strengthens the pressure gradient, intensi-
fying the easterly winds and the Walker Circulation, reinforcing 
the easterly trade winds, and completing the feedback loop. The 
persistent easterly winds increase stress on the ocean surface. 
Through Ekman transport, this stress causes further divergence 
of surface waters at the equator, enhancing upwelling (Penland 
et al. 2013). Consequently, the thermocline shoals in the east and 
deepens in the west, amplifying the zonal SST contrast. This 
self-reinforcing Bjerknes feedback can amplify initial perturba-
tions in the tropical Pacific, modulating SSTs and atmospheric 
circulation. Depending on the initial perturbation, this feedback 
can potentially lead to the development of El Niño or La Niña 
events (Marshall and Plumb 2016; Trenberth 2020).

Marked variability in the tropical Pacific is associated with 
phases of anomalous warmer (El Niño) and colder (La Niña) 
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SSTs (Rasmusson and Carpenter 1982). A typical ENSO event 
usually initiates in April/May, with the complete life cycle last-
ing between 12 and 24 months (Allan 1988, 2000; Ropelewski 
and Halpert  1987; Wright  1985). However, each ENSO event 
differs in terms of timing, extent, and magnitude (Wolter and 
Timlin 1998). During a La Niña event, a strengthening Walker 
circulation results in a shallower thermocline in the east but a 
deepening thermocline in the west due to the pressure differen-
tial across the Pacific (Figure 2b). This also leads to an amplifi-
cation in the strength of the easterly trade winds and causes a 
greater degree of cool water upwelling along the South American 
west coast. This upwelling results in cooler than average SSTs in 
the eastern and central Pacific, and the centre of precipitation 
moves westwards (Sun and Bryan 2013).

Opposing processes occur during the El Niño phase when the 
tropical Pacific becomes anomalously warm (Figure  2c). In a 
canonical El Niño state, pressure over the eastern Pacific de-
creases while pressure in the western tropical Pacific rises 
(Allan et  al.  1996). This pressure shift results in a weakening 
of the easterly trade winds and reduced upwelling off the South 
American coast (Figure 2a). As a result, the thermocline deep-
ens to the east and SSTs increase and extend further east, meet-
ing with an anomalously we ak cold tongue. The pronounced 
convection centre associated with the ascending branch of the 
Walker Circulation shifts eastward, and in extreme cases, the 
Walker Circulation can even reverse (Glantz 1996). The distinc-
tion between ‘eastern’ or ‘central’ Pacific El Niño events is based 
on the main location of warming (Figure 2c,d). While canonical 

EP events are characterized by strong anomalous warming in 
the eastern Pacific, in CP El Niño events anomalous warming 
occurs closer to the Central Pacific and is flanked by colder 
SSTAs to the east and west (Larkin and Harrison 2005). These 
zonal SST patterns result in an anomalous two-cell Walker 
Circulation that increases convection in the central Pacific 
(Ashok et al. 2007; Ashok and Yamagata 2009).

3   |   Measuring Enso

Several different numerical indices have been developed to cap-
ture ENSO status. The Troup Southern Oscillation Index (SOI 
Troup 1965) was the earliest of these indicators, and is based on 
the disparity in atmospheric pressure at sea-level between Tahiti 
and Darwin (Allan et al. 1991). The Southern Oscillation Index 
(SOI) is an indicator of the strength of the Walker circulation, 
with negative values potentially associated with El Niño condi-
tions and positive values with La Niña conditions. Over time, a 
recognition that ENSO is a coupled ocean–atmosphere phenom-
enon emerged (Bjerknes 1969; Rasmusson and Carpenter 1982; 
Wyrtki  1985), with oceanic processes playing a crucial role 
alongside atmospheric factors, leading to the development of 
SST based ENSO indices. SST data were initially collated from 
ship log books for specific regions: Niño1, Niño2 (later com-
bined as Niño1 + 2), Niño3, and Niño4 Figure 1. Niño3.4, located 
across the western and eastern parts of the Niño3 and Niño4 re-
gions respectively, subsequently emerged as the region that best 
provided a representative picture of ENSO dynamics (Barnston 

FIGURE 1    |    Tropical mean state Climatology of the tropical mean state in the Pacific for (a) sea surface temperatures (shading) and sea level 
pressure (isobars), (b) precipitation (shading) and wind (arrows) with highlighted different regions and the SOI index locations Darwin and Tahiti. 
The western Pacific (25° S–25° N and 110° E–155° E) and eastern Pacific (10° S–10° N and 175° E–85° W) regions are shown which are reconstruct-
ed by Tierney et al. (2015) along with the Niño4 region (5° S–5° N and 160° E–150° W), Niño3.4 region (5° S–5° N and 170° E–120° W), Niño3 region 
(5° S–5° N and 150° E–90° W) and Niño1 + 2 region (5° S–5° N and 90° W–80° W), which are often targeted by ENSO reconstructions.
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et al. 1997). The SSTs across these ENSO regions are expressed 
as anomalies (departure from the mean SST for that region and 
time of year). Warm SST anomalies > 0.5°C are generally inter-
preted as reflecting El Niño events, whereas cool SST anomalies 
of < −0.5°C are interpreted as La Niña events.

ENSO monitoring also led to the development of indices that 
incorporate multiple oceanic and atmospheric parameters. The 
Coupled ENSO Index (CEI), for instance, combines informa-
tion from both oceanic and atmospheric variables (Gergis and 
Fowler  2005). It is calculated as the difference between two 
regional averages between Niño 3.4 SST and the SOI index to 
provide a single unified index that represents the full ENSO 
cycle, including both the El Niño (positive CEI values) and La 
Niña (negative CEI values) phases. Another such index is the 
Multivariate ENSO Index (MEI; (Wolter and Timlin  1998)), 
which was originally based on six variables but has since been re-
fined to include five: sea level pressure (SLP), SST, the zonal and 
meridional components of surface wind, and outgoing longwave 
radiation (OLR) across the tropical Pacific basin (30° S–30° N and 
100° E–70° W). These multi-parameter indices aim to provide a 
more holistic picture of ENSO variability than indices focused 
solely on the atmospheric or oceanic ENSO components but re-
quire a greater amount of mainly satellite-derived input data. 
A comparison of the Niño indices and the MEI and SOI shows 
that the indices very closely reflect one another, although there 
are some important differences, particularly between the mixed, 

ocean-based and atmospheric indices (details in McPhaden, Lee, 
et al. (2020)). Yet other indices include a temporal criterion for 
designating an event as El Niño or La Niña. For example, the 
Oceanic Niño Index (ONI) is based a 3 month running mean of 
the Niño 3.4 region(5° N–5° S, 170° W–120° W) SST anomalies. 
El Niño or La Niña, are judged to occur only when the anom-
aly exceeds ±0.5°C for at least 5 months in a row, with stronger 
events defined using a higher threshold of ±0.8°C.

Identifying past ENSO events relies on the availability and 
quality of observations in the Pacific. Historical records of 
the SOI have been maintained and reconstructed using data 
from meteorological stations in Tahiti and Darwin dating 
back to 1876; however, it is recognized that the Tahiti read-
ings are likely to be less accurate prior to 1935 (Ropelewski 
and Jones  1987). Unlike the SOI, SST-based ENSO indices 
are often derived from interpolated (gridded) products. For 
example, the HadISST dataset (Rayner et al. 2003) comprises 
monthly globally complete fields of SST and sea ice concentra-
tion on a 5-degree latitude-longitude grid from 1870 to present. 
Nevertheless, before 1920, less than 50% of grid boxes in the 
Niño34 region were sufficiently observed (Freund et al. 2019). 
Different underlying data and methodologies mean that his-
torical SST datasets derived from data in data-sparse regions 
can vary considerably, especially back in time when fewer 
observations were available (Sippel et al. 2024; Yasunaka and 
Hanawa  2010). Observational uncertainties (Diamond and 

FIGURE 2    |    ENSO conditions in the tropical Pacific Schematic of neutral (a) and La Niña conditions (b), canonical eastern Pacific El Niño (c) and 
central Pacific El Niño (d) conditions illustrated by an idealized cross-section. Arrows indicate the change of the thermocline during ENSO events.
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Bennartz  2015; Marathe et  al.  2015) and sufficient record 
length (Wittenberg 2009) are especially important to consider 
in regard to ENSO diversity.

