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Abstract Tipping elements are components of the Earth system which may respond nonlinearly to
anthropogenic climate change by transitioning toward substantially different long-term states upon passing key
thresholds or “tipping points.” In some cases, such changes could produce additional greenhouse gas emissions
or radiative forcing that could compound global warming. Improved understanding of tipping elements is
important for predicting future climate risks and their impacts. Here we review mechanisms, predictions,
impacts, and knowledge gaps associated with 10 notable Earth system components proposed to be tipping
elements. We evaluate which tipping elements are approaching critical thresholds and whether shifts may
manifest rapidly or over longer timescales. Some tipping elements have a higher risk of crossing tipping points
under middle-of-the-road emissions pathways and will possibly affect major ecosystems, climate patterns,
and/or carbon cycling within the 21st century. However, literature assessing different emissions scenarios
indicates a strong potential to reduce impacts associated with many tipping elements through climate change
mitigation. The studies synthesized in our review suggest most tipping elements do not possess the potential
for abrupt future change within years, and some proposed tipping elements may not exhibit tipping behavior,
rather responding more predictably and directly to the magnitude of forcing. Nevertheless, uncertainties remain
associated with many tipping elements, highlighting an acute need for further research and modeling to better
constrain risks.

Plain Language Summary In recent years, discussions of climate change have shown growing
interest in “tipping elements” of the Earth system, also imprecisely referred to as “tipping points.” This refers
to Earth system components like the tropical rainforests of Amazonia or the Greenland and Antarctic ice sheets
which may exhibit large-scale, long-term changes upon reaching critical global warming, greenhouse gas, or
other thresholds. Once such thresholds are passed, some tipping elements could in turn produce additional
greenhouse gas emissions or change the Earth's energy balance in ways that moderately reinforce warming.

In this review, we summarize the current state of scientific knowledge on 10 systems that some have referred
to as potential tipping elements of the climate system. We describe the mechanisms important to each system,
highlight the response of these systems to climate change so far, and explain the dynamics of potential future
changes that these systems could undergo in response to further climate change. Overall, even considering
remaining scientific uncertainties, tipping elements will influence future climate change and may involve major
impacts on ecosystems, climate patterns, and the carbon cycle starting later this century. Aggressive efforts to
stabilize climate change could significantly reduce such impacts.
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1. Introduction

Global climate change will intensify over the 21st century if ongoing human emissions of greenhouse gases and
human impacts on terrestrial and marine ecosystems remain unabated (Peters et al., 2020; Raftery et al., 2017). In
assessments of impacts associated with climate change, increasing focus is centering around “tipping elements”—
components of the Earth system that could potentially undergo state shifts triggered at some level of climate forc-
ing by modest levels of additional forcing that exceed critical thresholds or “tipping points” (Armstrong McKay
et al., 2022). Examples of large-scale state shifts associated with tipping elements include ecosystem changes,
shifts in the frequency or intensity of extreme events, or the atmospheric release of large carbon stocks (Lenton
et al., 2008). Research literature and public discourse have at times incorrectly referred to tipping elements as
“climate tipping points.” Tipping elements of the Earth system could drive significant additional biodiversity
loss, alter the distributions of major ecological biomes, compound greenhouse gas emissions and radiative forc-
ing, and produce important consequences for human society via climate impacts such as sea-level rise and severe
weather events.

Natural archives provide some evidence for such dynamics during past periods of Earth's history. Reconstruc-
tions of past climate show sharp transitions in Earth system components that may suggest rapid shifts to new
states over uncertain timeframes (Dakos et al., 2008). Paleoclimate records provide compelling evidence for
relatively sudden shifts in the stability of ice sheets and ocean circulation systems on timescales perhaps as short
as centuries, that produced major effects on global climate (Brovkin et al., 2021). Paleoevidence also indicates
large past releases of carbon to the ocean-atmosphere system on potentially multi-century to multi-millennial
timescales, such as at the start of the Paleocene-Eocene thermal maximum 55.5 million years ago (G. J. Bowen
et al., 2015). High-latitude tipping elements including ice sheets, boreal forests, and permafrost experienced
large-scale changes during the Last Interglacial 129,000-116,000 years ago (Z. A. Thomas et al., 2020).

Discussion of “tipping elements” and “tipping points” in the context of earth and climate science research
increased sharply in the mid-2000s (Kopp et al., 2016) with influential work (Lenton & Schellnhuber, 2007;
Lenton et al., 2008) proposing formal definitions for tipping elements and calling attention to a number of
Earth system components as potential examples. Tipping elements have since become an increasing focus of
research and discussion for example, (Armstrong McKay et al., 2022; Cai et al., 2016; Kriegler et al., 2009;
Lenton, 2011, 2012). Various classes of tipping elements have been proposed, including classic bifurcations,
noise-induced tipping caused by a combination of forcing and natural variability, and “rate-dependent” tipping
caused by a high rate of change in a control parameter (Ashwin et al., 2012). Some researchers have also proposed
that such tipping elements could dynamically interact with one another, producing compounding effects that
could ultimately commit the climate system to several degrees of additional long-term warming beyond the level
resulting from anthropogenic factors alone (Steffen et al., 2018), and researchers have since continued to develop
tipping cascade theory (Dekker et al., 2018; Lenton et al., 2019; Rocha et al., 2018; Wunderling et al., 2021).
Exceeding warming thresholds that could trigger such a cascade has been proposed to carry the potential to alter
the long-term climate trajectory of the earth on geologic timescales (Lenton et al., 2019; Steffen et al., 2018).
Many tipping behaviors may also be difficult to halt, reverse, mitigate, or adapt to after state shifts have begun in
response to climate perturbations.

Evaluating the projected impacts associated with tipping elements of the climate system and their potential
interactions has proven challenging for the earth science community. Most of the most frequently cited tipping
elements, such as permafrost carbon release (Miner et al., 2022), disruption of the Atlantic Meridional Overturn-
ing Circulation (AMOC) (Lynch-Stieglitz, 2017), degradation and deforestation of the Amazon rainforest (Nobre
et al., 2016), and large-scale ecosystem shifts within the northern circumpolar boreal forest (Scheffer, Hirota,
etal., 2012), involve highly complex physical and biological systems, competing feedbacks in response to climate
change, and large uncertainties. Many of these systems are poorly resolved by the current generation of climate
models or omitted altogether, making tipping elements—alongside carbon cycle feedbacks—an important source
of ambiguity regarding climate predictions and global climate sensitivity.

Definitions of what constitutes a tipping element have varied somewhat in the scientific literature regarding
whether tipping behavior is necessarily irreversible, fast-acting once activated, or triggered at a precise threshold.
Inconsistency in terminology can produce confusion, particularly regarding the timescales over which climate
mechanisms act. As outlined by Kopp et al. (2016), a “tipping point,” as invoked in socioeconomic contexts prior
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to the term's adoption by climate researchers, referred to a key threshold beyond which a small change could
trigger a rapid shift between substantially different system states. In introducing the term in an earth science
context (Lenton et al., 2008), interpreted “climate tipping points” as referring more generally to large state shifts
in components of the climate system resulting from relatively small forcings, including examples anticipated to
take place over longer time scales of centuries or more. This latter, broader definition has become standard within
contemporary discussions of tipping points in the earth science community (Armstrong McKay et al., 2022;
Lenton et al., 2019; Steffen et al., 2018). Tipping elements therefore do not refer solely to systems capable of
exhibiting rapid change within years or decades.

Remarking on the varied terminology employed by current literature, Kopp et al. (2016) identified the need to
resolve confusion through improved terminology, proposing the term “tipping elements” to refer to any Earth
system components capable of committed nonlinear shifts between states—rapid or gradual—resulting from
small changes in climate forcing. Meanwhile, “critical thresholds” refer to the precise level of forcing required
to trigger committed system changes. The term “tipping points” would then refer strictly to critical thresholds
beyond which tipping elements undergo more rapid state shifts, with little temporal lag separating commitment
and realization. However, different authors have alternatively used “tipping points” to refer to critical thresholds
for tipping elements that undergo both slow versus abrupt response to threshold transgression, and have proposed
spatial and impact-based criteria for classifying an Earth system component as a tipping element, for example,
(Armstrong McKay et al., 2022).

This review largely adopts the convention proposed by Kopp et al. (2016) to maximize clarity, characteriz-
ing systems as “tipping elements” based on the above definition. Meanwhile, “Non-tipping elements” refer to
systems that do not exhibit tipping behavior by committing to new system states after crossing critical thresholds
in climate forcing. Non-tipping elements may adopt an effectively continuous range of incrementally different
stable states in response to small changes in forcing, at least within reasonable bounds of the physical system.
Non-tipping elements would also include monostable systems with a single stable state regardless of the forcing
applied. Kopp et al. (2016) further distinguished between tipping elements that show little time lag between the
transgression of a critical threshold and the system's subsequent response, versus systems that exhibit considera-
ble lag. With human policy planning timescales in mind, we characterize tipping behaviors as abrupt (time lag of
less than two decades between threshold transgression and system response), fast (time lag of several decades), or
slow (time lag of a century or longer) throughout this review. We employ the term “tipping point” to refer only to
critical thresholds for tipping elements capable of abrupt or fast changes. Further, we use the term “irreversible”
to refer only to changes that cannot be halted or returned to the original state on timescales of less than hundreds
of years. In contrast, a “reversible” process can undergo more rapid reversion to the original system state in under
a century under the right conditions. Note that the terms “tipping elements” and “non-tipping elements” in and of
themselves do not imply whether changes are reversible or irreversible.

Given the high importance of tipping elements for informing future risk assessments and determining optimal
societal actions, a firmer understanding of potentially abrupt or fast tipping elements and how they may interact
holds the potential to greatly benefit assessment of climate risks. This review contributes by synthesizing the
latest research on a number of the most frequently discussed candidate tipping elements. Evaluation of the risks
posed by tipping elements requires considering their timescales of action, climate impacts, and important uncer-
tainties surrounding triggering thresholds and associated factors.

This review explores each of these aspects for 10 global and regional candidate tipping elements (Figure 1). Our
selection considered Earth system components based on a balance of several criteria: (a) strong evidence for or
active ongoing debate regarding the risk of tipping behavior, (b) high potential impacts upon climate system feed-
backs or ecosystems in the event that a committed change occurs, (c) particularly intense discussion of a system
in the context of tipping elements even if said system is not thought to be subject to tipping behavior. We used
the list of tipping elements examined in Lenton et al. (2008) and Steffen et al. (2018) as a starting point, adding
or removing tipping elements based on these criteria. The selected candidate tipping elements include weaken-
ing of the Atlantic Meridional Overturning Circulation (Section 2.1), release of methane from marine methane
hydrate deposits (Section 2.2), loss of major ice sheets (Section 2.3), permafrost carbon release (Section 2.4),
boreal forest ecosystem shifts (Section 2.5), disruption of tropical monsoons (Section 2.6), stratocumulus cloud
deck breakup (Section 2.7), die-off of shallow tropical coral reefs (Section 3.1), Amazon rainforest dieback
(Section 3.2), and loss of summer Arctic sea ice (Section 3.3).
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Figure 1. Approximate global geography of the candidate tipping elements covered in this review. Note that boundaries are simplified for visual presentation and do
not capture heterogeneity or full spatial extent, such as the complete distribution of shallow tropical coral reefs or of areas with high coverage by marine stratocumulus
cloud decks. Marine methane hydrate deposits are omitted for visual simplicity, but are widely distributed along ocean continental margins and are more sensitive to
warming in regions with shallow depths and higher warming rates such as the Arctic Ocean, although the Arctic also contains deeper hydrate deposits more protected
from destabilization. Figure adapted with permission from McSweeney (2020). Colors are informally assigned for ease of visual interpretation.

We also evaluate scientific discussion of the likelihood of “tipping cascades” in which multiple tipping elements
might interact, potentially producing substantial further cumulative global warming. We summarize and quantify
the potential future impacts of tipping elements on global temperature and greenhouse gas levels by leveraging a
simple climate model (FalR) (Millar et al., 2017; C. Smith et al., 2017) that was extensively used in developing
the assessed warming projections in the IPCC AR6 (J.-Y. Lee et al., 2021) and effectively reproduces the perfor-
mance of the latest generation of Earth system models (CMIP6) for global mean surface temperature projections
(Schwarber et al., 2019). We find the additional global mean surface temperature increase over the 21st century
with the inclusion of tipping elements to be around ~0.21°C (low: 0.10°C, high: 0.36°C) in the high-emissions
SSP5-8.5 scenario. We furthermore assess the tipping elements that we consider the highest-risk mechanisms in
terms of driving more significant, imminent changes to major ecosystems, global carbon cycling, or climate and
circulation patterns.

2. Global Candidate Tipping Elements
2.1. Slowdown or Collapse of the Atlantic Meridional Overturning Circulation (AMOC)
2.1.1. Background

The global Meridional Overturning Circulation (MOC), previously referred to as the thermohaline circulation,
is a critical component of the climate system (Stocker, 2013). In the North Atlantic basin, the Atlantic MOC
(AMOOC) is characterized by warm, saline waters that move northward in the upper ocean by the Gulf Stream and
the North Atlantic Current (Buckley & Marshall, 2016). As they travel north along these pathways, these waters
become dense due to a loss of buoyancy to the atmosphere, sinking once they reach a critical density threshold
relative to underlying waters and becoming North Atlantic Deep Waters (NADW), which then return southward
in the deep ocean (Broecker, 1991).

Due to its circulation structure, the AMOC impacts the northern hemisphere weather and climate by redistrib-
uting heat between the low and high latitudes (Bryden et al., 2020; Wunsch, 2005). In addition, the AMOC is
shown to play a key role in the uptake and export of anthropogenic carbon (Takahashi et al., 2009), and influence
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long-term global patterns of ocean circulation and carbon cycling, with important consequences for global warm-
ing and oceanic primary productivity (Menviel et al., 2008; Muglia et al., 2018).

On interannual timescales, AMOC variability is shown to be driven by large-scale wind patterns across the North
Atlantic according to observations at 26.5°N (Moat et al., 2020; C. D. Roberts et al., 2013) and model simula-
tions (Biastoch et al., 2008; Zhao & Johns, 2014). Over decadal timescales and beyond, temperature and salinity
anomalies exert a stronger influence (Biastoch et al., 2008; Buckley & Marshall, 2016; Buckley et al., 2012).

Ongoing climate change has sparked concerns that this important feature of the ocean circulation could be
disrupted by rising water temperatures, melting ice-sheets (Boning et al., 2016; Rahmstorf et al., 2015; Stocker
& Schmittner, 1997) and Arctic sea ice (W. Liu & Fedorov, 2022; W. Liu et al., 2019) and enhancing poleward
atmospheric moisture transport (Held & Soden, 2006; Zhang et al., 2013). A slowdown or shutdown of the
AMOC system would significantly affect regional and global climate patterns (L. C. Jackson et al., 2015; W. Liu
et al., 2020). Paleoclimate evidence and numerical simulations have identified AMOC transitions and/or latitudi-
nal shift of deep-water formation sites as potential drivers of multiple large, rapid shifts in past climate, including
fast or abrupt changes occurring on timescales as short as a few decades (Alley et al., 2001; Bozbiyik et al., 2011;
Brovkin et al., 2021; Clark et al., 2001; Ganopolski & Rahmstorf, 2001; Rahmstorf, 2002). The impacts of past
AMOC shifts affected climate globally, significantly altering tropical rainfall patterns and causing heat redis-
tribution between the northern and southern hemispheres (S. Li & Liu, 2022; Masson-Delmotte et al., 2013).
Changes to the overturning circulation could also affect the ocean's strength as a heat and carbon sink (X. Chen
& Tung, 2018; Fontela et al., 2016; Nielsen et al., 2019; Romanou et al., 2017) and heat redistribution (S. Li &
Liu, 2022; W. Liu & Fedorov, 2019; X. Ma et al., 2020).

Model simulations of the abovementioned paleoclimate changes indicate that the AMOC may have transitioned
rapidly between different modes during past climates, including potentially bistable behaviors. Driven by the
salt-advection feedback (Stommel, 1961), the AMOC could switch between “on” and “off” states under natural
perturbations such as deglacial meltwater pulses when the ocean system passes certain tipping points. These
sudden AMOC changes have been suggested as one of the main mechanisms explaining the climate changes
during the Heinrich events (Broecker et al., 1985; Clark et al., 2002; Rahmstorf, 2002; Stocker, 2000; Stocker &
Wright, 1991). The AMOC also may have shifted between different modes during Dansgaard-Oeschger events
in response to changes in freshwater forcing, rapidly transitioning to a marginally unstable “warm” mode asso-
ciated with a northward shift of the deep-water formation site and more intense convection, in contrast to flip-
ping between an “on” and “off” state (Ganopolski & Rahmstorf, 2001). Moreover, based on an AMOC stability
indicator (de Vries & Weber, 2005; W. Liu & Liu, 2013; Rahmstorf, 1996), analyses of modern observations
suggest that the current AMOC resides in a bi-stable regime. The circulation may be at risk of an eventual
collapse under future anthropogenic warming, as the possibility of an AMOC collapse could be downplayed
currently by most coupled climate models due largely to a ubiquitous model bias toward AMOC stability (W.
Liu et al., 2014, 2017). Models with eddy permitting or resolving oceans seem to serve as a promising approach
potentially to reduce or eliminate this AMOC stability bias (L. C. Jackson & Wood, 2018), yet the limited length
of simulations (a few centuries) with these models is insufficient to confirm that the AMOC has transitioned to a
new equilibrium after perturbations (Hirschi et al., 2020; Weijer et al., 2019).

Increasing temperatures in combination with heightened meltwater fluxes from the Greenland Ice-sheet (GIS),
intensification of the hydrological cycle, and enhanced poleward atmospheric moisture transport could warm
and freshen surface waters. As the twin factors of temperature and salinity play key roles in the buoyancy loss
process responsible for driving the overturning circulation, warming and freshening of surface waters may inhibit
the sinking process that drives NADW formation from taking place (Bakker et al., 2016; Drijthout et al., 2015;
Durack et al., 2012; Stocker & Schmittner, 1997). The slowdown of NADW formation may be further rein-
forced by a positive advective-convective feedback in association with the subpolar gyre circulation, according to
coupled climate models (Born et al., 2013, 2016). A reduced NADW formation decreases the density contrasts
between the buoyant boundary current and the convective interior, resulting in a weakened baroclinic gyre circu-
lation. The weakened baroclinic gyre and eddy activities cause a salt divergence at the convective site, further
inhibiting NADW formation. The coupling between the subpolar gyre circulation and AMOC may even trigger
abrupt warming and cooling events that resemble the Dansgaard-Oeschger events without external freshwater
forcing (Klockmann et al., 2020), underlining the important role of internal ocean dynamics in determining the
AMOC variability. Consequently, the climate and oceanographic research communities are devoting considerable
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attention toward determining whether the AMOC is currently weakening and assessing its risk of weakening or
collapse in response to future warming beyond a certain threshold.

