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Ten New Insights in Climate Science 2023/2024

Abstract

Non-technical summary:
We identify a set of essential recent advances in climate change research with high policy relevance,
across natural and social sciences: (1) looming inevitability and implications of overshooting the 1.5°C
warming limit, (2) urgent need for a rapid and managed fossil fuel phase-out, (3) challenges for
scaling carbon dioxide removal, (4) uncertainties regarding the future contribution of natural carbon
sinks, (5) intertwinedness of the crises of biodiversity loss and climate change, (6) compound events,
(7) mountain glacier loss, (8) human immobility in the face of climate risks, (9) adaptation justice, and
(10) just transitions in food systems.

Technical summary
The IPCC Assessment Reports offer the scientific foundation for international climate negotiations
and constitute an unmatched resource for climate change researchers. However, the assessment
cycles take multiple years. As a contribution to cross- and interdisciplinary understanding across
diverse climate change research communities, we have streamlined an annual process to identify
and synthesise essential research advances. We collected input from experts on different fields using
an online questionnaire and prioritised a set of ten key research insights with high policy relevance.
This year we focus on: (1) looming overshoot of the 1.5°C warming limit, (2) urgency of phasing-out
fossil fuels, (3) challenges for scaling carbon dioxide removal, (4) uncertainties regarding the future of
natural carbon sinks, (5) need for join governance of biodiversity loss and climate change, (6)
advances in the science of compound events, (7) mountain glacier loss, (8) human immobility in the
face of climate risks, (9) adaptation justice, and (10) just transitions in food systems. We first present
a succinct account of these Insights, reflect on their policy implications, and offer an integrated set of
policy relevant messages. This science synthesis and science communication effort is also the basis
for a report targeted to policymakers as a contribution to elevate climate science every year, in time
for the UNFCCC COP.

Social media summary
We highlight recent and policy-relevant advances in climate change research - with input from more
than 200 experts
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Introduction
In 2023, the world takes a critical look at progress towards collectively delivering on the Paris
Agreement, with the first Global Stocktake to be completed at COP28. At this key moment in
international climate negotiations, the science is already clear that a course-correction from current
greenhouse gas (GHG) emissions trends is needed. As we move deeper into this crucial decade for
action on climate change, it is vital that the latest science on climate change and its impacts be
readily available and in accessible formats for all those involved in international negotiations, national
policymaking, private sector decision-making, and civil society mobilisation. At the heart of the United
Nations Framework Convention on Climate Change (UNFCCC) process, the Intergovernmental Panel
on Climate Change (IPCC) is responsible for assessing the science underpinning the levers and
scale of climate action. Through periodic, extensive assessments of the scientific literature, the IPCC
is the most authoritative voice on the state of knowledge on climate change. The latest cycle of the
IPCC concluded this year with the Sixth Assessment Report (AR6) (IPCC, 2021; 2022a; 2022b;
2023). Through these reports, the IPCC informs stakeholders not only about the current scientific
understanding on climate change, associated impacts, risks and solution space, but also the pace of
climate actions under the international pledges and agreements.

Given the thematic breadth and procedural demands of the IPCC assessments, each cycle takes
several years to complete. For example, more than eight years passed between the release of the
AR5 Synthesis Report (SYR) and the AR6 SYR. One obvious limitation of this setup is that in the
multi-year periods between the release of major IPCC reports, negotiators and decision-makers are
in need of an authoritative source of scientific advances, which otherwise remain less visible and
accessible to them. Furthermore, while the AR6 SYR was published this year (2023), the cut-off point
for the scientific literature assessed by the three work groups was more than two years before that.
The ‘10 New Insights in Climate Science’ series (https://10insightsclimate.science/), a collaboration
between Future Earth, The Earth League, and the World Climate Research Programme (WCRP),
contributes to fill this gap each year. Starting in 2017, three years after the publication of the AR5
SYR, and every year since, the ‘10 New Insights’ report has been published to highlight essential
advances in climate change research from the prior year, from both natural and social sciences, and
with high policy relevance. The aim of this international collaboration is to provide a timely and
curated set of synthesised science-based ‘Insights’ for negotiators, decision-makers, and other
stakeholders, to stay up-to-date and grounded in the latest peer-reviewed research. Since 2020, the
report has been developed on the basis of a peer-reviewed academic paper (Martin et al., 2021,
2022; Pihl et al., 2021), providing a more solid foundation and strengthening the messages.

Every year, there is a plethora of relevant reports on different aspects of climate change and climate
action, including the State of the Global Climate (WMO, 2023b), the Emissions Gap Report (UNEP,
2022a), Adaptation Gap Report (UNEP, 2022b), the Global Carbon Budget (Friedlingstein et al.,
2022), and United in Science (2022). Generally, these well-recognised reports are focused on
updating diagnostic indicators that are familiar to those involved in or following climate negotiation.
The ‘10 New Insights’ report links recent research advances to those categories, but also seeks to
inform stakeholders about a wider range of topics across the full landscape of climate change
research and their interactions, including many that are likely less familiar to the climate negotiations
audience though not less relevant. The ‘10 New Insights’ 2023 report is also intended as a resource
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for researchers interested in having a better understanding of developments in different areas of
climate change research beyond their domain of expertise, and their policy implications.

We define a ‘New Insight’ as a recent development or advance in a particular area of climate change
research. The Insight can be the result of discrete new evidence or analyses that significantly
updated previous understanding with regards to processes or patterns of climate change, including
impacts and the possible means for addressing the climate emergency. We also consider emerging
developments (novel topics and research questions) gathering recognition in the field and important
issues on the horizon of climate change research. In this latter case, the advance might be more
conceptual in nature. To be considered recent, these developments or advances must be anchored in
peer-reviewed literature published in 2022 and 2023.

This year we highlight the looming inevitability of overshooting the 1.5°C global warming limit target
(Insight 1), a situation that will mean an increase in risks, but also significant uncertainty. In this
context, we call attention to the fast-shrinking carbon budget and emphasise the inescapable
necessity of a rapid and managed fossil fuel phase-out (Insight 2). Given the significance of carbon
dioxide removal (CDR) to these two issues, we outline the challenges for up-scaling, accounting, and
governance of CDR (Insight 3). We cast light on key uncertainties regarding the future of natural
carbon sinks in land and oceans as warming levels rise (Insight 4). This adds to the urgency for
decarbonising our economy and being clear-sighted about the realistic role of CDR methods.

We stress the intertwinedness of the crises of biodiversity loss and climate change, and the need to
joint governance and synergistic approaches to confront them (Insight 5). Impacts and vulnerabilities
continue to increase, and this year we feature science advances in regarding compound events
(Insight 6) and the acceleration of mountain glacier loss (Insight 7). Much confusion persists
regarding the complex relationship between climate change and human mobility; we covered several
aspects of this relationship in 2022, and this year we devote one Insight to immobility in the face of
climate risks (Insight 8). Insight 9 synthesises recent advances to conceptualise and evaluate justice
in adaptation planning and the key role of locally-led adaptation (LLA) efforts. Finally, Insight 10
centres on the call from researchers to integrate just transitions in food systems transformations as a
necessary condition for realising their mitigation potential while assuring food security and nature
conservation.

Method1

The process for selecting the set of 10 Insights started with an open call for input distributed primarily
across the partners’ institutional networks, reaching experts globally. Contributions were collected
through an online questionnaire, in which the main question was: What is a key recent advance in
climate change research that you think should be highlighted for policymakers? The respondents
were also asked to provide the peer-reviewed publications, published in 2022 and 2023, that support
the suggested ‘key recent advance’. The call for input was open from January 23 to February 20, and
we received 167 entries from 131 individual respondents. The entries were screened based on

1 In the supplementary material we provide 1) a flow diagram of the process described above, 2) the questionnaire used for
the open call, 3) brief characterisation of the respondents to the questionnaire, 4) inclusion criteria for entries, 5)
complementary literature scan, and 6) the list of resulting themes, and a brief account of the relative contribution to the final
set of 10 Insights obtained from the open call for input and from the complementary literature scan.
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predefined inclusion criteria, with each individual entry screened by two team members, at least.
Discrepancies were further discussed among the project team to reach a final decision. When
necessary, project coordinators completed one additional round of screening and made a final
decision. Seventy-one entries met the inclusion criteria. After merging closely related entries, the list
was reduced to 43 themes and was coded using a thematic framework based on prior ‘10 New
Insights’ reports. This list was complemented with a literature scan of impactful papers in climate
change research published in the same period (2022 and the first months of 2023, which yielded 23
additional themes. The final list of 66 themes was then evaluated in a three-stage process by a group
of 24 very well-established international researchers on climate change from different disciplines, who
constitute our Editorial Board. First, each Editorial Board member selected 4-20 themes considered
most relevant (1-5 in each of four broad categories: the Earth system, impacts, action needed, and
barriers). Second, building on the outcomes of the individual prioritisation of themes, in a virtual
workshop the Editorial Board members collectively revised the priority themes, leading to a
preliminary set of close to 10 candidate Insights. Finally, each of the candidate Insights was
examined more deeply, providing the input for a second workshop of the Editorial Board, in which a
final list of the 10 Insights was decided on, through deliberation. Once the 10 Insights were outlined,
10 international groups of 4-6 experts each were formed. Each group was tasked with synthesising
key messages from recent academic literature and their policy implications.

Results

Insight 1. Overshooting 1.5°C is fast becoming inevitable, greatly
increasing risks as mitigation action is delayed
The IPCC AR6 found that global warming is likely or very likely to exceed 1.5°C relative to the
pre-Industrial era in the near term (before 2040) under all but the very low greenhouse gas (GHG)
emissions scenarios (SSP1-1.9). Few pathways remain that avoid a 1.5°C overshoot; pathways with
no or limited overshoot require emissions to peak before 2025 and be cut by 43% by 2030 relative to
2019 levels (IPCC, 2022b, Ch3 p. 329), representing a 6% decrease each year. Research since AR6
indicates overshooting 1.5°C is all but inevitable in the near term, based on assessments of:

a) The remaining carbon budget (Friedlingstein et al., 2022) and emission trends: Fossil CO2

emissions in 2022 were 1% higher than in 2021. The remaining carbon budget for 1.5°C is
currently estimated to be 250 Gt CO2 (50% likelihood) (Forster et al., 2023), and will be used
up in 6-7 years based on current annual emissions GHG emissions;

b) New evidence on the geophysical warming commitment inherent in the climate system: Global
climate modelling indicates that there is a 42% probability that the world is committed to peak
global warming of at least 1.5°C based on past emissions alone (Dvorak et al., 2022);

c) The most recent emissions reduction pledges put forward by countries: Modelling indicates
the Paris Agreement target of 1.5°C will be exceeded shortly after 2030 even under the most
ambitious emission pledge scenarios (Meinshausen et al., 2022);

4
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d) The carbon lock-in and inertia of the global energy sector, responsible for about three-quarters
of current emissions (IEA, 2023a): Proposed and existing large fossil-fuel projects would
produce emissions of up to twice the carbon budget for 1.5°C (Kühne et al., 2022) (see Insight
2 on fossil fuel phase-out).

Box 1. Definition of 1.5°C overshoot. The IPCC (2021, Annex VII p. 2251) defines temperature overshoot
as the exceedance of a specified level of global warming, followed by an eventual return. Global warming,
which the Paris Agreement aims to limit his century to 1.5°C, refers to increases in global mean surface
temperature with respect to the pre-industrial era (1850-1900), averaging over a period long enough to
remove interannual variations (e.g., 20 or 30 years). Breaching 1.5°C in any given year is expected to
become more frequent in the upcoming decades (WMO, 2023a).

If overshooting 1.5°C is all but inevitable, it is essential that policymakers and citizens are informed
appropriately about the factors that determine the peak temperature and duration of the overshoot,
and the risk implications during the time of overshoot. There is real risk that temperatures might not
be brought down, mainly due to the scale of net negative emissions required, which may not be
feasible, and/or their costs and impacts seen as unacceptable (see Insight 3). The risks of
overshooting 1.5°C will inform the urgency and scale of near-term adaptation and mitigation efforts. In
that regard, every fraction of a degree of warming greatly matters.

