ABSTRACT

Facing current climate and environmental
crises needs long-term series of Earth
Dynamics and anthropogenic pressures on the
Planet. Numerous geological, chemical and
biological natural archives capture large-scale,
multi-temporal, abrupt, and often irreversible
shifts in environmental and climate systems,
providing an opportunity to better understand
and therefore predict potential future impacts
of the present anthropogenic warming and
Humankind impact on the Planet. By providing
robust, reliable, quantitative, detailed,
high-resolution and long paleoclimate and
paleoenvironmental data series,
paleoclimatology and paleoenvironmental
research place present climate variability and
ecological crises in along-term perspective to
understand climate forcing mechanisms and
environmental processes and responses. The
success of science-based solutions to the global
risks in the 21st century will strongly rely on our
capacity to transfer this knowledge to
politicians, managers, and society.
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1. INTRODUCTION AND GENERAL DESCRIPTION

The Anthropocene is defined as the current period in Earth History in which
the humankind appears as one of the main drivers in shaping the landscape,
modifying main biogeochemical cycles, stressing the biodiversity and alter-
ing the atmosphere composition of our planet. In spite that formal definition
and boundaries for this new geological Earth period are controversial and not
yet agreed by the scientific community (Rull, 2018; Zalasiewicz et al., 2019),
there are multiple evidences that indicate the unique nature of the last 50
years (otherwise defined as the Great Acceleration), as the rate of change of
surface biogeochemical processes has increased, hand in hand with the in-
crease in population and the growing demand of resources. The scientific com-
munity has been alerting about the dramatic trend in many drivers of global
change (stressors) with consequences that can go beyond nowadays projec-
tions if some tipping points are reached (Rockstrom et al., 2009). Society de-
mands progressively improved projections of future climate change that al-
low for designing more effective mitigation actions. In order to achieve them,
abetter knowledge of processes contributing to climate variability and change
is needed. Undoubtedly, that knowledge roots on long-term observations of
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FIGURE 1-Variations of temperature (red), WP,
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natural variability (Abram et al., 2016 ), performed on current ecological mon-
itoring surveys (eg. LTER initiative) and climate, as well as on reconstruc-
tions provided by natural and documentary archives that allow to look fur-
ther back in time than available observational data series which only
record 150 years in the best cases. The use of state of the art Earth System
Models (ESM) can provide mechanistic understanding of such processes in
model-data comparison exercises.

Long-term and quantitative reconstructions of past Earth Dynamics at
multiannual (or higher) time resolution should serve to look for analogues of
present-day climate and environment, characterizing tipping points, under-
standing past climate and ecological feedbacks, and accurately describing and
quantifying the anthropogenic effects on climate. Thus, by diving into pal-
eoenvironmental /paleoclimate archives, we can determine if we are facing
unprecedented changes compared to the natural baseline conditions defined
by previous periods. Considering climate changes recorded by Antarctic ice
cores, it is evident the unprecedented values in greenhouse gasses attained
nowadays in the context of last 800,000 years (Figure 1). Importantly, many
drivers of past global changes are similar to those stressors playing a key role
today, but the rates of change and consequences are magnified. In fact, the ve-
locity at which current global change is occurring is likely the main difference
with previous periods of change. In addition, reconstructions of past interac-
tions allow understanding the feedbacks that pushed the system into a differ-
ent mode of operation. The “tipping points”, when such abrupt changes oc-
cur, are notoriously hard to predict and paleoreconstructions aid to reduce
the uncertainty in the current projections.
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Numerical Earth System Models (ESM) experiments are designed, as in the
case of laboratory experiments, to reveal potential cause-effect relationships.
The main questions addressed by the most recent phases of the Coupled- and
Paleo-Model Intercomparison Projects (CMIPs, PMIPs; Eyring et al., 2016;
Taylor et al., 2012) target understanding how the Earth System responds to
forcing, what are the origins and consequences of systematic model biases,
and how can we assess future climate changes given internal climate variabil-
ity, predictability and uncertainties in scenarios. In order to address these
questions, current and future simulation efforts that span timescales much
wider than the post-1850 historical period are needed. Past climate states can
be very different from present climate, thus paleo model-data comparison
provide stringent tests for state-of-the-art models and a way to assess wheth-
er their sensitivity to forcings is compatible with past climate observations.

The study of past global changes also helps to characterize the responsiveness
of biomes and geographic regions to climate and environmental changes in
the past and, thus, to identify which ones are more sensitive and endangered
today (otherwise called hotspots). The polar regions, and specially the Arctic,
are showing the most rapid rate of warming worldwide, with unprecedented
sea-ice loss and ecological shifts with unknown consequences (e.g. ice-asso-
ciated marine mammals and commercial fish stocks, and abrupt and dramat-
ic collapse of the West Antarctic ice sheet). The Mediterranean area repre-
sents another key region both in terms of high biodiversity and long-term
human occupation history. Its intrinsic features (summer droughts, period-
ical water shortages and relatively high human density population) make its
terrestrial and marine ecosystems highly vulnerable to the current anthropo-
genic global warming and increasing human pressures. Furthermore, this key
region is an ideal natural laboratory to characterize past society’s resilience
and adaptation to past climate/environmental fluctuations and tipping points.
Previous examples of different scenarios and responses to climate and envi-
ronmental abrupt changes including resilience, adaptation, and sometimes
collapse of societies can be found in southern Iberia Peninsula: the Argaric
culture collapse at around 4 millennia ago driven by both aridity crisis and
strong anthropogenic impact including deforestations and fires (Carrién et
al., 2007) is agood example. Besides, the migrations of hunter-gathered groups
during the Early Holocene in the Ebro and neighbouring mountains reflect
the contrasted and complex responses obtained from nearby areas (Gonzalez-
Sampériz et al., 2009). Positive feedbacks with great economic expansions
and cultural success partially related with favourable climate conditions also
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occurred, e.g. the Egyptian culture associated to regular Nile floods or the Vi-
king settlement in Greenland and Terranova regions when the Artic was nav-
igable during the Medieval Climate Anomaly (10th -12th centuries).

