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Paleoclimate information has played an instrumental role in showing how
fast climate can vary and how large these changes can be. It provided the first
vivid demonstration of the relationships between atmospheric greenhouse gas
concentrations and surface air temperatures, as well as striking representations of
climate change impacts and possible feedbacks within the climate system, such
as those associated with vegetation or ice sheet changes. Here, a short review of
recent advances in paleoclimate studies is provided, with the objective of showing
what this information on past climates and environments can bring to research
on current and possible future climates. We advocate that (1) paleoclimatic and
paleoenvironmental information can be leveraged for narratives about climate
change, in particular at the local and regional levels, (2) paleoclimate data is
essential for out-of-range tests of climate models, since future climates are also
out of the range of recent climate information used for calibrating climate models,
(3) paleoclimate data, in particular for the last millennia, is essential for taking
multi-centennial and multi-millennial variability into account when describing
trends related to anthropogenic forcings and attributing climate change signals,
in particular for extreme and rare events, and (4) paleoclimates also provide
extremely valuable information for initializing the slow components of climate
models. In addition, we show how paleoclimate studies can be beneficial to put
recent and future climate change into context and improve our knowledge on key
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processes. They can both benefit from and contribute to models and knowledge
based on the study of recent and future climates.

KEYWORDS

climate modeling, paleoclimate reconstructions, paleoenvironment reconstructions,
future climate, climate change impacts

1 Introduction

Paleoclimate information arises from a wealth of archives,
depicting local to global aspects of climate and environmental
changes. It has been instrumental to put the current climate into a
long-term perspective and assess the role of human activities in the
ongoing climate warming (Arias et al., 2021; Figure 1). In particular,
analyses of paleorecords have highlighted the link between greenhouse
gas atmospheric concentration and climate, provided evidence that
there can be multiple equilibrium states of the climate system or in its
components and shown that there can be abrupt shifts in the climate
system without large changes in external forcing. The strength of
paleoclimate reconstructions comes from the fact that some
paleoclimate records, such as the CO,, CH,, N,O and mineral dust
records from ice cores and isotopic records from many archives, are
direct measurements of physical or biogeochemical characteristics of
the climate system. Other records, such as floral or faunal records, lake
level records, sea level records (Figure 1), directly relate to possible
impacts of climate change on the environment, often indicating
feedbacks operating within the climate system or thresholds leading
to high impact events or tipping points. In addition, archives such as
corals and speleothems even allow the documentation of changes on
finer scales — interannual, interdecadal— variability for these
far-from-present climate states.

These records combined with climate modeling are fundamental to
expand and test our understanding of the climate system. Models of
different complexities and resolutions are needed to explore the long
term and regional fluctuations of climate and interactions between the
different components of the Earth System depicted by paleoclimate and
paleoenvironmental records. These records, describing global and
regional conditions over land, ocean and ice, are available for numerous
periods and offer stringent tests for models used to compute climate
projections. This is essential to assess their ability to represent future
climate changes larger than the ones that prevailed during the
instrumental period (Harrison et al., 2015; Burls and Sagoo, 2022).
Some vivid examples of past climate and environmental states different
from the present one include past episodes of widespread glaciation,
contrasting with periods of scarce or no permanent land ice at the
Earth’s surface, episodes of a Sahara covered by lakes and vegetation,
that has become an iconic topic within the Paleoclimate Modeling
Intercomparison Project (PMIP) to test vegetation and soil feedbacks in
climate simulations (Braconnot et al., 2007; Menviel et al.,, 2021). There
are other examples for which the understanding and the representation
of the coupling between climate and the cryosphere remains a challenge
for climate models, both for past and future climates (Nowicki and
Seroussi, 2018). Records of abrupt climate and environmental shifts
during the last deglaciation are receiving a lot of attention and inform
on the sensitivity of the ocean circulation and heat transport to fresh
water fluxes and concomitant changes in other components of the
climate system. Taken together, those climate reconstructions, modeling
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studies and model-data comparisons are highly relevant to society by
providing unique information on natural and anthropogenic caused
fluctuations of the Earth’s climate and environment. Moreover, these
reconstructions are essential for testing and improving the robustness
of climate models in simulating the Earth system’s responses to rapid
and gradual changes at a societally relevant scale.

Paleoclimate information therefore puts recent and future climate
change into context and help us quantify how far human activities are
pushing the climate system into unknown new states, and what these
new states might look like. This concept note will highlight recent
advances, some of which were presented at the 2023 WCRP Open
Science Meeting, in depicting and understanding past responses to
various external forcings, in terms of feedbacks and multiple time
scale variability and abrupt events. From these, we will draw lessons
and opportunities for future studies which would strongly benefit
from possible collaborations within WCRP core projects and
lighthouse activities. Indeed, in our opinion, the next years should
foster work on the integration of global, regional and local climate
changes on multiple timescales, improve the understanding of the
linkages between climate and environmental changes (e.g., ecosystems,
hydrosystems, biodiversity), and provide information for risk
assessments, including for past humans. There are strong needs and
opportunities for exciting work on paleoclimates and
paleoenvironments in collaboration with experts on current and
future climate change processes, on climate change impacts and on
vulnerability and risks. These collaborations are essential for
paleoclimate and paleoenvironmental information to deliver lessons,
for advancing our knowledge on climate change, and for adaptation
and mitigation.

In section 2, we provide a few examples of recent advances in
paleoclimate studies (on cold, warm climates and abrupt changes)
which relate to several aspects of future climate change. This is of
course not intended to be an exhaustive overview, but rather an
illustration of the potential of paleoclimate information for
anticipating future possible climate and environmental changes. In
section 3, we draw perspectives and opportunities for a better
integration of research on past, present and future climate and
Section 4  highlights  the

environmental  changes.

resulting recommendations.