Warming is near-linearly related to cumulative CO2 emissions (IPCC, 2021, TS p. 55 and Ch5 p.
742). Hence, the peak warming during overshoot is determined by the extent to which global carbon
dioxide (CO2) emissions accumulated over time exceed the carbon budget for 1.5°C and, therefore,
the world’s emissions trajectory until net zero CO2 emissions are achieved. Scenarios assuming
continuation of current policies project a warming of 2.6°C (1.9-3.7°C) (Meinshausen et al., 2022) and
2.1-2.4°C (van der Ven et al., 2023) by the end of the century. Assessments of emissions trajectories
that assume all countries fulfil their short and long-term climate pledges, project 1.9-2.0°C
(Meinshausen et al., 2022) and 1.7-1.8°C warming by 2100 (van der Ven et al., 2023). This shows
that current pledges are insufficient to avoid overshooting 1.5°C, whilst current policy actions are
insufficient for even keeping within 2°C.

Recent studies converge on the importance of implementing current pledges up to 2030 to limit peak
warming closer to 1.5°C, as well as ratcheting ambition in the long-term (Meinshausen et al., 2022;
van der Ven et al., 2023). Although early mitigation presents near-term challenges, it is less costly
over the long term (see Insight 3 on CDR). Postponing mitigation until after 2030 comes with higher
and persistent feasibility concerns, notably due to volatility and uncertainty caused by higher climate
impacts (Brutschin et al., 2021), particularly in non-OECD countries (Bauer et al., 2023).

Reaching net zero CO2 emissions is necessary for containing the peak warming level. The world’s
ability to bring temperature down to specific goals after overshoot depends on removing more CO2

from the atmosphere than is emitted: achieving net-negative CO2emissions. If achieved (this is
uncertain due to unresolved, fundamental questions regarding CDR; see Insight 3), there may still be
a delay of several years before the climate cools, due to lags in the carbon cycle and thermal
response (IPCC, 2021, Ch4 p. 624 and Ch5 p. 775).
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Warming reversal may also be delayed if overshoot triggers the release of GHGs from natural carbon
sinks in ways not yet modelled, or not yet anticipated. Such impacts are already being observed
(IPCC 2022a: Ch2.4 and Ch2.5; see Insight 4) This uncertainty is represented by the red shaded
area in Figure 1.

Breaching the 1.5°C target over decades would leave a long-lasting legacy on the Earth system,
since some aspects of the climate and wider environment will not recover, within human-relevant
timescales of decades to a century, to the same state as in a reference scenario without overshoot.
This is mainly due to the slow response time of key Earth system components. Surface air
temperature and precipitation changes appear largely reversible at the global scale following a
decline in atmospheric CO2, but they exhibit irreversibility at regional scale on a timescale of
centuries, posing a greater risk to human and natural systems in regions of irreversibility (Kim et al.,
2022; Oh et al., 2022). Further long-term, irreversible changes include sea level rise from ocean
thermal expansion and melting of ice sheets and glaciers during overshoot, sea ice loss, changes in
the deep sea environment ( e.g., oxygen, acidity), and changes in structure and composition of
terrestrial ecosystems that affect carbon uptake and losses, including permafrost carbon loss (Bauer
et al., 2023; IPCC, 2021: Ch4.6.2.1; IPCC, 2022a: Ch2.5.2.10); Schwinger et al., 2022).

Spatially heterogeneous and potentially irreversible impacts, such as more frequent heatwave
exposure with subsequent economic damages as well as mass mortality of species, worsen with
higher peak and duration of overshoot (Bauer et al., 2023; Meyer et al., 2022). Irreversible impacts
can be especially identified for marine biodiversity, with species facing the added pressure of
prolonged ocean acidification after peak overshoot (Meyer et al., 2022).

Lastly, there is considerable risk that a long overshoot period above 2°C could trigger self-perpetuating
feedbacks associated with climate tipping elements, such as instabilities of the Greenland or West
Antarctic Ice Sheets or loss of mountain glaciers (Armstrong McKay et al., 2022; Wunderling et al.,
2023), which would be largely irreversible on timescales of centuries to millennia. Impacts of tipping
elements include several metres of sea level rise in the long-term, causing loss of land, livelihoods and
cultural heritage in coastal communities and small island states, and irreversible degradation of
mid-latitude coral reef species (Bauer et al., 2023; Meyer et al., 2022). All these risks increase severely
with the extent of overshoot above 1.5°C. If the 1.5°C goal is missed, decision-makers should continue
to strive to limit warming to as close to 1.5°C as possible and minimise the duration of overshoot.
Further studies are urgently needed to investigate the direct and indirect impacts of overshoot to inform
policy and action.
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Figure 1: Overshoot and non-overshoot scenarios. Stylised representation of a temperature overshoot
scenario (red line) and its risks after reaching net zero CO2 emissions in comparison to a non-overshoot
scenario (yellow line) stabilising at the target temperature of 1.5°C by 2100. The temperature of the overshoot
pathway may not return to 1.5°C on reaching the same cumulative emissions as the non-overshoot scenario
due to feedbacks and response lags in the Earth system components. The associated uncertainty of global
mean temperature reversibility after the overshoot, together with simultaneous regional climate irreversibility,
may only lead to ‘partial reversibility’. Note that the tipping elements at risk of instability in the upper panel only
correspond to the global warming levels, not to the time axis. Data for the tipping element risk assessment is
taken from Armstrong McKay et al. (2022).

Insight 2. Fast-shrinking carbon budget calls for a managed and
equitable fossil fuel phase-out
Fossil fuels are the largest cause of climate change, accounting for close to 90% of global CO2

emissions (Friedlingstein et al., 2022). The “committed emissions” that would occur over the lifetime
of already-existing infrastructure used in extraction and consumption of fossil fuels is estimated to
exceed the remaining carbon budget for a 50% chance of limiting warming to 1.5°C (Tong et al.,
2019; Trout et al., 2022; see Figure 2). Investments in new fields, mines, power plants, heating
systems, and other long-lived fossil-fuel infrastructure are thus inconsistent with pathways to keep the
1.5°C goal within reach (IEA, 2023c; IISD, 2022) and risk creating trillions of dollars of stranded
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assets (see Box 2). Furthermore, they create “carbon lock-in”: it is harder to stop fossil fuel projects
from operating once they are built, since companies tend to pursue full-lifetime use of assets to
recover sunk investment. However, governments and companies still plan on extracting vastly more
fossil fuels than consistent with the 1.5°C target, creating a so-called “production gap”(Rekker et al.,
2023; SEI et al., 2023). Government subsidies for fossil fuel production and use also reached an
all-time high of one trillion USD in 2022 (IEA, 2023b).

Fossil fuel expansion is also perpetuated by financial actors through their investments and company
ownership. Potential economic losses from stranded assets in upstream oil and gas are estimated
upwards of one trillion USD, held predominantly in the Global North through cross-border financial
stakes in oil and gas fields elsewhere (Semieniuk et al., 2022). Stranded assets can have
macroeconomic consequences by affecting the valuation of other assets, i.e. contagion and triggering
spillovers from the financial to the real economy (Campiglio & van der Ploeg, 2022). Governments
are directly exposed through state-owned companies and reduced taxes and royalties, and indirectly
through commitments to bailing out private fossil-fuel investors or stabilising the financial system.
New government policies and explicit planning are thus needed to facilitate a rapid and managed
phase-out of fossil-fuel production and use in line with achieving net-zero CO2 emissions by 2050
(IEA, 2023c; Grubert & Hastings-Simon, 2022).

A managed approach is needed, which entails preventing new facilities being built (IEA, 2023c),
establishing timelines for phasing out existing facilities (Trencher et al., 2022), creating financial
mechanisms for an orderly wind-down (GFANZ, 2022), coordinating actions on fossil fuel supply and
demand to avoid price volatility (Diluiso et al., 2021), ensuring a just transition for workers and
communities, and fairly allocating efforts between countries (Muttitt and Karth, 2020).

A global phase-out of fossil fuels faces several barriers. First, fossil fuels are intertwined with
geopolitics and concerns over energy security (Espagne et al., 2023). Europe’s dramatic reduction of
Russian gas imports following the invasion of Ukraine sparked a new dash for gas supplies and, in
some cases, heightened reliance on coal power. Second, pressing energy and economic needs in
developing countries are driving increased fossil-fuel consumption and production (Saha & Carter,
2022). The need to leapfrog to clean energy systems is hampered by insufficient international finance
(Pachauri et al., 2022). Additionally, exporter countries continue to depend on fossil-fuel revenues,
making it hard to transform their economies (Muttitt and Kartha, 2020). Third, long-standing political
opposition from fossil-fuel interests and incumbents continues to undermine and delay mitigation
efforts across all sectors (Stoddard et al., 2021, Steckel & Jakob, 2022).

Fourth, investors in fossil-fuel assets covered by international investment treaties are increasingly
using investor-state dispute settlement to protect expected profits, with governments potentially
exposed to up to USD 340 billion in liabilities from potential legal claims in the oil and gas sector
alone (Tienhaara et al., 2022). Finally, while diverse policy options exist for implementing a managed
and equitable wind-down of fossil fuels (Diluiso et al., 2021), sociopolitical contexts can affect their
feasibility and effectiveness (Steckel & Jakob, 2022) (see Insight 9 on adaptation justice).

Nevertheless, in recent years, climate policies and actions are increasingly targeting fossil fuel
phase-out. Notable inter-governmental efforts include the Powering Past Coal Alliance, aimed at
phasing out coal-fired power by 2030-2040, and the Beyond Oil and Gas Alliance, focused on
phasing out oil and gas production. Many governments are also exploring legal and diplomatic means
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of limiting exposure to potential investor-state disputes of fossil fuel infrastructure, such as by leaving
the Energy Charter Treaty. Many national-level efforts are addressing gasoline vehicles and
fossil-gas heating systems in buildings (Kerr & Winskel, 2022). In areas lacking viable alternatives
(steel, cement, aviation, shipping), there is less phase-out research and policy (Trencher et al., 2022).
Efforts to reduce fossil fuel consumption in military operations, which are a major source of publicly
financed emissions globally, also lag (Stoddard et al., 2021).