In summary, robust and quantitative paleodata, as well as mechanistic under-
standing coming from modelling exercises, are urgently needed to provide the
climatic and ecological framework to understand recent changes, slow down
the impacts and improve adaptations to one of the most compelling challeng-
es that humankind is presently facing.

2. IMPACT IN BASIC SCIENCE PANORAMA
AND POTENTIAL APPLICATIONS

There is a scientific consensus that the current warming trend, particularly
since the mid-20th century, is the result of human activities and the rates of
change are unprecedented at least during the Holocene. As also stated in The-
matics 13 and 14, one of the key scientific challenges for the 21st century is to
understand the impacts of the present temperature rise in all Earth spheres
and the underlying mechanisms and feedbacks responsible of the current sit-
uation, including anthropogenic pressures. The goals of this Chapter have
been oriented following this basic science perspective. Many other research
and consultant organizations such as the United Nations, with their Sustain-
able Development Goals (https://www.un.org/sustainabledevelopment/sus-
tainable-development-goals) and the European Environment Agency
(https://www.eea.europa.eu/), the Intergovernmental Panel on Climate
Change (https://www.ipcc.ch), the United States Environmental Protection
Agency (https://www.epa.gov), and Australia’s national science research
agency (https://www.climatechangeinaustralia.gov.au/en) are also aligned
with the basic science perspective. These organizations are promoting the
creation of indicators of climate and environmental change that are being
used to understand the rapid changes that our planet is suffering and design
friendly and sound mitigation strategies in the line of the Green Deal of the
European Commission and the research program Horizon-Europe.

3. KEY CHALLENGING POINTS

To provide the necessary context to the Anthropocene first we need to im-
prove our understanding of the PROCESSES controlling past global chang-
es, focusing on those close to a tipping point or those that denote a gap of

24  Past Global Changes: a Context to the Anthropocene

© CSIC © del autor o autores / Todos los derechos reservados



VOLUME7 | GLOBAL CHANGE IMPACTS

knowledge. One of the main challenges for the scientific community is to iden-
tify the dynamics involved in rapid and irreversible past environmental and
climate changes and their impacts. To do that, we need to improve the RE-
CONSTRUCTION of past global changes, with new and improved methods
and proxies, with higher temporal and spatial resolution, with better quanti-
fication and calibration strategies and with a generalized use of statistical tools
and databases resources. The third challenge is devoted to paleoclimate and
paleoenvironmental MODELLING. Models need to span the simulations time
intervals to the past, with improved and accurate representation of proxy-
based forcing reconstructions and increasing computational resources. Mod-
elling efforts should dedicate to incorporate all identified significant forcings
(solar, volcanism, aerosol, anthropogenic), to ensure a meaningful advance
in the understanding of processes and feedbacks while dedicating more ef-
forts to model-data comparison.

3.1. Main processes involved in rapid climate and environmental
changes

The goal is to identify and characterize the processes that cause past climate
variability, discriminate their triggering mechanisms (drivers), understand
feedbacks and thresholds and evaluate their impacts on different Earth sys-
tems in the past, considering the ecosystems resilience and the time needed
torecover after an event. This research has to be directed to better understand
processes of rapid climate and environmental change that are active and am-
plified (and or interacting with) anthropogenic impact on the planet.

Oceans

The Ocean’s meridional overturning circulation

During the boreal winter months, sea winds and warm waters are directed to-
wards the European margin from the subtropical regions to the pole. Cooling
and sinking of surface waters at high North Atlantic latitudes play a vital role
in the ventilation of the deep ocean and the modulation of regional climate,
through the release of evaporative heat. The decrease or absence of deep wa-
ter production in the North Atlantic (AMOC) caused strong cooling over Eu-
rope in the past: cold episodes taking place there when the predominance of
deep-water formation changed from northern to southern sourced deep-wa-
ters, as traced by glacier ice and marine sediment cores (Martrat et al., 2007).
Climate change scenarios point to a weakening of the transports (Heuzé et
al., 2015); in fact, the Mediterranean has already experienced several inter-
vals of circulation perturbations over the past five centuries (Incarbonaet al.,
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2016). While in the absence of a strong AMOC reduction, for instance, the Arc-
tic and Mediterranean regions are to warm two to three times the global an-
nual average, an AMOC collapse could lead to a reduction in surface air tem-
peratures of up to 10°C in the North Atlantic (Weijer et al., 2019). Key
challenge goals to cover the gaps in our knowledge can be addressed by (i)
studying the metrics that robustly show Atlantic and Southern Meridional
(AMOC/SMOC) and Mediterranean circulations collapses with both data ar-
chives and among a wide range of models; (ii) distribution of a feasible long-
term operational monitoring system and (iii) extrapolation by decadal pre-
diction systems.