2 Recent advances in paleoclimate
studies yielding new perspectives
2.1 Assessing climate sensitivity taking
advantage of multiple, cold and warm
periods

The multiple constraints from both warm and cold periods have
been used to estimate equilibrium climate sensitivity (ECS, i.e., the
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FIGURE 1
How Earth's climate has changed, as recorded by global mean sea level, between 50 millions years ago and the present day. Data from: Elderfield et al
(2012), Spratt and Lisiecki (2016), Rohling et al. (2014), Grant et al. (2014), De Boer et al. (2010), De Boer et al. (2014), Gowan et al. (2021), Lisiecki and
Raymo (2005), Sosdian and Rosenthal (2009), Miller et al. (2012), Naish et al. (2009), and Miller et al. (2020).

global mean surface air temperature response to a doubling of CO,
since the preindustrial, at equilibrium) (Sherwood et al., 2020), along
other types of evidence. Since then, Zhu et al. (2020, 2022) utilized
paleo-data to evaluate the high ECS of the Community Earth System
Model version 2 (CESM2), which was 6°C—significantly higher than
previous models. This model significantly overestimated global
cooling during the Last Glacial Maximum (LGM) and warming
during the early Eocene, indicating its high ECS was inconsistent with
paleoclimate data. These studies attributed the excessive climate
sensitivity of CESM2 to issues in the parameterization of clouds. By
collaborating closely with model developers, Zhu et al., 2022 were
able to pinpoint and rectify these deficiencies. The revised model
shows markedly improved performance in simulating both the LGM
and early Eocene climates, and it now exhibits a much-reduced ECS
of 3°C, while still performing reliably for the present-day climate
(Zhu et al, 2022; Zhu et al, 2024). These improvements will
be incorporated into the next generation of CESM. This work
continues the tradition of leveraging paleoclimate data to assess and
refine climate models, following the spirit of the earlier work of
Manabe and Broccoli (1985).

Recent advancements have also enhanced our ability to directly
quantify ECS using paleo-data on climate forcing and response.
Sherwood et al. (2020) highlighted the critical role of paleoclimate
information in constraining ECS and identified the need for improved
quantification of paleoclimate forcings—such as that from ice sheets—
as well as better understanding the pattern effect and the state
dependence of forcings and feedbacks. Building on this foundation,
Cooper et al. (2024) developed a novel framework that integrates
recent temperature reconstructions of the LGM with a complete,
model-based quantification of the LGM radiative forcing (e.g., Zhu
and Poulsen, 2021) and the effect of sea surface temperature (SST)
patterns on feedbacks. This approach has further refined ECS
estimates, demonstrating how collaborative efforts and the application
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of paleo-data and state-of-the-art methods can advance our
understanding of climate sensitivity.

The emergent constraint approach is another valuable method for
reducing uncertainties in ECS by leveraging observable paleoclimate
data and statistical relationships between these observations and ECS
across multiple models. Renoult et al. (2020) employed recent
estimates of LGM and Pliocene global mean surface temperatures and
a suite of PMIP and PlioMIP (Pliocene Model Intercomparison
Project) simulations to constrain ECS. Their emergent constraint
approach yielded a tighter upper bound for ECS, with a central
estimate of 2.5°C and an uncertainty range of 0.4-4.0°C. Renoult et al.
(2023) suggested that increasing the number of model simulations
enhances the robustness of these constraints, particularly for models
with higher ECS values. They also stressed the need for a deeper
understanding of non-CO, forcings and feedbacks and their
state dependency.

2.2 Cold climates

Paleoclimate records provide independent constraints over land
and ocean with which to investigate and evaluate models that range in
complexity from idealized theoretical models to fully coupled Earth
system models. The Last Glacial Maximum (LGM) has been
extensively used for such an endeavor, in particular thanks to PMIP
(Kageyama et al., 2018; Kageyama et al., 2021b) for the latter type of
models. On the other hand, applying simple dynamical models to past
climates helps to identify and evaluate fundamental mechanisms of
climate change by exploring large changes that exceed those in the
short instrumental record of modern climate. For example,
consideration of terrestrial and marine temperature during the LGM
provides an opportunity to explore the broad applicability of an
idealized model for the amplification of warming over land, relative to
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sea, that links low-latitude humidity and temperature (Byrne and
O’Gorman, 2018). In a recent study, proxy records and PMIP4
(PMIP 4™ phase) model simulations were used to independently
evaluate this terrestrial amplification theory, finding close agreement
in the land-sea warming ratio between paleotemperature change since
the LGM and future greenhouse gas-driven warming (Seltzer
etal., 2023).