2.1.2. Evidence for a Weakening AMOC Warrants Concern Given Uncertainties in Response to Climate
Change

Assessments of whether the AMOC is weakening or has weakened since the pre-industrial era are complicated
by a relative paucity of direct measurements of the AMOC's transport strength. Mathematically, AMOC transport
strength is quantified as the total northward component of the zonally integrated volume flux (unit: Sverdrup or
Sv, 1 Sv = 10° m?%/s) along a zonal section with closed boundaries. The first continuous, basin-wide observations
of the AMOC transport strength only became available with the installation of the RAPID-MOCHA instrument
array at 26.5°N since 2004, where mean AMOC was estimated to be ~18 Sv (Cunningham et al., 2007; McCarthy
et al., 2020). A relatively new monitoring array, OSNAP, was installed in the subpolar North Atlantic at approx-
imately 52°-60°N in 2014 (Lozier et al., 2017, 2019). At 34.5°S, moored arrays SAMBA were deployed in
2009-2010 and since 2013 to understand the overturning variability in the South Atlantic (Kersalé et al., 2018).
Consequently, direct measurements of the overturning circulation have only been available for less than 18 years,
precluding a robust detection of AMOC's long-term trend.

Other studies seek to reconstruct AMOC variability using hydrographic sections, satellite altimetry measurements
and reanalysis products. With five transatlantic sections along 25°N, Bryden et al. (2005) reported a decline of the
AMOC transport strength by 30% or 8 Sv between 1957 and 2004. At similar latitude, Frajka-Williams (2015)
constructed AMOC transport strength back to the mid-1990s using altimetry and cable measurements and found a
slight decrease of the AMOC. The AMOC decline was also simulated at subpolar latitudes in an ocean reanalysis
product (L. C. Jackson et al., 2016). Contrastingly, a reconstructed AMOC at a mid-latitude (41°N) was found
to exhibit a slight increase since the early 1990s (Willis, 2010). The discrepancy is possibly attributed to the
sensitivity of reconstructed AMOC to different calculation and assimilation procedures (Karspeck et al., 2017),
as well as the latitudinal dependence of AMOC strength variability (Biastoch et al., 2008; Bingham et al., 2007).
Furthermore, estimates of the AMOC state since the 1990s using model-based reanalysis and data from hydro-
graphic sections show considerable interannual to decadal variability, such that a distinct trend in AMOC strength
over recent decades remains unclear (Y. Fu et al., 2020; L. C. Jackson et al., 2019).

To assess the impact of anthropogenic climate forcing upon AMOC strength over the past century and beyond,
scientists have leveraged proxy data to estimate historical changes in the AMOC. Several proxy-based studies
have presented evidence that the AMOC's strength has fallen over time since the onset of the industrial age. One
analysis utilized silt grain size in sediment cores taken offshore of North Carolina as a proxy for bottom current
flow speed and found that the AMOC's near-bottom flow speed over the past 150 years has been weak relative
to the preceding 1,500 years in association with weakened Labrador Sea convection (Thornalley et al., 2018).
Uncertainty associated with precisely dating the age of silt grains as well as potential sediment mixing from
physical or biological activity represent potential sources of error, although estimates of AMOC strength from
sediment cores do demonstrate good agreement with temperature-based reconstructions. Furthermore, this study
suggests that an AMOC weakening may have begun early in—if not prior to—the industrial era, and the authors
note that the degree to which the potential weakening is associated with anthropogenic forcing remains an open
question.

A 20th century AMOC decline is consistent with a number of other proxy records, including the North Atlantic
SST and subsurface temperature, and 5'20 in benthic foraminifera (Rahmstorf et al., 2015). The decline acceler-
ated around 1970, followed by a partial recovery in the 1990s before rapidly accelerating again in the mid-2000s
(Caesar et al., 2018, 2021; Rahmstorf et al., 2015). A more recent publication used 11 proxies, including recon-
structed SST, 8'%0, and 8N and found a consistent rapid decline of the AMOC in the mid-20th century (Caesar
et al., 2021). However, some researchers have pointed to data limitations and uncertainties that could affect this
assessment (Kilbourne et al., 2022). SST indices may exhibit an uncertain relationship with historic AMOC vari-
ability and change (Menary, Robson, et al., 2020). Strong internal SST variability also influences 20th century
trends in AMOC strength, making the anthropogenic signal in AMOC slowing difficult to ascertain at present
(Latif et al., 2022).

Such considerations emphasize the importance of interpreting hydrographic and proxy-based reconstructions
in concert with direct observational measurements, which, albeit limited in time, have revealed a number of
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unprecedented aspects of the AMOC and its variability. For example, observations from the RAPID monitoring
array at 26.5°N have revealed significant daily to inter-decadal AMOC variability, with the AMOC transport
strength varying from 4 to 35 Sv over 1 year (Srokosz & Bryden, 2015), implying the inadequacy of inferring
AMOC changes from hydrographic snapshots that were collected in different seasons and/or years. Additionally,
the first several years of OSNAP observations have suggested that the AMOC strength is mostly explained by
conversion of warm, salty, upper layer waters into cold, fresh, deep waters in ocean basins east of Greenland,
instead of in the Labrador Sea west of Greenland as suggested by historical paradigm (F. Li et al., 2021; Lozier
et al., 2019; Menary, Jackson, & Lozier, 2020). The minimal contribution of the Labrador Sea to the AMOC
is further attributed to the compensating effects of cold and fresh anomalies on density in the basin's boundary
current (Pickart & Spall, 2007; S. Zou et al., 2020), highlighting the equally important role of heat and freshwater
flux in determining the AMOC strength.

These results suggest that proxy records for either temperature or salinity alone may not be adequate to recon-
struct overturning variability and highlight the importance for climate models to accurately simulate the water
mass transformation/formation process, including when, where and how deep waters are produced, mixed, and
exported (Heuzé, 2017; Lozier et al., 2019). Refining computations of seawater density and the pressure gradient
force in ocean and climate models can also reduce uncertainty in AMOC simulations (L. Ma et al., 2020) Yet
at the same time, the strong agreement across such models that AMOC strength is expected to decline under
continuing emissions scenarios (Collins et al., 2019; J.-Y. Lee et al., 2021; Menary & Wood, 2018) emphasizes
that continued efforts to refine existing models and re-assess risks would be prudent.

Whereas assessments of whether the AMOC is currently weakening remain subject to some uncertainty, the
research community stands largely in agreement that a complete collapse of the AMOC in the near term is
a low-probability event. The IPCC's Special Report on Oceans and the Cryosphere in a Changing Climate
concluded that an AMOC collapse in the 21st century was “very unlikely,” with only one of 27 models producing
an AMOC collapse by 2100, and even then only under the worst-case RCP8.5 high-emissions scenario (Collins
etal., 2019). However, the IPCC AR6 WG report revised this assessment of unlikelihood downward to “medium
confidence” (Fox-Kemper et al., 2021). Modeling results from a 2016 study concluded that the likelihood of an
AMOC collapse under RCP8.5 was 44% by 2290-2300, while AMOC collapse was averted altogether under the
RCP4.5 pathway (~2.5°C warming in 2100) (Bakker et al., 2016). However, current coupled climate models
exhibit biases in surface ocean climatology that favor greater AMOC stability (W. Liu et al., 2014). A modeling
analysis correcting for these biases and assuming a CO, doubling approximately between the RCP4.5 and RCP6.0
scenarios produced an AMOC collapse 300 years after the CO, perturbation (W. Liu et al., 2017), emphasizing
a need to improve model physics to allow for more realistic AMOC predictions. An analysis of Earth system
models uncovered one instance in which the AMOC declines in strength and then collapses during the 21st
century (Drijfthout et al., 2015). More recently, early warning indicators for a collapse were identified from a suite
of AMOC temperature and salinity indices since the late 1800s, suggesting that the AMOC might be close to a
critical transition point from relatively stable conditions to a weakening mode (Boers, 2021). High natural AMOC
variability close to the critical threshold could in turn cause initiation of a transition toward a weak AMOC state,
a pattern identified in earlier work (Aeberhardt et al., 2000). For historical CMIP5 model simulations, the same
indicator only increases in a subset of models, underlining concerns regarding models' ability to predict AMOC
transitions (Boers, 2021).

Troublingly, defining particular critical temperature thresholds expected to contribute to committed weakening of
the overturning circulation also represents a challenge (Weijer et al., 2019). Hoegh-Guldberg et al. (2018) deter-
mined a higher likelihood of more intense weakening for >2°C of warming based on model predictions. Commit-
ted loss of the GIS is more likely than not to occur beyond a 2°C warming threshold (Pattyn et al., 2018), with
the IPCC expressing medium confidence regarding long-term near-complete loss of Greenland ice for sustained
warming of 3°C or more (IPCC, 2021). As loss of significant volumes of Greenland ice carries important impli-
cations for buoyancy dynamics in deep water formation regions, the IPCC's assessment of a 2°C threshold seems
a plausible lower bound above which the risks of significant weakening of the AMOC increase. A recent paper
suggests that even small, incremental changes in freshwater forcing could drive AMOC collapse if the rate of
forcing is sufficiently rapid (Lohmann & Ditlevsen, 2021). However, the current ability of models to accurately
represent the AMOC and predict its response to climate change remains low, leaving the proximity of today's
AMOC to potential critical thresholds uncertain (Weijer et al., 2019).
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Figure 2. Historical and scenario simulations of maximum annual mean
AMOC strength at 26°N in CMIP6 models. Ensemble averages are shownvia  Taken together, the possibility that the overturning circulation is currently

colored curves, while shaded areas show the 55%-95% ranges for SSP1-2.6
through SSP3-7.0 ensembles. Averaged 20812100 anomalies for individual
model simulations are shown to the right as open colored circles. The number

weakening and may weaken further with continuing warming is sufficiently
backed by recent research to justify the degree of past and ongoing attention

of model simulations for each group of scenarios is given to the right of the devoted to this potential tipping element.
legend. Figure reproduced with permission, originally published as Figure 4.6

in the IPCC AR6 WG1 Ch 4 (J.-Y. Lee et al., 2021).

2.1.3. Projected Magnitude of AMOC Weakening and Resulting
Impacts

Multimodel analyses of new CMIP6 models have found a potential for

stronger decreases in the AMOC over the 21st century than in previous
CMIPS climate models (M. J. Roberts et al., 2020; Weijer et al., 2020), with mean declines of 6-8 Sv by 2100 at
26.5°N and, for the upper-end RCP8.5 scenario, a mean decline of 8 Sv (range of 6-11 Sv) in strength (Weijer
et al., 2020). CMIP6 simulations under low to moderate warming scenarios now estimate declines in AMOC
strength of a similar magnitude as CMIP5 simulations using the high-end RCP8.5 scenario, which previously
produced declines of 5.5 + 2.7 Sv by 2100 (Figure 2) (Collins et al., 2019; J.-Y. Lee et al., 2021). Overall,
the IPCC AR6 WGI estimated that for end-of-century warming levels of 1.5-2°C, 2-3°C, and 3-5°C, AMOC
strength in 2100 would decline by 29%, 32%, and 39% relative to pre-industrial levels (Ranasinghe et al., 2021).
At the same time, concern exists that current climate models still overestimate the stability of the AMOC in
response to warming, while computational and cost limitations prevent assessment of AMOC stability over
millennial timescales using high-resolution ocean models, as reviewed by Weijer et al. (2019).

The consequences of an AMOC collapse would be of substantial magnitude and global in scale. Paleoclimate
evidence and numerical simulations have shown that a complete shutdown of the overturning circulation could
cause significant North Atlantic cooling (3—-8°C), South Atlantic warming (0-3°C), reduced North Atlantic
rainfall (—0.5 to —2 mm/d), and a southward shift of the tropical rain belt (by ~10° latitude) (L. C. Jackson
et al., 2015; Lynch-Stieglitz, 2017). In contrast to total collapse, however, weakening of the AMOC results in
more moderate impacts. Modeling a freshwater-induced reduction in AMOC strength from 16 to 9 Sv yielded
North Atlantic subpolar gyre cooling of 2°C (Haarsma et al., 2015). A modeling exercise isolating the climate
impacts resulting from a weakening AMOC under future warming produced similar findings, including North
Atlantic cooling, shifts in rainfall and atmospheric circulation, and deceleration of Arctic sea ice loss (W. Liu
et al., 2020). An analysis of CMIP6 AMOC modeling results found an inverse relationship between modeled
historical AMOC strength and global climate sensitivity to greenhouse gas forcing, with models simulating a
weaker AMOC exhibiting lower climate sensitivity (Weijer et al., 2020).

Changes in the AMOC may also alter storm tracks and intensities in the North Atlantic (Gastineau et al., 2016) as
well as Arctic sea ice patterns (Delworth & Zeng, 2016; W. Liu & Fedorov, 2022; Yeager et al., 2015). Evidence
of sea-level changes along parts of the eastern coast of North America linked to AMOC variability (Ezer
etal., 2013; Goddard et al., 2015; Little et al., 2019) also suggests that a weakened AMOC may have implications
for adaptation to sea-level rise in this region. Climate modeling supports a potential for AMOC weakening to
drive accelerated sea-level rise in the North Atlantic basin (Levermann et al., 2005; Yin & Goddard, 2013; Yin
et al., 2009) with a follow-up study predicting meaningful regional sea-level impacts even under lower emissions
scenarios (Schleussner et al., 2011). Some of the most acute AMOC-induced impacts for human communities
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Table 1
Section Summary Box Synthesizing the Forcing Mechanism, Response Behavior, Reversibility, and Classification of AMOC Weakening and Collapse
Classification Mechanism Irreversibility
AMOC weakening/collapse Tipping element Freshwater and seawater temperature Potentially irreversible

Nonlinear state shift in response to small
forcing changes (e.g., Alkhayuon
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et al., 2019; Drijfhout et al., 2015; more to return to original state (e.g.,
Lohmann & Ditlevsen, 2021; Stocker L. C. Jackson & Wood, 2018; J.-Y.
& Schmittner, 1997) Lee et al., 2021; Ritchie et al., 2021)

include substantial potential reductions in rainfall in the Sahel region, negatively impacting crop yields (Defrance
et al., 2017). Other global-scale interactions with the Pacific Ocean and the Antarctic remain uncertain but are
the subject of continuing research (Collins et al., 2019).

A slowdown of the AMOC is also theorized to potentially contribute to positive carbon cycle feedbacks due
to reduced ocean carbon uptake (Joos et al., 1999) and possible wetland methane-related interactions (Parsons
et al., 2014). The concern also exists that an AMOC slowdown may interact with other potential tipping elements
within the climate system, such as the potential for Amazon forest dieback or the acceleration of ice loss from
the West Antarctic Ice-sheet (Brovkin et al., 2021; Dekker et al., 2018; Rocha et al., 2018; Steffen et al., 2018;
Waunderling et al., 2021). Particularly given these broader implications, further improvements to our understand-
ing of the AMOC and additional advances in model complexity and computing power will prove crucial for
better constraining potential long-term outcomes, both with respect to the AMOC and to the global climate
system (Table 1).

2.2. Large-Scale Release of Methane From Destabilization of Marine Methane Hydrate Deposits
2.2.1. Background

Methane (CH,) is a potent greenhouse gas. The majority of atmospheric methane is biological in origin, often the
product of methane-emitting microorganisms undergoing respiration under low or no-oxygen conditions (Dean
et al., 2018). Wetlands, inundated rice fields, biomass burning, and gases released from the gastrointestinal tract
of ruminant herbivores like cows, for instance, all represent significant fluxes of methane globally. The remain-
der of atmospheric methane is of fossil origin, released by activities such as oil, gas, and coal extraction and
production.

The global warming potential of methane has been revised slightly upwards over the last few decades to a current
figure of 83 CO,-eq (CO, equivalents) over a 20-year time horizon (GWP-20), 30 CO,-eq over a 100-year time
horizon (GWP-100), and 10 CO,-eq over a 500-year horizon (GWP-500) (IPCC, 2021). These time horizons
incorporate the differences in the atmospheric lifetimes of CH, and CO, along with differences in their respective
radiative forcing contributions. Note that a 100-year time horizon does not capture the full climate impact of
atmospheric CO,, which produces warming effects that persist for thousands of years.

Estimates of methane fluxes exhibit uncertainty, with emissions estimates for some methane sources differing
considerably between “top-down” and “bottom-up” methods (Table 2). “Bottom-up” methods estimate methane
fluxes associated with a source using small-scale measurement data, emissions records, and land surface mode-
ling. In contrast, “top-down” methods use observed atmospheric methane measurements and inverse-modeling
techniques to attribute fluxes to different sources (Saunois et al., 2020). New research continues to update and
refine the global methane budget, with one recent study finding that a proportion of methane emissions previ-
ously attributed to natural geological sources are actually of anthropogenic fossil origin, thus reapportioning
estimated methane fluxes from these two sources (Hmiel et al., 2020). In the future, the global methane budget
will evolve further in response to climate change and human activities, and investigations are currently being
conducted into methane emissions from sources that are currently minor or negligible that may increase signifi-
cantly due to warming. One of the currently minor sources of atmospheric methane with the potential for substan-
tially increased emissions is methane clathrate hydrates.