Research is increasingly investigating how fast phase-outs can and should be achieved in different
countries, taking into account differentiated capacities and circumstances (Calverley & Anderson,
2022; Fyson et al., 2022). The relative phase-out pace of the three fossil fuels matters too: while
cost-optimised models vary in their pace of phaseout (Achakulwisut et al., 2023) a common feature is
that they generally phase -out coal much more rapidly. However, this can put an unrealistic burden on
coal-dependent developing countries, suggesting more attention is needed on oil and gas phase-out
(Muttitt et al., 2023). There is also a growing literature on what a multilateral response to phasing out
fossil fuels globally could look like, including models for international cooperation and the role of
climate litigation and social movements (van Asselt & Newell, 2022). On the financial side, studies
have mapped out the influence of specific actors in perpetuating fossil fuel lock-in, including asset
managers and governments (Baines & Hanger, 2023; Dordi et al., 2022), top wealth owners
(Semieniuk et al., 2023), banks (Rainforest Action Network et al., 2023)

In sum, building new fossil fuel infrastructure carries significant economic, financial, legal, and climate
risks. Delaying action would not only necessitate a faster and costlier decarbonisation later on, but
also heighten socioeconomic disruptions (Skjølsvold & Coenen, 2021). Strategies to phase out fossil
fuels should also be paired with actions to accelerate the uptake of clean alternatives to avoid energy
shortages, price spikes and inflation, and to create employment opportunities for workers transitioning
from fossil fuel industries (Heffron & McCauley, 2022; Grubert & Hastings-Simon, 2022). Phase-out
and phase-in are synergistic: evidence from past experiences shows that phase-out policies can drive
innovation and the scale-up of alternatives (Diluiso et al., 2021; Trencher et al., 2023).Governments
and financial institutions should plan a managed and internationally coordinated, and equitable
phase-out, beginning now.
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Figure 2. Committed CO2 emissions from fossil fuel infrastructure compared to carbon budgets
reflecting the Paris goals. Bars show future emissions arising from full-lifetime operation of fossil
fuel-consuming infrastructure (Tong et al., 2019) and of fossil-fuel extracting infrastructure (Trout et al, 2022),
also showing proposed “carbon bombs”, defined as fossil fuel extraction projects whose lifetime emissions
exceed 1 GtCO2 (Kühne et al, 2022). These are compared with the remaining carbon budget (Friedlingstein et
al., 2022) updated remaining for early 2023 (Forster et al., 2023). Whilst the estimates for existing infrastructure
are comprehensive, those for proposed infrastructure are partial due to lack of available data on consuming
infrastructure in industry, transport, buildings or other, or on smaller future extraction infrastructure projects.
“Existing” generally means that capital has been invested or committed, as at the start of 2018 (see original
papers for further details on methods). New infrastructure built since then will likely exceed retirements and
reductions in remaining life, hence an updated estimate would likely be larger. Since the infrastructure
estimates for extraction and consumption relate to different ends of the supply chain, they are non-additive:
each carbon atom passes through both extraction and combustion stages. Whilst amounts of extraction and
consumption are equal in any given year (apart from minor changes in storage), the committed emissions differ
due to different amounts and lifetimes of capital stock of the types of infrastructure.
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Box 2: Early retirement, asset stranding, and lock-in
A key problem for a fast fossil-fuel phase-out is the long operational lifetimes of many fossil-fuel assets,
ranging from less than 20 years for vehicles to 60 years for infrastructure. Limiting global warming to 1.5°C
will require a substantial amount of existing fossil fuel infrastructure to be retired early, shortening these
lifetimes, and/or running assets below their normal capacity (Figure 2). Asset stranding occurs when such
early retirement, or devaluation of the asset’s product ( e.g., a structurally lower oil price), is unanticipated at
the time a firm invests building the asset, thus missing the firm’s expected rate of return, and leading to
income losses. Financial assets that derive their value from physical fossil-fuel assets, such as shares in a
fossil-fuel company, can also strand (Semieniuk et al. 2022). This can happen earlier than physical asset
stranding and might happen abruptly if enough investors adjust their expectations of future returns downward
at the same time. Such a “green swan” event substantially devalues stocks, which in turn could affect
macro-financial stability (Campiglio & van der Ploeg 2022). Carbon lock-in where an incumbent set of
infrastructure, institutions and behaviours creates inertia that make it harder for clean energy to compete and
replace fossil fuels (Kemfert et al., 2022). For example, income and wealth losses of fossil fuel companies
and financial beneficiaries due to asset stranding may lead to their opposition to mitigation policies.

Insight 3. Carbon Dioxide Removal is necessary but faces challenges
in up-scaling, accounting, and governance
Meeting the Paris Agreement will require rapidly reducing emissions while also scaling up carbon
dioxide removals (CDR) (IPCC 2022b: Ch12.3). CDR involves capturing atmospheric CO2 and
durably storing it. Scenarios that keep warming well below 2°C include removing hundreds of billions
of tons of CO2 from the atmosphere over the course of the century to compensate both for residual
emissions and potential overshoot (IPCC 2022b: Ch12.3). At present, nearly all CDR consists of CDR
via afforestation/reforestation and forestry). By contrast, only 0.1% of current removals come from
more “novel CDR” methods which partly go beyond the land use, land-use change and forestry
(LULUCF) sector. These more novel methods comprise in particular bioenergy with carbon capture
and storage (BECCS) and biochar, with an even smaller contribution from other novel methods (e.g.,
direct air carbon capture and storage (DACCS), enhanced weathering (EW), and ocean CDR
approaches such as alkalinity enhancement or macroalgae sinking) (Powis et al., 2023). However,
novel CDR methods have large technical removal potential (S. M. Smith et al., 2023) and are scaled
up in virtually all scenarios that limit warming to 1.5°C or 2°C (Fuss et al., 2018; IPCC 2022b: Ch12.3.

A “CDR gap” exists between the extent of CDR deployment in countries’ plans and what mitigation
scenarios indicate would be needed to meet the Paris Agreement temperature limit. The median
yearly gap for 2050 across scenarios is >1GtCO2 at a minimum and >7GtCO2 with less ambitious
emissions reductions (for comparison, the total current CDR capacity is 2Gt/year) (S. M. Smith et al.,
2023). Closing the CDR gap requires lengthy times (1-3 decades) for developing technology,
designing effective monitoring, reporting, and verification (MRV), ensuring ecosystem safety, building
supporting infrastructure, and scaling up deployment. Therefore, the extent of early deployment of
novel CDR over the next decade is likely to be consequential in determining whether CDR will be
available at scale and in time to reach net zero CO2 emissions by the early 2050s, as well as whether
it will be available for net-negative CO2 emissions afterwards.
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CDR options include a wide variety of approaches, levels of technological readiness, and durability of
sequestration (Figure 3) (Fuhrman et al., 2023). All CDR options have remaining scientific
uncertainties around MRV and life-cycle assessment (LCA) boundaries that need to be addressed
(Mercer & Burke, 2023) (see Box 3). For example, while measuring the capture and sequestration
from DACCS is straightforward, its high energy intensity risks diverting clean energy that could
otherwise be used for grid decarbonization (Sovacool et al., 2023). Estimates of CO2 fluxes in the
LULUCF sector suffer from high levels of uncertainty in general and are hampered by confounding
effects from environmental changes and inconsistent definitions (Pongratz et al., 2021).

Similarly, there are large uncertainties (as well as practical limitations to measurement) in the
weathering rates of silicate rocks when applied to fields (Buckingham et al., 2022) and air-sea gas
exchange dynamics for direct ocean removal or ocean alkalinity enhancement (Bach et al., 2023).
There are also unclear risks of runaway secondary precipitation associated with ocean alkalinity
enhancement (Hartmann et al., 2023), and counterfactual carbon storage uncertainties associated
with biomass-based CDR (Hausfather et al., 2022). When CDR is used to claim that a ton of fossil
CO2 emissions is effectively undone, a mismatch in timeframes may still result in long-term climate
effects (Allen et al., 2022). All these can undermine our ability to meet the Paris temperature goal,
which is a function of cumulative CO2 emissions and can only be achieved if CO2 emissions reach net
zero.

The durability of using afforestation/reforestation (A/R) or soil carbon is at risk in a warming world
because of the increased prevalence of wildfires, droughts, and pests (Anderegg et al., 2022);
analogous to effects in natural carbon sinks (see Insight 4). Vegetation regrowth in the absence of
anthropogenic A/R interventions is also largely unaccounted for at present (Jayakrishnan et al.,
2022). For this reason both the scientific community (Allen et al., 2022) and standard-setting bodies (
e.g., SBTi, 2020) are increasingly emphasising a “like-for-like” approach to CDR neutralisation claims,
where fossil CO2 emissions should be neutralised through CDR that durably sequesters CO2, while
LULUCF CDR can only be used to neutralise land-use related CO2 emissions (Allen et al., 2022).
Propositions for how to account for non-permanence have emerged in frameworks for quantifying the
climate benefit (Prado & Mac Dowell, 2023) and the design of policy architectures (Edenhofer et al.,
2023). One practical example is a European Commission proposal for temporary CDR credits for less
permanent options (European Commission, 2022c).

With the widespread adoption of net-zero emissions targets, countries have begun to integrate CDR
into modelled national mitigation pathways, increase research, development, and demonstration
(RD&D) efforts on CDR methods, and consider CDR-specific incentives and policies (Babiker et al.
2022; Smith et al. 2023). CDR policymaking is faced with the need to consider the method-specific
timescales of CO2 storage, and challenges in MRV and accounting described above, as well as
potential co-benefits, adverse side effects, interactions with adaptation and trade-offs with the
Sustainable Development Goals (SDGs) (IPCC 2022b: Ch3.7 and Ch12.3). Therefore, CDR
governance and policymaking are expected to focus on responsibly incentivizing RD&D and targeted
deployment, building on the technical and governance experience gained from already widely
practised CDR methods like A/R, as well as learning from two decades of the slow-moving carbon
capture and storage (CCS) deployment. For novel CDR, such as ocean alkalinisation or enhanced
weathering, investment in RD&D would help in understanding the risks, rewards, and uncertainties of
deployment (S. M. Smith et al., 2023).
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Some aspects of CDR governance and policy instruments will be similar to those around emissions
reduction measures, while others will require governance innovation. Effectively integrating CDR into
governments’ mitigation portfolios, to close the “CDR gap”, can build on already existing rules,
procedures and instruments for emissions abatement (Edenhofer et al., 2023; Michaelowa et al.,
2023). A political commitment to formal integration into existing climate policy frameworks is required
(Sovacool et al., 2023), as are robust MRV systems (Mercer & Burke, 2023). To avoid CDR being
misperceived as a substitute for deep emissions reductions (Buck et al., 2023), the prioritisation of
emissions cuts can be signalled and achieved by explicitly setting separate targets for reductions and
removals (Carton et al., 2023), for example. Similarly, sub-targets are conceivable for different types
of CDR, to prioritise preferred methods according to characteristics such as removal processes or
timescales of storage (Allen et al., 2022).

Figure 3. Taxonomy of carbon dioxide removal options. The ‘CDR method’ (first row of the figure) most
widely discussed in the recent literature, ‘Time scale of carbon storage’ (second row) refers to the expected
durability of the carbon storage, ‘Current readiness to scale’ (third row) refers to the maturity level for
deployment at scale, and ‘Biophysical or technical sequestration potential’ (fourth row) reflects current
understanding (based largely on IPCC 2022b: Ch12.3), additional references in Supplementary material, SM7).
Modified from IPCC (2022b: Ch12.3).
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Box 3: The mix of CDR options deployed and included in scenarios will evolve.
Currently, the vast majority of CDR happens through methods that fall in the LULUCF sector (such as
afforestation/reforestation; improved forest management and long-lived product usage; agroforestry; soil
carbon in croplands and grasslands). All methods imply trade-offs but may offer co-benefits e.g., local
climate or biodiversity, if implemented carefully. But the impermanence of the carbon storage in LULUCF
options is of particular concern, as forests in many regions are increasingly threatened by climate driven
disturbances (droughts, heatwaves, fires, storms, pests). “Novel” CDR options, like bioenergy with carbon
capture and storage (BECCS), Direct Air Carbon Capture and Storage (DACCS), biochar and ocean
alkalinization currently play only a minor role and come with their own challenges e.g., cost, energy
demand, and unintended ecological side-effects. Scenarios evaluated by the IPCC that stay below a 2°C
warming (2022b: Ch3) typically assign a large relevance to LULUCF CDR and to BECCS. Many of these
scenarios assume BECCS scales up substantially by the end of the century, some also assume a large
scale-up of DACCS in the second half of the century. The importance of these three CDR options reflects
the current capabilities of the underlying socioeconomic models rather than a judgement of the feasibility of
CDR options. Many research and demonstration programs, as well as policy strategies, consider a broader
range of CDR options, and given the limited potential of each method and associated risks at scale, it may
be preferable to complement emission reduction efforts with a portfolio of CDR options, which adjusts over
time to account for technological progress and changing environmental, societal, economic and political
requirements.

Insight 4. New reasons for concern: the uncertain future contribution
of land and ocean carbon sinks
The remaining carbon budget, constructed to ensure staying within temperature limits, shrinks with
every ton of emitted CO2, and will be exhausted soon when aiming at staying below 1.5°C of global
warming with a chance of 50% (see Insight 1 on overshoot). The magnitude of the remaining carbon
budget substantially depends on assumptions about the future contribution of the natural carbon sinks
on land and in the ocean. In IPCC’s carbon budgets for the 21st century (2021: Chp5.5), the sinks are
assumed to respond in a relatively linear manner to changes in temperature, CO2, and other forcings,
yet recent scientific insights cast doubts on our understanding and knowledge of their future trajectory
(Figure 4).