2.3 The last interglacial’'s cryosphere

The rapid warming and decline in Arctic sea ice over the past
40 years is a hallmark of contemporary climate change. Climate
models have struggled to accurately capture this warming and sea ice
loss (Notz and the SIMIP Community, 2020), which reduces
confidence in future projections (Fox-Kemper et al., 2021). Past warm
climates with minimal Arctic sea ice can thus provide valuable insights
for the future (e.g., Otto-Bliesner et al., 2017). During the Last
Interglacial (LIG), orbital forcing resulted in summertime top-of-
atmosphere shortwave radiation in the Arctic being 60-75 Wm™
greater than during the preindustrial period. This forcing is in nature
very different from the increased greenhouse gas concentrations
typical of future climate forcings, but Kageyama et al. (2021a) showed
a wide range of sea-ice responses both for LIG and higher CO,
forcings, and a clear relationship between the model responses to both
forcings. The idea was then that LIG Arctic sea-ice reconstructions
could help to evaluate model ability to represent sea-ice loss for
climates warmer than today. All PMIP4-CMIP6 models showed a
reduction of the seasonal minimum extent, with one model,
HadGEM3, simulating a nearly ice-free Arctic during the LIG (with
sea ice extent falling below 1 x 10° km? at its minimum). The near-
complete loss of summer sea ice in HadGEM3 was attributed to the
model’s advanced representation of melt ponds, shallow pools of water
on the surface of Arctic sea ice that significantly influence the
absorption and reflection of sunlight (Guarino et al., 2020; Diamond
et al,, 2021, 2024). The sea-ice reconstructions and ice-core data
compiled by Malmierca-Vallet et al. (2018) and Kageyama et al.
(20212) indeed showed evidence of this sea-ice area reduction during
the LIG, but were inconclusive about this period being seasonally ice
free. The HadGEM3 simulation, however, matched continental
temperature records around the Arctic remarkably well (Guarino
etal., 2020). Recently, new LIG sea-ice extent and summer temperature
datasets (Sime et al., 2023; Vermassen et al., 2023) showed that Arctic
warming was closer to 3.7 + 1.5°C above PI levels, rather than the
previously suggested 4-5°C. They also showed that the LIG Arctic
climatological minimum sea-ice area ranged from 1.3 to 1.5 x 10° km?,
with summers fluctuating between ice-free and near-ice-free
conditions, demonstrating the realism of the HadGEM3 simulation,
performed with a high ECS, explicit melt pond scheme and supporting
the reliability of such a model for future Arctic climate projections.
These recent publications therefore provide valuable data for
evaluating climate simulations, hence helping model evaluation for
the forthcoming AR7 FastTrack experiments (https://wcrp-cmip.org/
cmip7/).

Furthermore, the Greenland Ice Sheet is losing mass at an
accelerating rate as the climate warms (Church et al., 2013). Although
the future surface mass balance of the ice sheet is uncertain and is
strongly dependent on the climate trajectory (Aschwanden et al., 2016;
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Fettweis et al., 2013; Mouginot et al., 2019), this pattern of mass loss
will likely continue as surface elevation lowers and air temperatures
increase, possibly leading to the substantial retreat of the ice sheet.
Models that couple the climate and Greenland Ice Sheet are
increasingly being used to project the contribution of this ice sheet to
global mean sea level rise during the 21Ist century and beyond
(Muntjewerf et al, 2020). Benchmarking these projections is
challenging though with the very short historical record. To better
understand climate—ice sheet interactions and inform projections of
the future, it is thus helpful to study the behavior of climate ice-sheet
interactions during past warm climates in Earth’s history. Ice cores
near the Greenland Ice Sheet summit provide evidence that central
Greenland remain glaciated through the Last Interglacial (Yau et al.,
2016). Sediment cores drilled from the Eirik Drift off southern
Greenland indicate vegetation (de Vernal and Hillaire-Marcel, 2008)
and a smaller ice sheet (Colville et al., 2011) in southern Greenland.
Recent modeling with the CMIP6 Community Earth System Model
(CESM2) coupled with an evolving Greenland Ice Sheet model and
vegetation model simulated a forest and tundra expansion in Canada
and Greenland and Arctic summer warming over land of 4-6°C
(Sommers et al,, 2021) in agreement with proxy reconstructions
(CAPE-Last Interglacial Project Members, 2006; Sime et al., 2023).
The Greenland Ice Sheet reached its minimum size at 121.9 thousand
years ago, losing an equivalent of 3.0 m of sea level compared to the
present day, and then regrew as summer temperatures began to cool.
Changes in Arctic vegetation distribution during the Last Interglacial
had a strong influence on the climate, and therefore how much the
Greenland Ice Sheet retreated. A companion CESM simulation
employing static vegetation based on pre-industrial conditions
showed a much smaller ice-sheet retreat, highlighting the importance
of the changes in high-latitude vegetation distribution for amplifying
the ice-sheet response (Sommers et al., 2021).

The West Antarctic Ice Sheet (WAIS) is at risk of rapid large-scale
deglaciation («collapse») due to global warming, which could lead to
a global eustatic sea-level rise of 3.3 m (Bamber et al., 2009). To assess
the likelihood of a WAIS collapse in the future, it is helpful to
understand whether, and why, the WAIS has collapsed in the past. The
LIG is of particular interest, because (i) its temperatures were close to
those projected for the near future, and (ii) it is captured in several
Antarctic ice core records (Masson-Delmotte et al., 2011). Stable water
isotopes archived in the ice reflect the history of Antarctic surface
climate, atmospheric circulation, and oceanic conditions, but it is
unclear which isotopic signatures would indicate a collapse of the
WAIS during the LIG. Recent modeling studies have addressed this
question by comparing simulations of Antarctic climate in which the
WAIS has collapsed with control simulations in which the WAIS is
intact (e.g., Steig et al., 2015; Holloway et al., 2016; Goursaud et al.,
20215 Diitsch et al., 2023; Hutchinson et al., 2024). They found distinct
isotopic responses to WAIS collapse at sites near the WAIS relative to
sites in interior East Antarctica, including a substantial increase in
80 at Skytrain Ice Rise, a West Antarctic ice core that was drilled
recently (Mulvaney et al., 2021). The measured 8O in this ice core is
increased by approximately half the simulated value in the LIG,
suggesting partial WAIS collapse (Wolff et al., 2024). Future ice cores
near the WAIS such as Hercules Dome (Fudge et al., 2023), as well as
more comprehensive modeling studies, will provide further
constraints on the extent of WAIS ice loss during the LIG and help to
estimate the likelihood of WAIS collapse in the future. Where possible,
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models should also account for changes in sea-ice concentrations, as
WALIS collapse simulations with LIG greenhouse gas concentrations
and orbital forcing alone cannot fully explain the observed 8'*O
anomalies in Antarctic ice cores.