4   |   Existing Pre-Industrial Enso-Related 
Information

There is a wide range of palaeo-information about ENSO and/
or its teleconnected impacts. Here we focus on summarizing 
three sources of pre-industrial interannual ENSO informa-
tion: (i) discrete or historical sources, (ii) continuous recon-
structions of ENSO indices or related measurements derived 
from natural archives, and (iii) the simulation of past climate 
via palaeo-modeling. Discrete records are primarily related 
to observed impacts associated with specific El Niño or La 
Niña events, and are essentially lists of years in which nota-
ble events have occurred. Continuous information is based on 
quantitative reconstructions in which there is a value for every 
year in the record, including years for which conditions were 
neutral. Many of the continuous reconstructions are not inde-
pendent of one another (e.g., Dätwyler et  al.  2020; Dätwyler 
et  al.  2019; Emile-Geay et  al.  2013b; Li et  al.  2013) because 
they include many of the same proxy records. The same is true 
for some of the discrete records (e.g., Gergis and Fowler 2009; 
Quinn 1992). Advances in climate modeling have also allowed 
for the simulation of ENSO during the last Millennium (850–
1850 ce) through the Paleoclimate Modeling Intercomparison 
Project (PMIP). These climate models simulate past climate 
and ENSO variability. However, the simulated ENSO phase 
produced by a given model for a given year is not constrained 
to match the real-world ENSO state for that year. Instead, 
these simulations offer opportunities to investigate overall 
variability and its relationships with different forcing factors 
across long time periods.

4.1   |   ENSO Records Derived From Documentary 
Sources (Discrete Reconstructions)

Records of past ENSO events have been derived from a variety 
of documentary sources (Barrett et al. 2018; Gergis et al. 2006; 
Quinn and Quinn 1993; Quinn and Neal 1992; Quinn et al. 1978). 
These records are typically derived from discrete impacts/events 
known to be driven by ENSO, including records of droughts 
(Quinn et al. 1978) and floods (Whetton and Rutherfurd 1994), 
mass mortality events of marine sea life, or the destruction of 
infrastructure due to extreme hydrological events (Quinn and 
Mayolo  1987). Others have been derived from ship log books 
describing sea conditions Barrett et  al.  (2018). Some studies 
infer the occurrence of El Niño events only (Garcia-Herrera 
et al. 2008; Ortlieb 2000; Quinn and Mayolo 1987; Quinn and 
Neal 1992), while others also include La Niña events (Gergis and 
Fowler 2005; Whetton and Rutherfurd 1994). Discrete records 
can extend back several hundred years or even further (Table 1).

One of the first ENSO records was Quinn's 1978 record (Quinn 
et  al.  1978) which relied on historical hydrological data from 
across the Pacific. Early ship logs and missionary records from 
coastal Peru and Ecuador describing rainfall, sea conditions, 
and other recorded environmental conditions were used to infer 

El Niño occurrences. Later, the Quinn record was tentatively 
extended (levels of confidence provided) back to 622 ad (Quinn 
and Quinn  1993) using Nile River flood records. However, in 
many instances, these earlier events appeared to be recorded at 
remote locations in the Northern Hemisphere. Ortlieb (2000) re-
vised Quinn's chronology, primarily by reinterpreting the South 
American sources used by Quinn and reassessing the reliability 
of the reports, the intensity of the events, and the data quality 
and its significance. The Gergis and Fowler (2009) study further 
advanced this work by identifying both El Niño and La Niña 
events by combining information from documentary records 
with that derived from a range of natural archives to provide a 
comprehensive list of ENSO events back to 1525 ce.

4.2   |   ENSO Reconstructions Derived From Natural 
Archives

Here we synthesize high-resolution and continuous ENSO re-
constructions that rely on multiple records. Individual records 
can provide valuable information about past ENSO variability 
(e.g., (Cobb et al. 2003); see (Emile-Geay et al. 2020) for a full 
list of individual records), but they may be influenced by local 
site-specific conditions and biases. Reconstructions using multi-
ple records can enhance the common ENSO signal by reducing 
noise (Mann 2002) and can offer a robust record of ENSO behav-
ior over time (Schroeter et al. 2020).

Coral records sensitive to SSTs from the Pacific itself are likely 
the most direct ENSO record (Evans and Fairbanks 1999; Evans 
et  al.  1998, 2000). However, clear evidence of ENSO telecon-
nections beyond the Pacific is expressed in proxies from other 
regions. The hydroclimate sensitivity of tree-rings in ENSO-
sensitive regions has been exploited in reconstructions of 
ENSO variability (D'Arrigo et al. 2005; Li et al. 2013; Stahle and 
Cleaveland  1993; Stahle et  al.  1998). A number of reconstruc-
tions also rely on teleconnections at the near-global level (e.g., 
Dätwyler et al. 2020; Emile-Geay et al. 2013a; Mann et al. 2000; 
Wilson et  al.  2010). Additionally, some reconstructions have 
specifically aimed to differentiate between EP and CP events 
(e.g., Freund et al. 2019), or target SSTs in the eastern and west-
ern Pacific that may better reflect either EP or CP events (e.g., 
Tierney et al. 2015). Table 1 lists the available reconstructions, 
highlighting the different targets and proxies used.

Continuous reconstructions have been derived solely from tree 
ring chronologies (e.g., D'Arrigo et al. 2005; Stahle et al. 1998; 
Torbenson et  al.  2019) and corals (e.g., Freund et  al.  2019; 
Tierney et al. 2015), or from a mixture of proxies including tree 
rings, corals, ice cores and sediments (e.g., Dätwyler et al. 2019; 
Emile-Geay et  al.  2013a). Some reconstructions extend back 
only to the 18th century (Stahle and Cleaveland 1993), with oth-
ers stretching back as far as 900 ce (Li et al. 2013). Continuous 
reconstructions are typically calibrated against a specific ENSO 
index. For example, Stahle et  al.  (1998) target the SOI while 
D'Arrigo et al. (2005), Emile-Geay et al. (2013a), Li et al. (2013), 
Wilson et al. (2010) target Niño 3.4, D'Arrigo et al. (2000), Mann 
et al. (2000) target Niño3 and Torbenson et al. (2019) reconstruct 
the MEI. Some reconstructions, however, rely on the dominant 
mode of variability across a set of records from regions impacted 
by ENSO rather than targeting a specific index (Braganza 
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et  al.  2009; McGregor et  al.  2010). This leading mode of vari-
ability is then tested for association with a specific ENSO index 
or indices.

The most commonly used approach to reconstructing ENSO is 
multivariate regression (e.g., (Mann et al. 2000)) and regression 
analysis on dominant modes of variability extracted from pre-
dictor pools (see Table 1). The principal component regression 
(PCR) reconstruction method helps to minimize noise from 
differences in seasonal climate responses and regional ENSO 
teleconnection signatures among proxies. ENSO frequently 
emerges as the dominant mode of variability, typically associ-
ated with the first principal component (PC1) of a multiproxy 
network (e.g., Braganza et al. 2009). Consequently, the time se-
ries of PC1 in these studies can serve as a proxy for past ENSO 
variability. The Composite Plus Scaling (CPS) method (e.g., 
Bradley and Jonest 1993) standardizes individual proxy records, 
averages them, and scales the result to match an observed tar-
get time series. The methodological simplicity of CPS and fewer 
statistical assumptions (such as not requiring orthogonality or 
normality) are key advantages of this methodology (e.g., Tierney 
et  al.  2015). The Dynamic Calibrated Composite technique 
(DCC) (Kaufman et al. 2020) applied by Liu et al.  (2024) pro-
vides more flexible and robust integration of diverse datasets. 
RegEM (Regularized Expectation Maximization) is another re-
construction method that imputes missing proxy data back in 
time (Schneider 2001). The method works by iteratively estimat-
ing the mean and covariance structure of the complete dataset, 
including both observed and missing values and has been used 
to reconstruct ENSO indices back in time (e.g., (Emile-Geay 
et al. 2013a; Wilson et al. 2010)). Each reconstruction method 
offers distinct advantages depending on the characteristics of 
the underlying proxy dataset. Some techniques may be more ef-
fective at filtering non-relevant signals, while others are known 
to better preserve signal magnitudes. Inevitably, reconstructions 
differ due to variations in proxy datasets or methodological ap-
proaches. To mitigate these differences and assess methodolog-
ical impacts, it is advisable to employ multiple reconstruction 
techniques, as demonstrated by studies such as (Emile-Geay 
et al. 2013a) and (Braganza et al. 2009) or for the Walker circula-
tion (Falster et al. 2023). A multi-method approach can provide 
a more comprehensive understanding of past climate variability 
and the uncertainties associated with different reconstruction 
techniques.

