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This manuscript builds upon a keynote presentation invited at the World Climate Research

Programme (WCRP) Open Science Conference in October 2023 [1], at the start of the IPCC

7th Assessment Cycle (AR7).

A fast changing climate and a fast shrinking remaining carbon

budget calling for reactivity

As climate scientists, we operate in a changing context. At the start of the IPCC AR6, in 2015,

there were major advances in international cooperation towards sustainability, leading to the

implementation of several new frameworks, including the UN Sendai Framework for Disaster

Risk Reduction, Sustainable Development Goals, New Urban Agenda and the Paris Agreement

[2].

Within the AR6 cycle, a strong emphasis was placed on the interplay between climate

change, ecosystems and biodiversity with, for the first time, a joint workshop between IPCC

and IPBES [3], and the implementation in 2022 of the UN Convention on Biological Diversity

Kunming-Montréal Global Biodiversity Framework.

In 2023, the AR6 IPCC Synthesis Report [4] emphasized that the pace and scale of current

climate action is not sufficient to limit the escalation of climate-related risks, with a rapidly

narrowing window of opportunity to enable climate resilient development, and the key role of

sharing knowledges to support transformative changes.

With a fast changing climate (Fig 1), regular updates of the state of climate are critical to

inform society–more frequently than IPCC reports, with AR7 outcomes expected by 2028.

Such efforts have already been implemented for the global carbon budget [5] and the annual

state of climate [6] and extreme events [7, 8]. Grounded in updates in observational datasets

and the same methodologies underpinning the AR6 WGI report [9], a new coordinated effort

provides annual updates to key indicators of the state of global climate, showing changes in

radiative forcing, Earth’s energy imbalance, and human-caused global warming occurring at

an increasing pace [10]. Such annual updates to attributable global and regional warming now

open the possibility of annual updates to observationally-constrained global and regional pro-

jections [11, 12].

The remaining carbon budget from 2023 onwards compatible with limiting global warming

to 1.5˚C has been reduced by a factor of two compared to its IPCC 2021 estimate [9], shrinking

to around 250 GtCO2—expected to be exhausted within around 6 years at the current rate of
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emissions [13], thus inexorably leading to exceed this 1.5˚C level of warming within a decade.

Understanding the increased rate of the Earth’s energy imbalance [14] also calls for updates in

estimates of aerosol forcings, climate feedbacks [15], and carbon cycle consequences of ecosys-

tem degradation [5].

Efforts are also needed to provide regular updates to committed changes from delayed

responses of glaciers [16], ice sheets and the deep ocean, and unavoidable sea-level rise [17],

and, when onsets can be unequivocally detected, implications of dynamical instabilities in spe-

cific Antarctic sectors [18].

Every further increment of global warming brings us further outside of the range of the

state of climate of the past recent thousands of years. Systematic approaches to update IPCC

assessments of ongoing and projected changes grounded in multiple lines of evidence, includ-

ing insights from past climates, are also needed [19]. New evidence suggests that the current

atmospheric CO2 concentration is unprecedented in not just the last 3 but the last 14 million

years [20]. Recently, new methods have allowed to combine paleoclimate evidence with

advanced understanding of climate pattern effects, further narrowing the upper bound of equi-

librium climate sensitivity [21].

A major expectation for climate science is making sense of observations, compared to ear-

lier projections [22]. So far, such comparisons with various projections are available based on

volunteer individual updates on several science-related blogs [23–25]. Regular updates are

needed to understand whether recent observed changes are consistent with the current under-

standing and modelling of forcings, internal variability and feedbacks, or whether exceptional

events do challenge current understanding [26, 27]. By 2023 –the warmest year on instrumen-

tal records, observational datasets show that global surface temperature anomalies have

increasingly frequently reached or exceeded 1.5˚C above 1850–1900 at the monthly scale, and

for the first time close to this level for an annual average [28]. The likelihood of such occur-

rences will increase with the level of global warming, and is expected to occur every second

year by the early 2030s, when such a level of global warming is expected to be reached and

exceeded. With natural variability modulating human-driven trends, climate science commu-

nication can be challenging–navigating between perceptions of slowdowns and surges [23].