2.4 Abrupt climate change

Here we use the term “abrupt” to classify a change in a specific
component of the climate system that at least apparently occurred
quicker than the forcing, shifting the component to a different state
(Lenton et al., 2023). This suggests the operation of non-linear
processes in that specific component of the climate system. The very
possibility of specific components of the climate system to react
non-linearly to forcing is of significant concern to society, since our
capacity to adapt to climate change depends on time, among other
parameters (IPCC, 2022). Research on abrupt climate change greatly
benefited from lessons from paleoclimates, since some components of
the climate system that may reach a critical threshold within a
societally relevant timeframe have done so in the past. This is notably
the case for the Atlantic Meridional Overturning Circulation (AMOC)
(Henry et al., 2016; Ditlevsen and Ditlevsen, 2023).

Diverse and coherent paleoclimate evidence suggests that AMOC
strength abruptly decreased (and recovered) multiple times during the
last glacial period, substantially decreasing oceanic heat transport
from the South Atlantic to the North Atlantic (Malmierca-Vallet et al.,
2023). These pieces of evidence span from direct proxies recording a
decrease in deep-water flow velocity (Henry et al., 2016) to indirect
proxies showing poor deep-water ventilation (Campos et al., 2020), as
well as warmer (colder) SST in the South (North) Atlantic (Santos
et al, 2022). Marked decreases in AMOC strength seem to
be associated with a surface freshening (i.e., decrease in sea-surface
density or seawater salinity) of the high latitudes of the North Atlantic
due to iceberg melting (Zhou and McManus, 2024) that were released
because of subsurface warming (Max et al., 2022). Importantly,
decreases in sea-surface density in the high latitudes of the North
Atlantic hampers deep-water formation by disturbing the salt-
advection feedback, substantially weakening the AMOC. Ongoing
climate change is causing a decrease in sea-surface density in the high
latitudes of the North Atlantic through SST warming, increased direct
precipitation and Greenland meltwater discharge. These processes
may lead to an abrupt decrease in AMOC strength within the 21%
century (Ditlevsen and Ditlevsen, 2023), and, in the case of Greenland
meltwater discharge, highlight a cascading destabilizing effect between
the Greenland Ice Sheet and AMOC strength (Wunderling
etal., 2024).

Past decreases in AMOC strength significantly changed tropical
precipitation. These changes are particularly well recorded over
northeastern South America, where precipitation is strongly
controlled by the tropical rain belt. During AMOC slowdowns,
northernmost South America experienced a decrease in precipitation,
while marked increases in precipitation were recorded over tropical
South America to the south of the equator (Zhang et al., 2017;
Campos et al, 2019). These changes were synchronous and
proportional to the warming (cooling) of the surface South (North)
Atlantic due to the decreases in AMOC strength (Mulitza et al.,
2017). Recent model experiments suggest that a future AMOC
weakening will again decrease precipitation over northernmost
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South America and increase rainfall over northeastern Brazil
(Bellomo et al, 2021; Ben-Yami et al, 2024), increasing the
vulnerability of the Amazon Rainforest to climate change (Akabane
et al., 2024).

2.5 Oceanic features from Indonesian
throughflow circulation

The previous example shows the importance of relating abrupt
changes in the atmosphere, cryosphere and the ocean. Next, we report
on new research on the strength of an important ocean feature, the
Indonesian Throughflow (ITF). ITF acts as the only tropical pathway
for exchange between ocean basins in global ocean, especially
facilitating the transfer of warm Pacific Ocean water into the Indian
QOcean (Susanto and Gordon, 2005; Gordon et al., 2019). The ITF lies
in the center of atmospheric deep convection and plays a central role
in global climate system (Sprintall et al., 2019). Intensive studies of the
modern ITF have explored the main pathway of the ITF at the
Makassar Strait (~80% water mass originating from the Pacific Ocean)
in more detail than other ITF regions, i.e., Halmahera Sea, Lombok
Strait, Ombai Strait, and Timor Sea (Figure 2, Sprintall et al., 2019;
Gordon et al,, 2019). Indeed, the longest available record of the ITF
variability (i.e velocity, volume transport) is for the Makassar Strait,
within the Labani Channel (which sill depth is around 680 meters). It
is now approximately 13.5 years long (Gordon et al., 2019).

Under future climate warming scenarios, the changes of surface
wind stress in response to greenhouse gas forcing are considered too
small to drive the projected centennial changes in the ITF transport
(Fengetal, 2017; Sen Gupta et al., 2016; Hu et al., 2015), while larger
changes are driven by the weakening of AMOC (Sun and Thompson,
2020). The AMOC is a major tipping element in the global climate
system (Ditlevsen and Ditlevsen, 2023). Sun and Thompson (2020)
highlight the concomitant weakening of the ITF and the AMOC using
a reduced gravity model and a CCSM4 4xCO, experiment. This can
explain the ITF weakening simulated for the 21st century in the
CMIP6 simulations (Sun and Thompson, 2020). However, the link
between the AMOC and ITF shown by model results need data
verification. The short time series of ITF measurements are not
enough to verify the models. Paleoclimate records at the Indonesian
seas could provide valuable longer records of the ITE Evidence of ITF
slowdown during past warm periods would be important to fill the
gap of current observations. The last deglaciation, i.e., the period of
global warming from the LGM to the Holocene (11,700 years -
present), was punctuated by a series of abrupt climate events in the
North Atlantic: the cold Heinrich Stadial 1 (HS1), the warm Bolling/
Allerod (B/A), and a second major cooling event, the Younger Dryas
(YD). HS1 and YD are the last period of strong disruptions of the
AMOC (Broecker et al., 1992; Bond et al., 1992). Existing studies
suggest ITF slowdown during these periods of weakened
AMOC. However, the causes of this slowdown are debated. Some
studies relate the slowdown to El Nifio-like wind driven forcing and a
southward shift of the ITCZ (Hendrizan et al., 2023; Fan et al., 2018;
2016; Zhang et al., 2018; Ding et al., 2013). Under such conditions, an
enhanced Mindanao current may increase the transport of warm and
saline north Pacific water eastward into the central and eastern Pacific
Ocean, thus less would be leaked westward into the ITF region (Fan
et al,, 2018, 2013). Other studies relate the ITF slowdown to AMOC

frontiersin.org


https://doi.org/10.3389/fclim.2024.1511997
https://www.frontiersin.org/journals/climate
https://www.frontiersin.org

Kageyama et al.