In spite of rising emissions, a relatively constant fraction of only about 44% has remained in the
atmosphere over the past 50 years (IPCC, 2021: Ch5), because the sinks on land and in the ocean
have become stronger in line with increases in atmospheric CO2. However, recent data suggests that
the rate of increase in the strength of the land sink may have slowed down (Chandra et al., 2022;
Friedlingstein et al., 2022). This could be the result of natural variability of the land sink, or potentially an
indication of reduced capacity of terrestrial ecosystems to take up and store CO2. The latter would be
related to negative effects of climate change including the associated increase in temperature
(Fernández- Martínez et al., 2023), changes in rainfall patterns and weather extremes like concurrent
hot-dry conditions (Tschumi et al., 2023), and a general risk of destabilisation of the sinks owing to
multiple human disturbances (Fernández- Martínez et al., 2023). Even though additional human factors
like land-use change and landscape fragmentation and model limitations make these interpretations
highly uncertain (Rosan et al., 2022, 2023), there is sparse but strong evidence that the land sinks are
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changing more rapidly than expected: For the tropics, a region for which already in 2020 have raised
the concern that observed carbon uptake may have peaked (Hubau et al., 2020) or even shifted to a
carbon source (Gatti et al. 2021), show that most models do not reproduce the observed strengthening
in the coupling between water availability and the terrestrial carbon cycle (L. Liu et al., 2023). Also
forest degradation, triggered mainly by drought and increased vapour pressure deficit, is usually not
well represented in ecosystem models but may account for as much carbon emissions as deforestation
(Lapola et al. 2023). But also boreal forests are under stress: Liu et al. (2023) report a drought-induced
increase in tree-mortality and a corresponding decrease in the carbon sink capacity of Canadian boreal
forests (which represent a third of all boreal forests worldwide) over the past 50 years. Unexpected
events of elevated tree mortality are observed across the world, but due to lacking data and
understanding it is not yet clear whether this represents a global trend toward increasing tree mortality
(Hartmann et al., 2022).

The ocean sink strength stalled in the 1990s, primarily driven by wind-changes in the Southern Ocean,
and has recovered since (Gruber et al., 2023; DeVries et al., 2023). While the main contribution for this
increase is the uptake of more anthropogenic CO2 from the atmosphere due to rising atmospheric CO2

concentrations (Müller et al., 2023), climate change acting on the large natural carbon reservoir in the
ocean seems to be involved as well (Crisp et al. 2023; Gruber et al., 2023). For example, ocean
warming may reduce CO2 uptake (Mignot et al., 2022) and lead to a substantial shift of natural carbon
flux from the surface ocean to deeper ocean layers, likely via a feedback between biology and
circulation (Keppler et al., 2023). The imprints of climate change are strongest in the polar regions. In
the Southern Ocean, wind changes continue to expose more carbon-rich deep waters to the air-sea
interface and thus to a loss of natural carbon (Hauck et al., 2023). The Arctic Ocean stands out as the
only region where climate change increases the carbon sink strength with sea-ice retreat leading to
larger ocean surface areas where CO2 uptake happens (Yasunaka et al., 2023).

Still, large uncertainties remain about the trends in the ocean carbon sink and on the confounding
effects of land-use change and management and the impact of extreme events and disturbances.
Observational records span only a few decades, so observed trends are influenced by slow modes of
natural climate variability (N. Li et al., 2022), superimposed on longer-term effects such as climate
change, elevated CO2 and others. Also, effects of climate change and internal ecological processes,
which are currently poorly constrained and represented in models, may in the future play much bigger
roles than today. This is expected to become especially important after peak emissions and under
CO2 removal scenarios, when sinks will no longer be influenced by the current near-exponential
increase in atmospheric CO2 and rather start outgassing some of the accumulated carbon (Keller et
al. 2018; Zickfield et al. 2021). Therefore, disentangling the impacts of anthropogenic activity from
natural climate variability on the carbon cycle is crucial (Bastos et al., 2022; Friedlingstein et al.,
2022; Gruber et al., 2023).

Overall, these remaining, including recently discovered, uncertainties give rise to new reasons for
concern about the future of the global natural carbon sink, with implications for the reliability of
nature-based solutions (NbS) (Box 4), and nature-based CDR (see Insight 3).

Given these concerns, scientists and policymakers need to be alert to a potential problem: Assessments
of mitigation requirements for the Paris Agreement rely on current model projections of the sink capacity
(IPCC, 2021: Ch5.5). If these were to overestimate the potential future sink size (which is likely because
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model evaluation over the historical period fails to grasp, among other things, the need to adjust
assumptions to new climatic conditions and to include certain additional processes) the remaining
carbon budget might be smaller than it has been estimated (see Figure 4). This has significant
implications for policymaking towards zero emission goals. In order to reduce the uncertainties and avoid
possible over- reliance on the benefits of natural carbon sinks, reliable quantifications of the sinks with
reduced, but known, uncertainty are needed, particularly in forecasting. Thus, a fit-for-purpose and
sustainably funded and managed ocean and land carbon observation system is crucially needed (Crisp
et al., 2022; Hartmann et al., 2022).

We acknowledge the importance of NbS as negative emissions strategies, albeit a clear vulnerability
assessment is required to make them effective and a permanent solution. It is essential that plans of
carbon sequestration with NbS (of shorter storage durability, see Insight 3) are not used to justify
further delays on urgently needed emission reductions.

Figure 4: Future carbon sinks and the remaining carbon budget: For any given temperature limit, the
remaining carbon budget (cumulative net global anthropogenic for a given global warming limit. CO2 emissions,
expressed from a recent specified date) is constructed to balance expectations on the future capacities of
natural carbon sinks (among other variables). If sinks are smaller than expected (according to skewed
uncertainties pointing in that direction, especially for land), there will be even more warming than expected,
unless the remaining carbon budget is adjusted – and action taken accordingly to stay within the adjusted
budget.
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Box 4. “Reality check” on nature-based solutions
The future of the natural sinks, discussed in this insight, is decisive for the realistic potential of nature-based
solutions (NbS) in the coming decades, as natural sinks are the basis for most anthropogenic activities
directed at carbon dioxide removal (see Insight 3 on CDR). Therefore, by building on NbS, scenarios for
climate mitigation policies rely heavily on current expectations for natural carbon sinks. If those expectations
were too high, this would endanger the efficiency of NbS. In this box, we highlight some examples:
An increase in extreme events would change established disturbance regimes both on land and in the ocean
(see Insight 6 on compound events), with the risk of reducing the carbon storage potential. On land, a good
example is fire, as it is a key driver of change among all types of disturbances that will increase in the future
(Canadell et al., 2021; M. W. Jones et al., 2022; B. Zheng et al., 2023). In the ocean, there are large
uncertainties in carbon accounting due to the flows between coastal ecosystems, the shelves and beyond.
Additionally, the rapid increase of recent past and future marine heatwaves and extremes in ocean oxygen
loss and acidification makes these ecosystems particularly vulnerable to climate change (Gattuso et al.,
2021; Williamson & Gattuso, 2022) and increases uncertainties even further. This casts doubt on the potential
of coastal ecosystems restoration (blue carbon) and other marine-based CDR methodologies.
Forests play a key role in the Nationally Determined Contributions (NDCs) by many countries (European
Commission, 2022b, 2022a). 54% of parties refer to forest conservation, reforestation, or afforestation as a
domestic opportunity (UNFCCC, 2022). Even though there is certainly a role for this type of mitigation, limits
to the natural basis exist that were not always accounted for in earlier estimates. For example, a recent study
by (Roebroek et al., 2023) has shown that when accounting for natural disturbances at present day levels,
stopping all types of forest management would result in only low mitigation. (Rohatyn et al., 2022) find that
carbon-benefits of forestation of the vast global drylands would be largely compensated by counteracting
albedo effects.

Insight 5. The climate and biodiversity emergencies and their
solutions are intimately linked
There is now ample scientific evidence that the climate and biodiversity crises are closely intertwined,
yet are addressed by separate political, economic, social and legal institutions, and different actors. In
2019-2021, for the first time, IPBES and IPCC together gathered international experts in a joint report
on the co-benefits and trade-offs of climate and biodiversity actions (Pörtner et al., 2021). ‘Nexus
interactions’ are increasingly being studied (Estoque, 2023), and reflected under the policy umbrella
of the Sustainable Development Goals (SDG) (Martín et al. 2020), which are key instruments to
support decision-making and trigger synergistic and effective actions.

The major global crises of biodiversity loss and climate change both result from the dominant
economic development and sociopolitical systems in modern societies (Dasgupta, 2021). These
drivers manifest in a range of proximate pressures, some of which impact both climate and
biodiversity, such as deforestation and intensive agriculture. Their expression locally varies with
myriad contextual factors, and interactions with other pressures acting at varied scales. Both drivers
and pressures are governed and entrenched through institutional factors such as economic
regulations, legislation and financial and tax systems, that have promoted and incentivized
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environmentally-damaging production and consumption models (Pörtner et al., 2021), and that need
reform to alleviate both crises.

Climate change has far-reaching impacts, affecting biological processes from the smallest
intracellular level to entire ecosystems. These effects across multiple levels may amplify predicted
impacts at a single level, triggering rapid and unexpected ecosystem and species shifts across
equatorial to polar, and terrestrial and aquatic realms (Arneth et al., 2020). When modelling climate
impacts on species, large-scale analyses tend to show smoothed aggregate responses, while models
developed for individual species can exhibit abrupt responses to changing climate conditions, often
experiencing half of their impact within just a decade (Pigot et al., 2023). Addressing multiple
processes and interactions is as important as addressing multiple scales. To gain a more accurate
understanding of the biodiversity losses resulting from climate change, incorporating species
interactions and potential co-extinction cascades in climate-biodiversity models is also needed
(Moullec et al., 2022). Furthermore, feedbacks caused by climate-induced changes in species’
physiology and shifts in functional diversity can trigger changes in marine and terrestrial carbon
uptake and losses, potentially amplifying the initial CO2 forcing in many climate change scenarios
(Arneth et al., 2020). In coastal marine ecosystems, climate migration and complex ecosystem
transitions compounded by local pressures (overfishing, increasing turbidity of coastal waters,
increasing toxicity of metal pollution) are anticipated to strongly impact coastal marine ecosystems,
particularly in tropical regions (Herbert-Read et al., 2022) where social and political vulnerability is
already high.

Climate impacts on society mediated by biodiversity occur through shifts in nature’s contributions to
people (NCP). For example, pollinator diversity that is strongly affected by fluctuations in winter
weather, changes in the length of the vegetational season and increased frequency of extreme
weather events (Vasiliev & Greenwood, 2021) influences food production and hence human health
(M. R. Smith et al., 2022). Complex climate-biodiversity-NCP feedback loops are increasingly being
shown (Pörtner et al., 2021). For example, coastal ecosystems such as marshes and mangroves
mitigate climate change by sequestering carbon while also reducing the impact of coastal storms on
people but they are at the same time vulnerable to sea level rise, flooding from inland rainfall, and
warming, thus compromising the benefits they provide (Temmerman et al., 2023).

Nature-based solutions (NbS) and ‘multifunctional scape’ approaches can provide not only
precautionary but also regenerative options for protecting biodiversity, mitigating climate change and
reinforcing the adaptation of nature and society to a wide spectrum of impacts if they are implemented
appropriately (Pörtner et al., 2021). The need for caution, however, is demonstrated by the hasty
implementation of large-scale tree planting to maximise carbon sequestration, resulting in missed
synergistic opportunities and harm to other aspects of nature, the provisioning of benefits to people as
well as to broader human rights (Seddon et al., 2021). Safeguards and guidance for well-designed
NbS that deliver multiple benefits for people and nature are required (Seddon et al., 2021; Shin et al.,
2022) in the terminology of the CBD, using ‘ecosystem-based approaches’. For example, synergies
and trade-offs between biodiversity protection, climate mitigation and food production show that
moderate ambition across all targets may achieve balance, but high ambition for just one results in
lower achievement of others (Arneth et al., 2023).
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Understanding and managing the interlinked impacts of climate and biodiversity change on society
remains extremely challenging. Available data and dominant approaches for biodiversity conservation
are still strongly biased to the Global North (Isbell et al., 2023), as are capacities for producing and
using climate information. While there is significant progress in scientific understanding of Global
South ecosystems ( e.g., grassland ecosystems, Stevens et al., 2022), much evidence coming from
Global South researchers still does not find its way to global decision-making ( e.g., Armani et al.,
2022). Even so, our ability to model and anticipate risks and shifts induced by biodiversity-climate
changes is insufficient to incorporate them into policy responses (Marske et al., 2023) and their
complexity challenges implementation. The disproportionate impacts of climate-biodiversity
interactions in tropical regions in both terrestrial and coastal marine zones (Arneth et al., 2020;
Herbert-Read et al., 2022) carry strong climate equity implications (see Insight 9 on adaptation
justice). Countries in these regions have contributed least to climate forcing yet face high potential for
cascades and tipping dynamics, making a strong case for precautionary and transformative policies.