4.3   |   Palaeo Modeling of the Last Millennium

Climate models have been used to explore past ENSO vari-
ability for a wide range of periods including the last millen-
nium. The skill of coupled climate models in simulating some 
aspects of ENSO has improved in recent generations of mod-
els (Cai et al. 2021; Hou and Tang 2022), allowing models to 
be used to explore ENSO sensitivity to changes in external 
forcing and tropical Pacific mean state. Simulations of the cli-
mate of the last millennium have been carried out as part of 
the Paleoclimate Modeling Intercomparison Project phases 
3 (PMIP3) (Braconnot et  al.  2012) and 4 (PMIP4) (Jungclaus 
et  al.  2017). These simulations are forced with time-varying 
boundary conditions, including orbital parameters, green-
house gases, volcanic forcing and solar irradiance (Jungclaus 

et al. 2017), providing a simulation of the evolution of climate 
from 850 to 1850 ce including ENSO variability. Evaluation 
of ENSO in PMIP3 simulations of the last millennium found 
decadal to centennial modulation of ENSO behavior (Lewis 
and LeGrande 2015). Comparison of ENSO strength and zonal 
mean SST gradient in PMIP3 last millennium simulations 
displayed a diversity in the strength and direction of the rela-
tionship (Wyman et  al.  2020). Models also simulate changes 
in ENSO characteristics in response to strong volcanic erup-
tions between 1250 and 1600 ce (Lewis and LeGrande 2015). 
Another study of ENSO in the PMIP3 last millennium simula-
tions found no common change in ENSO variance across mod-
els, but regional ENSO teleconnections in each model varied 
with ENSO strength (Brown et  al.  2016). Some models also 
simulate an increased variability of Niño3.4 SSTs at decadal 
(8–25 year) frequencies following major volcanic eruptions 
such as at 1258 and 1452 (Hope et al. 2017).

Simulations of the last millennium have been produced as part 
of several large ensemble projects, including the Community 
Earth System Model Last Millennium Ensemble (CESM LME) 
(Otto-Bliesner et al. 2016). The CESM LME includes simula-
tions with individual forcings, allowing evaluation of the in-
fluence of external forcing versus internal variability in past 
climate changes. In these simulations, there are no significant 
forced changes in ENSO amplitude but changes in ENSO di-
versity are detected (Stevenson, Capotondi, et al. 2019), with 
orbital changes having an influence on the proportion of CP 
versus EP El Niño events. A study of Indo-Pacific coupling 
over the last millennium also used CESM LME simulations 
(Abram et al. 2020), finding that periods of low Indian Ocean 
Dipole variability were associated with low Niño3.4 SST vari-
ability and a La Niña-like mean state, whereas periods of high 
Indian Ocean Dipole variability were associated with higher 
Niño3.4 SST variability and El Niño-like mean SST anoma-
lies. CESM LME simulations have been used to investigate 
the response of ENSO to volcanic eruptions, with the large 
number of realizations of last millennium climate allowing 
the range of ENSO post-eruption responses to be compared 
(Stevenson et  al.  2016). This comparison revealed the com-
plex interaction between hydroclimate responses to volcanic 
eruptions and ENSO teleconnections, as well as the distinct 
responses of Northern and Southern hemispheres to eruptions 
(Stevenson et al. 2016). The occurrence of mega-droughts and 
mega-pluvials during the last millennium was also found to be 
modulated by ENSO and volcanic activity as well as Atlantic 
multidecadal variability based on the CESM LME simulations 
(Stevenson et al. 2018).

Climate models with water isotope tracers have also been used 
to simulate the climate of the last millennium (Brady et al. 2019; 
Buhler et  al.  2022; Stevenson, Otto-Bliesner, et  al.  2019). An 
isotopically-enabled version of CESM was used to carry out sev-
eral single and multiple forcing last millennium simulations, 
producing the first isotopic Last Millennium Ensemble (Brady 
et  al.  2019; Stevenson, Otto-Bliesner, et  al.  2019) which was 
used to examine isotopic responses to volcanic eruptions and 
ENSO variability. A set of five coupled models with water iso-
tope tracers also produced simulations of the last millennium 
that were compared with available speleothem records (Buhler 
et al. 2022).
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5   |   Characteristics of Enso Reconstructions From 
Natural Archives and Documentary Records

5.1   |   Co-Variability Among ENSO Reconstructions

In some cases, multiple ENSO reconstructions have been produced 
within the same study by using multiple reconstruction methods 
(e.g., Wilson et  al.  2010), targeting different indices (e.g., Cook 
et al. (see Table 1)) or different proxies (e.g., Braganza et al. 2009). 
To provide an overview of commonalities among the reconstruc-
tions, we present a dendrogram based on the covariance among 
the reconstructions (Figure  3). Clustering was performed using 
hierarchical agglomerative clustering with the average linkage 
method (Murtagh and Legendre 2014). ENSO reconstructions that 
merge at lower vertical distances are more similar in terms of their 
covariance structure, while those that merge at higher levels are 
more dissimilar. The Falster et al. (2023) Pacific Walker circula-
tion reconstruction stands out as highly distinct from all ENSO 
reconstructions in the dendrogram. It forms its own branch at a 
much higher linkage distance, indicating low covariance similar-
ity. This distinct clustering suggests that the Walker circulation 
represents a related but different aspect of tropical climate vari-
ability compared to ENSO reconstructions. The most prominent 
division among the ENSO reconstructions in the dendrogram sep-
arates two major clusters: the right main branch (1) contains the 
coral-based East Pacific SST reconstruction (Tierney et al. 2015) 
and the “Centre of Action” (COA) reconstructions from (Wilson 
et al. 2010) (orange), while the other main branch (2) contains all 
remaining ENSO reconstructions. This split occurs at the highest 
level of the dendrogram and likely reflects differences in proxy 

type and spatial focus. Both the COA and East Pacific reconstruc-
tions rely heavily on coral records from the eastern tropical Pacific, 
which may explain their close association and distinct separation 
from the other reconstructions. Within the larger cluster of remain-
ing ENSO reconstructions, further sub-clustering reflects shared 
proxy networks or methodological similarities. For example, the 
Tierney West reconstruction (Tierney et al. 2015) clusters with the 
Zhu et al. (Zhu et al. 2022) coral network and Freund et al. (Freund 
et al. 2019) in a subcluster (2.1), likely due to their common use of 
proxies near the dateline. Another subcluster (2.2) groups the tele-
connected reconstructions from (Wilson et al. 2010) and Datwyler 
et al. (Dätwyler et al. 2019), suggesting consistency in the use of 
remote proxies. The Cook reconstructions (highlighted in green) 
form a tight cluster at the lower end of the dendrogram, indicating 
high covariance among them. This suggests that targeting differ-
ent ENSO indices had little impact on the overall structure of these 
tree-ring-based reconstructions. Likewise, the (Wilson et al. 2010) 
reconstructions (orange), which use different statistical methods 
(e.g., PCR, z-score, REGEM), also cluster closely, implying that re-
construction method had minimal influence on their shared vari-
ability. Overall, the dendrogram highlights that proxy type and 
spatial targeting, particularly the use of coral-based COA proxies 
versus teleconnected tree-ring records, are key drivers of similar-
ity among the ENSO reconstructions.