10.3389/fclim.2024.1511997

10°S ¢
INDIAN
OCEAN

15°S

104°E 112°E

FIGURE 2

lines indicate uncertain pathways.

A schematic map of the ITF currents, seas, and basins (Sprintall et al., 2019). Upper ocean current pathway is in red, lower pathway in green. Dashed
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changes, such as shown for the future by simple ocean and full climate
models (Hendrizan et al., 2017). However, the mechanism relating the
ITF and AMOC for those past climate periods still need to be clarified.

2.6 Long-term changes in short-term
variability

Past changes in interannual to multidecadal variability can inform
on the linkages between this short-term variability and the mean climate
and provide evidence of expected changes in the future, despite the fact
that the forcing mechanisms are not direct analogs. There has been
growing interest on this topic in the last years and new possibilities
offered by the fact that (1) progress has been made in the reconstructions
of past variability from corals, bivalve shells (e.g., Carré¢ et al., 2021),
speleothems (i.e SISAL data base, Atsawawaranunt et al., 2018), tree rings
and multi proxy databases (i.e., PAGES 2 k Network, Neukom et al.,
2019) (2) the same versions of Earth System Models are used to simulate
present future and past climate, with sufficient resolution and complexity
to study short term variability and (3) the number of transient
simulations with these models is growing. There are therefore new
possibilities to analyze short term variability and how it responds to
various forcings over a wider range of periods and models.

This is the case for the study of El-Nifio Southern Oscillation
(ENSO) variability in the tropics. Since the review, by Lu et al. (2018),
of the mechanisms explaining the response of ENSO variability to
different forcing factors in different climates, along with the missing
knowledge to fully understand ENSO dynamics and teleconnections,
several analyses of multi-model ensembles simulations have
confirmed key mechanisms or brought new results. For instance,
Brown et al. (2020) have performed multi model analyses of ENSO
variability across different periods using the PMIP4-CMIP6 ensemble
of simulations to shed light on key factors affecting ENSO events.
Despite different representations of ENSO and mean state biases
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compared to present day observations, almost all PMIP4-CMIP6
simulations produce a reduction of ENSO variability for the last
interglacial and the mid-Holocene simulations, whereas changes in
ENSO variability is more diverse for the Last Glacial Maximum or
simulations where atmospheric CO, concentration is increased by 1%
per year. It highlights the role of the nature of the forcing (orbital or
trace gases and ice sheets) on the ENSO response (Brown et al., 2020).
For the mid-Holocene, process studies have also confirmed the role of
the changes in seasonality in the development of equatorial Kelvin
wave associated with EI-Nifo events (Luan et al,, 2012; Zhang et al.,
2022), and the dominant role of the thermocline feedback in the
damping of ENSO magnitude in response to mid-Holocene insolation
(An and Choi, 2014; Chen et al., 2019; Song and Chen, 2022).
Following the initial work by Emile-Geay et al. (2016), the coral
and shell data synthesis covering the Holocene in the Pacific has been
extended and provides ground truth estimates of variability and
seasonality in different key places in the Pacific Oceans (Carré et al.,
2021). These paleoclimate reconstructions of interannual to
multidecadal variability also offer the possibility to investigate changes
in the diversity of El Nifio events (Capotondi et al., 2015). The
available literature yields conflicting conclusions on the current and
future changes in ENSO flavors, characterized as East or central
Pacific events in different climate configurations (Fredriksen et al.,
2020; Freund et al., 2020). Thanks to the long-term perspective offered
by paleoclimate, it was possible to infer that different, but equivalent
methods used to characterize ENSO flavors under modern conditions
lead to contradicting results when considering transient Holocene
simulations (Abdelkader Di Carlo et al., 2023). This shows the need to
be more explicit in the analysis of ENSO diversity and a detailed
reassessment of the exact conclusions drawn from the literature.
Similar conclusions were raised for the last millennium for the
teleconnections with hydrological changes in North America (Luo
et al., 2022). Even though additional records would be needed to
reduce uncertainties in coral and shell reconstructions, a reduction the
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ratio of variance between the eastern and central Pacific events along
the Holocene is emerging. It is also present in some of the available
transient Holocene simulations run with different climate models,
however in others, centennial variability masks the long-term trend
(Carré et al., 2021).

In addition, changes in teleconnections associated to the major
modes of variability such as ENSO in the tropics, the Pacific Decadal
Oscillation (PDO) in the Pacific, or the Atlantic Multidecadal
Oscillation (AMO) in the Atlantic can be further investigated. Results
from transient Holocene simulations highlight the chaotic aspects of
ENSO variability and its teleconnections with other regions (Falasca
et al., 2020), such as the Indian ocean (Falasca et al., 2022) or Indian
and African monsoon (Braconnot et al.,, 2019; Crétat et al., 2024).
Multicentennial to millennium variability in monsoon events emerge
from a combination of time scales. Over the Holocene, the interannual
to decadal teleconnections between the African and Indian monsoon
rains are affected by the long-term changes in the mean state, so that
variability increased over India and decreased in Africa. The Indian
signal is associated with changes in time of the teleconnection between
ENSO and the Indian dipole variabilities. For Africa, the trends have
been associated with changes in AMO-Mediterranean variability, and,
depending on models, to teleconnections with ENSO (Crétat et al.,
2024). Further comparisons with reconstructions are needed to fully
evaluate the robustness of these conclusions.