Significant deposits of methane are currently sequestered in ocean sediments as methane clathrates or meth-
ane hydrates, a solid, ice-like form of methane stable at high pressures, low temperatures, and high methane
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Table 2

Current Estimates for Sources of Atmospheric Methane in Mt CH, yr~' Based on Hmiel et al. (2020), Kirschke et al. (2013), Saunois et al. (2020), and Schwietzke

etal (2016)

Emission rate (Mt CH, per year)

Schwietzke Saunois et al. (2020) (full range of reported top-down and Hmiel
Methane source Kirschke et al. (2013) (bottom-up estimates) etal. (2016) bottom-up estimates, 2000-2017) et al. (2020)
Wetlands 217 (177-284) 100-217
Agriculture* 200 (187-224) 178-246 (includes landfills and waste)
Fossil fuels* 96 (85-105) 145 + 23 71-164 177 £ 37
Geological 54 (17-97) 51+20 18-65 1.6
Freshwater 40 (8-73) 117-212
Biomass burning* 35 (32-39) 22-46
Wild animals 15 (15-15) 1-3
Termites 11 (2-22) 3-15
Methane hydrates 6 (IPCC ARS estimate for methane hydrate 0
release)
Wildfires* 3 (1-5) 1-5 (estimate from Saunois et al. (2016), possible double-
counting with biomass burning)
Permafrost 1(0-1) 0-1

Note. Asterisks denote anthropogenic methane sources, including wildfires. When combining a range of multiple estimates, uncertainties are not shown.

concentration conditions. Hydrate deposits form at these pressure and temperature conditions when methane mole-
cules are encapsulated in water molecule cages. While the methane contained in hydrate deposits may originate
from either the microbial decomposition of organic matter in ocean sediments (Claypool & Kvenvolden, 1983)
or geological/thermogenic processes (Sassen et al., 1999), all hydrate deposits measured to date have been shown
to be devoid of natural radiocarbon, suggesting that clathrate methane carbon is older than 60,000 years (Kessler
et al., 2008 and references therein; Sparrow et al., 2022). Typically, water depths of greater than 500 m are
necessary to establish the pressure/temperature conditions for marine methane hydrates to form; yet in colder
Arctic waters, only around 300 m in depth is required (Ruppel & Kessler, 2017). Combining the higher methane
abundances found in continental margin sediments with these depth requirements for hydrate stability indicates
that the majority of hydrates are found globally on and at the base of continental slopes (Figure 3) (Ruppel, 2011).

Estimates of total carbon contained within marine methane hydrates globally vary widely, but have largely fallen
since the 1990s as important assumptions used in early estimates were overturned by field sampling (Ruppel &
Kessler, 2017). Calculations range between ~1,100 Gt C (K. Kretschmer et al., 2015) and ~12,400 Gt C (G. R.
Dickens, 2011), with numerous studies converging on values toward the lower end of this range (<2,000 Gt C)
(Archer et al., 2009; Boswell & Collett, 2011; Milkov, 2004; Pifiero et al., 2013). Nonetheless, even the lower end
of this range places hydrates as one of the largest organic carbon reservoirs on Earth (Ruppel & Kessler, 2017).
Since much of the methane hydrate carbon pool globally is located at greater depths in bottom ocean sediments
with higher pressures, large amounts of this carbon (95%) are not considered to be vulnerable to dissociation or
release due to projected ocean warming (K. Kretschmer et al., 2015; Ruppel, 2011). However, methane clathrates
can co-occur with free methane trapped below this largely impermeable barrier. Thus in regions vulnerable to
dissociation, the quantity of free methane at risk of release may be up to two-thirds higher than the local methane
hydrate pool (Hornbach et al., 2004).

2.2.2. Methane Hydrate Dissociation Would Act as a Slow Process With Correspondingly Gradual
Impacts

A significant time lag separates atmospheric warming due to climate change and the much longer timescales
required for transport and diffusion of heat anomalies into the ocean and sediment. As sediment warming is
required for methane hydrate instability, dissociation may not be initiated until centuries to millennia after
the requisite warming spike (Archer, 2015; Archer et al., 2009; K. Kretschmer et al., 2015; Ruppel, 2011). For
deep ocean sediments, tens of millennia might be required for the methane hydrate zone to begin appreciably
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Figure 3. Theoretical gas hydrate stability zone (GHSZ) thickness calculated by K. Kretschmer et al. (2015), with

locations of known gas hydrate (recovered samples/photographs; blue circles) and inferred gas hydrate (based on well logs

or geophysical markers; red circles). GOM refers to the Gulf of Mexico. Boxes on the Canadian Beaufort margin (Paull

et al., 2015), northwest U.S. Pacific margin (Johnson et al., 2015), northern U.S. Atlantic margin (Skarke et al., 2014), and
West Spitsbergen margin (Westbrook et al., 2009) show locations where upper continental slope methane seeps may be linked
to gas hydrate dissociation processes. Figure reproduced with permission, originally published as Figure 3 in Ruppel and
Kessler (2017).

warming, let alone for hydrate to begin dissociating (Archer et al., 2009; Ruppel, 2011). This factor does not
preclude eventual significant release of carbon from methane hydrate, but does mean that this climate feedback
occurs with a very substantial delay between commitment and realization.

Several further factors probably ensure that future methane release from hydrate deposits will occur as a gradual
emission rather than an abrupt spike. In particular, some physical mechanisms will act to greatly slowdown the
rate of methane escaping from sediments into the water column. Hydrate dissociation is an endothermic process
(heat is consumed by the thaw process), limiting the rate at which methane hydrates respond to increased heat flux
(Circone et al., 2005; Gupta et al., 2008; Ruppel & Waite, 2020). Hydrate deposits are also generally expected
to thaw first at greater depths in the sediment column. This is because the stability of frozen methane hydrates is
greatest at the seafloor, with hydrates becoming less stable as sediment temperature increases with depth due to
geothermal heating from below (Zatsepina & Buffett, 1998). Consequently, a “cold trap” exists for destabilized
methane migrating upwards to shallower, colder depths in sediment, encouraging reformation of methane hydrate
(National Research Council, 2013). Field observations have also found marked declines in methane seepage from
marine sediments during the cold season, an effect that may be leading to overestimation of methane release rates
calculated only from warm season measurements (Ferré et al., 2020).

Physical barriers can significantly slow or halt the release of methane from sediments. These include factors such
as low permeability and barriers to upward migration. At the same time, other physical features such as faults
may facilitate the delivery of released methane to the water column (Kessler et al., 2005). Abrupt physical events
such as submarine landslides could also destabilize hydrate deposits, although even the large Storegga landslide
(8,150 years ago, 5 Gt C released) did not release sufficient methane to measurably affect climate (Archer, 2007).
Such considerations as well as significant limitations of the bubble volume threshold and other important param-
eters considerably limit the ability of models to confidently predict methane release in response to warming.

Current models also do not explicitly account for a number of chemical, physical, and biological methane sinks
within both sediments and ocean waters which can greatly limit the atmospheric emission of liberated methane
(Figure 4). Microbial activity within the sediment column can consume a significant percentage of escaping
methane gas (variable by site but up to 80%-90%) (Reeburgh, 2007). Even for methane that escapes methane
oxidation in sediments, a significant fraction dissolves in the overlying waters and is oxidized prior to atmospheric
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Figure 4. Schematic diagram of marine and sedimentary sources and sinks for methane and carbon dioxide derived from gas hydrate deposits, along with timescales
required for warming to reach effective depth within methane hydrate stability zone.

emission. McGinnis et al. (2006) determined that for 50% of methane within a bubble escaping from the seafloor
to reach the atmosphere from a depth of 100 m, the bubble must be 2 cm in diameter. However, since methane
hydrates are stable below approximately 500 m depth, even larger bubbles are required to drive substantial meth-
ane fluxes. B. Wang, Jun et al. (2020) determined that most bubble diameters range from 2 to 6 mm and dissolve
prior to any atmospheric emission. Following this physical sink, microbial activity within the water column
will also oxidize escaping methane to CO, (Chan et al., 2019; Elliott et al., 2011; Kessler et al., 2011; Leonte
et al., 2020; Mau et al., 2013; National Research Council, 2013; Valentine et al., 2001). Both the sediment and
water column biological sinks would strengthen slightly with increasing temperatures due to the favorable effect
of temperature upon microbial metabolic processes, acting as a negative feedback. Transformation of methane to
CO, represents a tradeoff, where methane emitted to the atmosphere results in larger immediate climate impacts
while CO, dissolved in seawater may contribute to ocean acidification (Garcia-Tigreros et al., 2021). Also, CO,
derived from oxidized hydrate methane could be emitted to the atmosphere as a longer-lived greenhouse gas with
a lower radiative forcing than methane. However this has not been directly measured and would require this CO,
to escape the ocean's biological pump. Overall, such factors greatly limit the potential magnitude and rate of any
atmospheric release of methane from dissociating hydrates.

Recent modeling analyses suggest that the climate impacts of methane hydrate release would be gradual and
moderate if not minimal. For a 3°C level of warming, one study calculated, over multiple millennia, an additional
0.4-0.5°C temperature increase as a result of methane hydrate destabilization of 940 Gt C (Archer et al., 2009).
However, the quantity of carbon released in response to warming is overwhelmingly driven by the choice of
key parameters governing the migration of methane through seafloor sediment and the water column, making
modeled climate impacts highly uncertain. Simulating more limited passage of methane through sediment led
to insignificant quantities of released carbon for negligible climate impact. Further, for a total anthropogenic
CO, forcing of 1,000 Gt C resulting in 2°C of warming, methane hydrate dissolution was modeled to contribute
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less than an additional 0.5°C warming even assuming that all dissociated methane reached the atmosphere. In
contrast, an assumption of total conversion of escaping methane to CO, only extended the duration of 2°C warm-
ing, without producing an additional temperature increase (Archer et al., 2009).

A near-term modeling study (K. Kretschmer et al., 2015) determined that relative to current annual anthropogenic
methane emissions of 335 Mt C per year, warming caused by doubling CO, concentrations over the 21st century
would release a total quantity of just 473 Mt of methane from destabilized hydrates over a 100-year period. A
more recent modeling analysis similarly concluded that the quantity of methane within shallower, more vulnera-
ble hydrate deposits and the likely rates of dissociation were too low to impart a significant climate impact within
the next few centuries under current climate change (Mestdagh et al., 2017). Although the last deglaciation does
not represent a perfect analog to contemporary warming, analysis of atmospheric concentrations from 18,000 to
8,000 years ago suggest that release of ancient methane from permafrost and seafloor hydrates in response to past
warming events may have been small (<19 Mt CH,/yr) (Dyonisius et al., 2020; Petrenko et al., 2017). Isotopic
analysis of ice core records for three past glacial terminations corroborates the conclusion that methane hydrates
have not significantly influenced atmospheric methane concentrations during deglaciations (Bock et al., 2017).

As aresult of being positioned at shallower depths and the significant warming currently experienced at high lati-
tudes, Arctic methane hydrate deposits are thought to be the most vulnerable pool of marine methane hydrates to
warming-induced thaw. With the Arctic Ocean containing a large percentage of the planet's total continental shelf
area, a significant inventory of marine hydrate (~116 Gt C) exists across this basin at relatively modest depths
(K. Kretschmer et al., 2015). Consequently, the scientific community is actively assessing the potential for a
large-scale thaw and release of methane hydrate from the Arctic seafloor. Early estimates of high rates of methane
emissions from hydrate dissociation on the East Siberian Arctic Shelf (Shakhova et al., 2014) have been revised
substantially downwards by numerous subsequent studies (Berchet et al., 2016; Thornton et al., 2016, 2020;
Tohjima et al., 2020). Present-day marine methane release from Arctic hydrate dissociation is probably primarily
of natural origin, resulting from the pressure decrease associated with isostatic uplift following the last glacial
maximum, rather than a response to anthropogenic forcing (Wallmann et al., 2018). And in the Beaufort Sea,
fossil methane possibly from hydrate emissions was observed in deeper waters but was removed, likely via oxida-
tion, prior to atmospheric emission (Sparrow et al., 2018).

In conclusion, while levels of warming exist beyond which large quantities of methane in hydrate deposits may
eventually become destabilized, numerous physical, thermodynamic, chemical, and biological factors combine to
substantially limit the rate at which this methane might escape to the atmosphere. For more moderate warming
of ~2°C, methane hydrates might well exert a negligible overall impact on atmospheric temperatures. Methane
hydrate dissociation would additionally take place on extremely long timescales of millennia, rather than over
abrupt or fast timescales that would produce an acute warming spike. This review primarily focuses on the impact
of radiative forcing caused by the release of methane and CO, to the atmosphere associated with dissociating
methane hydrates. It does not comment on other consequences of hydrate dissociation such as ocean acidifica-
tion or the decrease in the ocean's ability to be a sink of anthropogenic CO,, both of which are caused by the
increase in dissolved CO, concentration from methane oxidation. While these processes are less studied than the
direct emission of methane to the atmosphere, some preliminary investigations show that it could be important
over longer timescales similar to the invasion of anthropogenic CO, into surface seawater (Biastoch et al., 2011;
Boudreau et al., 2015; Garcia-Tigreros & Kessler, 2018; Garcia-Tigreros et al., 2021). With all of this in mind,
in relation to other candidate tipping elements covered within this review, marine methane hydrates represent a
relatively lower-impact climate feedback especially for warming in the Anthropocene (Table 3).

2.3. Multi-Meter Sea-Level Rise From Loss of Major Greenland and Antarctic Ice-Sheets

2.3.1. Background

Currently, the majority of sea-level rise (~3.69 mm/yr) (Fox-Kemper et al., 2021; Global Sea Level Budget
Group, 2018) is driven by thermal expansion of ocean waters in response to rising temperatures (~1.39 mm/yr) as
well as water inputs from melting glaciers (~0.62 mm/yr) outside of the major Greenland and Antarctic ice-sheets
(Figure 5). By contrast, since the onset of the industrial era the GIS and the Antarctic Ice-sheet (ALS) have been
responsible for relatively little sea-level rise to date, but their contribution to sea-level rise has accelerated over
the past four decades (currently ~1.44 mm/yr—(Bamber et al., 2018a; Fox-Kemper et al., 2021; Oppenheimer
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Table 3

Section Summary Box Synthesizing the Forcing Mechanism, Response Behavior, Reversibility, and Classification of Marine Methane Hydrate Destabilization

Marine methane hydrate destabilization Non-tipping element

Classification Mechanism Irreversibility
Diffusion of anthropogenic warming Irreversible
. o into the ocean and marine L .
Unclear that nonlinear state shift in 1o . o Reversal of warming in marine
o . sediments, leading to hydrate . .
hydrate stability occurs in response . o sediments and reformation
. dissociation X
to small forcing changes (e.g., of methane hydrate deposits
Archer et al., 2009; K. Kretschmer would require multi-millennium
et al., 2015; Mestdagh et al., 2017; timescales

Minshull et al., 2016)
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et al., 2019; The IMBIE Team, 2018)), increasing by more than 700% relative to the 1992-2001 period (Bamber
et al., 2018a; Bevis et al., 2019; Fox-Kemper et al., 2021; Meredith et al., 2019; Rignot et al., 2019; The IMBIE
Team, 2018). With continued warming, the potential for significant acceleration of sea-level rise due to ice loss
from these two regions poses a large threat to coastal regions globally. While thermal expansion and loss of
glaciers outside the GIS and AIS cause irreversible sea-level rise on human timescales due to the ocean's gradual
response to warming (Ehlert & Zickfeld, 2018; Solomon et al., 2009; Zickfeld et al., 2017) and to shifts away
from climate conditions that permit mountain glaciers to persist (Lenaerts et al., 2013), their relative contribution
to future sea-level change will diminish (Clark et al., 2016). Mass losses from the Greenland and Antarctic ice
sheets are similarly irreversible on these timescales and will contribute the majority of expected future sea-level
changes.

The GIS and the AIS would drive multi-meter increases in sea-level over future centuries in the event of signifi-
cant ice-sheet loss (Pattyn et al., 2018). At the same time, ongoing research into ice-sheet dynamics has focused
on concerns that air and sea temperature increases may initiate feedback mechanisms leading to uncontrolled,
irreversible ice-sheet collapse over a timescale of centuries (DeConto et al., 2021; Fox-Kemper et al., 2021;
Gregory et al., 2020). Climate change is expected to cause large-scale losses from the GIS and the West Antarctic
Ice-sheet (WAIS) at lower levels of climate forcing, followed by further Antarctic ice loss as vulnerable basins
of the East Antarctic Ice-sheet (EAIS) retreat under higher levels of warm-
ing (Fox-Kemper et al., 2021). Given the high concentration of vulnerable
human populations and infrastructure in coastal regions worldwide, the risk
of crossing critical thresholds for major polar ice-sheets represents a particu-
larly high-priority topic in terms of research, planning, and climate mitiga-

Glaciers tion (Portner et al., 2022).
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Major ice-sheet processes have exerted a dominating influence on sea-levels
over the geologic past due to the tremendous quantities of ice contained within
the GIS, WAIS, and EAIS. Global sea levels may have been 6-9 m higher
than the present day during the Eemian (125,000 years ago, 1°C warmer than
present day) (Dutton et al., 2015), although recent research points to uncer-
tainty in sea-level reconstructions (Austermann et al., 2021) and proposes
that sea levels in this period may have been lower than previously assumed
(Dyer et al., 2021). A reduced EAIS during the Pliocene (5.33-2.58 million
2000 2010 years ago, 2-3°C warmer than present day) may have contributed to global

Component sum 1971-2018
GMSL change 1971-2018

sea level rise of 3—12 m, in addition to up to 12 m of sea level contribution
from the GIS and WAIS (C. P. Cook et al., 2013). Full loss of the current GIS

gauge reconstructions (1971-1993) and satellite altimeter measurements would raise global mean sea-level by 7.42 + 0.05 m (Morlighem et al., 2017);
(1993-2018) is shown for comparison (dashed line) as a 3-year running collapse of the WAIS would yield a global increase of as much as 5.08 m
mean. Closure of the global sea-level budget is indicated to the right (red (mean estimate 3.16 m) (L. Pan et al., 2021; Sun et al., 2020). While the EAIS

bar = component sum central estimate; black bar = total sea level central
estimate; red or gray sharing = very likely range). Figure adapted with
permission, originally published as Cross-Chapter 9.1, Figure 1 in the IPCC
AR6 WG Chapter 9 (Fox-Kemper et al., 2021).

may only begin to lose significant ice mass for higher thresholds of warming,
vulnerable marine-terminating basins of the EAIS contain sufficient mass to
potentially raise sea-levels globally by up to 19.2 m (Fretwell et al., 2013).
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However, the stability of portions of the EAIS may depend on the integrity of relatively small volumes of ice
at the margins of features such as the Wilkes marine ice-sheet, which could impart tipping behavior leading to
large-scale ice loss over centuries (Mengel & Levermann, 2014).