The intimate interlinkages between climate change mitigation and adaptation, biodiversity
conservation actions and broader societal needs will require transformative change in the governance
of social-ecological systems at all scales (Pörtner et al., 2021). The most immediate and tangible
implications for immediate application include:

1. Avoid each extra tenth of a degree of climate warming, minimise decline and reverse
biodiversity trends, and align other policy areas, such as on release of hazardous chemicals
and pollution, production sectors driving land use change and exploitation, just development,
and financial incentives etc.

2. Actions must address the interactions between biodiversity loss and climate change mitigation
and adaptation to trigger synergies, minimise trade-offs with other benefits ( e.g., food
production or soil regulation) and plan for performance under potential emission scenarios.
NbS proposed for carbon sequestration, and their financing, must meet ecosystem-based and
social justice criteria (see Insight 9 on adaptation justice). Planning of conservation and
climate actions must also consider the influence of harmful financial incentives, risks posed by
complex interactions, and positive economic and social effects (Kedward et al., 2022).

3. This alignment of actions may only be feasible through integrating work programmes and
decisions of the climate and biodiversity conventions, and their instruments (two thirds of the
post-2020 biodiversity actions of the CBD directly support climate goals (Shin et al., 2022) and
other conventions under the framework of the SDGs (three quarter of SDG targets are
positively related to at least one NbS in a given ecosystem (Mariani et al., in revision). This is
needed to inform consultations on the post-2030 agenda.

4. Reform dominant economic and sociopolitical systems that drive climate change and
biodiversity loss (Dasgupta, 2021); for example, through re-appraising indicators of economic
and social development (European Parliament, 2023) and better addressing systemic
biodiversity and climate-related risks (Kedward et al., 2022).

Box 5. Example: Coral reefs threatened by climate and biodiversity threats
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Coral reefs are among the first ecosystems being driven to collapse globally, by multiple interacting drivers.
Of the 11 Western Indian Ocean ecoregions, four are Critically Endangered, three are Endangered and four
are Vulnerable to collapse over a 50 year period (Figure 5; Obura et al., 2021). Biodiversity-climate
interactions underpin their risk of future collapse. Broadly, island reefs are at higher risk from increasing
temperatures in the next 3-4 decades, while continental reefs have better climate futures, but higher impact
from fishing and other local threats. The differential vulnerability of the ecoregions highlights the narrow
gradient in vulnerability among reefs and that very small increments in global temperatures may make a
difference between just some or all reef ecoregions crossing their point of collapse (Point 1, list above). The
importance of coral reefs to coastal economies and livelihoods is illustrated in the differential vulnerability of
ecoregions to fishing and temperature and the importance of maximising synergies among management
actions to minimise both (Point 2, list above).

Figure 5. Ecoregions of the Western Indian Ocean showing their risk of collapse in the IUCN Red List of
Ecosystems (see also inset map). Colours in ecoregions and circles show: Least Concern-dark green; Near
Threatened-light green; Vulnerable-yellow; Endangered-orange; Critically Endangered-red; Data
Deficient-grey. Risk levels for climate (thermometer icon) and biotic (coral and fish icons) ecosystem
components are shown and their individual levels of risk. The combined biotic risk level is shown in the ring
around the coral/fish icons, and for each ecoregion by background shading and the map. The text highlights
biodiversity-climate interactions and prospects for management and benefits for people.

Insight 6. Compound events heighten climate risks in unexpected
ways
Compound events are defined as events that occur when a combination of drivers and/or hazards
contribute to environmental or societal risks (Zscheischler et al., 2018) (Figure 6). These phenomena
span a wide range of spatiotemporal scales and interaction types, including preconditioning, multiple
variables, temporal compounding, and spatial compounding (Zscheischler et al., 2020). In the
physical science domain, research on compound events was initially largely focused on the
atmosphere and on bivariate events, such as drought-heat wave interactions.
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Recently, substantial progress has been made in adapting the ‘compound event’ concept to a wider
range of domains, including terrestrial ecosystems (Coughlan de Perez et al., 2023; Lesk et al., 2022;
Vautard et al., 2023), the ocean (Burger et al., 2022; Gruber et al., 2021; Le Grix et al., 2022), and
inter-domain linkages (Pathmeswaran et al., 2022). New methodological approaches, such as the
use of large ensembles (Burger et al., 2022; Le Grix et al., 2022; Raymond et al., 2022) and extreme
event attribution (Zscheischler & Lehner, 2022), have been developed and applied, demonstrating the
relevance of compound events for a range of impacted domains. Recent literature shows how
compound events pose critical risks for food security and ecosystem services over both land and
ocean (Gruber et al., 2021; Yin et al., 2023), make disaster risk management more challenging
(Schlumberger et al., 2022; van den Hurk et al., 2023), interfere with adaptation strategies (Simpson
et al., 2023), and affect human migration patterns (Thalheimer et al., 2022). Parallel multi-hazard
work has been making strides in developing analysis and adaptation tools to better prepare societies
for these systemic complexities (De Angeli et al. 2022).

For agriculture and ecosystems, compound events may be viewed as causing physiological stress
directly, or as a combination of stressors that leads to an impact. Crops are particularly sensitive to
the co-occurrence of extremely hot and dry conditions (Lesk et al., 2022; Yin et al., 2023). In a
warming climate, impacts are expected to intensify in many regions of the world. Some compound
crop impacts are more closely linked to variability, such as an early spring followed by a late frost, an
event type anticipated to increase in frequency (Vautard et al., 2023). Given that a large proportion of
crops are grown in just a few breadbasket regions, if yields are impacted within the same harvest
year in more than one region (i.e. spatially compounding events) there could be repercussions for
global food security (Coughlan de Perez et al., 2023; Gaupp et al., 2020; Raymond et al., 2022).
Ecosystems to can be highly sensitive to compounding impact drivers. After severe compound
hot-dry events, plant recovery usually lags due to reduced growth, irreversible losses in hydraulic
conductance or depletion of carbon reserves. Lagged growth may in turn increase vulnerability to
another compound event if it occurs before complete recovery, potentially limiting vegetation's
capacity to act as a carbon sink (Yin et al., 2023). Nonlinear effects of separate events, such as
cyclones and fires, can lead to a permanently altered equilibrium ecological state (Ibanez et al.,
2022).

Compound ocean events, such as marine heatwaves alongside changes in oxygen availability, ocean
acidity and/or net primary production, can impact marine ecosystems at the individual, population and
community levels (Burger et al., 2022; Gruber et al., 2021; Le Grix et al., 2022). For example, some
of the devastating impacts of the Northeast Pacific 2013-2015 marine heatwave, including extreme
mortality and reproductive failure of sea birds, mass stranding of whales and sea lions, and shifts in
species composition towards warm-water species, were amplified by co-occurring extreme ocean
acidity, low oxygen, and low net primary production conditions (Gruber et al. 2021). Compound ocean
events, such as concurrent marine heatwaves and low oxygen events, can impact food security and
cause considerable societal impacts. Increasingly these events are co-occurring with land events,
multiplying the impact (Pathmeswaran et al., 2022).

Considering compounding drivers is in the early stages of development but, following on the
multi-hazard model, can improve disaster risk assessment. More specifically, “compound event
thinking” improves early warning, emergency response, infrastructure management, long-term
planning, and capacity building (van den Hurk et al., 2023). Adaptation pathways, typically designed
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for univariate hazards, could also be extended to compounding hazards in many cases
(Schlumberger et al., 2022). Niggli et al (2022) assessed cascading impacts of hot-dry compound
events, showing interlinking effects throughout socioeconomic systems - health, energy, and
agricultural impacts cascading on to public services, society, and culture. So far, however, there is
limited evidence that adaptation efforts take into account compound events, and maladaptive
characteristics are particularly prominent in this context (Simpson et al., 2023). Such shortcomings
are partly due to a lack of knowledge about the physical system, and partly to the difficulty in
translating knowledge into action.

The last few years have seen the occurrence of exceptional events far outside the previous local
historical range, with severe socioecological impacts. Events are being connected to combinations of
antecedent and/or simultaneous drivers that only together were able to achieve the observed
conditions. This most prominently includes heatwaves, for example western North America in June
2021, as the integrated outcome of processes acting across scales, including atmospheric ridging,
low soil moisture, and latent heating from upwind precipitation (Bartusek et al., 2022). Even when
occurring in a single region, these exceptional events can be compound by heightening multiple types
of impacts simultaneously: e.g., simultaneous heat stress, wildfire risk, and air pollution (Rosenthal et
al. 2022), or heat-drought and heat-flood linkages (Gu et al., 2022).

Efforts to quantify how extreme weather in land and oceans will respond to climate change benefit
from consideration of how discrete climate hazards can interact with and intensify each other. Using
improved modelling tools and new statistical methods, an emerging body of evidence is also
revealing that, relative to singular hazards, the impacts from compound events are more likely to
exacerbate each other, in part because of longer recovery timescales (de Ruiter et al., 2020). This
interconnectedness emphasises the need for cooperation at the scales over which compound event
impacts are shared, which vary by event and sector but are typically larger and longer than many
existing decision-making frameworks account for. There is a new level of recognition that the impacts
of compound events are substantially shaped by local preconditions, whether societal or
environmental, making those context features of crucial importance to assess and incorporate.
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Figure 6. Conceptual illustration of a compound event. The illustration shows how a cyclone followed on by
a fire (a temporally compounded event) creates a much larger impact than either one on its own. On the bottom
right is an idealised illustration of a 2-dimensional distribution of the same two hazards and a potential impact
that gets worse towards the upper right. Based on Ibanez et al. (2022) and Zscheischler et al. (2020).

Insight 7. Accelerated mountain glacier loss
Mountain glaciers are highly sensitive indicators of climate change. Recent advances related to
satellite observations and modelling have enhanced our ability to measure glaciers’ response to
climate change and project their evolution over the next century. In comparison to the vast ice sheets
in Greenland and Antarctica, mountain glaciers occupy much smaller areas and account for a
sea-level rise potential of only about 30 cm (Millan et al., 2022). However, mountain glaciers respond
to changes in atmospheric forcing over shorter temporal scales, compared to ice sheets, such that
their mass loss explains almost one quarter of currently observed rates of sea-level rise (Hugonnet et
al., 2021). Natural hazards such as glacier outburst floods and collapses are also key threats (Emmer
et al., 2022; Taylor et al., 2023). Furthermore, glaciers have considerable touristic, spiritual, and
ideological value, and contribute to healthy mountain environments. During the summer, especially in
times of drought, glacier meltwater is vital for maintaining river flow (Immerzeel et al., 2020) thereby
providing freshwater that supports mountain and downstream regions, groundwater, drinking water,
irrigation, water quality, ecosystems, biodiversity, and shipping.