We use this dendrogram to select representative continuous 
reconstructions on which we will focus for the remainder of 
this article. If an individual study produced multiple recon-
structions, we selected one or at most two distinct reconstruc-
tions from that study. By doing this, we aim to reduce apparent 

FIGURE 3    |    Dendrogram of the different ENSO reconstructions. Dendrogram of 38 ENSO reconstructions (see Table 1 for details) clustered by 
the covariance of records during the common pre-instrumental period (1727–1900). Reconstructions from the same study are indicated by matching 
line colors. The Walker Cell reconstruction by Falster et al. (2023) forms its a separate branch from all ENSO reconstructions which have two major 
clusters (1 and 2) and some subclusters mentioned in the text are highlighted in gray.
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redundancy (as encapsulated in high covariance among re-
constructions from the same study) and to better emphasize 
the larger differences among the reconstructions. The 20 se-
lected reconstructions are identified by shading in Table 1 and 
plotted in Figure 4. From herein, where comparison is made 
between the 20 reconstructions and instrumental data, we 
focus on the Austral summer/Boreal winter (i.e., DJF) season. 
This choice reflects the fact that all but one reconstruction 
(D19) either targets or is associated with a seasonal window 
that includes DJF. Using a common season simplifies compar-
ison and aligns with the timing of peak ENSO activity. While 
some reconstructions span broader seasonal windows, we rea-
son that they still capture variance during DJF, making this 

a reasonable basis for comparison. However, when using in-
dividual reconstructions in isolation, particularly for regional 
impact studies or model evaluation, it may be more appropri-
ate to refer to the specific seasonal window targeted by that 
reconstruction, as listed in Table 1. This ensures that compar-
isons are seasonally consistent with the original reconstruc-
tion methodology and proxy sensitivity.

5.2   |   Correlation Between Paired Reconstructions

Although intercorrelations should not be considered an indicator 
of robustness of individual ENSO reconstruction, they highlight 

FIGURE 4    |    Time series of selected ENSO reconstructions. Time series plots of ENSO reconstructions as z-score relative to the instrumental pe-
riod (1900–1971). Abbreviations shown in filled circles are used within the text.
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some important commonalities and differences. The clearest re-
sult shown for the selected continuous ENSO reconstructions is 
that correlations between paired series are higher in the instru-
mental (1900–1971) than the pre-instrumental (1727–1899) period 
(Figure 5). These stronger instrumental-period correlations reflect 
the strong correlations among the target indices. Generally weaker 
inter-series relationships over the pre-instrumental period likely 
reflect differences in the mix of underlying proxy records used and 
changes in proxy pools over time, as well as non-climatic noise 
within individual records, loss of high-quality proxies, and un-
certainties introduced by calibration and methodological choices 
during reconstruction. For example, the correlation between TW 
and TE is r = 0.5 during the instrumental period and r = 0.01 in 
the pre-instrumental periods. The much weaker correlation back 
in time may reflect changes in the proxy-climate relationship or 
the inherent limitation of a shrinking proxy pool back in time, 
something that affects most multi-proxy reconstructions. The rela-
tively stable relationships between the multi-proxy Bra (Braganza 
et al. 2009) that relies on the same eight proxies for its entire length 
and the remaining reconstructions over both the instrumental and 
pre-instrumental periods offers some support to the idea that di-
verging signals are partly related to a shrinking proxy pool (and 
hence decreasing signal) back in time. A number of other recon-
structions still exhibit moderately strong relationships with many 
others across both periods (e.g., Zhu, Tor, D20, Figure 5).

One reason why stronger correlations between several large-
scale multi-proxy reconstructions (e.g., McG, Gea, D20) and the 

remaining reconstructions may exist is that they include many 
of the proxies used by the reconstructions relying on a smaller 
proxy record pool. In contrast, D19, S93, WT, WC, and TW have 
some of the weakest correlations with other reconstructions. 
Notably, S93 targets the SOI, D19 and WT/WC use unusual sea-
sonal windows (January–December and December–November), 
while TW is for the Pacific Warm Pool rather than the Niño3.4 
or 3 regions. Liu also shows generally weak relationships with 
most other reconstructions during the pre-instrumental period 
(Figure 5). These weak correlations may partly reflect prepro-
cessing choices applied to proxy records, such as the use of fil-
ters (e.g., a 9-year high-pass Butterworth filter (Liu et al. 2024)), 
which can affect variability and inter-series relationships. In 
addition, the relatively coarse temporal resolution of the oxygen 
isotope proxy records (approximately 2 years; e.g., tree rings and 
speleothems) used in the Liu reconstruction may further con-
tribute to reduced correlation.

Weaker inter-series relationships over the pre-instrumental 
period can stem from various factors, including dating uncer-
tainties such as missing, false, or double counted years (DeLong 
et al. 2013) within the proxy pool used to reconstruct ENSO. Even 
small dating errors of 1–2 years can disrupt interannual climate 
signals, weakening patterns that otherwise align well during the 
instrumental period due to destructive interference (Comboul 
et al. 2014; Emile-Geay et al. 2013a). Whilst individual proxy re-
cords bear the risk of such uncertainties, combining multiple re-
cords and proxies can mitigate this risk through cross-validation 

FIGURE 5    |    Heatmap of cross-correlation of ENSO reconstructions during instrumental and pre-instrumental period. Intercomparison of 20 
ENSO reconstructions using cross-correlations during the common instrumental period (1900–1971) above the diagonal and the common pre-
instrumental period (1727–1900) below the diagonal.
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and minimizing the influence of errors inherent to any single 
record (Evans et al. 1998, 2002; Stevenson et al. 2013). However, 
as the temporal and spatial coverage of proxy records decreases 
further back in time, dating uncertainties become more pro-
nounced, potentially compromising the accuracy of high-
frequency and decadal climate signal reconstructions (Comboul 
et al. 2014). This is particularly challenging for pre-instrumental 
periods where cross-referencing with known data is not feasible. 
Consequently, the apparent divergence between reconstructions 
in earlier periods could be related to limitations of a shrinking 
proxy pool and increased dating uncertainties.

5.3   |   Spatial Signatures

The spatial SST signatures of the reconstructions during the 
instrumental period are generally very similar (Figure 6). The 
largest differences relate to the strength of correlations with the 
Indian Ocean, with D19 and WT exhibiting virtually no rela-
tionship in this region. The very strong correlations between 
Gea and tropical Pacific SSTs are not surprising as the modern 
end of this reconstruction has been appended with instrumental 
data itself.

Compared to the relationships with SSTs, there are greater dif-
ferences in the relationship between the reconstructions and the 
global PDSI (Figure 6). In general, significant correlations with 
the southwestern United States, Mexico, eastern Australia, the 

maritime continent, and the Indian subcontinent are observed. 
However, the two reconstructions specifically representing the 
western Pacific, TW and, to a lesser extent, FWP, are also sig-
nificantly associated with drought across Eurasia. Additionally, 
McG and Tor are also strongly related to western Pacific SSTs 
and drought in parts of east Africa. This relationship is also 
somewhat reflected in a number of the other reconstructions 
(e.g., Coo and Bra).

5.4   |   Persistence, Low Frequency Variability 
and Association With Instrumental Data

Perhaps one of the most difficult aspects of ENSO to quantify 
based solely on instrumental data is its low frequency variabil-
ity. Recent work has associated multidecadal variability with 
ENSO diversity and the occurrence of extreme events (Fedorov 
et al. 2020; Schlör et al. 2024; Yeo et al. 2017). The much lon-
ger palaeo-ENSO reconstructions can provide much richer low-
frequency variability information. Figure  7a shows the Hurst 
exponent and autocorrelation for each reconstruction and two 
of the key instrumental ENSO indices (SOI and Niño3.4). The 
Hurst exponent is a measure of long-term memory in a time se-
ries, while autocorrelation is simply a measure of the association 
between a time series and a delayed version of itself.