Ocean stressors

Oceans are being stressed as a result of human activities (marine pollution,
overfishing, habitat destruction, eutrophication) with four major stressors
(ocean warming, ocean acidification, ocean deoxygenation and changes in pri-
mary productivity) that impact on a global scale, threatening marine organ-
isms, populations and ecosystems, and compromising the services that oceans
provide to humanity (Figure 2). Their cumulative impact is expected to be
amplified over the coming decades (Frolicher et al., 2016; Halpern et al., 2019),
while different combinations may lead to synergistic impacts greater than the
sum of their individual effects. There is an urgent need to explore and under-
stand this new reality and to establish how to meet human needs in a sustain-
able and equitable way.

e Ocean warming: This is the global pressure that has concentrated most
of the scientific attention since it is critically impacting a long list of
ecosystems, being the tropical coral reefs the most iconic example,
strongly damaged by the progressively intensified bleaching events.
Ocean warming is heterogeneous and there is a need to further
understand trends in the recent past, at high resolution, making use of
sediment cores from high sedimentation rates regions and other
archives such as corals.

e Acidification: Since the mid-2000s, research on this stressor has
expanded exponentially, providing evidences on its detrimental effects
over a wide range of marine organisms. The development of proxies for
the reconstruction of past levels in pH, particularly boron isotopes and
B/Caratios in calcifying organisms, allowed scientists to gain insight on
short- and long-term variability of pH. The goal now is to exploit these
proxies (i) in high resolution archives of the most recent past (deep sea
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FIGURE 2-Ocean stressors (Bopp et al., 2013). Model-mean time series of global sea surface warming
(°C), surface pH change (pH unit), ocean O, content change (%),and global NPP change (%) over 1870—
2100 using historical simulations as well as all RCP simulations. Shading indicates one inter-model
standard deviation. All variables are plotted relative to 1990-1999.
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sediments, tropical and cold water corals) to determine the modern
acidification trend in the Anthropocene, and (ii) in older periods of time
(i.e. glacial/interglacial timescales) to better constrain the changes in
earth system processes accompanying the well-known variations in
atmospheric COs.

e Deoxygenation: Ocean oxygen levels have been decreasing since 1950
Common Era (CE), impacting marine life and biogeochemical processes
(Breitburg et al., 2018). Ocean deoxygenation is expanding the already
vulnerable oxygen minimum zones and causing severe and adverse
changes in marine ecosystems, both at global and local scale. In coastal
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areas and semi-enclosed seas, the delivery of nutrients from sewage,
agriculture water discharges and airborne sources stimulate algal
blooms which consume oxygen driving hypoxia. At the same time,
climate warming intensifies the effects from eutrophication and reduces
the air to sea oxygen flux and ventilation of the ocean interior. In order
to further constrain the potential impact of the current deoxygenation, it
is crucial to determine past changes in dissolved oxygen, for which
quantitative proxies are still under development.

e Primary productivity: The combined and synergistic effects of the
aforementioned major ocean stressors have an impact on primary
production, which is crucial to sustaining the future ocean and the global
carbon cycle. Projections of future trends in marine productivity present
high uncertainties but the general view is that it will decrease globally on
average (Bopp et al., 2013). It is essential now to contextualize past
changes in marine production, from the analyses of high resolution
sediment cores in productive areas (e.g. upwelling regions), but also
including the characterisation of past changes in nutrient chemistry (i.e.
phosphate, nitrogen, silicon, iron) and vertical mixing.

The polar cryosphere

Antarctic and Arctic ice sheets are the main planetary freshwater reservoirs
(99%). Their ice sheet dynamics has a global impact on sea level rise, ocean
structure and circulation, marine productivity, and atmospheric CO4 seques-
tration and circulation patterns, among others. Detailed reconstructions based
on ocean and lake sediment records have yielded evidence for the strong im-
pact that abrupt and rapid climate changes have on sea level, ecosystems and
surface processes. For example, ice sheet calving, has been shown to be ex-
tremely sensitive to temperature changes and can occur remarkably fast and
affect extensive areas. This melting, together with the thermal expansion of
the seawater due to temperature rise, will largely affect coastal infrastructures
around the globe with disastrous economic consequences. Since 1880 CE, the
sealevel measurements show that it has already risen 21 - 24 cm. To decipher
the mechanisms associated with abrupt melting and rapid climate changes in
polar regions, this challenge targets are: 1) understanding the timing and the
patterns of environmental variability associated with past abrupt climate
changes in polar regions; 2) exploring global connections in the climate sys-
tem and 3) identifying ice sheet calving threshold. To address these will
require:
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1) identification and validation of new proxies for meltwater input and ice-
bergs calving reconstruction, 2) recovering of high resolution proximal re-
cords in polar margins, which remain really scarce, especially in the southern
high-latitudes, and 3) characterization of past and present climate conditions
and feedbacks that have ruled these calving periods.