3 Toward a better integration of
research on past, present and future
climate and environmental changes

3.1 Placing current climate change into the
paleo context

More work needs to focus on integrating paleoclimate research into
research on contemporary and future climate and environmental
change. Investigating past climate offers a unique lens through which to
look at anthropogenic climate change, insofar as it is possible to assess
the natural boundaries of systems and understand the impacts of abrupt
climate change on ecosystems in the past. Although the rate at which
CO, concentrations have increased as a result of human activity in the
atmosphere is unprecedented, paleoclimate data reveal various extreme
events that have parallels with the contemporary situation. Paleoclimate
data can reveal how abrupt changes took place in the past as well as the
rate of ecological response to those changes. These insights are at various
scales: from understanding spatiotemporal environmental changes
more broadly, to assessing the efficacy of adaptive measurements in the
past, such as water management systems employed by past societies
affected by climate change. The value of paleoclimate data is
far-reaching: from modeling, informing policy, as well as acting as
narratives to help public understanding of climate science.

Given the importance of paleoclimates for establishing a long-term
baseline, or reference point for anthropogenic change, paleoclimate
records hold promise in the field of climate attribution and associated
work, e.g., insurance studies, where a natural (i.e., pre-human) boundary
conditions define what is and is not an extreme event. It is important to
identify what is a natural deviation versus what is an anthropogenic signal
superimposed on top of it. If attribution of climate extremes is based on
observed records, since humans have significantly altered the carbon
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cycle, then the bigger picture of natural climate variability is lost
(Easterling etal., 2016). On the other hand, climate models used alone can
lead to overestimations of the attribution of extreme events (for example,
Bellprat and Doblas-Reyes, 2016). These authors argue that proper
ensemble calibration is needed to represent the probabilities of extreme
events. Some paleoclimate records lack the fine temporal resolution for
weather events, but more protracted climate events are visible in the
paleoclimate record (e.g., Terminal Classic Maya drought, Little Ice Age,
etc.) and so can still be useful for establishing baseline climate conditions.
For example, drought reconstructions from tree ring records provide
essential context to understand the statistical likelihood of modern
hydrological observations in southwestern North America, enabling the
quantitative attribution of recent multidecadal megadrought conditions
to anthropogenic warming (Cook et al., 2010; Williams et al., 2020).
Taking the last millennium or the last two millennia as the period of
reference, instead of “preindustrial period” as is usual for analysing
historical and future climate change, allows to take multi-centennial
natural variability as well as the impact of volcanic and solar variability
into account. This leads to better evaluation of potential tipping points in
the climate system (Michel et al., 2022). This implies that for climate
model simulations used for these analyses, a seamless definition of
forcings and boundary conditions for the past millennia and for scenarios
used for future projections is essential.

Key past climate transitions also document the possible speed of
natural climate changes. Transitions associated with Dansgaard-
Oeschger events during the last glacial periods, and with the abrupt
events of the last deglaciation (HS1, B/A, YD), occur within decades
and offer natural examples to study the impact of past abrupt changes
occurring as fast as current climate change. Such spontaneous climate
shifts are now represented by a few climate models (Malmierca-Vallet
etal., 2023, 2024 for a recent review), yielding new perspectives on the
representation of tipping points in climate models, and on the study
of potential impacts of the climate system crossing these tipping points.

3.2 What can paleoclimate tell us about
potential future climate change surprises?

Progress in paleo-reconstruction resolutions, ensemble of simulations
and long transient simulations offer the possibility to improve our
understanding of the centennial to multicentennial variability in the
climate system. Several questions are still pending on the relationship
between this variability and external forcing, the role of this variability on
the slow changes in the climate mean state and the interaction between
this variability and variability at shorter time scales. Analyses of Holocene
transient simulations have highlighted that models consistently produce
120-150-year oscillations, which is consistent with estimates
(120-130 years) from various proxy records (Askjeer et al., 2022). Future
progress is tied to the continuous development of methodologies to
aggregate different types of records while preserving variability (Essell
etal., 2023). Improvements should continue thanks to better data coverage
and possibilities to refine sampling intervals. However, several challenges
need to be faced, arising from the chaotic nature of this variability, so that
new methods need to be developed to be able to compare model results
with paleoclimate reconstructions and test if models reproduce the right
characteristics of these multi-centennial to millennium events. There is
indeed little chance that such events happen at the exact same time in
simulations compared to reconstructions, unless an external forcing plays
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a key role. Also, such a time scale of variability certainly involves modes
of variability of the different ocean basins. The challenge is illustrated in
Figure 3. It presents the sea surface pattern associated with the first mode
of coupled variability between the sea surface temperatures and the
African and Indian monsoons at the 50-500-year time scale. It is estimated
from two transient experiments of the last 6,000 years with different
versions of the IPSL model (Braconnot et al., 2019). Both simulations
produce the see-saw pattern in the Atlantic associated to a reduction of
the West African monsoon on the 50-500 year time scale, but they have
very different patterns in the other ocean basins and over India,
highlighting the role of inter-ocean phase differences on teleconnections
and continental hydroclimate. A better understanding of these different
interactions is needed. It has the potential to help to better understand the
sources of climate predictability at the interannual to multidecadal time
scale. It is also relevant for the development of targeted indicators to
anticipate extreme conditions or extreme events between regions and thus
bring new types of constraints to risk assessments.

The WCRP Safe Landing Lighthouse Activity has acknowledged
the importance of including centennial to millennial variability in the
“exploration of the routes to “safe landing” spaces for human and
natural  systems”  (https://www.werp-climate.org/safe-landing-
climates). It is developing the “What If” Modeling Intercomparison
Project (WhatIfMIP), a CMIP7 Community MIP, to understand the
global consequences and cascading regional impacts after the future
tipping of the Earth system. These storylines of extreme outcomes in
future climate settings have perspectives in the paleoclimate records
and links to the PMIP.