The magnitude of future sea-level rise resulting from ice-sheet loss depends on climatic and topographic factors
as well as differences in glacier characteristics that may trigger ice-sheet destabilization at different critical
temperature thresholds for different ice-sheet regions. Generally, ice basins of the GIS and WAIS are more sensi-
tive to current and projected climate change and are hypothesized to reach key critical thresholds first, while the
EAIS region responds more to higher intensities of warming (Golledge et al., 2015; Robinson et al., 2012). This
is because temperatures across Antarctica are much lower than in Greenland, greatly reducing surface melt,
but the WAIS is more vulnerable to ocean warming. Significant ice loss is already occurring for both the GIS
and WAIS in the present day, with an ongoing sea-level rise contribution of 1.44 mm/yr (Bamber et al., 2018a;
Fox-Kemper et al., 2021; Oppenheimer et al., 2019; The IMBIE Team, 2018). The EAIS is potentially at a mass
balance currently (no net sea-level contribution) (B. Smith et al., 2020) thanks to increased snowfall caused by
a warming-induced increase in atmospheric moisture poleward transport, although this balance is subject to
considerable temporal variability and uncertainty that do not rule out the possibility of net loss since observa-
tions began (Bamber et al., 2018a; Boening et al., 2012; Martin-Espaiiol et al., 2017; The IMBIE Team, 2018;
Velicogna et al., 2014).

Ongoing field and satellite studies have confirmed or even revised upward earlier findings that vulnerable
ice-sheets are already feeling the effects of climate change (Hamlington et al., 2020). Mass loss from Green-
land has continued, with the pace of its contribution to sea-level having accelerated over time in recent decades
(McMillan et al., 2016). The current total contribution of ice-sheet loss to sea-level rise is following that predicted
by upper-end [IPCC ARS emissions scenarios, although this results from a combination of observed surface
mass balance losses that have exceeded the range of modeled losses and observed losses via ice dynamics that
have fallen largely in the mid-to-lower range of model projections (T. Slater et al., 2020). Recent observational
evidence also suggests that the EAIS may be worryingly more vulnerable to ocean heating than assumed previ-
ously (Silvano et al., 2016). New research has also pointed to a potentially longer-term natural trend of ice-sheet
thinning for parts of the EAIS over the past 300 years, potentially predisposing the region to some vulnerability
to future ice loss (W. A. Dickens et al., 2019).

The feedbacks affecting the major ice-sheets and the patterns and timeframes of their physical responses to
climate change differ markedly between regions. In contrast to the WAIS, Greenland ice is exposed to higher
temperatures and more glaciers terminate on land prior to reaching the sea, particularly to the southwest. Conse-
quently, surface melt in response to rising air temperatures that greatly outpaces new ice-sheet accumulation
represents the primary cause of ongoing and projected ice loss for the GIS (Bevis et al., 2019). Surface ablation
and snow melt can result in the formation of meltwater pools or exposure of darker ice that reduce surface
reflectivity, further intensifying melt through a melt-albedo feedback (MacFerrin et al., 2019; Ryan et al., 2019).
Refreezing of meltwater also warms adjacent ice. At the same time, meltwater can percolate through holes and
crevasses through to the foot of the glacier, lubricating the glacier where it meets the bedrock and accelerating the
speed of ice flow toward the sea (Bell, 2008). Warming glaciers also exhibit lower viscosity, further increasing
their rate of flow. As glaciers move seawards, their altitude falls, bringing them into lower, warmer layers of air—
another positive feedback known as the melt-elevation feedback or height-mass-balance feedback (Huybrechts &
De Wolde, 1999). A recent study using ice core reconstructions to compute early warning signals for committed
regional ice loss based on past melt rates and a simple melt-elevation feedback model found evidence that the
central-western GIS may currently be close to a critical threshold (Boers & Rypdal, 2021). While approximately
half of Greenland ice loss is being driven by such atmospheric effects upon surface mass balance (Enderlin
et al., 2014; van den Broeke et al., 2016), marine-terminating Greenland basins are also subject to ocean-driven
forcing (Carroll et al., 2016) and such discharge-driven losses remain significant at the scale of the GIS as a whole
(Choi et al., 2021; Enderlin et al., 2014). Ocean forcing is a focus of ongoing efforts to improve projections of the
GIS's future sea-level contribution (D. A. Slater et al., 2020).

In contrast, marine warming represents the primary driver of Antarctic ice loss. Many sectors of the Antarctic
Ice-Sheet are marine-based, sitting on bedrock beneath sea-level and forming ice shelves and marine-terminating
ice streams at their margins. Consequently, such marine-based ice is at risk of mass loss from processes that
result from oceanic warming (Shepherd et al., 2004) in addition to atmospheric warming (Figure 6) (DeConto
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Figure 6. Schematic diagram of the (a—c) marine ice shelf instability (MISI) and (d—f) marine ice cliff instability (MICI) processes. In MISI, (a) ocean and atmospheric
heating induce melt proceeding from ice shelf edges, (b) causing the ice-sheet's grounding line to retreat onto reverse-sloping bedrock. (c) As the thickness of the
glacier at the grounding line grows, the ice-sheet flows out to sea faster in a positive feedback. According to the MICI hypothesis, (a) loss of ice shelves due to iceberg
calving and surface and subsurface heating leads to (b) retreat of the ice-sheet onto reverse-sloping bedrock, followed by (c) exposure of progressively higher ice cliff
faces that unstably collapse, driving rapid retreat. Figure originally published in DeConto and Pollard (2016).

et al., 2021). The observational record has established the predominant role of ocean-driven subsurface melt at
the base of ice shelves, leading to the thinning and retreat of Antarctic ice shelves (Khazendar et al., 2016; Y. Liu
et al., 2015; Wouters et al., 2015). Shifts in atmospheric circulation have driven increased intrusions of warm
Circumpolar Deep Water (CDW) onto the continental shelf at depths of several hundred meters, promoting the
melt of basal ice (Jenkins et al., 2016). As ice shelves also provide a supportive “buttressing” effect that opposes
and slows the rate of ice flux to sea, loss of ice shelf mass itself accelerates flow from ice streams and enhances
discharge of ice into the ocean (Schoof, 2007). Ocean warming in combination with physical stresses can also
drive an ice shelf damage feedback in which crevasses and fractures develop within the ice shelves buttressing
outlet glaciers of the AIS, accelerating ice loss and further exacerbating damage (Lhermitte et al., 2020). Patterns
of ice loss have been influenced partly by natural tropical variability (Jenkins et al., 2016) but are also driven by
anthropogenically forced shifts in regional winds and positive feedbacks from the ungrounding of ice sheets (P. R.
Holland et al., 2019).

Much of the WALIS lies on reverse-sloping (retrograde) bedrock well below sea-level (Le Brocq et al., 2010), lead-
ing to greater instability of the WAIS under modest warming scenarios relative to the EAIS (Pattyn et al., 2018).
For marine-terminating ice-sheets, the rate at which ice flows out to sea is proportional to the thickness of the
glacier at the grounding line, the boundary between grounded and floating ice, where the ice begins to float. On
reverse slopes where the bedrock becomes deeper toward the interior of the ice-sheet, the thickness of the ice
at the grounding line increases as the grounding line retreats (Schoof, 2007). Warming subsurface waters can
increase melt beneath ice shelves, causing inland retreat of the grounding line and thus accelerating the rate at
which the glacier flows out to sea. This irreversible positive feedback mechanism for ice loss is called Marine Ice
Shelf Instability (MISI) (Shepherd et al., 2004; R. H. Thomas & Bentley, 1978; Weertman, 1974).

While not all vulnerable Antarctic glaciers terminate on reverse slopes or are currently thought to be undergoing
MISI today, several major basins are currently retreating thanks to processes that may indicate MISI dynamics

WANG ET AL.

16 of 81



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Reviews of Geophysics 10.1029/2021RG000757

(Favier et al., 2014; Joughin et al., 2014; Rignot et al., 2014). In particular, individual ice shelves on the West
Antarctic Peninsula, the Southern Antarctic Peninsula, and in the Bellingshausen and Amundsen seas are expe-
riencing losses via behavior potentially consistent with irreversible onset of MISI (Paolo et al., 2015; Rignot
et al., 2014; Wouters et al., 2015). Buttressing from ice shelves and/or low driving stress may permit or restore
grounding line stability even on reverse slopes (Gudmundsson, 2013; Gudmundsson et al., 2012; Sergienko &
Wingham, 2019). Local bed topography in combination with driving stress and the ice thickness gradient at the
grounding line can also produce more complex stability behavior in which stable positions can occur on reverse
slopes and vice versa (Sergienko & Wingham, 2022). But as a whole, should grounding lines retreat beyond
forward slopes and onto reverse-sloping topography, as is the potential case for many major Antarctic basins
(Ross et al., 2012), the process of MISI could begin rapidly accelerating ice loss from many major glaciers.

Warmer waters and thinning and hydrofracturing of ice shelves due to surface melt from atmospheric heating
can also cause overlying ice shelves to shrink. In the event that ice shelves disappear completely, a feedback
mechanism known as Marine Ice Cliff Instability (MICI) may be triggered at locations where the height of cliffs
at an exposed ice-sheet's edge exceeds critical thresholds. Beyond such heights, the shear strength of ice would
be insufficient to withstand longitudinal stress at the cliff face, causing progressive collapse via iceberg calving
(Bassis & Jacobs, 2013; Bassis & Walker, 2012). Since the thickness of ice shelves often increases further inland,
MICI could represent a strong positive feedback for ice-sheet loss. Furthermore, unlike MISI, MICI may be
capable of occurring on flat or forward slopes so long as the ice cliff threshold is exceeded (Pollard et al., 2015).
A recent modeling study suggests that over realistic timescales of ice shelf collapse, physical stress and deforma-
tion are more evenly distributed across the cliff face, potentially preventing widespread cliff failure as proposed
by the MICI hypothesis (Clerc et al., 2019). This does assume that the ice shelf is not otherwise damaged or
compromised, in which case thresholds for stable cliff heights may decrease significantly (Crawford et al., 2021;
DeConto et al., 2021). At the same time, calving from ice cliffs can also cause accumulation of ice mélange,
particularly in more constricted bays or fjords, that may act as a source of physical resistance (Bassis et al., 2021;
Crawford et al., 2021).

Currently, no evidence indicates that MICI is occurring on Antarctic ice-sheets, and deep uncertainty remains
concerning the potential importance of MICI for projections of future ice loss (Fox-Kemper et al., 2021; Meredith
et al., 2019). However, seafloor geological evidence from iceberg-keel plow marks suggest that MICI processes
may have taken place in Pine Island Bay in West Antarctica between 12,300 and 11,200 years before the present
(Wise et al., 2017). Overall, projecting ice-sheet losses from MICI remains a contentious topic given its signif-
icant impact on near-term and long-term sea-level rise estimates. While studies incorporating MICI dynamics
perform well in reproducing past ice sheet retreat under warm paleoclimates (DeConto et al., 2021), researchers
have not yet fully validated the physical mechanisms involved using field observations (Edwards et al., 2019).

Some negative feedbacks may slow rates of Antarctic ice-sheet loss. For instance, increasing ice congestion in
restricted bays may provide added resistance, buttressing some glaciers and inhibiting ice movement out to sea
(Seneca Lindsey & Dupont, 2012), although this does not protect basins that terminate in the open sea, such as the
Thwaites (DeConto et al., 2021). Increased snowfall over portions of Antarctic ice have also provided mass inputs
that offset a portion of ice loss (Boening et al., 2012). These factors only represent relatively minor influences
upon the ice-sheets’ mass balance as a whole. More significantly, uplift of the land surface beneath retreating
ice-sheets as the weight of the overlying ice is reduced has been suggested to act much faster than previously
assumed, potentially providing a negative feedback (Barletta et al., 2018) and slowing the multicentennial rate of
ice loss from the Thwaites (Larour et al., 2019). One modeling study suggests that weaker, more responsive Earth
structure beneath the WAIS could delay its collapse by millennia or even prevent full collapse in some RCP2.6
and RCP4.6 scenarios (Coulon et al., 2021). However, uplift may also accelerate meltwater flux into the ocean
and further amplify global sea level rise over coming centuries (L. Pan et al., 2021). Further study will help
resolve remaining uncertainties regarding the relative importance of such processes. Overall, however, mode-
ling suggests that negative feedbacks will exert limited impact in slowing Antarctic ice sheet retreat (DeConto
etal., 2021).

2.3.3. Commitment to Loss of the Greenland and West Antarctic Ice-Sheets Causes Accelerated,
Multi-Meter Sea-Level Rise Over Centuries and Millennia

Initiation of irreversible ice-sheet collapse would bring about serious long-term consequences for global sea-level
(Figure 7). For summer warming of more than 2°C, the GIS has been assessed as more likely to reach a critical
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Figure 7. (a) Antarctic Ice sheet cumulative mass loss and sea level equivalent since 2015, with satellite observations shown from 1993 (Bamber et al., 2018b; The
IMBIE Team, 2018; WCRP Global Sea Level Budget Group, 2018) and observations from 1979 (Rignot et al., 2019), ISMIP6 projected changes by 2100 under
RCP8.5/SSP5-8.5 and RCP2.6/SSP1-2.6 scenarios (thin lines from Edwards et al. (2021), Payne et al. (2021), Seroussi et al. (2020) and 17-83%o, 5-95%o ranges of the
ISMIP6 emulation (shaded line, Edwards et al., 2021)). Right, 17-83%0, 5-95%o ranges for ISMIP6, emulator, and LARMIP-2 including SMB at 2100. (b) Greenland
Ice Sheet cumulative mass loss and sea level equivalent from 1972 (Mouginot et al., 2019) and 1992 (Bamber et al., 2018a; The IMBIE Team, 2020), the estimated
mass loss from 1840 (Box & Colgan, 2013; Kjeldsen et al., 2015) indicated with a shaded box and projections from ISMIP6 by 2100 under RCP8.5/SSP5-85 and
RCP2.6/SSP1-26 scenarios (thin lines from Edwards et al. (2021), Goelzer et al. (2020), and Payne et al. (2021)) and likely range of the ISMIP6 emulation (shades

and bold line (Edwards et al., 2021)) are shown in time. Figure adapted with permission, originally published as Figure 9.18b and Figure 9.17b in the IPCC AR6 WG1

Chapter 9 (Fox-Kemper et al., 2021).

threshold than not (Pattyn et al., 2018). Local annual mean warming of 3°C could be attained this century and
would eliminate nearly all Greenland glaciers, raising seas by 7 m over approximately 1,000 years (Gregory
et al., 2004; Huybrechts et al., 1991). A recent paper calculating the GIS's geometric instability relative to current
climate forcing suggests that the GIS could already be committed to long-term loss of 3.3% + 0.9% of its present
volume irrespective of future 21st century scenarios (Box et al., 2022). Central-western Greenland may already
be approaching a critical transition (Boers & Rypdal, 2021). However, a new study coupling an ice-sheet model
with an atmospheric general circulation model has produced results suggesting that the Greenland Ice Sheet may
not exhibit bistable behavior in response to transgression of a critical threshold (Gregory et al., 2020). While
further research is required to verify the existence of intermediate diminished states of the Greenland Ice Sheet
under steady-state warmer climates, this result leaves open a possibility that the Greenland Ice Sheet may exhibit
stable states between its modern extent and complete loss.

For the Antarctic ice sheet, a modeling analysis utilizing extremely gradual temperature forcing to investigate the
system's critical thresholds, stability, and hysteresis (see Rahmstorf & England, 1997) observed strong retreat of
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grounding lines in the WAIS for global temperatures 1-2.5°C above pre-industrial, producing a partial collapse of
the WALIS at a critical threshold around 2°C warming (Garbe et al., 2020). One recent study assuming a worst-case
RCP8.5 emissions scenario and incorporating a strong but uncertain MICI feedbacks (DeConto & Pollard, 2016)
calculated a potential for Antarctic ice loss to contribute 34 cm (17-83%o: 20-53 cm) of sea-level rise by 2100,
with an eventual sea-level increase of 9.57 m (6.87-13.55 m) by 2300 (DeConto et al., 2021). 3°C pathways result
in significant WAIS ice loss within 500 years, driven strongly by intense retreat of the Thwaites Glacier, yielding
15 cm (8-27 cm) of sea-level rise from Antarctica by 2100 and an eventual total Antarctic contribution of 1.54 m
(1.04-2.03 m) by 2300 (DeConto et al., 2021). However, modeling of MICI processes is highly sensitive to the
chosen regional climate forcing and differences in ice-sheet modeling, as such factors influence surface melt,
hydrofracturing, and the subsequent collapse of ice shelves required for the exposure of tall ice cliffs (DeConto
et al., 2021). Other modeling results produce somewhat more conservative sea-level changes, with an Antarctic
contribution to sea-level rise of 22 cm of sea-level rise by 2100 (5-95%o: 8—43 cm) estimated using pessimistic
assumptions under the high-emissions RCP8.5 pathway (Edwards et al., 2021). Newer ISMIP6 ice-sheet model
simulations using CMIP5 model outputs have thus far yielded a similar range of —6.7 to 35 cm of sea-level
rise contributed by the Antarctic Ice Sheet by 2100 under RCP8.5 (Seroussi et al., 2020). One modeling study
assessed a cumulative contribution from Greenland and Antarctica of 25 cm of sea-level rise by 2100 under
RCP8.5 (Golledge et al., 2019). Overall, total predicted sea-level rise by 2100 ranges between 0.63 and 1.02 m
for SSP5-8.5 (Fox-Kemper et al., 2021).

Projections of future sea-level rise from ice-sheet losses remain highly uncertain, primarily due to limited obser-
vational records, incomplete understanding of ice-sheet dynamics, and model limitations. Changes to buttressing
from ice shelves and the dependence of mass losses upon sliding and basal friction physics will strongly determine
sea level contributions from Antarctica (Gudmundsson et al., 2019; Sun et al., 2020). Such uncertainty poses a
significant challenge to governments and planners' attempts to assess adaptation needs (Rasmussen et al., 2020).