Atmospheric aerosols

Limiting global warming to 2.0°C as stated in the Paris agreement at COP21
in 2015 requires strong mitigation of anthropogenic greenhouse gas (GHG)
emissions. Alongside, emissions of anthropogenic aerosols will decline as a
result of their co-emission with GHG and the improvement of air quality. To
date, the combined climate effect of GHG and aerosol emissions is poorly con-
strained (Samset et al., 2018), but it is evidenced that removing aerosols will
heat global mean surface by 0.5-1.1°C, and cause more extreme weather events.
Recent mitigation policies have been effective in the removal of “cooling” aer-
osols such as sulphates and nitrates but inadequate in the elimination of
warming ones such as black carbon (BC). The continuation over time of this
scenario may amplify current warming, with other related-effects on ecosys-
tem fertilization by nitrogen deposition, which promotes CO, removal from
the atmosphere, thereby buffering human effects on global radiative forcing
(Tipping et al., 2017). Improved characterization of natural emissions and
their radiative effects can therefore increase the accuracy of global climate
model projections.

It is well-known that feedbacks between the global dust cycle and the climate
system might have amplified past climate changes. Bearing in mind that the
projected climate changes may boost mineral dust emissions to the atmos-
phere, the sensitivity to past climate changes raises the question of how the
global dust cycle will respond and of whether the resulting dust-climate feed-
back will oppose or enhance those climate changes. Unfortunately, uncertain-
ties in net climate forcing from aerosols are substantially limiting our under-
standing of the magnitude of the historical radiative forcing due to
anthropogenic aerosol emissions (Hamilton et al., 2018). Improvements in
historical reconstructions of natural and early anthropogenic emissions are
thus a demand. Key aspects to reduce uncertainties in future predictions are
(i) the exploitation of new/improved Earth system models, (ii) a better un-
derstanding and evaluation of the controlling processes, and (iii) the study of
past aerosol records stored in ice or sediments.
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Extreme temperature and hydroclimatic events

Extreme climate events such as heat waves, avalanches, cold, snow, ice, large
hail, frost, severe winds, storms, heavy rain, fluvial or coastal flooding, droughts
and wildfires are areason for concern given their important physical, econom-
ic, social and political implications (Masson-Delmotte, 2019). Understand-
ing the links between extreme occurrence and climate variability is critical to
anticipate impacts and vulnerability for planning adaptation. Paleoclimate
analysis has demonstrated how shifts in climate produce changes in the mag-
nitude and frequency of extremes. The study of long-term records of past cli-
mate extremes provides a realistic understanding of how the present climate
differs from past periods, to simulate extreme events under global warming
scenarios. The main goals on the characterization of extreme events in the
pastare:

e Produce regional multiproxy reconstructions for detection of periods
with higher concentration of extreme events by using sedimentary and
biological archives (fluvial and lake sediments, glacier ice, speleothems,
trees, etc) and documentary evidence (extreme temperatures
(Barriopedro et al., 2011); floods (Bléschl et al., 2020); droughts (Cook et
al.,, 2015)).

e Inclusion of palaeorecords tracing aerosol, pollution dispersal and soil
loss to help in deciphering their role on extreme events, which is linked
to processes as yet to be explored. Current datasets are limited to
experimental monitoring stations that barely span the last two decades.

e Identification of atmospheric and oceanic climate modes of variability
leading to extremes and characterization of their variability in the past
(changes in ENSO / monsoonal systems, extreme negative phases of
NADO, etc).

e Work on data assimilation with particular emphasis on regional
reconstructions of extreme events during past analogues of warming and
transient climate periods.

e Development of statistical tools to detect non-stationarity break points
in proxy series, and for including climate covariates in frequency
analysis.

It is especially relevant the investigation of compound events, i.e. multiple
hazards that combine to produce increased risks and impacts. For example,
the occurrence of drought combined with extreme heat will increase the risk
of wildfires and consequent losses. A changing climate may alter the
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interaction between hazards which in turn could exceed the adaptive capac-
ity or resilience of the human and natural systems more quickly than individ-
ual events.

Biogeochemical cycles

Increasing concern about human manipulation of global biogeochemical cy-
clesrequires along-term approach using data available in paleorecords to as-
sess (1) the nutrient status of aquatic and terrestrial systems, (2) their base-
line conditions, and (3) the long-term processes controlling elemental fluxes
on decadal to millennial timescales.

e Carbon cycle: Studies of land-ocean-atmosphere integration should be
strengthened to include and quantify the processes that connect land
carbon, inland waters, coastal oceans and open oceans on different time
scales. The Holocene, when significant changes in the carbon cycle and
temperature were recorded, is an interesting period to explore the
mechanisms responsible for pCO, increase (e.g. land carbon storage, the
role of the ocean acting as a source or sink) and their links to climate
(Brovkin et al., 2019).

e N, P and O cycles. Currently there is a progressive eutrophication of
lacustrine systems and coastal areas as a result of the anthropogenic
oversupply of nutrients causing a productivity increase and a
consequent oxygen consumption leading to hypoxia and denitrification.
The use of paleorecords can help to discern what factors influence
nutrient cycling in natural settings over decadal to millennial time
periods and establish their environmental consequences and feedbacks.
That investigation should be prioritized to evaluate the possible
consequences of future perturbations and the available alternatives to
mitigate them (McLauchlan et al., 2013).