Present-day observations of glacier change reveal a loss of 267±16 Gt yr-1 with a clear acceleration
over the last two decades (Hugonnet et al., 2021). As these glaciers retreat, biodiversity in
high-alpine catchments may strongly decrease leading to species loss and compromised ecosystem
function, but also opportunities for species to occupy new territory (Cauvy-Fraunié and Dangles
(2019; Wilkes et al., 2023; Bosson et al., 2023). Glacier retreat is further accelerated by the growth of
moraine-dammed glacial lakes. Ice melt below the water surface, unaccounted for by available
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estimates, indicates that glacier mass loss is, for example, 7±2% greater than previously reported in
the greater Himalayas (Zhang et al., 2023); that study also estimates the global loss to be 12%
greater, though the uncertainties in the underlying data are substantial. Downstream populations are
also growing rapidly such that roughly 15 million people worldwide are potentially exposed to glacial
lake outburst floods with the greatest impacts found in High Mountain Asia and the Andes (Taylor et
al., 2023). In High Mountain Asia, the development and expansion of glacial lakes is expected to
triple the risk of moraine-dammed glacial lake outburst floods over the next century (Zheng et al.,
2021). However, outburst floods from ice-dammed lakes were found to become less intense, and are
expected to decrease in frequency over the next century (Veh et al., 2023).

New global glacier projections estimate that glaciers will lose 26% (+1.5°C) to 41% (+4°C) of their
current volume by 2100 depending on the global temperature change scenario (Rounce et al., 2023)
(Figure 7). Relative mass loss varies greatly at regional scales, with mid-latitude regions (e.g.,
Western Canada, Central Europe, Caucasus) being expected to experience widespread deglaciation
for scenarios with global average warming beyond 3°C. Limiting the temperature increase by
reducing greenhouse gas emissions is thus critical for limiting glacier contribution to sea-level rise
and preserving these glacierized regions. Mountain glaciers will thus continue to be one of the
primary contributors to sea-level rise throughout the 21st century.

The biggest challenges for quantifying present and future mountain glacier loss are related to
observations and modelling. While measuring decadal-scale glacier mass changes from space is now
possible for every glacier on Earth (Hugonnet et al., 2021), observations of year-to-year variability at
coarser scales need to be integrated, and disentangling mass loss due to changes in snow
accumulation and melt is still hampered by limited in situ information from data-scarce regions.
Despite important advances, global models still rely on estimates of bedrock topography that include
large uncertainties (Millan et al., 2022) and are also hampered by a lack of direct ice thickness
measurements. Similarly, remote sensing data will continue to provide unique opportunities to
improve the representation of important processes in models, such as frontal ablation for marine- and
lake-terminating glaciers (Zhang et al., 2023) or the impact of debris cover (Rounce et al., 2023). In
all cases, additional in situ observations to better constrain remotely sensed data and improve
representation of processes in models are key areas of future work that will help reduce uncertainties
in glacier projections. Transforming these projections into products that support adaptation and
mitigation efforts will benefit from directly coupling atmospheric, cryospheric, and hydrological models
(Yao et al., 2022), incorporating high-resolution models to ensure projections are provided at the
scale required to inform disaster risk management strategies, and implementing programs that build
trust and harmony between governments and local people to ensure the success of adaptation
measures.

The impact of climate change on mountain environments is highly diverse. Beyond glacier mass loss,
it results in permafrost thaw and various cascading hazards, including avalanches, landslides, debris
flows, and flooding. Water resource systems are directly affected, including the drying of springs,
changes in mountain snow cover, and expansion of glacial lakes (Prakash, 2020). Consequently,
socioeconomic development and ecological environments are impacted (Aggarwal et al., 2022). The
sustainable development goals of ensuring well-being and building resilience face challenges in
managing these changing mountain ecosystems and capitalising on emerging opportunities.
Adaptation strategies vary across sectors and regions, highlighting a need for more stakeholder
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cooperation to ensure effective implementation and management (Pandey et al., 2021; Aggarwal et
al., 2022). The establishment of a Loss and Damage fund at COP27 highlights the need for
substantial adaptation implementation in the disaster risk reduction sector while also addressing
climate justice issues by supporting the most vulnerable (Wentz et al., 2023) (see Insight 9 on
adaptation justice). Still, too few risk control measures have been implemented to date to address the
impacts of global climate change in mountain regions (Alcántara-Ayala et al., 2022).

The number of people affected by mountain glacier loss has risen substantially. Regions with
significant mountainous areas and high population density, such as the Himalayas, are particularly
vulnerable (Figure 7). Since the 1960s the number of people who are largely or fully dependent on
water from mountains has increased from approximately 0.6 to 2 billion worldwide (IPCC, 2022a:
CCP5). The mountains of the Hindu Kush Himalaya are an essential source of freshwater for 240
million people living in this region and 1.65 billion downstream (Sharma et al., 2019; S. Singh et al.,
2020). Substantial atmospheric warming and pronounced dry seasons will continue to drive glacier
mass loss and thus amplify water stress. Regions such as Central Asia, South Asia, and tropical and
subtropical western South America, are expected to experience the most significant impacts from
changing water availability throughout the 21st century (Lutz & Biemans, 2022). The changes to the
water cycle, including variable timing of glacier and snow melt, have diverse impacts on water
availability and may lead to tensions or conflicts over resources, especially in seasonally dry regions
(IPCC, 2022a CCP5). Further commitments to reducing greenhouse gas emissions will help offset
the worst of these impacts. However, effective, community-driven adaptation strategies will be key in
supporting resource and disaster risk management, especially for vulnerable communities.
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Figure 7. Regional glacier mass change and contributions to sea level rise from 2015 to 2100. Discs
show global and regional projections of glacier mass remaining by 2100, relative to 2015, for global mean
temperature change scenarios. Discs are scaled based on each region’s contribution to global mean sea level
rise from 2015 to 2100 for the +2°C scenario by 2100 relative to preindustrial levels and nested rings are
coloured by temperature change scenarios showing normalised mass remaining in 2100. Regional sea-level
rise contributions larger than 1 mm sea level equivalent (SLE) for the +2°C scenario are printed in the centre of
the pie chart. The colour of the region name refers to the risk to livelihoods and the economy from changing
mountain water resources between 1.5°C and 2°C global warming (IPCC, 2022a: CCP5.3). The gridded
population density (people per km2) is also shown. Glaciers are shown in blue. Modified from Rounce et al.
(2023).

Insight 8. Immobility in the face of climate risks: Between constraints
and agency
People who are unable or unwilling to relocate from high-risk areas may face even greater challenges
than those who are displaced by climate-related events. Some climate-impacted communities are
limited in their mobility options by economic, political, socio-cultural and physical constraints, and are
unable to move (Schewel, 2019). Demographic factors, access to information on safe accommodation,
safe migration opportunities, and labour markets at destination can also influence (im)mobility
outcomes (Siddiqui et al., 2018). Individual differences in ability to move can create gendered and
other forms of inequities at household level (Ayeb-Karlsson, 2020). However, not all immobility is
involuntary. While involuntary immobility has been recognized since the Foresight report (Foresight
UK, 2011), increasing evidence shows that individuals and communities facing high displacement risk
are articulating a desire to stay, sometimes in opposition to planned relocation (van der Geest et al.,
2023; Wiegel, 2021; Yee et al., 2022b), invoking questions of social justice (Boas et al., 2022). More on
adaptation justice in Insight 9.

Recent studies show an increase in involuntary immobility particularly among the poorest populations,
due to the negative impacts of climate change on economies and resources. Climate change can
decrease emigration rates by over 10% among the lowest-income groups by 2100, under medium
development and climate scenarios, compared to no climate change, and up to 35% in more
pessimistic scenarios (Benveniste et al., 2022). Rikani et al. (2023) find that climate change decreases
immigration and emigration predominantly in countries located in Sub-Saharan Africa and South Asia.
In terms of region-level bilateral flows, there is a decrease in migration within Africa, South Asia and
West Asia, while migration within Europe and the former Soviet Union has increased, suggesting that
mobility is facilitated in wealthier regions and inhibited in the poorest (Rikani et al., 2023).

In coastal Bangladesh, recent studies find that (im)mobility outcomes in climate hazard contexts can
result from a rational decision-making process shaped by intersecting community and individual level
factors (Khatun et al., 2022; Mallick, Best, et al., 2023; Paul et al., 2022). Community-level factors,
including social/community cohesion, economic and political conditions, contribute to overall
livelihood conditions and shape place attachment (Figure 8). Climate impacts and risks affect both
individual and community levels. At the individual level, personal/household characteristics, risk
perception and tolerance, influence self-efficacy. Self-efficacy refers to the perceived coping capacity
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to withstand or respond to climate impacts and risks, which, in turn, affects an individual's capability
and aspiration to migrate (Mallick et al., 2023).

Other recent case studies show that populations at risk of displacement express a strong desire to stay
in their current location in response to proposed relocation programs (Farbotko et al., 2020; Wiegel,
2021). Within these communities, individuals possess valuable local knowledge of habitability, exhibit
profound place attachment, and prioritise safeguarding cultural identity and political agency, despite
climate-related risks. In essence, the perceived risks associated with relocation, including threats to
livelihood, social connection, personal safety and access to services, outweigh the perceived risks
posed by climate change (Farbotko & Campbell, 2022; Santos & Mourato, 2022; Yee et al., 2022a;
2022b). While relocation programmes can contribute to adaptation (Khatun et al., 2022), the desire of
some communities to stay in place despite the climate risks might actually rise in reaction to solutions
they perceived as maladaptive or as a threat to established rights (Farbotko et al., 2020); indicating
resistance to imposed, top-down policies (Boas et al., 2022). Resistance to relocation can signal
mistrust in government, especially where previous relocations have led to reduced employment
opportunities, limited access to services and broken social capital (Gunathilake et al., 2023).

Immobility can thus be a political act, representing resistance and defying expectations of future
displacement. These findings contest the dominant policy and media discourse on mass migration
induced by climate change (Durand-Delacre et al., 2021) by demonstrating that despite
environmental degradation and climate risks, some may decide to stay put; thus questioning the
notion of a universal aspiration to migrate (Mallick et al., 2022). Such decisions are often constrained
by underlying development failures that limit life opportunities and choices.

Recent research highlights the importance of understanding immobility across different scales
(Mallick, Priovashini, et al., 2023) and a need to better understand how individual, household, familial,
and community experiences of immobility interact. Understanding immobility within temporal and
political contexts and recognizing it as part of local response to climate risk (including temporary
immobility and symbolic resistance) could enable more nuanced interpretations. This can inform
human-centred policymaking that enables informed and culturally respectful choices and provides
safer options for migrants and non-migrants. The existing literature on participatory decision-making,
and its critique, can serve as a foundation for such research and policy innovation.

While climate mobility has been the focus of climate change and human mobility policy, there are now
emerging calls for governance of climate immobility (Naser et al., 2023; Thornton et al., 2023).
Addressing involuntary immobility requires policy initiatives that reduce the need to move and measures
that increase people’s ability to move, for example by reducing legal and political barriers to mobility.

Policies on adaptation, mitigation, disaster risk reduction and resilience building intersect with climate
immobility, but largely fail to explicitly address it (Benveniste et al., 2022; Farbotko et al., 2020; Wiegel
et al., 2019). At present, the Global Goal on Adaptation and discussions surrounding Loss and Damage
exclude the risks and costs associated with immobility. There is a need for further research into the
economic and other costs of immobility to guide the development of adaptation strategies and policies,
with a particular focus on marginalised groups, in order to mitigate overall risk.Multiple policy
approaches are required, respecting the rights of those who want to move, those who want to stay put
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and those who resist planned relocation. Viable and effective strategies must be developed considering
specific vulnerabilities, risk perceptions, and context-based decision-making processes. Relocation
frameworks that are derived from inclusive planning should explicitly recognize and support those who
wish to stay (Farbotko et al., 2020).

There is some hope that immobility may be recognized in climate finance through the Loss and
Damage fund (Thornton et al., 2023); yet, the lack of attention it has received within loss and damage
governance in comparison to climate-induced migration, disaster displacement and international
security raises uncertainty about its inclusion (Jackson et al., 2023). This is supported by the recent
findings of Mombauer et al. (2023), which indicate that only a minority of National Adaptation Plans and
Nationally Determined Contributions integrate considerations for populations unwilling or unable to
move.