In recent decades, the Sahel has experienced a significant wetting and
re-greening and models indicate this will continue in the future
(Seneviratne et al., 2021). Boreal shrubs and trees are expanding farther
north in the Arctic and becoming more stressed along their southern
margins. Past interglacials can provide a perspective on these changes and
their consequences. Pollen analysis indicates a much wetter Sahara and
Sahel with wooded grassland and grassland covering this region (Pausata
etal, 2020). Pollen and plant macrofossil evidence indicate that boreal
forest extended to the Arctic coast along much of North America and
Eurasia (CAPE-Last Interglacial Project Members, 2006). Modeling of
these interglacials suggest that these vegetation change could alter the
future trajectory over land, e.g., Greenland ice sheet and oceans, e.g.,
ENSO, productivity, sea ice and also extreme events, e.g., tropical cyclones

10.3389/fclim.2024.1511997

(Pausata et al., 2020; Sommers et al., 2021). Similarly, ice cores and marine
sediments reveal that the Greenland ice sheet had a much smaller
footprint during the warmer past and potentially completely disappearing
over the last 1.1 Myr, a concern for the next century with its current
trajectory and projections for the 21* century and beyond. This will
impact coastal ecosystems and people, as well as weakening of the AMOC
and precipitation patterns globally. WhatIfMIP offers a framework to
investigate the global impact of such tipping elements, related to tropical
and/or boreal vegetation and to the state of the Greenland ice sheet, once
they have tipping under future climate conditions. As such, it uses the
knowledge arising from past climates — such states have already occurred
in the past — and includes it in our anticipation of potential consequences
of the on-going climate change.

3.3 Climate change and early human
populations

Present and future climate change arises from human activities,
and its foreseen impacts on many aspects of human activities are
spreading on virtually every territories and economic sectors. Early
human populations also underwent large, and sometime fast, climate
and environmental changes, raising the question of the impact of these
on the populations (e.g., Burke et al., 2021). In the following, we give
further examples of how current research activities highlighting
possible links between climate changes and early human populations.

The Sahara Desert, currently one of the most inhospitable
environments on Earth, has experienced periods of enhanced
precipitation that supported prehistoric human populations. This
dramatic climate shift, driven by changes in Earth’s orbital patterns,
created favorable conditions for early human populations, providing
rich habitats and migration corridors. Relevant information about the
timing and sources of moisture for the Green Sahara, as well as their
implications for habitability can only be retrieved from natural archives
across the Sahara. In Northwest Africa, the available paleoclimate data
highlight the east-west geographical extent of the Green Sahara and
show that millennial-scale North Atlantic cooling events (Heinrich
events) consistently resulted in drier conditions (Sha et al., 2019; Ait
Brahim et al., 2023). The study demonstrates that increased westerly-
originating winter precipitation and northward shift of the African

a. IPSL simulation 1 (TR5AS-VIr01)

FIGURE 3

1st SST- Indian and African monsoon mode for the 50-500 years variability

b IPSL simulation 2 (TR6AV-Sr02))

Sea surface temperature pattern associated to the 1st cross variability mode between SST and monsoon precipitation in India and Africa in the 50—
500 year band of variability for two simulations of the last 6,000 years with two versions of the IPSL model. Adapted from Braconnot et al. (2019). The
names in parentheses correspond to the standard names of the IPSL simulations.
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summer monsoon could both result in favorable environmental
conditions in North Africa. Comparing paleoclimate data with local
archaeological sequences reveals abrupt climate deterioration and a
decline in human density in Northwest Africa during the MIS 5-4
transition, suggesting climate-forced dispersals of populations with
potential implications for migration pathways into Eurasia.

There have been numerous recent studies contributing to the
development of a proxy for human population change in the past, to
be able to link socio-environmental systems. Faecal stanols have been
quantified in numerous studies, (D’Anjou et al.,, 2012; Zocatelli et al.,, 2017;
White et al,, 2018; Li et al,, 2024), to reconstruct human population
change. These molecules can be combined with other biomarkers, such
as bile acids, which help improve source attribution. These studies are
some of the first attempts to quantify human response to environmental
change in the past. In the context of Mesoamerica, faecal stanols have
been applied to several lake sediment cores to reconstruct population
change in the context of climatic and other environmental changes. The
lowland Maya are thought to have abandoned a number of their cities as
part of a profound societal transformation, sometimes referred to as a
collapse, hypothesized to have been the result of a series of severe
droughts. Keenan et al. (2021) reveal population decline because of these
regional droughts. However, using carbon and hydrogen isotope analyses
of plant waxes applied to the same core, at a local scale no drought appears
to have been present. This reveals the complex interplay between climate
change in the past and the mechanisms of “collapse” i.e. the impact of
climate change elsewhere. Additional analyses of proxies for biomass
burning and land use change more generally, help tease apart the nuances
of these mechanisms, and both complements, and are complemented by,
archaeological data. These indicate that the relationship between
population size and land use varied over time, with a transition from
generally more intense fire use and C4 plant agriculture during the earlier
period of occupation, with a reduction in large-scale fire use over time,
suggesting a general change of land use strategy as population increased
and possibly as climate varied. Novel analyses of stanols have also revealed
insights into degradation of aquatic ecosystems as a result of human
presence, e.g., eutrophication in the context of environmental changes
(Wogau etal., 2023; Birkett et al,, 2023). Going forward, our understanding
of human response to environmental changes in the past will benefit from
multi-proxy studies applied at a larger spatial resolution in order to
understand regional responses and drivers.