e Metals (Pb, Hg). Enhanced input of metal pollutants in the atmosphere
is affecting ecosystem function and biodiversity in profound ways. In
this respect, mercury is an emission by-product of the extensive burning
of coal and crude oil and its increasing accumulation constitutes an
environmental deleterious impact. Those metals were delivered in large
amounts in the past millennia (mining and smelting activities), allowing
to explore the environmental consequences by using sedimentary
records preserved in remote systems not overprinted by local
anthropogenic processes (Catalan et al., 2013). The main goals are: (1)
determining changes in anthropogenic trace metal concentrations
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contextualizing current values with pre-industrial levels, (2) discerning
site-specific processes that influence their enrichments, (3) evaluating
the impact of past pollutants on the biological communities (function,
diversity) and on the natural geochemical processes (coastal area, lake,
peatbog).

e Organic contaminants. Organic contaminants and wastes (eg.
polycyclic aromatic hydrocarbons -PAH) are compounds primarily
composed of carbon, hydrogen, and potentially other elements and are
currently present in the soil, water, air, and sometimes food, resulting in
harmful effects for human and environmental health (Pal et al., 2010).
Paleoenvironmental records hold the potential to trace the presence of
these compounds in the recent past and help to (1) establish the timing
of contamination of previous pristine environments, (2) quantify the
impact threshold above which there are harmful effects on the
environment, and (3) understand the complexity of transport processes
(e.g. volatile compounds) to finally contribute to future regulations.

Interactions of past climate and human activities with vegetation
Ecological and vegetation disturbance (overgrazing, agricultural pressure, de-
forestation, fire, expansion of invasive species, pests, diseases, deterioration
caused by catastrophic storms, etc), mediated by both climate variability and
human impact, is a major driver of ecosystem function, structure and compo-
sition. Vegetation changes take place over a long period and become evident
gradually or abruptly, depending on the disturbance, and usually (not always)
involve a reduction in biomass and changes in the structure and species com-
position (biodiversity). Some crises may also lead to an increase in biodiver-
sity after the perturbation and during the adaptation to a new system. Eco-
systems have been shaped by millennia of intense land use that makes difficult
to distinguish the impacts of human disturbance and climatic change on past
vegetation dynamics (Figure 3). Paleoecological reconstructions assess the
natural dynamics of ecosystems and investigate how these systems respond
to different drivers in different context. We outline here two of the main driv-
ers affecting past vegetation changes:

e Humankind. Anthropogenic activities have been suggested as one of the
major drivers of vegetation change in the Iberian Peninsula at least for
the last 7500 years. In this sense, the improved linkage of archaeological
and paleoecological records is essential to understand the timing and
extent of alterations on natural vegetation during the past millennia.
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FIGURE 3-Human-environment interactions in the past. Images corresponding to (A) fires, (B)
agriculture (image of cattle herder from Egypt found in the Sennedjem tomb in Deir-el-Medina), (C)
landscape of Roman mining (Las Médulas, Ledn) and (D) rock painting of deer hunting in La Valltorta
cave (Castellon).

e Fire. Fire acts both as a powerful filter of the species pool and as a strong
driver of evolutionary selection. Most paleofire studies have
reconstructed fire history and in certain cases fire regime. However,
considering the regional variability on a spatial scale is necessary. The
origin of fire is not always clear since it is both a natural element
involved in Mediterranean regions and a process employed by ancient
societies for agriculture and grazing maintenance systems.

Additionally, paleobotanical records provide abundant evidence for plant
spread and migration together with indications for extinctions, extermina-
tions and range shifts. The study of past forest change provides a necessary
historical context for evaluating conservation policies. Analyses based on fos-
sil and genetic data are necessary to advance our understanding of tree colo-
nization, adaptation, and extinction, revealing cryptic refugia which poten-
tially safeguard the persistence of biodiversity over centuries or millennia.
The identification of those places should be a priority in restoration and con-
servation planning.
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Human societies and climate change interactions in the past.

Climate change has been an important contributor to the development of hu-
man society throughout time. Because of current social development, itis very
unlikely for climate change today to produce comparable impacts as those
that occurred in the past. Nonetheless, tackling such historical cases can im-
prove our understanding of the nature of human-climate-ecosystem interac-
tions, as well as the vulnerability and sustainability of small-scale societies in
the context of climate change, determining in some cases societal success or
collapse.

However, causes and tempos of different social dynamics of change must be
considered with caution. Models used to understand the collapse of state-lev-
el societies in tropical or arid environments, such as the Classic Maya or Ak-
kadian states respectively, cannot be applied to terminal episodes in far less
integrated societies in more temperate environments. Not only are regular
cycles of socio-political changes and fragmentation intrinsic features in soci-
eties, but different ecosystems present varying degrees of vulnerability and
different opportunities for adaptation and resilience of human populations.
In fact, a complex landscape ‘co-evolution’ results for the interactions be-
tween climate, ecosystems and human activities through time, and there is
clearly a need of collaboration between the historical-archaeological and the
paleoenvironmental sciences to better understand these complex interac-
tions (Figure 3) which, undoubtedly, also affect our current and future sce-
narios of global change.