Figure 8. Intersecting community and individual level factors influencing individual decision-making processes
regarding immobility in climate-risk contexts. Adapted from Mallick, B. et al. (2023).
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Box 8. Voluntary immobility: Challenging government relocation expectations
Voluntary immobility is a characteristic of some communities in Fiji who oppose national government
relocation planning (Yee et al., 2022a; 2022b). In a recent study in a remote village in Tuvalu, it was found
that the population was increasing due to migration from the urban capital. People were motivated to
move to indigenous lands where they held family land rights and sought to nurture indigenous culture.
These instances of ‘anti-displacement mobilities’ and ‘re-emplacements’ challenge expectations of
Tuvaluans relocating internationally (Farbotko, 2022).
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Insight 9. New approaches enhance justice of adaptation action

Adaptation opportunities are unevenly distributed and have varying degrees of success, in large part
due to injustices related to who receives and controls funding, who designs and implements
strategies, and who is affected by them. The Adaptation Gap Reports (UNEP, 2023) are increasingly
mentioning justice concerns, indicating an increased awareness. Justice has emerged as a key
condition for effective adaptation, with new empirical work ( e.g., Gill et al. 2023; Harper et al. 2022)
building on previous theoretical developments. While conceptualisations of adaptation justice exist
(Juhola et al., 2022; Orlove, 2022), their application in adaptation planning and implementation
remains scarce, ambiguous, and rarely accounted for. A global review of policy tools for adaptation
found that the most vulnerable and marginalised, who are also the most heavily impacted by climate
change, are not considered in the majority of adaptation plans (Ulibarri et al., 2022). Globally, there is
limited evidence of just outcomes from adaptation strategies and plans (Araos et al., 2021) due to a
lack of monitoring. More concerns are raised from a review of the effectiveness of adaptation plans.
Currently, the attention to social cleavages, such as gender (Roy et al., 2022), poverty and ethnicity
(Araos et al., 2021) in adaptation planning is very limited in scope (principally focused on gender) and
rarely takes an intersectional approach that might better capture the ways in which vulnerability and
risk take shape.

Recent research on adaptation justice highlights the social and political roots of the unevenness of
observed and projected impacts of climate change (Juhola et al., 2022; Orlove et al., 2023). While
acknowledging the physical processes that shape hazards and exposure, adaptation justice research
emphasises the socioeconomic structures that drive climate vulnerability, making adaptation
unavailable to many, and destructive to some. These structures have implications for different justice
components (Figure 9): distributive, restorative, recognition, procedural, and epistemic.

The factors that produce unjust outcomes have been observed at different scales. At the international
scale, insufficient funding and structural biases in funding mechanisms reflect a lack of recognitional
justice and procedural justice (Ciplet et al., 2022; Islam, 2022). This prevents funds from reaching
those who need them most, in turn hampering distributive and restorative justice (the latter most
relevant regarding compensation for losses and damages). At the local level, communities face
structural barriers to implementation ( e.g., Klepp & Fünfgeld, 2022). Researchers in this field argue
for a fundamental reconsideration of how funders operate and how funds are distributed (Browne,
2022; Ciplet et al., 2022). For example, many communities lack the support needed to apply for
funding or to complete the burdensome reporting requirements attached to most sources of funding.
Similarly, Loss and Damage funds should be arranged as a grant-based programmatic financing
mechanism, easily accessible by communities in need.

Brink et al. (2023) documented social resistance emerging in the face of adaptation plans that are not
perceived as just. Examples include forced relocation plans (see Insight 8 in immobility), imposition of
food crops and technocratic practices, or the use of labels such as ‘climate refugee’ (Brink et al.,
2023). Here we highlight three recent conceptual advances for adaptation justice with practical
application: the adaptation justice index (Juhola et al., 2022), adaptation rationales (Carr & Nalau,
2023), and locally-led adaptation (LLA) (Rahman et al., 2023). Juhola et al. (2022) developed the
‘adaptation justice index’ and proposed concrete steps towards more just adaptation planning by
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identifying where in the planning process justice ought to be included. This approach proposes a shift
from a narrow model of stakeholder engagement to full and long-term co-produced collaborative
partnership (for procedural and distributive justice), operating across scales of social organisation and
accounting for short- and long-term implications of adaptation actions (Orlove et al., 2023). Moreover,
full, collaborative partnerships bring together the holders of local and Indigenous knowledge systems
and values (epistemic justice), while also addressing present-day structural issues, many of which
developed historically from colonialism (Orlove et al., 2023; Whyte, 2021).

‘Adaptation rationales’ are impact pathways that represent the logic of an adaptation action, explicitly
guiding the development of pathways that link priorities, actions, and outcomes (Carr & Nalau, 2023).
They are not focused on technical adaptation fixes alone and can incorporate solutions to improve
livelihoods and sustainable development, indicating that good rationals avoid worsening inequality
and increasing vulnerability. At smaller scales, many adaptation projects suffer from poorly
constructed (non-explicit) adaptation rationales, reflecting gaps in procedural and epistemic justice. To
achieve just adaptation, the literature suggests the importance of strengthening the design,
implementation, monitoring, and evaluation of adaptation plans (Orlove, 2022). Transparent,
well-constructed adaptation rationales with clearly articulated benefits help minimise uneven
distribution of those benefits (Carr & Nalau, 2023). By devising plans for a broad set of adaptation
benefits framed around reduced exposure, reduced sensitivity, and increased adaptive capacity,
justice can be placed at the fore. Moreover, strong adaptation rationales enable the effective
monitoring, evaluation, and learning of the different components of justice (Juhola & Käyhkö, 2023).

LLA (Rahman et al., 2023) hinges on fostering bottom-up initiatives and respecting community
autonomy that corrects unequal power distribution (Pisor et al., 2022) and sharing knowledge and
building capacity (Huggel et al., 2022). Recent examples suggest this approach promotes more just
outcomes in adaptation planning and implementation ( e.g., Klepp & Fünfgeld, 2022). Allowing
adaptation decisions to be made with inputs from different scales, while using tools like the adaptation
justice index to deepen the evaluation of adaptation rationales, will help prevent maladaptation and
facilitate the co-creation of inclusive pathways towards just climate futures.

These three approaches – the adaptation justice index, adaptation rationales, and LLA – illustrate the
concrete, actionable steps proposed and implemented as ways to assure that adaptation activities are
just, addressing the needs of the most vulnerable and marginalised.
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Figure 9. Components of Adaptation Justice and implications in adaptation planning and processes.
Based on Juhola et al. (2022) and Orlove et al. (2023).

Box 9. Increases in resilience can be secured in all regions and communities by addressing
adaptation justice in adaptation plans.
A. Hurricane Harvey in Harris County, Texas (USA) especially impacted low-income neighbourhoods. Those
affected by the hurricane who were based outside of floodplains received no prior warning, affecting their
preparedness (Smiley et al., 2022).

B. Drawing on indigenous knowledge and scientific information, villagers in Fiji planned their own relocation
of coastal villages impacted by coastal erosion and saltwater intrusion (McMichael et al., 2019). The decision
was made possible thanks to land use laws enabling the relocation which in turn supported livelihoods, use of
terrestrial and marine resources, and maintained cultural values and connections to ritual sites (Orlove et al.,
2023).
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Insight 10. A justice lens for mitigation strategies in the food sector
Despite mounting evidence and strategies for mitigation, GHG emissions from food systems still
amount to approximately 31% of global emissions (IPCC, 2022b, Ch12 p. 1280). Without significant
transformations, current food systems on their own can put at risk the 1.5°C target, pushing global
warming towards 2°C by 2100 (under “business as usual trajectories”) (Clark et al., 2020). At the
same time, over 700 million people are estimated to face hunger while marginalised groups such as
women, racial minority groups, Indigenous Communities, and small-scale farmers are
disproportionately affected by food insecurity and climate change (FAO et al., 2022; Juskaite & Haug
et al., 2023). In the same way as the notion of just transitions has emerged to enable the
transformation of energy systems (Heffron & McCauley, 2022), it is also increasingly understood as
central for the transformation of food systems (Tribaldos & Kortetmäki, 2022).

The transformation of global food systems for climate action is challenged by the tension to act urgently
while ensuring that no one is left behind (Woodhill et al., 2023). This tension is exacerbated by the
polarised debate on whether solutions must be localised or coordinated at a more global scale
(local-global food debate) (Wood et al., 2023) and the siloed decision-making processes dominating
agricultural and policy sectors (FAO et al., 2022; McGreevy et al., 2022) . Current agricultural policies
show insufficient consideration of social vulnerabilities, regional disparities in geography, culture and
socioeconomic conditions (Ambikapathi et al., 2022), technological readiness, vested interests, and
power imbalances (Béné, 2022; Zurek et al., 2022). For decades the agrifood industry, subsidised by
national governments and aided by global trade agreements, has created a political economy that
contributes to and reinforces unsustainability and injustices worldwide (Woodhill et al., 2022; Juskaite &
Haug et al., 2023). Acknowledging and addressing the injustices (re)produced in contemporary food
systems (Tribaldos & Kortetmäki, 2022) (see also Insight 9 on adaptation justice) and how structures of
power shape socioeconomic change ( e.g., Babic & Sharma, 2023) are crucial prerequisites for
realising the mitigation potential of food systems transformation (McGreevy et al., 2022). This Insight
highlights research developments on food systems transformations with a justice lens, focused on
solutions that are more just and climate effective.

Firstly, strategies for low-emission diets and production practices, food waste elimination, among
others, to transform food systems cannot be implemented as one-size-fits-all solutions. They must be
diverse and embedded in regional heterogeneity. Dietary preferences (Ambikapathi et al., 2022), the
needs of small-scale producers (Tschersich & Kok, 2022; Juskaite & Haug, 2023), inequalities in food
loss and waste (FAO et al., 2022), regional socioecological contexts (Dengerink et al., 2021), and the
governance of innovation (De Boon et al., 2022) are just some of the dimensions that need to be
considered. As a result, solutions proposed in food systems transformations require broader,
sometimes politically charged, discussions on a mix of multiple solutions. For example, a plurality of
different narratives are developing in the debate over sustainable and alternative proteins– synthetic
meat, plant-based substitutes, or small-scale farming– which open up critical questions on how existing
power asymmetries and industrial control might be replicated or possibly avoided (Bené & Lundy 2023;
Sexton et al., 2019). The literature in the field has also argued convincingly for the importance of
re-grounding food systems in regional circuits of production and consumption, including shedding light
on food system precarity and trade dependencies, M. Li et al., 2022; Mosnier et al., 2023) as well as
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recognizing the importance of social innovations ( e.g., informal community gardening) in creating
resilient biodiverse food systems (Hebinck et al., 2021).

Secondly, decision-making processes must acknowledge and address the existing vested interests of
decision-making bodies as well as large private actors (Béné, 2022; Zurek et al., 2022), that may
overpower the perspectives of stakeholders most vulnerable to the impacts of climate change and food
insecurity (for example farmers, women, Indigenous Communities, workers (Juskaite & Haug et al.,
2023). Using strategies to curb corporate influence, such as competition policies that account for the
impacts of market concentration and measures to strengthen transparency and deprioritize profit
making over the right to food, are essential (Clapp, 2021). Actively involving as many food systems
stakeholders, with deliberate effort to engage marginalised communities and diverse cultures in safe
enough spaces (Pereira et al., 2020),i is also key in garnering legitimacy and accountability in solutions
(Tschersich & Kok, 2022; Juskaite & Haug, 2023) ). Participatory and inclusive approaches to food
system transitions help recognize the inevitability of trade-offs, with winners and losers, and realise
more compensatory and just pathways. Without a transformation of governance processes, where
appropriate incentives are aligned with actions, the present trajectories of unsustainability may prevail
(Béné, 2022). Continuous transdisciplinary engagement with stakeholders from problem defining,
evidence gathering, impact monitoring, and solution implementation can create co-ownership of policy
processes and minimise the potential for negative trade-offs (Zurek et al., 2022).