3.4 Combining models and data

There are examples of paleoclimate records used to train and test
climate models (e.g., Burls and Sagoo, 2022). A first aspect is to rule out
potential runaway behaviors, such as reported for a feedback involving
temperature, aerosols and vegetation in the LGM state by Hopcroft and
Valdes, 2015. A second one is to leverage knowledge on global mean
surface temperatures for key cold and warm periods to better constrain
processes controlling equilibrium climate sensitivity, as in the work by
Zhu et al. (2020, 2022, 2024) summarized in section 2.3.

Models and data have also been combined to get a physically
consistent description of the state of the climate system, based on methods
of data assimilation. This has been performed for the LGM (Tierney et al,,
2020) and the Last Millennium (Jebri and Khodri, 2023). This integration
must consider the various limitations of paleoclimate data, which can vary
in both temporal and spatial resolution, and can often be more qualitative
in nature. In these applications, as well as for model-data comparisons, it
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is important to take the uncertainties in paleoclimate reconstructions into
account. These can arise from numerous sources including measurements,
calibration, seasonality and chronology. Further collaboration between
the paleoclimate reconstructions and modeling communities would help
place current and future climate change into the paleo context. Climate
models integrating the computation of isotopes used for climate
reconstructions or, more generally, of paleoclimate indicators, are also of
great value in this exercice (Tierney et al.,, 2020), as is preliminary work
on standardization of comparisons of climate proxy data- e.g. between the
signal of °H of plant waxes and 8"O of speleothems. These paleodata
assimilation procedures open new avenues in comprehensive descriptions
of different climate states (in the case of the LGM) or evolution (in the
case of the last millennium). In the latter case, it also provides improved
initial conditions for climate models to be used for the historical and
future climate simulations.

4 Recommendations

Paleoclimate records remain the basis of our knowledge and
allows testing our understanding of the climate system. Paleodata
syntheses are particularly useful to test global models, considering not
only physical climate feedbacks, but also different aspects of
environmental feedbacks arising from carbon or geochemical cycles,
or changes in ecosystems (e.g., vegetation, water).

Assessment of uncertainties in reconstructions and syntheses is
particularly important for this benchmarking exercise, as well as for
paleodata assimilation in climate models. This includes the potential
re-examination of initial measurements given new information on any
particular record. Data syntheses will be particularly useful to study
climate transitions (e.g., the last deglaciation; Ivanovic et al., 2016). Several
challenges still need to be faced to refine chronologies and be able to
provide different types of indicators on a common scale. In addition,
understanding how climate signals are recorded in different archives is
necessary to better constrain the climate information provided by these
different archives (e.g., ice cores, marine sediment cores, speleothems). In
addition to global reconstructions, systemic approaches at the regional to
local scale are relevant for impact studies and improved understanding of
past vulnerability and resilience to climate change, extremes or
abrupt events.

Paleoclimate modeling is based on many types of models, from
conceptual to those including the maximum number of processes or
using the finest possible resolution. Knowledge has progressed thanks to
this diversity: conceptual models were developed to understand large-
scale climate processes and feedbacks and the existence of multiple states
(e.g., Alvarez-Solas et al., 2010); models including representation of
climate indicators (e.g., isotopes, tracers, vegetation) help deciphering the
measurements in climate archives; models used for climate projections,
generally at rather fine resolution and/or a large number of processes,
have to be tested compared to paleodata for climates widely different
from the current one. In turn, these can be used to improve our
understanding of fine (temporal and spatial) scale climate change. The
same mutual benefit approach can be followed with theoretical or
conceptual models (e.g., to explain the land sea warming ratio in climate
changes, cf. section 2.2). It is fundamental to maintain and develop
approaches based on this diversity of models, and stay open to new
developments. Statistical models, among which those based on machine
learning (ML), have been used for downscaling for a long time (e.g.,
Latombe et al., 2018) but machine learning has also recently allowed for
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very fast progress in the field of weather forecast, and could yield new
types of climate models. For instance, statistical emulators could replace
computationally expensive model parts. This raises large interest for
computing long term climate changes, including new processes, and
running large ensembles thanks to which changes in variability and
extremes can be quantified, as well as parametric and forcing
uncertainties. ML could also be used for the representation of climate
indicators such as isotopes (Wider et al., 2023). Results of PMIP have
shown that a model representing present day climate accurately does not
necessarily represent properly past climate changes. We therefore
strongly recommend that paleoclimate is seen as a stringent test for these
ML-based models, developed using large datasets from reanalyses, before
they are used to investigate future changes.

Recent advances in paleoclimate data assimilation and in the use
of paleodata at the tuning stage of a climate model show some of the
multiple advantages of combining models and paleorecords. Paleodata
assimilation yields a physically consistent state of the climate system,
as close as possible from the known reconstructions. Analyses of the
resulting simulations can also shed light on the potential impact of
climate extremes, and climate variability, on the recorded signal. In
doing so, one has to remember the strong dependency of the result to
the single climate model used for the work, in particular far from data
sites. Performing paleodata assimilation with several climate models
on a key period would therefore be worth doing, in order to quantify
the uncertainty related to the chosen model in addition to the one
related to uncertainty in the paleo-records themselves.

Developing a consistent framework for the study of past, current and
future climate changes and their impacts, at large scales but also regional
ones, is therefore essential to build trustworthy tools to anticipate our
future. Paleoclimate can help building this trust by testing our
understanding and our tools against paleodata. In the coming years,
paleoclimates will also be highly relevant to test regional modeling
methodologies (based on regional or high-resolution dynamical models
or on statistical methods) that are being applied for studying current and
future climate change. Such integrated approached will strongly benefit
from the framework developed by WCRP, in particular ESMO, Safe
Landing Climates and Rifs. For the latter, local to regional paleoclimate
information is highly relevant to build narratives on the range of climates
that have naturally occurred over a region.
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