3.2. Advances in proxies for past global changes

To understand and quantify processes in the past we need to advance on the
methods and data processing, improving time resolution and space coverage
of available records and developing new proxies able to detect rapid changes
in the past environments. It is also crucial to dedicate more efforts to the cre-
ation and extended use of databases. Critical issues involving accuracy of the
chronology, statistical treatment of the results and sensitivity and frequency
in the proxy response to forcing mechanisms remain challenges for future
investigations.

Build and maintain open, up to date, interactive and modern
metadatabases

Database compilations help in understanding key climate variables and pro-
cesses and are available for different paleoclimate archives (bivalve, borehole,
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coral, documents, glacier ice, lake sediment, marine sediment, sclerosponge,
speleothem, trees and many more) for global surface temperatures (PAGES2k
Consortium et al., 2017), hydroclimate (Konecky et al., 2020) or modes of cli-
mate variability (Hernandez et al., 2020). The increasingly amount of data-
sets needs synthesis efforts with clear pre-defined criteria to ensure quality
control: (i) records have to be archived in a permanent publicly accessible
data repository (examples in NOAA-WDS Paleoclimatology or PANGAEA);
(ii) known relation between proxy value and climate or environmental pa-
rameter; (iii) minimum record duration over the time span of reference; (iv)
quantifiable resolution, from seasonal to centennial; (v) chronological accu-
racy, i.e. number, position and uncertainties of control points. Open-data prin-
ciples require to make all data used in modern paleoclimate databases Find-
able, Accessible, Interoperable and Reusable (FAIR; Wilkinson et al., 2016),
whether referring to (1) data described in previous publications, including da-
ta-reanalysis products, and third-party unpublished data (“input data”), and/
or (2) data generated as an outcome of the study (“output data”). In the Big
Data age, analyzing large “paleo” data volumes critically hinges on clear stand-
ardized in format and terminology (Khider et al., 2019). This is one key chal-
lenge for natural (land, ocean) and documentary archives. Synthesis work and
standards will allow researchers to curate and access datasets in online hubs
while creating a common vocabulary for them, maximizing their reuse value,
particularly for comparison to climate model simulations, a vital process to
detect regional climate complexities.

Improving proxy resolution and spatial coverage

Efforts to increase temporal and spatial resolution in paleorecords are neces-
sary to encompass a better and robust understanding of processes, mecha-
nisms, impacts and ecosystem to develop new scientific knowledge regarding
current global climate. An important outcome of increasing time resolution
in paleorecords is the ability to identify and characterize past extreme events
(e.g.droughts, floods, heat waves, hurricanes, wildfires). Since extreme events
have long periodicities, the instrumental period is too short to provide an ad-
equate characterization and a robust risk assessment of their probability. High
resolution paleoclimatology involves studies for past climate variations at a
temporal scale that is comparable to that of instrumental data, which in prac-
tice, means annually resolved records. Some paleoarchives (Figure 4) store
seasonal information per se (e. g. tree rings width as an indicator of summer
temperatures) but usually a meticulous sampling is required to gain the full
proxy potential and reach, in the best cases, annual signals.
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FIGURE 4-Past climate changes over the Holocene show that the Earth was warmest around 6500 years
ago when global average temperature was likely about 0.7°C higher than during the 1800s. Global
warming since then has reached about 1°C (Kaufman et al., 2020). This image also shows several
archives of paleoclimate and paleoenvironmental information. Illustration by Victor O. Leshyk.
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New analytical techniques (e.g. SIMS, LA-ICP-MS) offer many unexplored
avenues of research in high resolution (e.g. continuous measurements, small-
er sample amount requirements). The technological goal is to develop new
methods to facilitate the continuous measurement of different variables ob-
taining robust and quantitative results.

The increasing recognition over the last few years of the necessity to under-
stand the spatio-temporal evolution of climate trends, ecological impacts and
extreme events has brought to light the still patchy coverage in available
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FIGURE 5-Images of field and laboratory studies that we conduct in Paleoclimate and Paleoenvironmental
sciences. (A) Cave monitoring in Las Giiixas cave (Villanta, Huesca); (B) coring Marbore Lake in the
Pyrenees using a platform; (C) the oceanographic vessel Sarmiento de Gamboa (http://www.utm.csic.es)
and (D) the stable isotope laboratory from the Instituto Andaluz de Ciencias de la Tierra (IACT-CSIC).

paleoreconstructions. Some remote regions remain less represented, such as
large areas of the Pacific Ocean, Africa, the Amazon and Australia. Some of
this poor representation is due to absence of sites (e.g. regions that have un-
suitable climates to support ice sheets, trees, lakes or bogs), but at smaller
scales there could be sampling biases related to the complex and expensive
logistical infrastructure needed to properly sample these remote areas. One
challenge to obtain complete representation of paleoclimate variations world-
wide is to increase the spatial coverage focusing new studies in poorly repre-
sented regions.

Development of new proxies and quality control of proxy reconstructions
Reliable reconstructions of past climates require a well-suited battery of prox-
ies capable of providing quantitative environmental information related to
the physical, chemical and biological conditions of the past environment
(Figure 5).