The instrumental SOI and Niño3.4 time series exhibit Hurst ex-
ponents of H = 0.57 and H = 0.63, respectively, indicating some 

FIGURE 6    |    Spatial signatures Spatial correlation of the selected ENSO reconstructions with PDSI (Barichivich et al. 2021) over land and SSTs 
(Rayner et al. 2003) over ocean during the common instrumental period (1900–1971). Only significant correlations (p < 0.01) are shown.
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long-term memory. Many of the reconstructions have similar 
values, with Gea, Bra, TE and D20 (visually overlapping) all 
suggesting long-term memory. Several of the reconstructions 
have less long-term memory than the instrumental data (Liu, 
S93, S98, DAr, FWP, FCT, Coo), with Liu particularly standing 
out. The application of a high pass filter in the Liu study (Liu 
et  al.  2024) has clearly influenced long-term memory in that 
reconstruction. This suggests that the presence of long-term 
memory is less influenced by the type of proxy used and more 
by the reconstruction method or preprocessing applied. There 
is no strong relationship between the Hurst exponent and lag-1 
autocorrelation in the reconstructions overall, although both 
measures are highest in the western Pacific SST reconstruction 
(Tierney et  al.  2015), and lowest in Liu (Liu et  al.  2024). The 
TW reconstruction, which targets the western Pacific and is not 
specifically an ENSO reconstruction, is also distinct owing to 
its weak relationship (r < 0.3) with the instrumental SOI and 
Niño3.4 (Figure 7b). The remaining reconstructions exhibit sig-
nificant moderate-strong correlations (r = ~0.4–0.7) with both 
instrumental indices. Leaving aside Gea, for which instrumen-
tal data are included for the instrumental period, the strongest 

correlations with the SOI and Niño3.4 indices occurs for McG 
and Zhu.

Understanding which longitudinal zone each reconstruction 
is best related is useful if relying on a single reconstruction to 
provide a record of past ENSO variability. This may be particu-
larly relevant if considering the impacts of past events. Figure 7c 
shows the longitude at which the maximum correlation of each 
reconstruction with the SSTs occurs in the tropical Pacific 
(10° N–10° S). This maximum signal is spread across a relatively 
wide swathe of the Pacific (Figure  7c). However, the majority 
of maximum correlations cluster within the Niño3.4 zone, in-
cluding those that target Niño3 (Man, DAr). The maximum SST 
correlations for the WC, WT and D19 reconstructions that target 
Niño3.4 also fall into the Niño3 zone. Bra (first mode of variabil-
ity among proxies) and Tor (MEI) also best relate to Niño3.4. 
The strongest of these maximum longitudinal correlations occur 
for Zhu and D20 while lowest—but still highly significant—cor-
relations occur for TW, Tor, WT, and D19. TW also stands out 
because its maximum SST correlation occurs much further west 
(∼ 138

◦ E)than for the remaining reconstructions. Interestingly, 

FIGURE 7    |    Characteristics of ENSO reconstructions. (a) Hurst exponent (y-axis) and lag-1 autocorrelation (b) Correlation with SOI index (y-
axis) and Niño3.4 (x-axis) and (c), maximum correlation with zonal SSTA (10◦

N − 10
◦

S) along the equator during instrumental period (1900–1971) of 
ENSO reconstructions and instrumental data (b).
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FWP that also represents the western Pacific and utilizes a num-
ber of the same proxy records as TW, better represents condi-
tions at ~180° W towards the edge of the Niño3.4 zone. S93 also 
reflects Central Pacific SST variability close to the Niño4 region. 
This broad longitudinal range highlights the spatially diverse 
ENSO signal contained in the reconstructions.

5.5   |   Time-Dependent Characteristics of ENSO

While cross-correlations (Figure 5) offer a static view of the re-
lationships between paired reconstructions, a moving window 
comparison of reconstructions against the ensemble mean (the 
mean of all reconstructions) provides deeper insights into how 
these relationships evolve over time (Figure 8a). These temporal 
relationships, estimated using a moving 30-year window, reveal 
a decreasingly common signal back in time. Divergence among 
reconstructions is especially apparent between 1600 and 1850 
where we have the highest number of reconstructions available 
(Figure  8). Highest correlations with the ensemble mean are 
achieved during the instrumental period, and this is consistent 
with previous findings (Wilson et al. 2010). Most reconstructions 
(e.g., McG, L13, Tor, Zhu) remain positively correlated with the 
ensemble mean for their entire length, although some have very 
weak or even negative correlation back in time (e.g., D20,TW, 
TE, WT, FWP). There are also some distinct periods over which 
individual reconstructions depart considerably from the en-
semble's mean (e.g., D20). While moving correlation with the 
reconstruction ensemble mean is not a physically meaningful 

reference measure of agreement, it does highlight when diver-
gence in the ENSO signal occurs. However, some caution should 
be applied when considering these moving window correlation 
results. This is because using the ensemble mean as a baseline 
has limitations, as apparent shifts in cross-correlations may be 
the result of different reconstructions covering differing time 
periods rather than changes in the true relationship.

We can also examine how variance changes over time 
(Figure  8b). The highest variance for a number of records oc-
curs in the early to mid 20th century, with generally high vari-
ance in many reconstructions also occurring around 1800. This 
may either reflect enhanced ENSO variability at this time or be 
related to the reconstruction process. The quite strong agree-
ment among records at these times, however, does suggest it 
is a common feature of ENSO variability similar to (McGregor 
et al. 2013). Reduced variance exists for many reconstructions in 
the mid 19th century. As reconstructions drop out back in time, 
it is increasingly difficult to observe commonalities in variance 
across reconstructions. In general, a noticeable discrepancy in 
ENSO variance in the reconstructions is evident throughout the 
last millennium. One previously identified issue is that inherent 
uncertainty within climate proxies can lead to an underestima-
tion of the magnitudes of low-frequency variability in some re-
construction methods (Klockmann et al. 2022; Smerdon 2012; 
von Storch et  al.  2004). Dating uncertainties, particularly in 
the early parts of the ENSO reconstructions where fewer proxy 
records are available, can affect the representation of its vari-
ability. These uncertainties may lead to misalignment of signals 

FIGURE 8    |    Time-dependent characteristics of past ENSO (a) Evolution of correlation of ENSO reconstructions with the ensemble mean over 31-
year moving windows. Each filled circle indicates the minimum correlation with the ensemble mean for that reconstruction. (b) Evolution of vari-
ance in ENSO reconstructions presented by its normalized standard deviation aggregated over 31-year moving windows. Each filled circle indicates 
the maximum value of its respective reconstruction. (c) Evolution of variance in the Niño3.4 region by palaeoclimate model simulations of the past 
1000 years in 31-year moving windows (Brown et al. 2016).
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from different proxies, potentially impacting the overall vari-
ance depending on the specific nature of the uncertainties and 
the reconstruction methods used. Pseudo proxy experiments 
to examine the influence of non-stationary teleconnections 
(Batehup et  al.  2015) and examination of multiple reconstruc-
tion techniques (Emile-Geay and Tingley 2015) can provide use-
ful insights for understanding low-frequency behavior of ENSO 
and confidence in this behavior over time.

The evolution of ENSO variance for a set of available PMIP3 and 
PMIP4 simulations of the last millennium (Brown et al. 2016) 
also reveals a degree of consistency between reconstructed and 
simulated ENSO variance for some periods (Figure 8c). The high 
variability in the Liu reconstruction (Liu et  al.  2024) around 
1250 is also simulated by the majority of models as a possible re-
sponse to strong volcanic eruptions (Lewis and LeGrande 2015). 
McGregor et al.  (2020) and references within showed that the 
majority of 17 analyzed ENSO reconstructions covering on av-
erage 550 years and climate models display a significant eastern 
Pacific warming in response to volcanic eruptions. Another 
period of relatively high ENSO variance (activity) in both the 
reconstructions and models occurs around 1800 (Figure 8b,c). 
Highest ensemble median variability over the past millennium 
is observed in the model simulations at this time. Phases of re-
duced variance in the reconstructions like the mid-late 18th 
Century and 16th Century are also evident in some climate 
model simulations (Figure 8c). However, agreement across re-
constructions is mixed, and we emphasize that no formal sta-
tistical analysis has been conducted here. Periods such as the 
early 19th century also show increased ENSO variance in both 
models and some reconstructions, but these apparent similari-
ties should be treated cautiously and warrant further quantita-
tive evaluation in future studies.