Antarctic ice-sheet collapse would be irreversible absent substantial cooling that would permit reformation of
buttressing ice shelves. Otherwise, retreat may continue until topography that halts MISI/MICI is reached. Green-
land melt is theoretically reversible to a point, with the ice sheet regrowing to its present-day extent upon a
modeled restoration of late 20th-century climate provided ice loss is confined to a magnitude of 4.0 m sea-level
equivalent or less (Gregory et al., 2020). Beyond this threshold, the retreat of ice from northern Greenland
reduces regional snowfall, preventing regrowth of ice around 2.0 m of sea-level equivalent in total. The albedo of
the ice sheet's surface remains a relatively uncertain factor in modeling the surface mass balance of the GIS, with
higher recovery of the ice sheet possible if surface albedo remains high but improbable at lower albedo values.

Timescales of collapse depend strongly on climate forcing and bed topography and can require centuries to
millennia. The Thwaites glacier may already have reached the early stages of irreversible mass loss, although its
rate of reduction may remain moderate over the 21st century, with collapse potentially occurring over a period of
200-500 years (Cornford et al., 2015; DeConto et al., 2021; Golledge et al., 2015). EAIS basins may take more
than a century under high warming scenarios to begin shedding substantial mass, with multi-meter contributions
to sea-level rise over the course of several millennia (Golledge et al., 2015). As mentioned above, reduction of the
GIS will likely require a millennium. Yet the weakening of ice shelf buttressing directly accelerates ice flow and
discharge independent of MISI and MICI processes, with immediate implications for observed rates of sea-level
rise. Consequently, under our current best understanding, Greenland and Antarctic ice-sheet collapse cannot
be considered an abrupt or fast phenomenon in which most sea level impacts manifest within decades. Never-
theless, ice-sheet losses may contribute to regional sea level rise under RCP8.5 and worst-case scenarios that
reaches 1-2 m for many cities globally by 2100, seriously threatening existing communities and infrastructure
(Trisos et al., 2022). Over longer timescales, sustained high rates of global sea-level rise (>1 cm/yr by 2200, with
further acceleration to up to a couple centimeters per year beyond) may broadly strain coastal adaptation efforts
(Oppenheimer et al., 2019).

At the same time, models indicate that strong climate mitigation may avert significant fractions of potential
sea-level rise and prevent ice-sheet collapse across large regions. In several modeling studies the RCP2.6 scenario
prevents collapse of the WAIS (Bulthuis et al., 2019; DeConto & Pollard, 2016) and may reduce the Antarctic
contribution to global sea level rise by 2100 to 13 cm (Edwards et al., 2021). The IPCC AR6 WG1 suggests
total sea-level rise by 2100 under RCP2.6 would range between 0.33 and 0.61 m (Fox-Kemper et al., 2021).
However, current global climate efforts are currently not on track for these relatively more optimistic scenarios,
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Table 4
Section Summary Box Synthesizing the Forcing Mechanism, Response Behavior, Reversibility, and Classification of Major Mass Loss From the Greenland and West
Antarctic Ice Sheet and Shelves

Classification Mechanism Irreversibility
Mass losses from the Greenland and Tipping element Rising air and ocean temperatures, leading Irreversible
Antarctic ice sheets to increased surface melt and loss of ice for

Large committed mass losses from ice sheets in
response to small forcing and stability changes
(e.g., Boers & Rypdal, 2021; DeConto et al., 2021;
Edwards et al., 2021; Garbe et al., 2020; Gregory
et al., 2020; Mengel & Levermann, 2014; Pattyn
et al., 2018)

shelves, which in turn intensify physical millennia
feedbacks promoting ice sheet retreat

with end-of-century warming of ~3-4°C still quite possible (Hausfather & Peters, 2020). Although significant
uncertainties remain regarding the precise temperature thresholds that could trigger ice-sheet collapse, research
to date suggests that aggressive climate mitigation could limit risks from ice-sheet instabilities (Table 4).

2.4. Carbon Release From Thawing Permafrost
2.4.1. Background

Permafrost is any earth material (soil, sediment, and rock) that remains below freezing temperatures for at least
several consecutive years, with many permafrost regions worldwide having remained predominantly frozen over
the past several thousand years. Due to minimal rates of decomposition at such low temperatures, considerable
quantities of organic matter have accumulated and become incorporated in these frozen soils. Consequently,
sizable stocks of carbon lie contained within permafrost soils globally. Today permafrost covers ~23 million km?
of the planet, with 13—-18 x 10° km? in the Arctic, 1.06 X 10° km? in the Tibetan plateau and 16-21 X 10° km? in
subsea and Antarctic regions (Chadburn et al., 2017; Gruber, 2012; Sayedi et al., 2020; D. Zou et al., 2017). Total
organic carbon content of all permafrost soils in the Northern Hemisphere is assessed to range between 1,460
and 1,700 Gt C, nearly twice the amount of carbon currently in the atmosphere (Olefeldt et al., 2016; Schuur
et al., 2018). On a worldwide scale, permafrost carbon represents about one-third of all global soil carbon within
the upper 3m (Jobbagy & Jackson, 2000; Schuur et al., 2015).

Rising global temperatures are causing permafrost to warm (Biskaborn et al., 2019; Lewkowicz & Way, 2019;
S. L. Smith et al., 2022). Temperatures at permafrost depths 10-20 m below the ground surface are now 2-3°C
higher than those observed 30 years before (Figure 8) (Romanovsky, Isaksen, et al., 2017; Romanovsky, Smith,
et al., 2017). While rates of permafrost warming are impacted by surficial geology, landscape morphology,
and ground ice content, warming is occurring even in deep permafrost boreholes across the circumpolar region
(Biskaborn et al., 2019). Over the past two decades, the climate community has devoted serious efforts toward
assessing how widespread permafrost thaw will stimulate organic matter mineralization and C emissions, a poten-
tial positive climate feedback termed the permafrost carbon feedback to climate (PCF). This feedback depends on
understanding how much of the permafrost carbon pool is vulnerable to mineralization, how quickly permafrost
carbon losses will occur over time, whether these emissions will be released as CO, versus CH,, and the degree
to which permafrost carbon loss can be offset by increasing plant biomass post-thaw.

In addition to warming, changes in weather patterns such as elevated precipitation rates also influence rates of
permafrost thaw (Douglas et al., 2020; Kokelj et al., 2015; Neumann et al., 2019). Observations indicate that
high-latitude rainfall may already be increasing (J. E. Walsh et al., 2011), and climate models predict a strong
likelihood for future high-latitude precipitation to increase with climate change (Overland et al., 2011). Higher
temperatures in permafrost regions could also boost the frequency of wildfires, both releasing significant carbon
and transferring heat to deeper permafrost layers (Goetz et al., 2007; J. E. Holloway et al., 2020; Mack et al., 2011;
Randerson et al., 2006; X. J. Walker et al., 2019). Strong evidence points toward an increasing frequency and
severity of wildfires throughout the arctic and boreal north (Flannigan et al., 2009; Hanes et al., 2019; Kasischke
& Turetsky, 2006; McCarty et al., 2020). Field observations have demonstrated that wildfire can act as a major
driver of regional permafrost thaw, with fire contributing toward the expansion of thermokarst (areas where thaw
leads to ground subsidence) area in western Canada (Gibson et al., 2018), Alaska (Y. Chen et al., 2021), and
Siberia (Yanagiya & Furuya, 2020).
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Figure 8. (a) Diagram illustrating components of the circumpolar Arctic terrestrial landscape potentially sensitive to climate change, including (1) permafrost, (2)
ground ice, (3) river flow rates, (4) abrupt thaw via landslides and small-scale processes, (5) surface water accumulation, (6) wildfires, (7) tundra biome shifts, (8) shrub
vegetation, (9) boreal forests, (10) lake ice, and (11) seasonal snow cover. (b) Observed permafrost temperature anomalies (relative to the 2007-2009 International Polar
Year baseline) over time (Romanovsky, Isaksen, et al., 2017; Romanovsky, Smith, et al., 2017). (c) global area of near-surface permafrost soils and (d) projected change
in surface runoff to the Arctic Ocean under low (RCP2.6), middle-of-the-road (RCP4.5), and worst-case (RCP8.5) emissions scenarios. Figures adapted with permission
from Figure 3.10 in the IPCC SROCC Ch 3 (Meredith et al., 2019).

Permafrost thaw—and resulting carbon emissions—has sometimes been characterized as a fast-acting tipping
element with tipping points which, once crossed, would trigger abrupt and severe warming. On the other hand,
permafrost is still perceived as a relatively stable component of the climate system on century or possibly millen-
nial times scales. Thus, whether permafrost carbon will or will not be an important factor in abrupt carbon
cycle shifts in addition to the other components reviewed here is contentious (Dyonisius et al., 2020; Petrenko
etal., 2017).

The majority of permafrost thaw will occur via thickening of the active layer, often referred to as gradual perma-
frost thaw because it affects centimeters of surface permafrost relatively slowly on a time scale of decades to
centuries (McGuire et al., 2018; Schneider Von Deimling et al., 2015). Abrupt thaw processes—the collective
term for rapid erosion, thermokarst (thaw that leads to subsidence, land slumping, and erosion), and similar
phenomena—Iead to more abrupt exposure and thaw of permafrost on time scales of days to years (Abbott &
Jones, 2015). Thermokarst can locally affect meters of permafrost over such timescales. Thermokarst-prone land-
scapes can occur in both discontinuous and continuous permafrost (Fraser et al., 2018; Lewkowicz & Way, 2019;
Olefeldt et al., 2016; Rudy et al., 2017) and are often associated with surface water accumulation and/or melting
ground ice that triggers sudden landslides, crevasses, or subsidence. Abrupt thaw represents an important ecosys-
tem state change (M. G. Turner et al., 2020) and has the potential to impact <20% of the Arctic region (Olefeldt
et al., 2016; Turetsky et al., 2020). Such processes carry implications not just for susceptibility to thaw but also
for subsequent rates of carbon release. Carbon mobilized by thermokarst events particularly in Yedoma perma-
frost soils (a type of Pleistocene aged permafrost) has demonstrated rapid rates of biodegradation, underlining
the potential for significant carbon release from thermokarst features (Vonk et al., 2013). On the other hand, other
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types of permafrost carbon, such as Holocene aged permafrost soils in some peatlands, have been found to be
relatively resistant to degradation post-thaw (Heffernan et al., 2020).

Beyond carbon and climate feedbacks, permafrost thaw also has important consequences for local communities,
infrastructure, and ecosystems ranging from structural damage and loss of life caused by unstable ground to an
elevated risk of infectious disease outbreaks at the hands of live pathogens liberated from thawed permafrost
(Hjort et al., 2022; Meredith et al., 2019; Miner et al., 2021; M. G. Walsh et al., 2018). For example, abrupt thaw
was associated with the majority of hazards experienced by land users in Alaska, impacting the way northerners
can hunt or travel over land or rivers (Gibson et al., 2021). Consequently, limiting the extent of climate change
can both limit climate risks associated with permafrost thaw and reduce impacts upon northern communities
(Portner et al., 2022).

2.4.2. Cumulative Methane and CO, Release From Abrupt and Gradual Permafrost Thaw Manifests
Over a Century or More

It is highly likely that a sizable fraction of permafrost area globally will thaw by end-of-century, though estimates
of the extent of loss range widely from 5% to 70% (Koven, Lawrence, & Riley, 2015; Koven, Schuur, et al., 2015;
Lawrence et al., 2012; McGuire et al., 2018; Schaefer et al., 2011; Schuur & Abbott, 2011; Schuur et al., 2015;
Wisser et al., 2011). Some permafrost can persist even in the face of disturbance and 1.5-2°C of observed regional
warming (J. E. Holloway & Lewkowicz, 2020; James et al., 2013). For example, lowland permafrost associated
with thick peat layers persisted as relict patches of permafrost remnant from the Little Ice Age in North America
(Halsey et al., 1995). In large part due to ecosystem protection of permafrost created by vegetation, peat, and
snow characteristics, thermal modeling also suggests that permafrost in the southern margins of the permafrost
zone may be more resilient than previously assumed (Way et al., 2018). However, such findings also emphasize
that substantial permafrost degradation at regional to continental scales has already occurred to date and will
continue under high and mid-range emissions scenarios.

From a carbon emission perspective, both gradual and abrupt thaw will contribute to climate change slowly over
a century or longer rather than being released all at once (Turetsky et al., 2019, 2020).

Projections for emissions from thawed permafrost by 2100 are quantitatively large (range of 37-174 Gt C,
with two recent estimates of 57 and 87 Gt C under a worst-case RCP8.5 emissions scenario) (Koven, Schuur,
etal., 2015; Meredith et al., 2019; Schneider Von Deimling et al., 2015). A multi-model mean of 92 Gt C released
from gradual thaw by 2100 under RCP8.5 (Meredith et al., 2019) would represent about a decade of present-day
emissions (~10 Gt C/yr) (Peters et al., 2020). The IPCC AR6 WG1 assessed the strength of the permafrost feed-
back to be 18 (3.1-4.1, 5-95%o range) and 2.8 (0.7-7.3) Gt C of CO, and CH,, respectively, per 1°C of global
mean warming, implying a middle figure of 90 Gt C of CO, and 14 Gt C of CH, under RCP8.5-like warming of
~5°C globally (Canadell et al., 2021). Over longer multi-century timescales, models demonstrate higher uncer-
tainty, with estimates for carbon release from gradual thaw by 2300 under RCP8.5 ranging between 167 Gt C
absorbed to 641 Gt C released (mean of 208 Gt C released) (McGuire et al., 2018).

Abrupt thaw could produce CH, and CO, fluxes of 38—104 Mt CH,/yr and 0.01-0.45 Gt C/yr of CO, through 2300
under an RCP8.5 scenario (McGuire et al., 2018; Schneider von Deimling et al., 2012; Schneider Von Deimling
et al., 2015; Turetsky et al., 2020). One modeling study suggests thermokarst processes could cumulatively emit
an additional 60-100 Gt C by 2300 under RCP8.5, although associated climate impacts could vary depending
on the proportion of methane emissions (Turetsky et al., 2020). Methane fluxes from abrupt thaw will induce a
moderate additional climate forcing relative to anthropogenic methane emissions today (335 Mt C/yr). Cumula-
tive carbon release from abrupt thaw is anticipated to be less than 50% of that stemming from gradual thickening
of the active layer, yet due to higher CH,:CO, ratios the climate impact of abrupt thaw via radiative forcing
are projected to be similar to that of gradual thaw (McGuire et al., 2018; Schneider von Deimling et al., 2012;
Schneider Von Deimling et al., 2015; Turetsky et al., 2020). Climate mitigation could significantly preserve
existing permafrost carbon, with the modest-mitigation RCP4.5 scenario significantly minimizing permafrost
carbon release from both abrupt and gradual thaw (McGuire et al., 2018; Turetsky et al., 2020).

Currently, permafrost carbon emissions are characterized by high CO,:CH, ratios (Miner et al., 2022). Empirical
and modeling studies agree that permafrost C emissions currently are dominated by CO, fluxes in oxic soil envi-
ronments, with much smaller fluxes of CH, occurring in anoxic conditions (Schédel et al., 2016; Walter Anthony
et al., 2018). However, particularly in lowland regions prone to abrupt thaw, the contribution of CH, to total
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permafrost C release is expected to increase in the future (Turetsky et al., 2020; Walter Anthony et al., 2018).
Increasing methane emissions from saturated thawing soils in these northern lowlands often is driven by modern
carbon assimilated recently by the ecosystem rather than older carbon that previously resided in permafrost layers
(Estop-Aragonés et al., 2020) highlighting the important connection between permafrost thaw, land cover change,
and ecosystem carbon emissions. The role of methane oxidation has been shown to be important in some thaw
environments (Abbott et al., 2015) but requires more study to determine its overall significance to permafrost
carbon emissions as well as its sensitivity to future changes in permafrost, climate, and biophysical conditions.
Beyond microbial transformations of methane, natural methane stores trapped under currently frozen soil layers
may also be released thanks to permafrost thaw, although this source is not currently anticipated to be climatically
significant (Petrenko et al., 2017).

Emissions of nitrous oxide—another potent greenhouse gas—from permafrost also may be non-negligible (Voigt
et al., 2020; Wilkerson et al., 2019) and require further study. In general, improved projections of hydrological
changes within the permafrost region (Andresen et al., 2020) and better quantification of the rates of permafrost
organic carbon mineralization into CO, versus CH, (or other greenhouse gases such as N,O), and the fate of
permafrost C exported as dissolved organic matter in aquatic environments remain active areas of study with
major climate implications (J. C. Bowen et al., 2020; Laurion et al., 2020; Zolkos & Tank, 2020).

Patterns of vegetation and biomass recovery patterns post-thaw also are important to ecosystem C balance includ-
ing the potential for new peat accumulation post-thaw. At least some portion of permafrost C release is likely
to be offset by increased plant growth and new accumulation of biomass (Koven, Lawrence, & Riley, 2015;
McGuire et al., 2018; Turetsky et al., 2019, 2020). Landscape to regional vegetation shifts are occurring as a
result of permafrost thaw (Baltzer et al., 2014) but may in turn also carry important consequences for perma-
frost carbon cycle feedbacks. In particular, the large-scale expansion of shrubs across the circumpolar north
(Bjorkman et al., 2018; Tape et al., 2006) may accelerate the seasonal timing of snow melt due to albedo effects
from protruding branches, acting as a positive feedback upon permafrost thaw (Wilcox et al., 2019). Plant roots
can further stimulate the decomposition of organic carbon in thawed permafrost, exerting a potentially large
impact on regional scales as warming and enhanced nitrogen availability promotes vegetation growth (Albano
etal., 2021; Keuper et al., 2020). Simulations focused on permafrost thaw show that enhanced plant carbon uptake
can entirely offset permafrost carbon emissions under the RCP4.5 emissions scenario (McGuire et al., 2018). The
future of Arctic vegetation and CO, uptake depends on patterns of regional wetting versus drying in combination
with disturbances like fire regimes. It seems likely that ecosystem carbon balance in the northern permafrost
region will be strongly affected by the strength of plant CO, fertilization in combination with vegetation response
to climate, which need better mechanistic representation in most large scale models. The response of different
landscapes and vegetation types to warming, changes to nutrients, increased CO,, precipitation, and fire will
generally drive large-scale ecosystem changes across the circumpolar north, with important implications for not
only permafrost but also northern boreal forests (see Section 2.5).