For a climate/environment proxy to be useful, we need to (i) improve the an-
alytical measuring capabilities and (ii) understand the driving processes be-
hind the analyzed proxy. The development in recent years of advanced and
sophisticated analytical instruments with increased sensitivity and accuracy
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has opened up the possibility of measuring new and promising chemical trac-

ers. On the other hand, the use of a multi-proxy approach (several tracers in-

forming on the same variable) has proved to be very valuable to resolve dis-
crepancies and/or inconsistencies among proxies, given that a single proxy is
often affected by several processes or environmental conditions. The follow-

ing goals have been identified:

38

Explore the potential of new measurements now possible through the
development of techniques capable of high accurate geochemical
analyses, such as Multicollector-ICP-MS, and improve the precision
capabilities of existing analytical methodologies that are now hampered
by the relatively large amount of sample needed (e.g. boron and
neodymium isotopes on marine sediments or carbonate clumped isotope
thermometry on speleothems). Also, in the marine realm, several trace
metal isotopes (e.g.: Fe, Zn, Cd, Mo, Ba...) are being tested as potential
marine paleoproductivity and/or redox conditions proxies. The recently
developed GC-MS Q Exactive Orbitrap systems provide high sensitivity
and selectivity which greatly enhances the identification and
quantification of sedimentary organic molecules in marine and
freshwater ecosystems.

Develop, and improve existing, proxy-to-environment calibrations in
order to obtain meaningful and quantitative reconstructions of past
climates. In this regard, some of the proxies where special effort is
needed given the relevance of the reconstructed variable include: (i)
Specific organic biomarkers preserved in speleothems and marine
sediments as proxies for surrounding vegetation types, storms,
desertification and bacterial activity, (ii) carbon isotopes and trace
elements (I/Ca and U/Ca) in foraminifera, organic biomarkers and trace
metal isotopes from marine sediments as proxies for dissolved oxygen
and deep water ventilation, and (iii) proxies of marine export
production, which include tracers of redox conditions, particle fluxes
(barite and molecular biomarkers) and nutrient tracers.

Adapt and develop new statistical tools to ensure the robust and
quantitative reconstruction of climate variables from high-resolution
and multi-proxy characterization of natural archives, encouraging a
close collaboration between statisticians and paleoclimatologists. This
challenge should focus on (i) developing new calibration methodologies
by employing cutting-edge statistical tools such as machine learning and
bayesian approaches, (ii) calculating and incorporating to the paleodata
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all uncertainties associated to chronological models, and (iii) developing
statistical tools to correctly assess the frequency behavior of unevenly-
spaced temporal series.

3.3. Advances in modelling and model-data integration

at different timescales

Earth System Models (ESM) represent the highest level in the hierarchy of
complexity of coupled general circulation models (GCMs) (McGuffie and
Henderson-Sellers, 2014). The last generations ESMs have evolved to rep-
resent realistically many of the climate processes to analyze sensitivity to
changes and interactions between climate subsystems, ultimately being the
key tool to estimate future climate (Masson-Delmotte, 2019). The complex-
ity of ESMs has increased with the inclusion of a progressively larger num-
ber of GCM components and processes and with an increasing level of real-
ism in representing them. This evolution and the needs for intensive
simulation of the climate system at different timescales relies on the pro-
gressive increase in computing resources, better physical understanding of
climate subsystems and their interactions and model-data comparison,
thereby improving quantification of uncertainties and detecting unresolved
processes or model biases.

Model simulation of different time intervals in the past

Extending the time interval of simulations to the past well beyond the instru-
mental period helps to analyze the response to major drivers and feedbacks
for past climates outside the range of recent variability, thereby assessing the
credibility of climate models used for future climate projections. Ultimately,
it helps in disentangling long-term natural variability such as solar or volcan-
ic, from anthropogenic influences i.e. greenhouse gases, land-use-land-cover
and associated aerosols, among others. This implies a continuous need for ex-
tending the representation of proxy-based external forcing reconstructions
as far back as possible (Jungclaus et al., 2017).

e The pre-industrial millennium (past1000 transient simulations),
from 850 CE to 1849 CE is used to investigate the response to (mainly)
natural forcing under background conditions not too different from
today, and to discriminate between forced and internally generated
variability at interannual to centennial timescales. The most complete
version of these simulations in terms of the mechanisms considered are
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the all-forcing simulations, incorporating an exhaustive set of natural
and anthropogenic processes. Additionally, single forcing simulations
are also considered to address the sensitivity to individual radiative
forcing factors. Few models have produced a comprehensive set of
experiments for both types of all- and single-forcing ensembles (e.g. and
future simulation efforts expand on this line as computing capabilities
increase) (Otto-Bliesner et al., 2015).

e Additionally, three more periods are currently targeted that are
particularly relevant to provide a context for early human influences
(the mid-Holocene, 6,000 years ago; the Last Glacial Maximum, 21,000
years ago and the Last Interglacial, 127,000 years ago). All these periods
are considered in equilibrium simulations, keeping forcing values
constant and representative of average conditions within the time
interval considered. Future challenges will likely incorporate the
production of long continuous ESM simulations within them (transient
simulations; Otto-Bliesner et al., 2015) and eventually glacial-
interglacial transitions, once computational resources and improved
forcing representations allow for it.