For strong agreement at low frequencies, it would be expected 
that clear low frequency signals would be detectable in, and 
similar across, the reconstructions. However, this strong low 
frequency variability is not evident in the frequency domain 
of the reconstructions over their common period (1727–1971; 
Figure 9), and this is consistent with the differences observed 
across most of the last millennium (Figure 8). Lower frequency 
variability is most evident in TW, TE, D19, D20 and Tor. A lack 
of low frequency information is most evident in Liu, with FCP, 
FWP and S93. Instead, the power spectra are dominated by 
power at the higher frequencies (> ~0.125, or periods > ~8 years) 
and generally persists throughout the reconstructions, even 
though it is not always significant (Figure 9). The strength of the 
higher frequency signal in Gea, WC, WT, McG, FWP, and Z22 
notably diminishes prior to the instrumental period.

5.6   |   Insights Into Discrete ENSO Event 
Reconstructions

A summary of past events from discrete records focusing ex-
clusively on El Niño events is presented in Figure  10a, while 
Figure 10b, shows a summary of both El Niño and La Niña events. 
For El Niño events, there is a large degree of overlap between 
the Quinn and Mayolo (1987) and Garcia-Herrera et al. (2008) 
records. The overlap and agreement are highest during the 19th 
century. The relatively high level of disagreement between the 

records overall, however, means there is considerable uncer-
tainty in the occurrence of events.

Although bias towards a certain type of ENSO has been reported 
for logbook-based and multi-proxy reconstructions (Barrett 
et  al.  2018), we cannot detect (Figure  10a) any such bias to-
wards EP or CP events in these documentary records identified 
in the continuous Freund et al. (2019) records, although during 
the 20th Century, Quinn and Mayolo (1987) CP events seem to 
be detected less often. None of the mostly CP El Niño events 
overlap with the (Garcia-Herrera et  al.  2008) or (Quinn and 
Mayolo 1987) El Niño years in the 17th Century. Both records 
identify strong canonical El Niño events in 1791, 1877, and 1817. 
Some events common to both records (1618, 1718, and 1884) are 
documented as likely CP El Niño by Freund et al. (2019).

Similarly, there is no strong evidence of a bias towards either 
El Niño or La Niña events. The degree of agreement between 
the Gergis and Fowler (2009) and Brönnimann et al.  (2007) is 
similar to that shown in Figure 10a for El Niño only events, al-
though there is some evidence that agreement varies over time. 
For example, during the 16th Century, most agreement relates 
to La Niña years, whereas there is stronger agreement about El 
Niño years in the 20th Century.

Discrete ENSO event reconstructions provide qualitative evi-
dence of past ENSO activity, but their interpretation is subject to 
considerable uncertainty, as reflected in disagreements among 
records. These reconstructions can be regionally biased, may 
overemphasize extreme events, and may not solely reflect ENSO 
signals due to teleconnections. Dating can be imprecise, with re-
constructions disagreeing on event timing, type, or magnitude, 
and such discrepancies must be treated with caution given the 
underlying uncertainties in the historical sources.

6   |   From Past to Future: Advancing Enso 
Understanding Through Reconstructions and 
Modeling

6.1   |   Climate Model Benchmarking

Documentary evidence (discrete event evidence) and palaeocli-
mate proxies that are either direct or indirect measures of the 
atmospheric or oceanic components of the El Niño Southern 
Oscillation provide important information about ENSO vari-
ability over the last millennium. Yet, this palaeo-record of 
ENSO events and variability is not widely used by the climate 
modeling community, or in attribution and climate projection 
studies. The main challenge hindering comparative studies 
seems to be the disconnect between different fields in accessing 
and understanding palaeoclimate information. A large num-
ber of ENSO reconstructions are yet to be fully exploited, and 
we suggest that the information from these records should be 
harnessed by the wider climate community wherever possible. 
Reference datasets, similar to those used for model evaluations 
of ENSO (Planton et al. 2021), could be extended to include suit-
able palaeo-ENSO variability. Not only would this expand the 
number of ENSO events available for analysis, it would also pro-
vide the potential for a more realistic assessment of the extent 
of multi-decadal variability expressed in instrumental records 
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(Dieppois et  al.  2021). Making use of palaeo-ENSO records 
would enable would also enable ENSO behaviors not observed 
during the past ~50 years of satellite observations to be incorpo-
rated into analyses of ENSO including attribution and extreme 
event studies.

6.2   |   Differences and Similarities Between Sources 
of Pre-Industrial ENSO

Several commonalities across ENSO reconstructions can be 
highlighted, for example, some periods of consistently high or 
low ENSO variability (Figure 8b), and agreement on the timing 
of specific events (Figure 11a). Notably, there is some indication 
from continuous reconstructions that La Niña events were rela-
tively frequent during the 16th and late 19th centuries. Although 
the number of records is lower prior to 1600 ce, there is still 

notable agreement on certain individual events during the 15th 
and 16th centuries. This agreement in high-frequency variabil-
ity has important implications for understanding past hydrocli-
mate in regions such as the southwestern United States, Central 
America, northern South America, the Maritime Continent, and 
eastern Australia (Figure 6).

Despite commonalities, ENSO reconstructions are not flaw-
less extensions of the instrumental record. As clearly shown 
in Figures 5–10 no two reconstructions are the same, and this 
applies equally to the discrete and continuous reconstruc-
tions. No single ENSO reconstruction captures all important 
features of ENSO equally well. These differences (Figure  4) 
stem from a range of factors, including choices made about 
what archives or proxy selection criteria to use, reconstruc-
tion methodology, geographical source regions of proxies (e.g., 
D20 compared to WC), season targeted (e.g., Jan–Dec (D19) or 

FIGURE 9    |    Wavelets of all selected reconstructions (see Table 1) over their common period, 1727–1971. Note that WC, WT and Gea all use instru-
mental data for the most recent parts of the reconstructions.
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DJF), and instrumental ENSO index or indices reconstructed 
(e.g., SOI (S93) or Ninño3.4 (Gea)). One issue that may also be 
relevant here is the ‘no-analogue issue.’ This can arise when 
the instrumental record, against which a reconstruction is cal-
ibrated, does not include values as extreme as those suggested 
by the proxy records outside the calibration period, or when 
the period used for calibration is, for example, much more La 
Niña-like compared to the rest of the reconstructed period. 
This is essentially an extrapolation issue and its impact will 
likely differ across the different palaeo-records incorporated 
into a reconstruction and be influenced by reconstruction 
methodology. Understanding its potential influence on pre-
instrumental differences among reconstructions would re-
quire detailed investigation.

Another key reason for differences may arise from the geo-
graphical location of proxies that can significantly influence 
how well a reconstruction represents variability in different sec-
tors of the Pacific (Stevenson et al. 2013), or teleconnections as-
sociated with hydroclimate in different regions (Figure 6). Coral 
records located in the centre of action are directly influenced by 
the equatorial cold tongue in the eastern/central Pacific, while 

coral records from locations directly influenced by the SPCZ or 
from the western Pacific warm pool better represent those areas. 
Selecting a reconstruction or subset of reconstructions that best 
represents the desired ENSO characteristics (e.g., season, index, 
centre-of-action or teleconnected signal) requires some a priori 
knowledge of ENSO variability.

Chronological uncertainties are a fundamental challenge in 
interpreting reconstructed ENSO variability. In layer-counted 
archives like annually banded corals, slight misalignments in 
growth increments can blur interannual climate signals and 
reduce the reconstructed amplitude of individual El Niño or 
La Niña events. These dating imprecisions grow more pro-
nounced in older fossil coral samples that lack overlap with 
instrumental records. Combining multiple proxy types can 
help to randomize individual age offsets and preserve domi-
nant ENSO features, but as proxy density thins back in time, 
the influence of chronological errors on reconstruction fidel-
ity inevitably increases.