Efforts to assess the climate implications of future permafrost thaw are complicated by the limitations of current
models (Bonnaventure et al., 2018). CMIP5 models produce a wide range of estimates due to differences in
modeled transfer of warming to permafrost and to varying model treatment of surface factors such as snow and
hydrology (Koven et al., 2013). Models' limited ability to account for ground ice represents a particularly impor-
tant challenge, as ground ice may slow rates of permafrost warming over coming decades (H. Lee et al., 2014)
but ultimately increase landscape susceptibility to thermokarst over longer timescales (Nitzbon et al., 2020).
CMIP6 models generally yield similar projections for future changes in permafrost area and volume, but still do
not incorporate important factors including ground ice (E. J. Burke et al., 2020). Land surface models continue
to exhibit widespread in estimates of soil carbon stocks and in the response of soil carbon dynamics to changing
temperature and moisture (Huntzinger et al., 2020). The use of high-resolution regional permafrost models forced
by the results of GCM runs may enable improvements in model performance, by better capturing landscape
heterogeneity (Lara et al., 2020).

Overall, added inputs of atmospheric carbon (worst-case estimates equivalent to up to ~400 Gt C by 2300)
(Turetsky et al., 2019) would be climatically significant, further incentivizing climate change mitigation to a
level that would minimize the impact from this feedback. Abovementioned uncertainties concerning feedbacks
between temperature, ground ice, precipitation, permafrost thaw, local landscape and vegetation changes, and
the response of microbial communities and biomass (Bonnaventure et al., 2018; Jorgenson et al., 2010; Kokelj
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Table 5
Section Summary Box Synthesizing the Forcing Mechanism, Response Behavior, Reversibility, and Classification of Carbon Release From Thawing Permafrost
Classification Mechanism Irreversibility
Carbon release from thawing Tipping element Warming temperatures, precipitation Irreversible for centuries or longer
permafrost . . . shifts, wildfires, and changes to (e.g., Boucher et al., 2012; de Vrese
Committed declines in frozen carbon R . .
il e oo Ern ek vegetation and surface albedo drive & Brovkin, 2021; M. C. Jones
release (o atmosphere in response permafrost warming and thaw, et al., 2017; H. Lee et al., 2019;
i SP Spon followed by carbon release from Schaefer et al., 2011)

to forcing, with potential local or
regional threshold-like behavior
(e.g., Drijthout et al., 2015; Koven,
Schuur, et al., 2015; McGuire

et al., 2018; Schneider Von
Deimling et al., 2015; Turetsky

et al., 2020; Walter Anthony

etal., 2018)

decomposing organic matter

et al., 2015; McGuire et al., 2018; Rivkina et al., 2004; Shur & Jorgenson, 2007) also leave considerable uncer-
tainty associated with net CO2 and methane emissions estimates (Dean et al., 2018). Together, emissions asso-
ciated with permafrost thaw and increasing Arctic fires will reduce the amount of greenhouse gases that humans
can emit to remain below policy targets (Natali et al., 2021) (Table 5).

2.5. Large-Scale Boreal Forest Ecosystem Shifts
2.5.1. Background

The northern boreal biome has felt the effects of climate change to a substantial degree, with decades of obser-
vations highlighting rapid regional temperature increases, more frequent occurrence of wildfires, and intensifica-
tion of pest-driven tree mortality. Near-surface fall and winter air temperatures within the band of latitudes from
70° to 90°N rose by 1.6°C per decade over the 1989-2008 period, with summer temperatures rising at a rate of
0.5°C per decade (Screen & Simmonds, 2010). Increasing temperatures have resulted in substantial greening
overall within boreal North America (Figure 9) and Eurasia (Ju & Masek, 2016; Piao et al., 2020). Despite over-
all greening trends, the observational record has seen a marked increase in the extent, frequency, and severity
of browning events from boreal wildfires, with this increasing trend predicted to continue with further warming
(De Groot et al., 2013; Flannigan et al., 2009; Seidl et al., 2020; Veraverbeke et al., 2017). Higher temperatures
have additionally been linked to acute outbreaks of insects leading to large-scale tree mortality events in Alaska,
Canada, and Siberia (Boyd et al., 2021; Kharuk et al., 2020; Kurz et al., 2008; Sherriff et al., 2011; US Forest
Service, 2019), sparking concern that similar pest invasions could occur more often in the future, infecting new
tree species and expanding pest ranges northward (de la Giroday et al., 2012). These differential impacts of
climate change on greening and browning trends occur continentally—for example, areas with browning trends
are much more prevalent and stronger in boreal North America versus Eurasia (Bi et al., 2013)—as well as
regionally, with browning from fires and drought much more prevalent in the southern margins of the North
American boreal forest (Hogg et al., 2008) in contrast to greening trends at the northern margins (C. T. Maher
et al., 2021).

Between the biomass in soil, permafrost, and living and dead vegetation, boreal forests represent a significant
pool of terrestrial organic carbon (30% of global soil carbon) (Mcguire et al., 2009; Turetsky et al., 2019), and
constitute 30% of global forest area (Kasischke, 2000). Of this fraction, two-thirds of boreal forest are found
within Russia, with Russia's boreal forests estimated to contribute around half (0.6 Gt C/yr) of the total global
terrestrial carbon sink (Dolman et al., 2012; Schaphoff et al., 2013). Recent research has proposed that boreal
forest carbon stocks could be underestimated, with updated calculations suggesting that boreal regions hold more
terrestrial carbon (Bradshaw & Warkentin, 2015) than tropical areas, which have been previously suggested to
harbor the largest stock of carbon among all terrestrial biomes (Y. Pan et al., 2011).

Itis important to note that 95% of boreal zone carbon is stored in peatlands and soils (Bradshaw & Warkentin, 2015),
and an uncertain proportion of this underground carbon stock overlaps with the stock of permafrost carbon
(Section 2.4). Boreal vegetation and permafrost soils also interact with one another (Carpino et al., 2018),
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Figure 9. Maps of Landsat-based greenness trends for Canada and Alaska
from 1984 to 2012. (a) Counts of Landsat observations from 1984 to

2012. (b) Greenness trends expressed in units of Normalized Difference
Vegetation Index (NDVI) change per year. (c) Statistical significance of the
calculated greenness trends. Figure reproduced with permission from Ju and
Masek (2016).

complicating attempts to disentangle potential carbon fluxes associated with
changes in the vegetation and soil systems. Regardless, boreal forests make
up an important component of the terrestrial and global carbon cycles, with
changes in this biome potentially acting as large climate feedbacks.

A growing number of research studies over the past 25 years have provided
increasing evidence for the possibility of region- (e.g., North America vs.
Siberia) and landscape- (e.g., upland vs. lowland) specific shifts within
the circumpolar boreal biome, with potentially significant climate implica-
tions (Chapin et al., 2005; Foley et al., 1994; Lenton et al., 2008; X. Lin
et al., 2020; Scheffer, Hirota, et al., 2012). This hypothesis theorizes that
a landscape-dependent mix of temperature, moisture, and precipitation
changes, shifts in wildfire regimes and soil conditions, greater vulnerability
to pest insect outbreaks, and a lengthening of the growing season may all
combine to drive acute mortality of boreal forest vegetation in drier, upland
areas and at the southern margins of boreal zones and its replacement by
more open deciduous woodlands and grasslands, as reviewed by Gauthier
et al. (2015) and predicted in forest modeling studies (Foster et al., 2019;
Mekonnen et al., 2019). In contrast, increasing boreal forest productivity in
wetter ecosystems and at latitudinal and elevational range boundaries is also
possible (Foster et al., 2019; Pastick et al., 2019). Region-specific differences
in wildfire regimes and permafrost dynamics (Baltzer et al., 2021; Rogers
et al., 2015) may also lead to diverging responses to climate change. X. Lin
et al. (2020) found that the net sink of atmospheric carbon in Siberia has
increased by 18 Tg/year since 1980, while the carbon flux over the North
American boreal and arctic biomes has remained relatively constant. Such
ecosystem- and continental-scale shifts could represent a climatically signif-
icant tipping element with the potential to change land surface albedo (Beck,
Juday, et al., 2011; Bonan et al., 1992) over large areas and release a consid-
erable pool of carbon to the atmosphere, in addition to altering the strength
of an important terrestrial organic carbon sink.

2.5.2. Boreal Forests Worldwide Are Experiencing Rapid Changes
With the Potential for Northward Expansion and Southern Margin
Shifts to Deciduous Forest or Grasslands

Observations of ongoing changes in boreal ecosystems worldwide provide
abundant evidence of increasing climate impacts, particularly within south-
ern and interior boreal regions. As mentioned above, temperatures for
the Arctic north are rising at two to four the global mean rate of warming
(Rantanen et al., 2022; Screen & Simmonds, 2010). Tree mortality across the
Russian boreal forest has increased over the late 20th and early 21st centuries
(Allen et al., 2010). The same region has also seen a substantial intensifica-
tion in fire occurrence, with the fire return interval falling from 101 years
in the 19th century to 65 years in the 20th century for larch-dominant forest
stands (Kharuk et al., 2008). Increased recurrence of wildfires is reducing the
carbon stocks of affected boreal forest sites (Palviainen et al., 2020), altering
soil and permafrost regimes (Gibson et al., 2018), changing dominant species
compositions (Baltzer et al., 2021; Mack et al., 2021), and in some cases
leading to post-fire “regeneration failure” (Burrell et al., 2021). Forest area

burned has correspondingly increased across Siberia based on data from multiple sources (Soja et al., 2007).

The extent of wildfires in boreal environments is widely anticipated to continue increasing in the future (Balshi
et al., 2009; Kloster et al., 2012; Shuman et al., 2017; Wotton et al., 2017). Satellite data also highlight decreases
in forest productivity across Alaska since 1982 (Beck, Goetz, et al., 2011). With regional warming, Alaska has

also begun to see large-scale forest mortality events driven by previously cold-limited spruce beetles, as reviewed

in Soja et al. (2007). For example, an ongoing spruce beetle outbreak in south-central Alaska has affected ~0.5
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million ha since 2016 (US Forest Service, 2019). The North American boreal forest is also exhibiting an increase
in the proportion of deciduous tree cover (J. A. Wang et al., 2019).

Replacement of boreal forest by grasslands and deciduous forest is expected to continue based on the response of
vegetation models to climate forcing (Foster et al., 2019; J. A. Wang et al., 2019). Together with climate-driven
changes to precipitation and soil moisture, increasing insect outbreaks and more frequent and intense wildfires
may drive declines in boreal forest productivity within the interior of boreal regions (Boyd et al., 2021; Foster
et al., 2019; J. A. Wang et al., 2019). Region-specific modeling studies focusing on Alaska (Foster et al., 2019;
Mann et al., 2012), Siberia (Shuman et al., 2015), and China's boreal forests (Wu et al., 2017) support the poten-
tial for future climate-induced shifts in vegetation consistent with such patterns.

Yet while boreal forest productivity and tree cover are on the decline at the southern edge of the boreal zone
and within interior regions, 30-year data sets of satellite and observational evidence also point toward ongoing
expansion of boreal forests northwards into area previously occupied by tundra thanks to higher temperatures
(Figure 9) (Beck, Juday, et al., 2011; Ju & Masek, 2016; Pastick et al., 2019; Pearson et al., 2013). Since 1960, the
growing season across the boreal zone has lengthened by 3 days/decade (Euskirchen et al., 2006). Expansion of
trees into the tundra biome has implications for regional and global climate, as the albedo of forests is lower than
that of tundra, leading to warmer winter conditions with greater tree cover (Bonan et al., 1992). The spatial extent
and speed of boreal treeline migration is dependent on a number of factors (Rees et al., 2020), including nutrient
and permafrost conditions and wildfire. However, increasing temperatures are likely to drive boreal expansion,
leading to cascading impacts on soil, disturbance, and climate regimes.

The accelerated pace of boreal climatic shifts relative to the rest of the world is likely to continue over the 21st
century. Warming of 3-5°C globally by end-of-century would imply average temperature increases of 7-10°C
for large parts of Russia, with regional warming of up to 12°C (Schaphoff et al., 2016). Such warming would
probably exacerbate the abovementioned climate impacts upon the boreal environment. For example, one study
predicts that the probability and intensity of Canadian boreal forest fires might more than double across large
areas by 2080-2100 under an RCP8.5 scenario (Wotton et al., 2017), while another recent analysis modeled mean
potential increases in burned area of 29%—-35% for the Northwest Territories and 46%—55% for interior Alaska
by 2050-2074 under RCPS.5, driven predominantly by more frequent occurrence of lightning (Veraverbeke
et al., 2017).

The rapid pace of such observed and predicted patterns, which in some cases exceed older predictions, raises the
possibility that future change and warming-induced feedbacks within the boreal biome may proceed non-linearly
rather than linearly (Foster et al., 2019; Johnstone et al., 2010; Soja et al., 2007). An extensive survey of forest
cover across the boreal environment has indicated that intermediate states of landscape tree cover are rare and
potentially unstable, suggesting that forested areas may transition to systems with sparse tree cover more abruptly
than previously thought (Scheffer, Hirota, et al., 2012). Shifts toward more prevalent fires potentially play a
major role in driving a transition toward more deciduous tree cover (Johnstone et al., 2010). Decades of remote
sensing data from North American boreal forests suggest that current CMIP6 models are failing to account
for notable impacts from disturbances like fire and insects, while overestimating additional biomass accumula-
tion from CO, growth enhancement (J. A. Wang et al., 2021). Paleoclimate evidence of boreal forests respond-
ing strongly to temperature changes suggests that large shifts in boreal biome extent have occurred within the
past 10,000 years, potentially acting as a large-scale climate feedback (Bigelow et al., 2003; Foley et al., 1994;
MacDonald et al., 2000, 2008).

Ecosystem changes for the boreal forest may take place within decades to a century. A multi-region model
analysis found that for large portions of all major boreal regions with the exception of Eastern North America,
projected temperature changes under worst-case emissions would alter local climatic conditions to resemble
current woodland/shrubland climates by 2090 (Gauthier et al., 2015). Mann et al. (2012) in fact suggest that a
transition to mixed woodlands has already begun for the Alaskan boreal region and is anticipated to reach comple-
tion by mid-century. Projections for Siberia also indicate a relatively rapid shift, with dark and light-needled
forest declining from ~60% of the modeled area to ~40% and ~24% for a 720 ppm and >800 ppm end-of-century
emissions scenario, respectively (Shuman et al., 2015).

2.5.3. The Importance of Boreal Forest Regions for Global Climate

The potential for boreal forests to exhibit tipping element behavior remains uncertain, but troubling (Table 6).
The recent pace of change witnessed in the boreal north clearly points to the potential for large-scale transitions.
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Table 6

Conceptual Outline of Changes Within Different Regions of the Boreal Zone Organized by Their Anticipated Impacts Upon Climate

Boreal forest zone

Southern margins

Boreal zone interior

Northern margins

Warming feedbacks in response to
warming

Cooling feedbacks in response to
warming

Net effects

Soil organic matter decomposes at
higher rates

Increased wildfire impacts

Increased boreal tree mortality from
pests

Carbon storage eventually shifts
aboveground into more robust
deciduous vegetation

Replacement of dark-leaved boreal
conifers increases land surface
reflectivity

Soil organic matter decomposes at
higher rates

Increased wildfire impacts

Increased boreal tree mortality from
pests

Carbon storage eventually shifts
aboveground into more robust
deciduous vegetation

Replacement of dark-leaved boreal
conifers increases land surface
reflectivity

Soil organic matter decomposes at
higher rates

Increased wildfire impacts

Expansion of boreal conifers into
previously bare ground darkens
land surface

Faster vegetation growth due to
warmer temperatures stores more
carbon

Highly uncertain, but with a considerable possibility for net warming due to increased carbon release from decomposition
and burning of organic matter in boreal forest soils.

Climate impacts may also differ by region (i.e., E. Siberia vs. W. Siberia vs. N. Canada vs. Alaska)

Projections for such a transition, however, remain based on models that must make simplifying assumptions about
complex mechanisms such as precipitation, fire, and soil moisture availability and their effects on needle-leaved
trees. These processes as well as differential responses of tree species to environmental changes (Dusenge
et al., 2020) and competitive interactions between individual trees and species are important factors for modeling
the response of boreal regions to climate forcing (Foster et al., 2019; Shugart et al., 2015). Due to landscape
and ecological heterogeneity, some boreal areas may prove relatively more resilient to climate change thanks to
favorable terrain or ecosystem conditions (Stralberg et al., 2020). Nevertheless, parallel findings from a growing
number of analyses predicting major vegetation shifts across the biome region underline the real possibility for a
boreal transition beginning later this century.

Uncertainty continues to surround the critical thresholds, extent of change, and climatic impacts of large-scale
boreal ecosystem shifts. Polling of expert researchers produces a wide range of increases in global mean tempera-
ture relative to pre-industrial temperature (3—4°C) for intensifying boreal forest transitions (Kriegler et al., 2009).
Comparisons of vegetation shifts under multiple climate scenarios suggest that boreal forest changes may be
strongly mitigation-dependent, with more limited impacts for more moderate emissions pathways (Lucht
et al., 2006). Loss of boreal forest in southern regions may also be partially compensated by afforestation along
the northern boundaries of the boreal biome as warmer, less-frozen tundra gives way to forested landscapes
(Scheffer, Hirota, et al., 2012). Existing large-scale vegetation models also remain limited in their ability to
replicate complex terrestrial ecosystem dynamics and produce confident estimates for changes in biomass carbon
(Schaphoft et al., 2016). Finally, the future of boreal forests will also strongly depend on human management
practices.