Advances in model physics

Future simulation efforts will continue to allow for testing our understand-
ing of the interplay between radiative forcing and atmospheric circulation as
well as the connections among large-scale and regional climate changes giv-
ing rise to phenomena such as polar amplification or monsoon responses. Pale-
oclimate Modelling Intercomparison Project (PMIP) ESM experiments will
be more and more complemented by sensitivity experiments that allow for
improving our understanding and quantification of the strength of atmos-
phere, ocean, cryosphere, and land-surface feedbacks, thus highlighting the
role of specific PMIP efforts dealing with model physics and forcing changes,
like the Ice Sheet, Couple Climate and Carbon Cycle, or the Aerosol and Chem-
istry MIPs (Eyring et al., 2016):

e Dynamic vegetation and biogeochemical cycle modelling. Models will
have to account for the biogeophysical and chemical influences of
land-use and land-cover changes, including more realistic subsurface
thermodynamics as well as interactions between subsurface
thermodynamics and hydrology of relevance for permafrost and carbon
pools (Bonan and Doney, 2018; Melo-Aguilar et al., 2018).
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e Understanding aerosol-cloud feedbacks. The current generation of
models have to deal with uncertainties in the simulation of the aerosol
direct and indirect effects, which produce diverse impacts on the spread
of climate sensitivity (Meehl et al., 2020) by modulating the radiative
transfer of energy, distributing precipitation and influencing tropical
and extratropical circulations. Future model challenges include better
knowledge of the role of convection and convective aggregation in cloud
feedback, together with sources for the variability of storm tracks and
tropical rain belts (Bony et al., 2015).

e Troposphere-stratosphere two-way coupling: Interactions between
atmospheric variability, dynamics and climate change represent
challenges (Gerber and Manzini, 2016) that address (i) how dynamics
contribute to model biases in atmospheric mean state and variability,
(ii) what the role of dynamics and the transport of momentum and
energy in shaping the climate response to anthropogenic drivers and
related uncertainties is, and (iii) how does the stratosphere affect
climate variability at intra-seasonal, inter-annual and decadal
timescales.

Other issues include a better understanding of the rate of deep ocean energy
storage and the connections with modes of internal climate variabilities or
the accurate simulation of storm track climatology and variability. Ultimate-
ly, future large increments in High Performance Computing resources will al-
low for boosting model resolution reaching explicit representation of essen-
tial processes, avoiding parameterizations of convection and cloud formation
and leading to reduction of regional biases (Palmer and Stevens, 2019).

Advances in model-data integration and comparison

Paleoclimate model-data comparison offers powerful tools to test hypothe-
ses about past climates, quantify the limits of knowledge, and design the next
generation of modelling and reconstruction efforts (Braconnot et al., 2012).
Techniques for comparing and combining numerical models and data (includ-
ing data assimilation) include metrics for comparison and uncertainty quan-
tification of both climate reconstructions and simulations. Analyses focus on
key paleoenvironmental questions including but not limited to assessing cli-
mate sensitivity and characterizing internal climate variability, large-scale
dynamics and extremes (Fernandez-Donado et al., 2013; Luterbacher et al.,
2016; PAGES2k Consortium et al., 2017). Analyses span a wide range of proxy
systems and time scales and are burdened by uncertainties in both sources of
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information and the fact that both approaches target conceptually different
representation of reality: while climate reconstructions aim to capture the
precise evolution of a climate variable in the past, simulations provide esti-
mates that are consistent with the physical equations and with the imposed
initial and boundary (forcing) conditions. Therefore comparison approach-
es must adapt to the specific climate parameter considered and the nature of
the proxy information used as observational information. Model-data com-
parison will benefit from the availability of wider simulation ensembles of a
larger time span as discussed in 3.1, as well as from improvements in recon-
struction techniques and in their quantification of uncertainties. This will lead
to more detection-attribution exercises through which external forcing and
specifically human-induced changes can be discerned from natural variabil-
ity (Hegerl et al., 2011), as well as improved understanding on the role of in-
ternal variability and natural forcing on extreme periods that had an impact
on society and the demise of civilizations in the past (Steiger et al., 2019). Also,
expected progress in the near future incorporates more data-assimilation ex-
ercises blending proxy data and model work to nudge model simulations to
the observed evolution in proxy data, thus addressing an accurate representa-
tion of past internal variability in the targeted parameters and timescales
(Bothe and Zorita, 2020).

A complementary approach to model-data comparison is the generation of
simulated surrogates for proxy data using forward models applied to climate
model output, thus simulating directly proxy variables suitable for compari-
son instead of climate variables. The development of such specific modelling
using offline forward models can produce a more accurate characterization
of the evolution of specific subsystems in the past, with applications also in
future climate change scenario simulations. Some examples are ice sheet mod-
elling, tree growth, water isotope-based proxies or subsurface temperatures
(Melo-Aguilar et al., 2020).
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DISSEMINATION SLIDE

Cambios Globales Pasados: un contexto para el Antropoceno

Q Los cambios globales de los
ultimos 2000 se han debido
a lainteraccién entre
forzamientos naturalesy
antropicos.

Q Caracterizar los cambios
globales de los ultimos 2000
afios.

Q Definirsus impactosen la
sociedad, hidrologia,
océanos, sistemas polaresy
biosfera.

Q Modelizarlos cambios
globales del pasado para
separar los mecanismos de
forzamiento.
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