Recent developments in probabilistic age modeling and un-
certainty quantification provide a path forward. (Comboul 

FIGURE 10    |    Discrete ENSO events (a) Past El Niño events as reported by (Quinn and Mayolo 1987) and (Garcia-Herrera et al. 2008). Overlapping 
years are highlighted by including the year. Possible Eastern (E) and Central (C) Pacific El Niño events are indicated according to (Freund et al. 2019). 
(b) Discrete El Niño and La Niña events identified by Gergis and Fowler (2009) and Brönnimann et al. (2007). Overlapping years are highlighted by 
color and year for El Niño events (red) and La Niña events (blue).
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et al. 2014) explores Bayesian frameworks for corals that ex-
plicitly address missing and double-counted growth incre-
ments, revealing how error rates translate into high-frequency 
and decadal signal distortions. Extended spectral uncertainty 
analysis across proxy types can potentially highlight sys-
tematic biases that standard calibrations overlook (Dolman 
et al. 2021). Furthermore, the advantages of integrated prob-
abilistic approaches in correcting chronological errors during 
proxy calibration could lead to further improvements (Dee 
et  al.  2015; Dolman et  al.  2021). Some propagating age un-
certainties could potentially be mitigated by smoothing indi-
vidual records prior to index calculation and shifting targets 
from seasonally and annually resolved anomalies towards 
decadal variance or extreme-event counts. Such strategies, 
coupled with ensemble-based reconstructions and rigorous 
age-model diagnostics, will strengthen confidence in the tem-
poral evolution of ENSO variability, particularly for deeper-
time intervals.

Overall, based on our comparison of interannual ENSO re-
constructions, it is difficult to make clear and unambiguous 
conclusions about general trends in ENSO's evolution over the 
past millennium, precise timing of events, or some charac-
teristics in the frequency domain (Lu et  al.  2018). However, 
as is the case with climate simulations, these differences do 
not diminish their value. As observed previously (e.g., Wilson 
et al. 2010), all the reconstructions exhibit ENSO sensitivity, 
capturing some aspects of its occurrence (also see Figure 7). 
To gain a more comprehensive understanding of past ENSO 
activity, a promising approach is to integrate multiple lines 
of evidence, utilizing ensembles of palaeo-ENSO reconstruc-
tions. This strategy may prove to be the most effective way 
to incorporate palaeo-ENSO knowledge into model evaluation 
and projection studies, offering a richer, more nuanced per-
spective on ENSO variability through time.

6.3   |   The Future—Ensemble Reconstructions to 
Better Reveal the ENSO Spectrum?

Differences among the reconstructions present a range of im-
portant opportunities for further research. These opportuni-
ties are not unlike those met by the global climate modeling 
(GCM) community and their data users. GCM output (and re-
gional climate models) vary greatly; however, the community 
has identified standard methods and approaches to deal with 
the range of outcomes/uncertainty in the future projections. 
The palaeoclimate community can take valuable lessons 
from this approach to utilize multiple ENSO reconstructions 
and combine these with the palaeo GCM ENSO simulations. 
We can also draw important conclusions from similarities 
in variability changes in the reconstructions, or from agree-
ment in identified events (Figures 8b and 11a). These similar-
ities among reconstructions may provide greater confidence 
around past ENSO activity in some periods, such as the 17th 
and 18th centuries (Figure 10). Similarly, it has been shown 
that inclusion of records from regions peripheral to ENSO's 
main impacts can add significantly to the reconstruction skill 
(Evans et  al.  2000; Freund et  al.  2019). The use of records 
from these regions can allow for an assessment of temporal 
differences between reconstructions based mostly, or solely, 
on proxies from the central Pacific and those relying on tele-
connected signals. Such analysis may assist with analyses of 
the temporal stability and strength of teleconnections over 
time. As another example, reconstructions targeting the SST-
based Niño indices may display different behavior for some 
time periods compared to SLP reconstructions (i.e., those tar-
geting the SOI or the Walker cell). Therefore, the availability 
of a variety of reconstructions may facilitate investigations 
of decoupling of the oceanic and atmospheric components of 
ENSO over long time frames (Hu et al. 2020). Different ENSO 
reconstructions rely on various proxy types, each with its own 

FIGURE 11    |    (a) Palaeo-ENSO events through time, based on agreement among records. Continuous reconstructions are shown as bars, orange 
represents El Niño events, and blue, La Niña events. Only events for which at least 33% of reconstructions agree are shown. Thresholds of ±0.8 (Niño 
indices) and of ±8 (SOI) were applied to identify events. Black dots show events where at least 2/3 of the four discrete event reconstructions (El Niño) 
or both the two reconstructions (La Niña) agree an event occurred. The blue and red dots show the occurrence of EP or CP events identified by 
Freund et al. (2019). Dashed lines show the period over which the documentary records used, or the FCT and FWP records extend. (b) The proportion 
of EP and CP events identified in the FCT and FWP reconstructions also detected by other selected continuous reconstructions.

 17577799, 2025, 6, D
ow

nloaded from
 https://w

ires.onlinelibrary.w
iley.com

/doi/10.1002/w
cc.70036 by M

andy B
arbara Freund - T

he U
niversity O

f M
elbourne , W

iley O
nline L

ibrary on [05/01/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



21 of 29Wiley Interdisciplinary Reviews: Climate Change, 2025

strengths and limitations. Tree-rings, for instance, offer the 
least risk of significant dating uncertainties due to their an-
nual banding and typically large sample sizes, which allow 
for cross-dating records (Emile-Geay et  al.  2020). However, 
tree-rings often provide indirect measures of ENSO through 
teleconnections. In contrast, coral archives offer more direct 
ENSO measurements but come with some degree of dating 
uncertainty. Living corals can provide precise relative and ab-
solute dating, though they are often not as well-replicated as 
tree-ring records (Dee et al. 2015). Fossil coral records, while 
valuable, may be influenced by diagenesis (McGregor and 
Abram 2008; Stevenson et al. 2013), biological mediation, or 
misidentification of annual bands. For example, the Palmyra 
coral record (Cobb et al. 2013) may be less precisely dated and 
potentially introduce errors (Comboul et al. 2014). It is crucial 
to consider the proxy type, methods employed, and the level of 
certainty associated with each reconstruction to ensure robust 
ENSO analyses.

Our understanding of ENSO's complex spatio-temporal char-
acteristics remains limited but is crucial for assessing future 
anthropogenic global warming scenarios. While some palae-
oclimate studies attempt to discern spatial diversity in the 
expression of ENSO into two categories (Freund et  al.  2019; 
Grothe et  al.  2020), ENSO is actually much more complex 
(Timmermann et  al.  2018). In this vein, exploiting informa-
tion in the range of existing, and future, ENSO reconstructions 
may help improve our understanding of ENSO diversity. For 
example, some reconstructions may provide more information 
about past occurrence of EP or CP events. Our preliminary—
and tentative—example (Figure 11b) may be a useful starting 
point for considering what information about diversity could 
be targeted in new, or derived from previous, reconstructions. 
The example is tentative because we use what is currently the 
sole explicit reconstruction of EP and CP events that, like all 
other reconstructions, will have its strengths and weaknesses. 
Age uncertainties in coral records for example have a stronger 
impact on the detection of CP events than EP events (Freund 
et al. 2019). The location of coral proxy records is also often bi-
ased towards the western and central Pacific which may result 
in an underestimation of the amplitude of EP events (Emile-
Geay et al. 2020). Additionally, identification of ENSO events 
in the reconstructions relies on the threshold selected for their 
identification. In this case, we have used stricter thresholds of 
±0.8 for the Niño indices and ±8 for the SOI (Figure 11b) as 
opposed to ±0.5 and ±7. Based on our analysis (Figure 11b), 
Man (targeting Niño3) and WT (targeting Niño3.4) detect EPs, 
but not CPs and Coo (targeting Niño3.4) is more tuned to cen-
tral Pacific events. Conversely, D20 identifies all EP and all 
CP events while TW detects neither. Use of lower thresholds 
for event identification, however, suggests that most recon-
structions appear less able to distinguish between EP and CP 
events. It does appear, however, that some reconstructions are 
less likely to pick up either EPs or CPs (e.g., S93), while oth-
ers pick up the majority of both EPs and CPs (e.g., Coo, D20). 
Another possibility for discerning EP and CP events may be 
to exploit the location of proxy records utilized in reconstruc-
tions. It has been shown that coral records from off-equatorial 
regions like the SPCZ are more sensitive to CP ENSO events 
(Stevenson, McGregor, Phipps, & Fox-Kemper 2013).