Shared tools are needed to place recent observations within the spread of earlier IPCC

Fig 1. Annual global mean temperature anomalies updated until 2023 from six datasets [76] and needs for regular updates of the state of knowledge.

https://doi.org/10.1371/journal.pclm.0000451.g001
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constrained projections, and to use attribution outcomes to constrain future global and

regional projections [29, 30].

A recent example highlighting the urgent need for such analyses is the sharp decrease in

Antarctic sea-ice extent, plausibly a regime shift [31] related to the Southern Ocean heat

uptake [32], and with major implications for confidence in future sea-ice projections [33] and

risks of irreversible loss of related ecosystems and unique biodiversity [34].

Attribution studies and climate justice

With human-caused climate change exacerbating extreme events, leading to widespread

impacts, in every region, we also need regular updates regarding observed regional changes in

the frequency and intensity of extreme events, and event attribution outcomes. The “hexagon”

figures in recent IPCC reports [4, 9] highlighted knowledge gaps due to limited data availabil-

ity and lack of studies in regions of high vulnerability—a matter of climate justice and support

to the loss and damage mechanism [35, 36]. Knowledge gaps also arise from the length of

instrumental records, which could be complemented by paleoclimate evidence, and mis-

matches between simulations and observations, for instance with European hot extremes

increasing twice faster than simulated during recent decades [37].

Since the IPCC 2021 assessment, rapid attribution studies performed within the World

Weather Attribution project expand the knowledge basis for high-impact extreme heat,

extreme droughts worsened by increased evaporation in a warmer climate, fire weather and

extreme rainfall events across multiple regions. However, a framework to bring together stud-

ies using different lines of evidence and different attribution methodologies is missing to allow

for regular robust updates and their expansion to ocean, cryosphere, compound and cascading

extremes [38].

Facing the massive production of peer-review publications in

climate science

With a growing production of climate knowledge worldwide, the number of peer-review

papers with the keyword “climate change” published every year has doubled within the time

span of the IPCC AR6, from around 30,000 per year in 2015 to more than 60,000 per year in

2022 [39], with around 2/3 arising from ocean and atmosphere sciences. While peer review is a

key filter for scientific quality, any manuscript currently can currently be published in ever-

increasing predatory journals or non-reviewed archive services, independently of its quality.

Such challenges are strengthened by recent surges in AI-based tools and new challenges for sci-

ence integrity [40, 41]. This is overwhelming, and calls our community to sharpen ethics of

publications, avoid predatory journals, strengthen open science, open data and open code

practices—including transparency related to reviewers, reviews, and accessibility of publica-

tions, and explore new publishing models and state of knowledge assessment practices. In this

context, regionally coordinated activities are needed to digest and distillate new evidence,

including grey literature from climate services, so as to consolidate a robust regionally-relevant

evidence basis. Topical review groups are needed to help make sense of new or conflicting evi-

dence and support the maturation of climate science, placing new lines of evidence within a

common picture of the current state of knowledge.

This is also a major communication challenge, exacerbated by press releases and sensation-

alist news headlines exaggerating the alarming or reassuring findings of any single study,

which is confusing for the general public and policy makers. This confusing communication

towards the general public has been spectacular in 2023 and 2024 on issues associated with

deep uncertainty, such as new studies focused on potential instability of sectors of the
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Antarctic ice sheet [42, 43], or conditions for abrupt changes of the Atlantic Meridional Over-

turning Circulation [44–46].

Building on the experience of early career scientists group reviews of AR6 IPCC reports

[47], more initiatives are needed to train young scientists from around the world to update the

assessment of the state of knowledge on topics that they themselves find exciting, so that a new

generation of scientists will be better prepared to sharpen the next IPCC reports, and commu-

nicate the updated state of knowledge to the general public.