Sustainability transformations research shows that fundamental food systems change might take
decades (Bodirsky et al., 2022), so it cannot be delayed any further. While some progress has been
made in recent years towards fostering the mitigation potential of food systems transformation,
greater efforts are needed to develop transformative policy mixes that address negative trade-offs and
integrate the welfare and wellbeing of people and the planet. For example, WWF (2022) reported an
increase in countries with at least one measure related to food systems in their Nationally Determined
Contributions (NDCs), from 79% to 93% of the 134 updated NDCs. Though, less than 50% of the
updated NDCs mention the roles of smallholder farmers and Indigenous Peoples and local
communities in their food systems measures.

It is clear that transformations within food systems require deliberate design and recognition of
inequalities. Policies and strategies must take a multidimensional approach to transformation,
incorporating socioeconomic, political, and environmental dimensions and consider multiple solutions
at multiple scales, and how these solutions interact to create meaningful change and avoid
reproducing power asymmetries. Moreover, inter-sectoral policy mixes that bridge interrelated
spheres of food systems and correct or phase-out harmful and unjust policies will be critical for food
governance to make a difference. Along these lines, McGreevy et al. (2022) lists sufficiency,
regeneration, distribution, commons, and care as principles guiding the restructuring of food systems.
Finding the correct resolution of policy mix (national, sub-national, hyperlocal) and engaging
deliberative and transparent food governance is critical to establishing the effectiveness of just food
systems transformations.

34

 

 

 

https://doi.org/10.1017/sus.2023.25 Published online by Cambridge University Press

https://www.zotero.org/google-docs/?OxKElE
https://www.zotero.org/google-docs/?eJmQRl
https://www.zotero.org/google-docs/?aURJtq
https://www.zotero.org/google-docs/?wW4V7r
https://www.zotero.org/google-docs/?trsank
https://www.zotero.org/google-docs/?p2ILD2
https://www.zotero.org/google-docs/?B4JeFU
https://doi.org/10.1017/sus.2023.25


Figure 10. Just climate solutions for food systems transformations
Current food systems transformations for climate action are constrained due to siloed decision-making, insufficient

consideration of regional disparities in geographies, innovation, socioeconomic factors, and power asymmetries across

key actors, all of which act as barriers to effective climate action and result in unjust and sustainable food systems.

Integrating more just and inclusive approaches that engage and empower all stakeholders, particularly those most

vulnerable to climate change, including co-designing a plurality of solutions with fair distribution of costs and benefits,

can help transition towards a governance system more capable of contributing to climate action in a more effective

manner across the food sector.

Discussion
The current trajectory to overshoot is the result of decades of vastly insufficient action. Overshooting
1.5°C is a dangerous gamble: it will have irreversible impacts for life on Earth, with drastic loss of
species and ecosystems (Meyer et al., 2022), and a rising risk of triggering climate tipping points
(Armstrong McKay et al., 2022). While the impacts on biodiversity and ecosystems can be abrupt,
recovery will be much slower than temperature declines (Meyer et al., 2022). Unfortunately, the
natural carbon sinks, especially on land, might take up less carbon than expected in a warmer future
due, among other factors, to increased climate disturbances. Unexpected additional release of GHG
from natural carbon sinks might also result from the triggering of climate tipping elements under
overshoot, further delaying eventual warming reversals. These could make temperature stabilisation
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and reversal increasingly difficult, further exacerbating the emergency. Worryingly, current national
mitigation commitments are insufficient to even stay below 2°C of warming (IEA, 2021; Rogelj et al.
2023). Such an outcome would leave a lasting detrimental legacy for life on Earth, unacceptably high
risks for human societies and vastly unequal human costs.

The science highlighted in this review makes it clear that overshooting 1.5°C is now all but inevitable
in the near term. But the policy implication of this knowledge is decisively not that the Paris
Agreement to limit warming to 1.5°C has to be abandoned to focus instead on 2°C. All the risks
outlined in the sections above are an emphatic call to minimise overshoot, both in absolute
magnitude and in duration. New projects to expand fossil fuel infrastructure, in particular the so-called
“carbon bombs” (Kühne et al., 2022), advanced with the blessing of parties to the UNFCCC, are
fundamentally incompatible with the Paris Agreement. The insufficient pace of mitigation over the last
three decades has been largely due to a widespread political unwillingness to confront fossil fuel
interests (Stoddard et al., 2021). Fossil fuels appeared for the first time in a decision text at COP26
("phase down coal") (UNFCCC, 2021), and was repeated at COP27 with an effort to broaden to the
other fossil fuels (UNFCCC, 2022), supported by 80 governments. The science is clear on the need
for fossil fuel phase-out, and a political momentum needs to be built in the lead up to COP28. It is
also important to recognise that for some developing countries and regions, there is the legitimate
concern about energy security and lack of readily available financial resources to implement the
needed managed transition (Nsafon et al., 2023; Walton, 2022). Phase-out must advance fastest in
the countries more capable of absorbing the short-term economic costs, while in poorer countries the
transition will require adequate financial support (Muttitt & Kartha, 2020). It is crucial, moreover, that
the phase-out is done in a rapid but orderly fashion: in tandem with the phase-in of renewables
(Blondeel et al., 2021). This is essential for maintaining current energy use and accommodating
growing demand from the Global South, through a just energy transition (Heffron & McCauley, 2022).

The decarbonisation of energy systems is pivotal also given the energy needs of many ‘novel’ CDR
options and their expected role in mitigation and eventual stabilisation of global temperature (U.
Singh & Colosi, 2021; Terlouw et al., 2021). The IPCC scenarios consistent with Paris Agreement
limits include a substantial deployment of CDR (IPCC 2022b: Ch12.3). This underscores the need to
address the so-called CDR-gap, through policies that foster the scaling up of these technologies.
Closing the CDR-gap will require advances in the ‘novel’ CDR methods (Figure 3), while most of the
current CDR capability, by far, is nature-based. Afforestation/Reforestation, in particular, is perhaps
the most well-known nature-based CDR option, yet there are concerns regarding durability and MRV
robustness. Moreover, concerns are also raised for their impacts on specific ecosystems and
communities. For example, while some agroforestry systems can offer valuable co-benefits, less
thoughtful tree planting initiatives can have substantial negative impacts on livelihoods and
biodiversity (Dobson et al., 2022; Veldman et al., 2019). Hence, these interventions should be
carefully weighed against robust estimations of carbon sequestration potential gains (Seddon, 2022;
Seddon et al., 2021). For international policy discussions regarding Nature-based CDR, justice
considerations have to be front and centre: NbS implemented in the Global South cannot be the
strategy for continued emissions in the Global North. The CDR-gap has to be closed, with more and
better CDR, but these technologies should under no circumstance be part of a narrative to excuse or
distract from the primary focus of advancing an managed phase-out of fossil fuels. In fact, the
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uncertainties regarding sequestration potential of CDR options, their scalability and MRV, should
rather accelerate the political impetus to reduce CO2 emissions as rapidly as possible.

The urgency for mitigation is reinforced by the urgency for adaptation, especially in the most
vulnerable regions and segments of society. We have highlighted recent work on compound events,
which are of concern for adaptation, as they pose a particular threat to food security and livelihoods
associated with agriculture and fisheries (Gruber et al., 2021; Yin et al., 2023). The new reality of
compound events is not yet widely recognised and incorporated into adaptation strategies, a
shortcoming that might lead to maladaptive responses (Simpson et al., 2023), Similarly, accelerated
deglaciation affects water availability and the livelihoods of mountain populations, which are often
marginalised and highly vulnerable (IPCC, 2022b CCP5; S. Singh et al., 2020). Yet, the urgency for
adaptation does not justify top-down impositions on what strategies local communities are to
implement. Planned relocation, for example, tends to be resisted when it is not the result of a highly
inclusive and participatory process (Farbotko et al., 2020; Lund, 2021). We highlighted recent
advances for the operationalisation of a justice lens on adaptation planning and implementation,
including specific attention to immobility, whether voluntary or involuntary, in the face of heightened
climate risks. Among these advances, locally-led adaptation (Rahman et al., 2023) is hailed as a
promising approach conducive to adaptation justice. With climate stabilisation still nowhere close on
the horizon, adaptation challenges will demand a continuous effort of shifting priorities, requiring
monitoring and careful assessment to prevent maladaptation.

Food systems are at the centre of most sustainability issues, interacting tightly with the climate,
biodiversity, human health, and social justice (Gordon et al., 2017; Turnhout et al., 2021; Willett et al.,
2019). The potential contribution of changes in food systems for climate change mitigation and
adaptation have to be balanced with socioeconomic needs (Zurek et al., 2022) and the protection of
biodiversity (Pörtner et al., 2021), enhancing synergies and minimising trade-offs. Food systems
transformations have to be a major part of the solution to the climate emergency, but in order to
realise their potential, justice needs to be prioritised here as well. This means: broadly inclusive,
highly participatory approaches to planning and implementation, grounded on the local and regional
specificities of the socioecological context. Such just food systems transformations have to be better
integrated into climate financing (IFPRI, 2022) and climate action, in particular as part of NDCs
(FOLU, 2022; WWF, 2022).

The most celebrated outcome from COP27 was undoubtedly the agreement on creating a Loss and
Damage fund, which will be finalised in COP28. But COP27 clearly showed, once again, the
difficulties to set a commitment to phase out fossil fuels, even though the final document reinforced
the need for “rapid, deep and sustained reductions in greenhouse gas emissions” by 2030. At
COP28, the negotiation will need to start from that statement towards a clear plan for managed phase
out. The blatant contradiction is that parties to the UNFCCC continue to invest in new infrastructure
for fossil fuel extraction and consumption, which will directly lead to higher temperatures and longer
overshoot, and consequently ever greater losses and damages. The expectations for COP28 will
continue around fossil fuel phasing-out, which is now included in the mandate of several governments
going into COP28 (Jones et al., 2023) and is being championed by the UN Secretary General toward
the Acceleration Agenda at the Climate Ambition Summit in September (UN Press, 2023). For this
negotiation to be successful it will be necessary to also have a meaningful unlocking of climate
financing in support of just transitions in developing countries.
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Looking back at the previous six editions of the 10 New Insights in Climate Science, some areas of
stronger emphasis can be identified. A signature of the report has been the understanding of the
climate as one among several Earth system domains, interacting with the others, and particularly
emphasising the linkages with the biosphere and the implications for the stability and resilience of the
planet. The report has regularly paid attention to the climate tipping elements, stressing the need to
consider more seriously the risks and uncertainties associated with these high-impact destabilising
phenomena. We have been pleased to notice that, in recent years, these issues have gained much
more prominence in public debate and climate policy discussions. Regarding the impacts of climate
change, the focus has been stronger on health, food and water security, and extreme events.
Different dimensions of human mobility (migration, displacement, immobility) have been highlighted in
different years, reflecting an increasingly nuanced messaging on this sensitive topic. Different kinds
of mitigation strategies (technical, nature-based, and behavioural) have been featured, as well as
policy options to deal with government and market failures around fossil fuels (e.g., elimination of
subsidies, and implementation of carbon pricing mechanisms). The ‘10 New Insights’ report has also
emphasised different ways in which climate change has exacerbated socioeconomic inequalities and
stressed the importance of inclusive decision-making for effective and just climate action. The reports
have also included reflections on the implications for the climate system and climate action of major
developments on the world stage, such as COVID in 2020 and 2021, and the Russian invasion of
Ukraine in 2022.

In the most recent editions of the series, we have increasingly spotlighted research on
socioeconomic, cultural, and political dimensions of adaptation (and loss & damage), and the political
economy barriers to effective and just climate action. We have synthesised scientific knowledge to
counter misguided narratives ( e.g., ‘endless adaptation’ and ‘readiness of CDR’), to prevent further
delay on decisive action to minimise GHG emissions. The ‘10 New Insights’ will continue to provide
timely and accessible updates from across the diverse research areas on climate change. As the
IPCC begins a long task of reconstituting itself for the 7th Assessment, the mission of the ‘10 New
Insights’ is to contribute to raising the ‘voice of science’ in the remaining years of this crucial decade
for climate action.
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