Combining documentary (discrete) records that are directly re-
lated to impacts and continuous reconstructions also offers an 
opportunity to develop a comprehensive picture of past ENSO 
events as well as their spatial impacts. This, combined with an 
improved understanding of past diversity, could be especially 
useful in considering likely impacts of projected changes in 
ENSO. Combining multiple documentary records with contin-
uous ENSO information (Gergis and Fowler 2009) provides an 
opportunity to investigate this further.

Extending the focus beyond SOI and SST-based past ENSO re-
constructions, Walker circulation reconstructions like that by 
(Falster et al. 2023) could provide an opportunity to explore the 
upper atmospheric dynamics of ENSO variability. As a repre-
sentation of large-scale equatorial zonal circulation, the Walker 
circulation offers a complementary perspective on how ENSO 
events influence and are influenced by atmospheric dynamics. 
Comparing reconstructed equatorial SLP gradients with the 
ENSO reconstruction could offer valuable insights into the cou-
pling between oceanic and atmospheric components of tropical 
climate variability and help assess the coherence and phase re-
lationships between SST anomalies and atmospheric circulation 
over longer timescales.

The development of improved statistical methods to combine 
multiple lines of evidence, advances in palaeoclimate data as-
similation (Hakim et al. 2016; Tardif et al. 2019), deep learning 
algorithms (e.g., Wang et al. 2023; Zhang et al. 2022) and large 
ensembles (Maher et al. 2022) will also help to overcome some 
of the difficulties palaeoclimate ENSO research has faced. Our 
increasing appreciation of the multi-faceted ENSO phenomenon 
requires novel strategies to expand on existing palaeoclimate ef-
forts and help guide future research.

7   |   Conclusions

Instrumental observations are insufficient for characterizing 
ENSO beyond the past ~150 years because they cannot capture 
the full range of natural variability, leaving major uncertainties 
in how ENSO amplitude, frequency, and diversity evolve on cen-
tennial to millennial timescales. Reconstructions extending back 
through the last millennium are therefore invaluable for capturing 
the full spectrum of ENSO behavior, for providing independent 
benchmarks against which climate models can be evaluated and 
for their potential insight into possible driving mechanisms. This 
enhanced understanding is vital for validating and constraining 
climate models that are used for developing future projections of 
ENSO evolution under anthropogenic climate change. However, 
the wide variety of ENSO reconstructions now available that have 
been developed from different proxy data means it is timely to re-
view their similarities, differences, and limitations. Our review 
has aimed to synthesize what these reconstructions can collec-
tively reveal about ENSO's past variability and dynamics.

To more fully appreciate the continuum of ENSO event types 
and their manifestation, it will be increasingly crucial to draw 
on a range of evidence, including long palaeo-ENSO records 
such as those explored here. These records have a higher 
chance of capturing the fuller spectrum of ENSO variability. 
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Our synthesis highlights several robust features across recon-
structions. First, ENSO expresses substantial variability on in-
terannual to multidecadal timescales, with evidence for both 
persistent low-frequency modulation and periods of reduced 
or enhanced variance. These features are broadly consistent 
with dynamical expectations and are sometimes reproduced 
in climate model simulations, though important discrepancies 
remain. Second, reconstructions diverge in the strength and 
spatial expression of teleconnections, particularly in their re-
lationships with Indian Ocean SSTs and land-based drought 
patterns, indicating that ENSO's global impacts are neither 
stationary nor uniform across records. Third, the location 
of maximum tropical Pacific SST relationships varies across 
reconstructions, with some aligning with the Niño3.4 region, 
while others show stronger connections to central or western 
Pacific SSTs. This points to potential shifts in ENSO “flavor” 
and diversity over the last millennium.

Other features that emerge from our review are that the sim-
ilarity among reconstructions is likely associated with their 
use of particular types of proxies utilized and the geographical 
location of these proxies (e.g., center-of-action proxies versus 
those from the eastern equatorial Pacific). Stronger relation-
ships among reconstructions over the post-1850 period com-
pared to the pre-industrial period are likely due to very strong 
relationships among the Niño indices in the instrumental pe-
riod against which the reconstructions have been calibrated. 
There are differences in their spatial teleconnection signa-
tures, particularly in their relationships with Indian Ocean 
SSTs and drought patterns over land areas. There is also ev-
idence of long-term persistence and low-frequency variabil-
ity in some reconstructions similar to instrumental ENSO 
indices, though the strength of this low-frequency behavior 
differs among reconstructions. Most relate most strongly 
to the Niño3.4 region. Reconstructed ENSO variance shows 
some consistent periods of high and low variance across mul-
tiple reconstructions and models over the last millennium 
(Karamperidou and DiNezio 2022), but there are also notable 
discrepancies (S. McGregor et al. 2013). Wavelet analyses re-
veal differences in the strength of low-frequency variability 
captured by different reconstructions.

Model simulations of the last millennium provide an important 
counterpart to reconstructions. While there is some apparent 
overlap between simulated and reconstructed periods of high 
and low variance, stronger agreement emerges in their common 
response to large volcanic eruptions, consistent with earlier 
studies (e.g., Lewis and LeGrande 2015). Models also highlight 
the role of background climate state and forcing in modulat-
ing ENSO amplitude, offering testable hypotheses for palaeo-
records. However, statistical coherence between proxy-based 
reconstructions and models weakens prior to the instrumental 
period, underscoring the need for more systematic comparison. 
In particular, there is a decreasing coherence among recon-
structions extending back in time, with some reconstructions 
diverging considerably from the ensemble mean during certain 
periods. This likely relates to the decreasing number of proxy 
records available back in time, highlighting a need to target the 
development of new high-resolution proxy records that extend 
further back in time and are strategically located in regions sen-
sitive to different ENSO flavors and teleconnections.

Taken together, our analysis underscores the fact that no sin-
gle reconstruction fully captures the complexity of ENSO. Each 
dataset has distinct strengths and limitations depending on 
proxy type, calibration method, and spatial sensitivity. To move 
forward, we recommend the development of palaeo-ENSO re-
construction ensembles—frameworks that combine multiple 
records in a way analogous to climate model ensembles. Such en-
sembles would enable quantification of uncertainties, highlight 
robust common signals in the pre-Industrial period. Alongside 
the highly detailed analysis afforded through instrumental data 
and those available through modeling, these ensembles have the 
potential to provide a more holistic picture of ENSO's temporal 
and spatial variability. Ensemble approaches could also be de-
signed to target specific aspects of ENSO behavior (e.g., event di-
versity, teleconnection stability, or low-frequency modulation), 
thereby improving model evaluation and enhancing our capac-
ity to anticipate ENSO's future evolution under anthropogenic 
forcing.

It is important to note that while our review focuses on the last 
millennium, this period represents a time of relatively small 
changes in climate forcing compared to earlier epochs. Modeling 
studies suggest that ENSO variability may have experienced 
much larger changes during the Holocene (Lawman et al. 2022) 
and even more substantial shifts during glacial–interglacial 
transitions (Thirumalai et al. 2024). However, the abundance of 
high-resolution proxy records for the last millennium has made 
it a prime target for ENSO reconstruction efforts, as evidenced 
by the wealth of studies reviewed here. Future work should aim 
to extend our understanding of ENSO variability further back in 
time (Liu et al. 2014; Moy et al. 2002; Tudhope et al. 2001), tar-
geting periods of more significant climate forcing changes. This 
will require developing new proxy records capable of capturing 
ENSO signals over longer timescales. Additionally, we encour-
age the modeling community to run more experiments under 
a wider range of palaeoclimate scenarios, which could provide 
valuable insights into ENSO's sensitivity to different forcing re-
gimes and help bridge the gap between modern observations 
and palaeoclimate records.

Ultimately, capitalizing on all sources of relevant information 
including palaeo-data has the potential to advance our com-
prehension of the ENSO phenomenon. This is critical for un-
derstanding ENSO's role in past and future climate variability. 
We suggest that advances will come not from relying solely on 
instrumental or model data, but from integrating long-term 
palaeo-records, climate model simulations, and targeted ensem-
ble frameworks to more fully capture ENSO's complexity and its 
influence on global climate. We consider the development and 
use of palaeo-ENSO reconstruction ensembles as an important 
path forward to enhance our ability to predict and understand 
ENSO's role in future climate scenarios.
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