A changing context at the start of the IPCC AR7—A critical decade

The world in which we operate, as climate scientists, is changing fast (Fig 2). With technologi-

cal innovation, energy efficiency, and reduced rates of global deforestation, current policies

have avoided 4 to 8 billion tons CO2-eq emissions globally, and made very high future warm-

ing pathways less plausible [4]. An optimistic estimate of COP28 outcomes, if all pledges were

to be kept, implies global greenhouse gas emissions to decrease from around 10% by 2030, far

less than in pathways allowing to limit global warming well below 2˚C or close to 1.5˚C [48].

Inadequate progress towards sustainable development goals, growing food insecurity, and

backlashes to climate and environmental policies are widespread. The slow pace of climate

action, societal tensions, the escalation of climate change impacts and losses and damages fuel

Fig 2. New challenges for climate science in a changing context and critical decade, towards a 1.5˚C warmer world, and projecting climate research

towards 2050, with different expectations in different futures. Panel from the IPCC AR6 Synthesis Report [4]. Observed (1900–2020) and projected (2021–

2100) changes in global surface temperature (relative to 1850–1900), which are linked to changes in climate conditions and impacts, illustrate how the climate

has already changed and will change along the lifespan of three representative generations born in 1950, 1980 and 2020 (including generations of climate

scientists). Future projections (2021–2100) of changes in global surface temperature are shown for very low (SSP1-1.9), low (SSP1-2.6), intermediate (SSP2-

4.5), high (SSP3-7.0) and very high (SSP5-8.5) GHG emissions scenarios. Very high emission scenarios are considered less plausible due to current policies

(closest to SSP2-4.5) and low carbon technological advances [4]. Changes in annual global surface temperatures are presented as ‘climate stripes’, with future

projections showing the human-caused long-term trends and continuing modulation by natural variability (represented here using observed levels of past

natural variability).

https://doi.org/10.1371/journal.pclm.0000451.g002
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increasing climate anxiety–also affecting the mental health of climate scientists. COVID19

pandemic lockdowns added stress to observing systems which remain challenging to maintain.

New obstacles to scientific collaborations, for instance in the Arctic, have emerged following

the invasion of Ukraine by Russia. Inflation, growing inequalities, nationalism and populism,

declining social coherency fuel political polarization, with populist parties embedding the defa-

mation of scientific expertise, denial of both climate science and the urgency of transformative

action within their core values. With social networks, the spread of disinformation and the

weight given to opinions above evidence erodes the overall trust in science.

How to best operate, as a scientific community, in that fast changing context? This calls for

careful attention to the equity and plausibility of scenarios underpinning future climate projec-

tions [49], with due attention to biogeophysical constraints from a warming world–for

instance, hard limits for sustainable use of groundwater [50] and forest biomass [51] at

regional scales. Reactivity is important in order to develop timely new robust knowledge

exploring the climate change and climate action implications of e.g. lockdowns from a pan-

demic, stratospheric water vapor injection from a volcanic eruption, regulations for shipping

fuel sulfur content, or armed conflicts. IPCC could learn from the more flexible IPBES pro-

cesses allowing to convey timely interdisciplinary workshops and provide relevant peer-review

workshop reports [3, 52].

Effective climate action also requires actionable knowledge, including methods to assess the

effects of mitigation and adaptation measures, guidance to avoid maladaptation and malmiti-

gation, knowledge to support sustainable use of ocean, land, water, and sustainable cities–

including how to maximize climate and air quality benefits. Climate information needs to be

specifically coproduced with those most vulnerable, in climate change hotpots [53].

The framework of climatic impact-drivers developed in the IPCC AR6 WGI report was not

sufficiently informed by ecosystem and biodiversity stewardship needs [54] calling for robust

assessments of methodologies to develop relevant climate information (e.g. climate velocity) at

required scales.

The multiple regional consequences of global sea-level rise are emerging, including chronic

high-tide flooding [55], extreme sea level events, salinization and coastal erosion–with needs

for attribution and confidence in projections of at the scale of settlements. New ethical ques-

tions arise from research needs from planned relocation.