One of the most worrying aspects of a potential boreal tipping element involves the difficulty of quantifying the
climatic impact of replacement of boreal forests by deciduous woodlands or shrublands. Boreal forests contain
30% or more of global soil carbon, and up to 95% of organic carbon within boreal forest ecosystems may be stored
belowground (Bradshaw & Warkentin, 2015; Flannigan et al., 2009). Small-scale processes triggered by warm-
ing, hydrological changes, and permafrost thaw may precipitate the release of some of this large carbon pool via
decomposition (Turetsky et al., 2019), while fire and post-fire mortality have the potential to emit considerable
carbon from both forest biomass as well as upper soil organic layers (Brando et al., 2014; De Groot et al., 2013;
Dieleman et al., 2020; Shvidenko et al., 2011). At the same time, projections for potential carbon release from
boreal soils are complicated by a high degree of overlap with estimates for permafrost carbon release (Bradshaw
& Warkentin, 2015), as the northern boreal and permafrost zones partially coincide. A potential also exists for
interactions between permafrost thaw and vegetation shifts. For instance, observations in Canada suggest that
permafrost thaw may push boreal landscapes toward wetland-like conditions, resulting in declines in forest cover
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Table 7
Section Summary Box Synthesizing the Forcing Mechanism, Response Behavior, Reversibility, and Classification of Boreal Forest Ecosystem Shifts
Classification Mechanism Irreversibility
Boreal forest ecosystem shifts Tipping element Regional warming and climate change drive Uncertain

Large-scale changes in boreal forest distribution and

changes in fire regime, growing season,
permafrost zone, weather patterns, and insect
outbreaks, promoting interior vegetation
shifts and shifting the geographic range of the
circumpolar boreal forest

vegetation patterns induced by climate forcing, with
potentially abrupt local/regional ecosystem shifts (e.g.,
Beck, Juday, et al., 2011; Carpino et al., 2018; Foster
et al., 2019; Lucht et al., 2006; Mekonnen et al., 2019;
Scheffer, Hirota, et al., 2012; Shuman et al., 2015)

(Carpino et al., 2018). Warming additionally affects carbon gains and losses in boreal vegetation thanks to shifts
in productivity and respiration, with potentially opposing seasonal effects (Z. Liu et al., 2020).

Some research from a set of Alaskan studies suggests that after wildfires, a shift in vegetation from needle-leaved
trees to deciduous forest would not substantially change the total pool of organic carbon, and would potentially
increase the storage lifetime of carbon due to the greater resistance of deciduous biomass to fire and decay
(Alexander & Mack, 2016; Mack et al., 2021). Biotic feedbacks such as vegetation shifts toward hardwoods
during post-fire succession may also improve resilience to fire (Hansen et al., 2020) and reduce the future
frequency of wildfires relative to model projections that predict fire activity from changes in climate alone
(Marchal et al., 2020).

Apart from implications for fire and carbon storage, a shift in vegetation from darker coniferous species to lighter
deciduous trees would increase regional reflectivity of the southern and interior areas of the boreal zone, acting as
anegative feedback on warming (R. A. Betts, 2000; Z. Liu et al., 2019; Mykleby et al., 2017; Piao et al., 2020). As
boreal forests expand northwards into current tundra biomes, however, the same research suggests that the darker
surface of boreal vegetation—particularly as it overtakes treeless ground previously snow-covered in winter—
will act as a positive feedback reinforcing climate change. This albedo-driven effect will likely overcome any
positive benefits from added carbon sequestration from northwards expansion of boreal vegetation.

Overall, the climatic impact of worldwide changes to the boreal biome under expected future emissions remains
challenging to assess. Reductions in boreal forest area in southern and upland boreal regions combined with
fire regime changes and the predicted northward treeline expansion in response to higher temperatures produce
multiple competing, complex climate impacts (Beck, Goetz, et al., 2011; Foster et al., 2019; Ju & Masek, 2016;
Pastick et al., 2019; Pearson et al., 2013). Calculations of changes to carbon stocks, regional albedo, carbon sinks,
and the timescales involved even at local or regional scales remain imprecise and depend upon multiple complex
processes and feedbacks (Foster et al., 2019; Shuman et al., 2015). Ultimately, current research cannot eliminate
the possibility that changes across the boreal zone due to a warming climate could act as a net positive climate
feedback, thanks to the potential for permafrost thaw and wildfires to liberate the soil carbon that makes up the
majority of stored carbon across this ecosystem. Consequently, boreal forest dieback and shifts represent one of
the more potentially immediate and significant climate system tipping elements (Table 7).

2.6. Disruption of Tropical Seasonal Monsoons
2.6.1. Background

Seasonal monsoon precipitation is the primary source of water for nearly all tropical land, governing water
availability and agricultural yields for billions of people in much of Africa and Asia, the tropical Americas, and
northern Australia (Christensen et al., 2013). Furthermore, extreme precipitation in these regions typically results
from storms embedded within the continental-scale monsoon winds, causing flooding and landslides that often
inflict significant loss of life and property. Given the importance of monsoons to food security, water availability,
and natural disaster risk, researchers worldwide have devoted sizable effort to predicting changes in monsoon
seasonality and intensity that might result from anthropogenic climate change.

Although monsoons are sometimes viewed as regional phenomena, they are part of the global circulation of
the atmosphere, with warm air rising over tropical continents in the summer hemisphere, flowing across the
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equator, and sinking as it cools in the winter hemisphere (Fasullo & Webster, 2003). During solstice seasons, the
sum of all the regional monsoons constitutes a large fraction of the global Hadley circulation, with South Asian
monsoon winds alone constituting about half the global cross-equatorial mass flux in boreal summer (Boos &
Emanuel, 2009; Findlater, 1969; Trenberth et al., 2000; P. J. Webster, 2004). The seasonal cycle of monsoons and
the Hadley circulation is driven by the seasonality of solar radiation, with the energy of intense summer sunlight
transferred rapidly to the overlying atmosphere due to the low heat capacity of land. The vertical transport of this
energy from the thin layer of near-surface air into the bulk of the overlying atmosphere is performed primarily
by precipitating clouds, yielding monsoon precipitation (Biasutti et al., 2018). Changes in monsoon precipita-
tion thus involve planetary-scale atmospheric flow, comparatively small-scale clouds, surface and atmospheric
absorption of solar radiation, and the properties of land and ocean surfaces.

Because of difficulties in understanding and simulating (e.g., in global climate models) the multi-scale, coupled
monsoon systems described above, many studies have turned to the historical record for indications of ongo-
ing shifts in monsoon rainfall; a repeating theme is the identification of large-scale changes in seasonal mean
monsoon rainfall in many regions over the last century, with some reversal of those changes in recent decades.
For example, monsoon rainfall over central India decreased about 10% between 1950 and 2000, with that
trend attributed to various possible causes such as atmospheric aerosols (Bollasina et al., 2011; Ramanathan
et al., 2005), Indian Ocean warming (Roxy et al., 2015), land use change (Paul et al., 2016), and irrigation
(Niyogi et al., 2010; Shukla et al., 2014). However, that decrease in central Indian rainfall ended around the year
2000 and the negative rainfall anomaly has since almost completely recovered in most observational records
(Q. Jin & Wang, 2017). When averaging over the larger region of the whole country of India, precipitation
shows no detectable trend in rain gauge data sets extending back in time more than a century, for both summer
and the full calendar year (Saha et al., 2018). In Africa's Sahel, monsoon-season rainfall decreased about 40%
from the 1950 to the mid-1980s, then partially recovered over the next 20 years (Held et al., 2005). Remote
SST variations are strongly associated with this decadal variability in Sahel rainfall (Folland et al., 1986;
Giannini et al., 2003), with possible roles for anthropogenic aerosols and natural ocean-atmosphere variability
in causing those SST changes (Biasutti & Giannini, 2006; Rotstayn & Lohmann, 2002). Turning from the
seasonal mean to the temporal characteristics of rain events within the monsoon season, studies have found
evidence for Sahel precipitation becoming increasingly extreme and erratic (Biasutti, 2019). For example,
35 years of satellite imagery showed an increase in the number of intense mesoscale convective systems just
south of the Sahara (Taylor et al., 2017). In central India, some studies have found an intensification of rainfall
in wet periods and a reduction in the intensity of dry spells (Singh et al., 2014, 2019).

This section does not seek to synthesize all historical and projected future trends in monsoon rainfall, but asks
whether monsoons constitute a tipping element of the climate system (other reviews, such as (Hoell et al., 2016;
Pascale et al., 2019; A. G. Turner & Annamalai, 2012; B. Wang, Jin, & Liu, 2020) summarize the regionally
disparate observed trends in monsoon rainfall). Is it reasonable to expect abrupt changes in monsoon charac-
teristics in response to anthropogenic climate forcings, and if so would such changes be reversible? Studies
have indeed suggested that anthropogenic forcings might cause a sudden reduction in South Asian monsoon
strength and an abrupt increase in West African monsoon intensity in the next century (Bathiany et al., 2018;
Lenton et al., 2008; Levermann et al., 2009; Schewe et al., 2012; Zickfeld et al., 2005). However, these studies
have relied on highly idealized and simplified sets of differential equations, often distinct from the formal prim-
itive equations of fluid motion that form the basis of global climate models, and their relevance to monsoons
has been disputed (Boos & Storelvmo, 2016a; Seshadri, 2017). The majority of research to date, including the
ensemble of CMIP5 and CMIP6 models (Figure 10), suggests that the global monsoon domain will experience
a gradual increase of seasonal mean precipitation and a gradual weakening of low-level mean winds in response
to warming, albeit with many uncertainties and caveats involving model bias (Z. Chen et al., 2020; Christensen
et al., 2013; Hill, 2019; Hoegh-Guldberg et al., 2018; C. Jin et al., 2020; Ranasinghe et al., 2021). Yet, the great
importance of monsoons for billions of people living in the tropics justifies continued study of even a slim chance
of abrupt change (Shaw et al., 2022; Trisos et al., 2022), especially given the existing evidence for some abrupt
variations in both paleo monsoons and the seasonal cycle of modern-day observed monsoons. The rest of this
section examines the possibility of abrupt changes in monsoons that might occur in response to comparatively
steady global or regional forcings, then closes with a very brief summary of projected future trends in regional
monsoons that may be unrelated to tipping elements.
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Figure 10. Time series of June—September precipitation averaged over a South Asian monsoon (top row) and Sahel domain (bottom row) from the first ensemble
member of 19 CMIP6 models in the SSP5-8.5 future projection (Eyring et al., 2016), showing the absence of modeled abrupt shifts to a much wetter or drier regime
in either domain. The time series are split across three panels for ease of visibility. A 10-year moving average has been applied to each time series to filter out shorter
timescales of interannual variability. A table of the analyzed models and their associated institutions is available for download on Zenodo at https://doi.org/10.5281/

zenodo.7038980.

2.6.2. Evidence for Abrupt Transitions in the Modern-Day Seasonal Cycle and Paleo Monsoons

Multiple regional monsoons exhibit threshold-like transitions in early summer, switching abruptly from a dry,
winter-like state to a wet summer state. In early summer, precipitation and continental-scale atmospheric flow
in the South Asian monsoon intensify more rapidly than can be explained by a linear response to the seasonal
change in solar forcing (Boos & Emanuel, 2009; D. Halpern & Woiceshyn, 1999; Krishnamurti et al., 1981;
Murakami et al., 1986). The transition from wintertime trade winds (directed westward) to eastward monsoon
flow occurs rapidly -over a time scale of a few days--in the Australian monsoon, although with perhaps greater
association with intrinsic intraseasonal variability and less association with the solar forcing than other monsoons
(Wheeler & McBride, 2005). Convective cloud activity over the Sahel shifts rapidly from 5° to 10°N during the
onset of the West African monsoon (Fontaine et al., 2011; Sultan & Janicot, 2003).

Given this observed behavior in the seasonal cycle, is it reasonable to expect that monsoons might abruptly shift
into a much drier or wetter state as a long-term climate forcing is applied? If one could reduce the effective solar
forcing below the level needed to produce the observed seasonal onset of the summer monsoon in a region, say
by increasing the concentration of reflective atmospheric aerosols, one would expect the summer monsoon to fail
to begin. However, such a forcing would need to be very large: insolation increases by about 250 W m~2 between
winter and summer solstices at 30°N, while regional aerosol radiative forcings typically peak around 10 W m~2
or less (Ramaswamy et al., 2001; Takemura et al., 2005). Changes in radiative forcing due to historical changes
in land use and land cover (including deforestation, cropland expansion), are of similarly small magnitude (C.
J. Smith et al., 2020). Furthermore, monsoons have more degrees of freedom than an idealized mathematical
step function, and are known to exhibit changes in intensity, onset and withdrawal dates, and spatial structure
in response to a variety of forcings. For example, the well-known reduction in Indian monsoon rainfall that
occurs during El Nifio events has been shown to be associated with a shortening of the rainy season (Goswami
& Xavier, 2005), and one of the most common patterns of interannual variability in the West African monsoon
consists of a north-south shift of the rainfall maximum (Nicholson & Grist, 2001). Some of the simple models
used to argue that an abrupt failure of monsoons will occur in response to climate forcings can only repre-
sent changes in monsoon intensity, and fail to include such well-observed spatial shifts or changes in duration
(Bathiany et al., 2018; Levermann et al., 2009).
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Paleoclimate proxies provide abundant evidence for sudden changes in annual mean rainfall in several monsoon
regions, although the meaning of “abrupt” and the drivers of these changes require careful consideration before
they can be used as analogs for future climate change. These proxies include not only stable isotopes, but easier
to interpret quantities such as pollen concentrations, lake levels, sediment deposition rates, and macrofossils
(COHMAP Members, 1988). The West African monsoon is a well-studied example, with many proxies indicat-
ing a step-like beginning and end to the African Humid Period, which comprised a large expansion of rainfall
across the Sahara concurrent with the changes in Earth's orbit that brought more intense boreal summer insola-
tion roughly 6,000 to 15,000 years ago (deMenocal et al., 2000; Gasse, 2000). Compared to some anthropogenic
forcings, such as increases in greenhouse gas concentrations which exert an order 4 W m~2 radiative forcing that
is relatively uniform in space, this mid-Holocene insolation anomaly was large in magnitude and non-uniform,
peaking at 30 W m~2 near the North Pole but absent at the South Pole, thus likely more efficiently driving ther-
mally direct circulations such as monsoons by enhancing the meridional gradient of insolation. This insolation
forcing intensified and then decayed over thousands of years, while proxy time series show North African hydrol-
ogy responding over centuries or even decades, which is comparatively fast (Adkins et al., 2006). However, it
remains unclear whether these potentially abrupt changes manifested simultaneously over most of North Africa
or occurred sequentially at different latitudes as the narrow summer-mean monsoon rain band gradually shifted
north-south in response to the insolation forcing. McGee et al. (2013) found that past changes in dust deposition
off Africa's west coast were consistent with synchronous changes in dust across all of northern Africa, suggesting
a truly rapid expansion and contraction of the West African monsoon. In contrast, Shanahan et al. (2015) found
that hydrogen isotopes in leaf waxes indicated precipitation changes that were only locally abrupt at the end of
the African Humid Period, occurring at progressively later times at lower latitudes as the rain belt presumably
withdrew gradually toward the equator.

Potentially abrupt changes exist in the proxy records of other paleo monsoons, with related questions regarding
locality and relevance for future climate change. For example, high-resolution time series of isotopes in cave
deposits extend the record of the East Asian monsoon hundreds of thousands of years into the past, showing step-
like responses over many cycles of the smooth, sinusoidal insolation forcing (Y. Wang et al., 2008). However, the
East Asian monsoon is distinct from the tropical monsoons discussed in this section, being governed by midlati-
tude jet stream dynamics (Liang & Wang, 1998; Sampe & Xie, 2010); changes in cave isotopes in East Asia may
furthermore indicate changing isotopic fractionation in remote regions thousands of kilometers away, or changes
in the source regions of water vapor fluxes (J.-E. Lee et al., 2012; B. A. Maher, 2008; Pausata et al., 2011).
Another example is the abrupt change in the South Asian monsoon argued to have occurred in response to
geologic uplift of the Tibetan Plateau, with the forcing evolving over millions of years and much debate about the
physical meaning of proxies (Molnar, Boos, & Battisti, 2010).

2.6.3. Proposed Mechanisms for Abrupt Changes in Monsoons

Although mechanisms for the abrupt seasonal onset of monsoons have been studied for decades (Numaguti, 1995;
Plumb & Hou, 1992; Xie & Saiki, 1999), most recent arguments for monsoons being a tipping element of the
climate system have focused on a particular moisture-advection feedback (Zickfeld et al., 2005). In this feedback,
water vapor is transported from ocean to warmer and drier land in the thermally direct monsoon circulation; as the
water vapor condenses in rising air over land, the latent heat release reinforces the existing land-sea temperature
contrast, strengthening the circulation in a self-reinforcing dynamic (Levermann et al., 2009). Anthropogenic
aerosol emissions or land use shifts could increase regional albedo, causing cooling over land that weakens the
temperature gradient and disrupts the moisture-advection feedback, causing the monsoon to abruptly shift into a
dry state (Zickfeld et al., 2005). This tipping point was proposed to exist at a regional albedo of 0.5, with land use
change and aerosol emissions over South Asia possibly increasing albedo to that threshold (Lenton et al., 2008;
Zickfeld et al., 2005). Studies have explored potential humidity thresholds for this feedback, arguing that past
variations in humidity over ocean allowed the feedback to cause abrupt changes in paleo monsoons (Schewe
etal., 2012).

The existence of this moisture-advection feedback on monsoon strength has been disputed, because the
simple box model used to mathematically formulate the feedback omitted the fact that atmospheric tempera-
ture drops as air rises along an adiabat (Seshadri, 2017). Other authors made a consistent criticism (Boos &
Storelvmo, 2016b), noting that the moisture-advection feedback model omits the static stability of the tropo-
sphere; adding that stabilizing term to the model equations resulted in a continuous and nearly linear response
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to forcings. Although (Levermann et al., 2016) asserted in response that this static stability is insufficient to
counteract the moisture-advection feedback, pointing to paleoclimate evidence of abrupt monsoonal transitions,
static stability has been shown in decades of research to balance high-amplitude atmospheric heatings (Boos
& Storelvmo, 2016a), and the occurrence of abrupt shifts in paleo monsoons does not imply the existence of a
moisture-advection feedback (see previous subsection). Setting aside arguments about the formulation of simple
box models, Boos and Storelvmo (2016b) showed that, in an ensemble of global climate model simulations,
no abrupt transitions, hysteresis, or other behavior characteristic of tipping points occurred when the South
Asian monsoon was subject to a wide range of greenhouse gas, surface albedo, and aerosol forcings. Further-
more, the proposed moisture-advection feedback for abrupt monsoon transitions is similar in formulation to the
moisture-convergence feedback proposed as the cause of hurricanes in the 1960s (Charney & Eliassen, 1964) and
later shown to fail in producing realistic simulations of those storms by unrealistically producing the most rapid
amplification at the smallest length scales (Yanai, 1964). A review of tropical atmospheric dynamics called the
idea that low-level moisture convergence causes precipitation and latent heating “an influential and lengthy dead-
end road in atmospheric science” (Emanuel et al., 1994). This does not mean that atmospheric moist dynamics
are incapable of causing nonlinear, abrupt changes: Dixit et al. (2018) used idealized heatings in a global climate
model to argue that dry air advection from the Sahara suppresses West African rainfall in the modern climate, and
that a northward shift of that rainfall in response to the mid-Holocene insolation forcing might have shutdown that
dry air advection and produced nonlinear intensification of the West African monsoon. Seshadri (2017) found
bifurcations indicative of tipping points when varying the parameters of a simple box model of monsoons, but
noted that it was important to determine whether those parameter values were realistic.