Climate research for a 1.5˚C warmer world

Human-driven trends resulting from future emissions are expected to lead to 20-year average

global warming overshooting a level of 1.5˚C within around a decade [4]. Informing risk man-

agement and adaptation strategies calls for advancing the knowledge basis on the full possible

severity of direct consequences, including the low-likelihood, high-risk plausible extreme

events and unprecedented combinations of events, accounting for the worse possible combina-

tions of human-caused trends and internal climate variability [56] and long-term outcomes

[57]. Better understanding what would be the possible irreversible consequences of various

intensities and durations of overshoot are critical to inform global responses, including for

committed glacier loss, potential tipping points, sea-level rise, ecosystem degradation and bio-

diversity losses [58].

Theoretically, returning from a temporary overshoot is conditional on sharp emission

reductions, reaching net zero CO2 emissions with limited cumulative CO2 emissions, followed

by the ability to sustain various magnitudes of net negative CO2 emissions. Knowledge

advances are needed to narrow uncertainties from the response of carbon cycle feedbacks,

including biological processes resulting from ecosystem disturbances and degradations, which
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could also be triggered by natural variability within a 1.5˚C warmer world. While theoretical

studies using simplified emulators rely on large-scale carbon dioxide removal to return to

1.5˚C after a temporary overshoot, the plausibility of such pathways lacks a robust evidence

basis [59] on feasibility, costs, permanency and risks, accounting for their demands for low-

carbon energy, water, biomass and land–in particular when massive amounts of low-carbon

energy production are primarily needed to phase-out fossil fuels.

Following COP28, the new resources allocated to loss and damage remain small (around

0.7 billion $) compared to the needs estimated to reach 100 to 400 billion $ per year by 2023.

This mismatch highlights the rejection of loss and damage liability by the largest historical and

current emitters of greenhouse gases. The framing of solar radiation modification research

cannot be restricted to the uncertainties regarding potential interventions and the modelled

response of the climate system. Such approaches call for embedding the myriad of ethical ques-

tions grounded in its purpose, including the implications of altering the global environment

rather than modifying our practices to preserve it, and risk of multi-century legacies of deploy-

ment [60]. Ethical questions also arise from the embedded power relations, the values and

interests of billionaire philanthropies who chose to fund specifically these research activities

[61], at the expense of other climate research directions, and the possible conflicts of interests

which encompass space agencies and climate scientists themselves. Consideration of solar

radiation modification also needs to explore governance challenges [62, 63], including mecha-

nisms of liability for attributable unintended outcomes.

Projecting climate sciences towards mid-century: Different

possible worlds

Today’s PhD students will be my age by 2050, when the 10th IPCC assessment cycle would be

due. The expectations from climate research would be very different in different 2050 worlds

[64]. At the pace of current policies, intermediate or high emissions pathways would lead to

exceed a level of 2˚C of global warming by 2050 –uncharted territory for the past millions of

years. In a fragmented, uncoordinated world, climate scientists would be monitoring novel cli-

mate conditions, and learn from Earth system responses to increasing emissions, loss of eco-

systems and nature’s contributions to people, cascading impacts, eroding food, water, habitat

security, public health, leading to more poverty traps. What would be the science-society rela-

tionships with growing public unrest and political destabilization from climate disruptions?

Facing complex crises, governments and funding agencies would search for rapidly conceived

mitigation plans, without long-term planning, testing, and careful attention to the multiple

dimensions of sustainability, with the risk of increased pressures on ecosystems, water and

food security–and with fewer ecosystem-based and water-related adaptation response options

available.

If different choices are made in the coming decades, the world by 2050 could be on track

towards carbon neutrality, and climate science assessments could be monitoring the emer-

gence of climate stabilization–learning from the success story of ozone assessment reports.

Advances in climate sciences would support the management of intermittent renewable energy

production and energy storage, inform transformative, proactive adaptation measures, support

to poor and disadvantaged communities struggling with the growing burden of climate

impacts. Transdisciplinary research practices would expand to understand the implications of

species movements and novel ecosystems, and inform ecosystem stewardship and durable

land and ocean carbon storage. Regular revisions of sea level projections following the detec-

tion of onset of ice sheet instability processes would be strongly embedded in deliberations

and choices related to sea level rise and coastal management, including planned relocations.
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By 2050, in such a world successfully embedding climate action, climate research activities,

encompassing monitoring networks, remote sensing, field studies, laboratory analyses and

modelling activities would be carbon neutral. This also calls for leadership of climate scientists

on reducing now our own carbon footprint at the pace and scale consistent with our own

knowledge.

Multiple expectations for the climate research community

WCRP plays a key role to tackle knowledge gaps, including convection and clouds, ocean and

atmospheric dynamics, climate variability, Earth system feedbacks and thresholds in a warm-

ing world.

The vulnerability of land carbon to climate change and its role for mitigation call for

improvements in inventories and processes involving soil organic matter, plant hydraulics and

mortality, competition dynamics and disturbance processes–with stronger integration of bio-

logical and ecological sciences within climate sciences. Similarly, advances in land surface pro-

cesses, including plant physiological changes, as well as groundwater recharge and land use

and water management changes, are needed to improve future projections of aridity and

drought.

Advances in fundamental climate research are the backbone to strengthen the knowledge

basis required to address the myriad of expectations from climate sciences: knowledge relevant

for mitigation, including air quality, pressure on land and litigation, and knowledge relevant

for loss and damage, risk management, humanitarian responses, ecosystem and biodiversity

stewardship, sectoral and regional adaptation and climate services.

New pathways have to be designed to offer career paths to scientists who are funded first

because of urgent societal needs so that they also have opportunities to contribute to curiosity-

driven, frontier research. Developing actionable knowledge, with salience, legitimacy and

credibility, calls for in an in-depth understanding of the diverse values, perspectives, power

relations and inequalities. Ethics, equity, climate justice and intra-species justice provide

strong frameworks to advance the fitness and usefulness of climate information in under-stud-

ied regions, and explore the unintended consequences and potential harms emerging from

misuses of climate information.

Multiple expectations encompass advancing tools and methods to provide more accurate

information on complex and cascading risk which will be the hardest to manage and under-

mine sustainability aspirations in the near-term, as well as long-term outcomes, over multiple

centuries beyond 2100, with due attention to post-forcing recovery and irreversibility, includ-

ing habitats, ecosystems and biodiversity, and tipping points. Efforts are required towards the

maturation of the framework of analysis of e.g. ice sheet instabilities, irreversible retreat, and

their implications for pace and magnitude of sea-level rise over decades to centuries. Such a

collective framework allowing to make sense of scientific advances and sometimes conflicting

evidence arising from different methods is needed to better communicate the evolving state of

knowledge with society [57].

Which roles for climate scientists

In a fragmented world, where growing South-North tensions challenge multilateralism, sci-

ence diplomacy requires strong science-policy institutions and scientific advisory bodies at all

governance scales. Institutional approaches play a key role to advance climate knowledge for

effective and well-informed decision-making processes.

This also calls for climate scientists to better understand the diverse values and motivations

[65], learning from social sciences and humanities [66], understanding powerful economic,

PLOS CLIMATE Climate sciences empowering transformations

PLOS Climate | https://doi.org/10.1371/journal.pclm.0000451 August 5, 2024 7 / 12

https://doi.org/10.1371/journal.pclm.0000451


political interests, and power relations [61], and to implement structured dialogues with the

private sector so that corporate responsible approaches are grounded in the best available sci-

ence [67]. While corporate responsibility approaches are currently focused on greenhouse gas

emissions and transition risks, new knowledge is also required to advance corporate adapta-

tion and resilience strategies, including their supply chains. For instance, the AR6 assessment

remained limited for the implications of shifting agroclimate zones for important fiber and

tree crops.

Making science meaningful for all is a challenge for effective climate science communica-

tion and knowledge co-production processes. Conversational artificial intelligence tools pro-

vide new opportunities make the outcomes of scientific assessments more broadly accessible,

in plain language and in multiple languages, with the potential for more interactive engage-

ment approaches [68]. IPCC could run an expert meeting on artificial intelligence tools and

IPCC assessments, with multiple possible applications to support authors of assessment

reports, ranging from systematic literature surveys to translations across multiple languages.

Empowerment arises from knowledge, calling for democratization of climate science, with

growing experiences from eg. citizen assembly approaches, and the involvement of climate sci-

entists within deliberation processes. Science institutions need to encompass ethics of engage-

ment within academic freedom and responsibility [69], together with resources and support

for engaged climate scientists, and valuing their public engagement within their career paths.

While climate literacy is not sufficient to trigger climate action—as illustrated by recurrent

discourses of climate delay within the scientific community [70], it is necessary. Trustworthy

updated pedagogic classroom resources which can be used by teachers are needed for initial

and continued education at all education levels [71]. Climate scientists also have a role to play

to overcome current gaps related to the strengthening, monitoring and evaluation of climate

literacy.

Evolution of climate science practices within societal

transformations

Our changing context also calls for transformation of climate research, strengthening its ethics

of research and practice, open science approaches, inclusivity and openness to multiple per-

spectives and novel ideas. Early and mid-career scientists at the WCRP 2023 Open Science

Conference were asking for their voices to be better heard, and be better supported, in terms

of professional well-being and mental health.

In a world where climate scientists can still be censored in their public expression, curios-

ity-driven research, academic freedom, and freedom of communication and engagement

needs to be strongly supported.

Finally, climate research needs leadership to reduce the carbon and environmental foot-

prints of research activities, building on shared tools, methodologies [72], collective delibera-

tion processes to make the smartest use of travel [73], field and lab work, and computing

resources [74, 75], changing collective academic norms, and strengthening recognition for

environmental engagement from funding agencies and for scientific careers.

These are key ingredients for stimulating, meaningful, attractive, rewarding climate

research—critical to motivate brilliant minds to advance knowledge.
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30. Ribes A, Boé J, Qasmi S, Dubuisson B, Douville H, Terray L. An updated assessment of past and future

warming over France based on a regional observational constraint. Earth System Dynamics. 2022; 13:

1397–1415. https://doi.org/10.5194/esd-13-1397-2022

31. Hobbs W, Spence P, Meyer A, Schroeter S, Fraser AD, Reid P, et al. Observational Evidence for a

Regime Shift in Summer Antarctic Sea Ice. Journal of Climate. 2024; 37: 2263–2275. https://doi.org/10.

1175/JCLI-D-23-0479.1

32. Purich A, Doddridge EW. Record low Antarctic sea ice coverage indicates a new sea ice state. Commu-

nications Earth & Environment. 2023; 4: 314. https://doi.org/10.1038/s43247-023-00961-9

33. Holmes CR, Bracegirdle TJ, Holland PR. Antarctic Sea Ice Projections Constrained by Historical Ice

Cover and Future Global Temperature Change. Geophysical Research Letters. 2022;49:

e2021GL097413. https://doi.org/10.1029/2021GL097413

34. Fretwell PT, Boutet A, Ratcliffe N. Record low 2022 Antarctic sea ice led to catastrophic breeding failure

of emperor penguins. Communications Earth & Environment. 2023; 4: 273. https://doi.org/10.1038/

s43247-023-00927-x

35. Thomas A. Research needs for loss and damage. Science. 2024; 383: 798–798. https://doi.org/10.

1126/science.adn4697 PMID: 38386738

36. King AD, Grose MR, Kimutai J, Pinto I, Harrington LJ. Event attribution is not ready for a major role in

loss and damage. Nature Climate Change. 2023; 13: 415–417. https://doi.org/10.1038/s41558-023-

01651-2
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70. Carbou G, Sébastien L. Les discours d’inaction climatique dans la communauté scientifique. Écologie &
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