Although recent discussion of monsoon tipping points has focused on a moisture-advection feedback (Lenton
et al., 2008), the most well-known mechanism for abrupt monsoon change may be the desert-albedo feedback
proposed by Charney (1975) in the context of intense drought in the Sahel that started in the late 1960s. That
feedback is biogeophysical in nature, with reduced rainfall causing drying and vegetation destruction over land
with a consequent increase in land surface albedo, which in turn reduces absorbed sunlight and thus the radiative
forcing for monsoon rainfall (Charney, 1975). This idea led to the Sahel and other drylands being thought of as
fragile systems prone to nonlinear feedbacks, with modest degradation in vegetation cover prone to push those
systems into a new, desert equilibrium (Biasutti, 2019). However, observed association of the Sahel drought of
the 1970s and 1980s with decadal variations in SSTs, together with global climate model simulations, led to
remote ocean temperature variations now being widely regarded as the cause of that drought (Folland et al., 1986;
Giannini et al., 2003). Feedbacks between vegetation and precipitation are now regarded as a possible ampli-
fier of the remote oceanic forcing of the 1970s—1980s drought and are thought to be critical for producing the
vast expansion of precipitation across the Sahara during the African Humid Period roughly 6,000 years ago
(Biasutti, 2016, 2019; Boos & Korty, 2016; Hopcroft & Valdes, 2021). Quantitative understanding of such bioge-
ophysical feedbacks remains a research frontier (National Research Council, 2013), with parameterization of the
vegetation component in climate models being a major area of research and development (Fisher et al., 2018).
Although some have argued that a feedback between vegetation and precipitation may create a tipping point in the
West African monsoon that would cause grasslands to reduce the area of the Sahara desert at a rate of 10% per
decade (Claussen et al., 2003; Lenton et al., 2008), the state of both knowledge and numerical model representa-
tions of such feedbacks provides low confidence in such claims.

2.6.4. Monsoon Response to Abrupt Changes in Other Earth Systems

Monsoons might undergo abrupt changes not because of their own internal, nonlinear dynamics, but because they
are forced by large amplitude, abrupt changes in some other element of the Earth system. A canonical example is
the abrupt variation of monsoons during the last ice age, thought to occur synchronously across multiple continents
in response to rapid temperature variations in the Northern Hemisphere that took place during Dansgaard-Oschger
events and also during Heinrich events (Dansgaard et al., 1993; Heinrich, 1988; Schulz et al., 1998; Y. J. Wang
et al., 2001). In Heinrich events, for example, large discharges of fresh ice from the Laurentide ice sheet into the
North Atlantic are hypothesized to have been associated with slowing of the AMOC and cooling of the entire north-
ern hemisphere, resulting in a shift of tropical precipitation maxima southward to dry and weaken the West African
and South Asian summer monsoons while enhancing South American monsoon precipitation (Chiang & Bitz, 2005;
Deplazes et al., 2013; Schneider et al., 2014; X. Wang et al., 2004). In these sorts of scenarios, monsoons may be
responding predictably and even linearly to the abrupt forcing of extratropical climate; synchronous changes in inso-
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Table 8
Section Summary Box Synthesizing the Forcing Mechanism, Response Behavior, Reversibility, and Classification of Tropical Seasonal Monsoon Regime Shifts
Classification Mechanism Irreversibility
Tropical seasonal monsoon regime shifts Non-tipping element Changes in land use and anthropogenic Reversible
aerosol emissions over land proposed (Ranasinghe

Some research has proposed abrupt monsoon
regime shifts via moisture-advection
and desert-albedo feedbacks (e.g.,
Charney, 1975; Levermann et al., 2009;
Schewe et al., 2012; Zickfeld et al., 2005).
However, majority of research suggests
gradual increase in seasonal mean rainfall
in response to increasing climate forcing
(e.g., Boos & Storelvmo, 2016a; Z. Chen
et al., 2020; C. Jin et al., 2020; Ranasinghe
et al., 2021; Seshadri, 2017). Biogeophysical
feedbacks remain an area of uncertainty
(Fisher et al., 2018)

to affect land-sea temperature contrast, etal., 2021)
disrupting water vapor transportation

(e.g., Levermann et al., 2009; Schewe

et al., 2012; Zickfeld et al., 2005), but

omits key stabilizing factors (Boos &

Storelvmo, 2016a, 2016b)

lation may “pace” or “trigger” these changes (Cheng et al., 2016), but the nonlinear response may originate in midlat-
itude ocean-atmosphere dynamics. Such scenarios bear important lessons for the possible response of monsoons to
abrupt changes in the Greenland or Antarctic ice sheets or the Atlantic Meridional Overturning Circulation.

2.6.5. Synthesis and More General Projections of Monsoon Change

Overall, mechanisms for abrupt monsoon regime change in response to global warming remain a topic of active
discussion, in part because such changes, even if extremely unlikely, could have catastrophic societal impact.
Nevertheless, definitive evidence for the abrupt response of monsoons to gradual forcings remains elusive (Table 8).
This is not to imply that large, gradual, and high-impact changes in monsoons are unlikely to occur; many analyses
of the CMIP model projections that are performed periodically for IPCC reports indicate coming changes in many
regional monsoons (Douville et al., 2021; Ranasinghe et al., 2021). In the latest collection of such models (CMIP6),
there is general agreement that annual mean rainfall will very likely increase over most of the Asian and African
monsoon domains over the next century, but will likely decrease in the core North American monsoon region (C. Jin
etal., 2020; B. Wang, Jin, & Liu, 2020). Future changes in South American and Australian monsoon precipitation are
of lower confidence in these models. Projected changes in seasonal-mean precipitation generally increase in magni-
tude with the strength of the greenhouse gas forcing (Z. Chen et al., 2020; C. Jin et al., 2020), providing no obvious
indication of strongly nonlinear or tipping element behavior in the models. Subseasonal variability in precipitation
is also expected to increase in nearly all monsoon regions, with an increase in the intensity and frequency of precipi-
tation extremes accompanying enhanced drought risk in some areas (B. Wang, Jin, & Liu, 2020). Such changes will
cause large socio-economic impacts even in the absence of tipping points (Shaw et al., 2022; Trisos et al., 2022).

2.7. Catastrophic Warming Due To Breakup of Stratocumulus Cloud Decks
2.7.1. Background

Stratocumulus cloud decks are horizontally extensive layers of shallow clouds, covering some 20% of low-latitude
oceans (Eastman et al., 2011) and playing an important role in the global energy balance. These wide swaths of
cloud cover reflect 30%—-60% of incoming shortwave solar radiation (Wood, 2012), in contrast to the high absorp-
tivity of exposed open ocean waters. Accurate representation of cloud dynamics have remained a weakness of
large-scale climate models, resulting in uncertainties arising from parameterizations of cloud processes (Lin
et al., 2014; Nam et al., 2012). Such challenges have persisted despite the considerable importance of clouds to
Earth's radiative balance. Clouds' relatively fast response to CO, effects and rising temperatures could potentially
drive large changes in radiative forcing (Caballero & Huber, 2013).

One recent paper proposed that under high CO, emissions scenarios (1,200 ppm CO,-equivalents in radiative
forcing terms), a climate feedback may occur in which stratocumulus cloud decks disintegrate, triggering rapid
and substantial warming of 8°C globally (Schneider et al., 2019). Stratocumulus cloud decks are maintained by
temperature and moisture-driven mechanisms that are in turn affected by atmospheric radiative forcing and surface
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Figure 11. Schematic diagram illustrating mechanisms of stratocumulus cloud deck collapse and resulting consequences upon net radiative energy balance. Under
present-day conditions (400 ppm), stratocumulus cloud decks are sustained by longwave radiative cooling at their topmost extents, which drives convective circulation
that resupplies moisture to the cloud layer from the ocean's surface. Increasing greenhouse gas concentrations (1,200 ppm) increase the input of longwave radiation

to stratocumulus clouds from above, reducing the strength of longwave cooling. Beyond a certain threshold of greenhouse gas levels (1,300 ppm), longwave cooling
weakens to the point where cloud decks are cut off from surface moisture, leading to their disintegration and abrupt, acute surface warming from increased absorption
of sunlight. Figure originally published in Schneider et al. (2019).

warming. Stratocumulus cloud deck breakup has been proposed to occur when greenhouse gas-induced weak-
ening of radiative cooling at the top of cloud layers disconnects cloud decks from their surface moisture supply,
which in combination with elevated fluxes of warm, dry air across the temperature inversion at the top of the
boundary layer causes cloud deck evaporation and breakup.

This climate feedback remains an emerging theory, presented in just a couple research publications to date. At this
time of publication, virtually no follow-up research has robustly explored this hypothesis under different model
conditions. The underlying principles of the mechanisms involved, in which weakened radiative cooling decou-
ples clouds from moisture inputs, are well-established (Bretherton & Wyant, 1997), providing some theoretical
grounding for this hypothesis. Nevertheless, the significant temperature increase that would accompany strato-
cumulus cloud deck evaporation justifies further research attention to this potentially abrupt tipping element.

2.7.2. Mechanisms of Stratocumulus Cloud Deck Evaporation

Stratocumulus cloud decks over the subtropical ocean are maintained thanks to a self-sustaining feedback in
which emission of longwave radiation from cloud tops plays an important role (Figure 11). Clouds have a high
ability to absorb longwave radiation relative to free air. Consequently, re-emission of longwave radiation from
cloud tops cools stratocumulus cloud banks from above, fueling convective circulation that supplies these cloud
formations with moisture from near-surface air over the ocean (Wood, 2012). Using a high-resolution large-eddy
simulation of a representative summertime subtropical ocean region, Schneider et al. (2019) determined that a
sufficiently high concentration of atmospheric greenhouse gases could induce rapid disintegration of stratocumu-
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Table 9

lus cloud decks by upsetting this self-sustaining feedback, potentially over short timescales. However, the authors
did not directly model this mechanism in action at the global scale.

A high greenhouse gas concentration increases the opacity of the air above stratocumulus cloud decks to longwave
radiation. This effect increases the downwelling longwave radiative flux from the overlying atmosphere, reduc-
ing the difference between this flux and the stronger upwelling radiative flux from the cloud heights. Radiative
cooling at the cloud tops weakens with increasing CO, concentrations, potentially losing the strength required
to drive convection of air parcels to the ocean's surface. At the same time, increased surface evaporation due to
GHG-induced warming strengthens turbulence generated by latent heat release from condensation in clouds. This
drives greater turbulent entrainment of warm, dry air across the tropospheric temperature inversion (the altitude at
which temperature stops decreasing with increasing height in the lower atmosphere, beyond which temperatures
warm with altitude) (Mellado, 2017). This second feedback could also reduce the stability of stratocumulus decks
at higher CO, concentrations.

Together, these two factors drive observed breakup of stratocumulus cloud decks today (Bretherton & Wyant, 1997),
and both mechanisms are expected to intensify with continued CO, emissions. Schneider et al. (2019) found that
cloud deck collapse for the modeled domain occurred at >1,200 ppm CO,-eq (in radiative forcing terms), with
continuous cloud banks replaced by scattered cumulus clouds. At larger scale, breakup of stratocumulus cloud
decks could remove significant cloud cover over some ocean regions, increasing marine absorption of solar
radiation and triggering substantial warming. The authors estimated that resulting changes to the Earth's energy
balance could increase global surface temperatures by 8°C, with warming of up to 10°C in subtropical regions.

At lower CO,-eq concentrations of 400-800 ppm, cloud cover remained dense at present levels, albeit with
reduced water content. Once collapse was initiated, however, the abovementioned feedbacks rapidly self-amplify
with the loss of cloud cover, perhaps starting from the edges of stratocumulus regions where cloud decks are
closer to stability thresholds. However, because of the limited model scope, and since cloud decks in different
regions do not share the same proximity to the stability threshold, it remains unclear how abrupt a process cloud
deck breakup would be at a global scale.

The authors further highlight a potential mediating mechanism reducing the likelihood of collapse in which weak-
ening of large-scale subsidence in the troposphere with continued warming may somewhat buttress the effect of
increasing cloud deck instability (Blossey et al., 2013; Bretherton, 2015; Held & Soden, 2006; Tan et al., 2017).

Schneider et al. further modeled a lagging, hysteresis-like recovery pattern for stratocumulus decks. Cloud
banks may only re-form after CO, levels drop significantly below the original triggering threshold to nearly
pre-industrial levels (<300 ppm CO,-eq). A subsequent analysis by the same group suggests even sustained
large-scale solar geoengineering would not fully prevent stratocumulus cloud deck evaporation from taking place,
merely raising the requisite critical threshold to 1,700 ppm CO,-eq (Schneider et al., 2020).

This hypothesized tipping element remains a novel problem that has only been identified recently by a single research
group. The greenhouse gas concentrations required to initiate stratocumulus cloud deck evaporation (~1,200 ppm
CO, equivalent) are high, at the upper limit of potential greenhouse gas concentrations in 2100 under RCP8.5.
Concentration thresholds required to trigger the stratocumulus cloud deck phenomenon may not be reached this
century. However, potential uncertainty regarding critical CO, thresholds reinforces the need for additional research.

The response of stratocumulus cloud decks also represents just one of several potential interactions between
clouds and climate forcing, including Hadley circulation-driven changes to cloud cover and shifts in midlatitude
storm tracks (Bender et al., 2012; Caballero & Huber, 2013). Further efforts are required to investigate this poten-
tial climate feedback in detail and better assess the conditions that may trigger cloud deck disintegration or other
large-scale changes in cloud forcing (Table 9).

Section Summary Box Synthesizing the Forcing Mechanism, Response Behavior, Reversibility, and Classification of Stratocumulus Cloud Deck Breakup

Classification Mechanism Irreversibility

Stratocumulus cloud deck breakup

Proposed tipping element with critical threshold Increased greenhouse gas concentrations weaken Irreversible
behavior and hysteresis (Schneider et al., 2019). radiative cooling at the top of cloud layers,
Remains a novel hypothesis in need of further causing threshold-like decoupling of cloud decks
substantiation from surface moisture
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3. Regional Candidate Tipping Elements
3.1. Continued Die-Off of Tropical, Shallow-Dwelling Coral Reefs
3.1.1. Background

Coral reefs are among the most productive and ecologically diverse marine ecosystems worldwide, with their
biodiversity collapse potentially driving further uncertainty and unanticipated shifts in regional marine ecol-
ogy, function and resources. Strong scientific evidence points toward critical temperature tipping points beyond
which tropical coral reefs undergo severe ecosystem shocks. Shallow, tropical scleractinians (hard, reef-building
corals) demonstrate high sensitivity to temperatures outside of their accustomed range, and are additionally under
stress due to increasing trends in overexploitation of resources, land-based pollution (i.e., effluence, agricultural
run-off, and microplastics), ocean acidification, and deoxygenation (Bindoff et al., 2019). Temperature anomalies
are a very strong predictor of coral bleaching (Sully et al., 2019), a phenomenon in which the obligate symbiosis
between corals and its photosynthetic dinoflagellate microalgae decouples. As these photosynthetic dinoflagel-
lates of the Symbiodiniaceae family provide corals with up to 90% of their energy requirements, the loss of these
symbionts for a prolonged period can lead to starvation, reproductive impairment, susceptibility to diseases, and
death.

While shallow tropical corals undergo daily environmental fluctuations and have survived substantial evolu-
tionary pressures over the course of geologic history, the current rate of ecosystem change presents a serious
threat. As marine heatwaves affect tropical coral reefs worldwide (Baker et al., 2008; Heron et al., 2016; M. D.
Spalding & Brown, 2015), coupled with the increasing rate of mean ocean temperature rise (Bindoff et al., 2019),
the outlook for functional coral reefs appears grim. Along with more frequent localized events in response to
particularly high sea temperature anomalies, researchers have documented three large global-scale coral bleach-
ing events since the 1980s (1998, 2010, and 2014-2017) driven heavily by El Nifio events (Eakin et al., 2019;
Heron et al., 2016) with a fourth global bleaching event likely to occur within the next decade or two (Hughes
et al., 2017). Notably, the 2014-2017 event began with heat stresses that preceded the arrival of El Nifio in 2015
and ultimately coincided with negative and neutral phases of the El Nifio—Southern Oscillation as well, indicating
that large bleaching could occur outside of El Nifio conditions (Eakin et al., 2019).

Even for a relatively moderate warming scenario, reef organisms would need to demonstrate the ability to
acclimatize and adapt to a temperature change of more than 2°C by the late 21st century, a pace of adaptation
likely too extreme for these ecosystems to match (Donner et al., 2005; Laufkotter et al., 2020; Putnam, 2021).
The current body of research consequently shows strong agreement that the majority of tropical coral reef
ecosystems will see sharp declines in biodiversity within the coming decades (Bindoff et al., 2019; Descombes
et al., 2015).

The economic and societal impacts of coral reef loss to Indo-Pacific, Caribbean, and other communities can be
expected to be substantial as an estimated 500 million people rely on coral reef ecosystems. Coral reefs serve as
critical factors for fishery productivity that sustains island communities and fisheries, hold cultural significance,
and provide shoreline fortification from coastal erosion (Ferrario et al., 2014; Storlazzi et al., 2019). Many small
island nations have become dependent upon economic activity provided by coastal tourism, which existing reef
ecosystems play a strong role in attracting (M. Spalding et al., 2017; Weatherdon et al., 2016). Degradation of
warm-water coral ecosystems thus represents a direct threat to island nations and coastal communities across the
Asia-Pacific region, endangering their food security, economic well-being, and resilience to sea-level rise and
extreme weather events (Shaw et al., 2022).

3.1.2. Ongoing and Projected Temperature Stresses and Amplified Ocean Acidification Will Drive Major
Loss of Coral Reefs Within This Century

Coral bleaching events in response to elevated temperatures have been repeatedly documented (Hughes et al., 2017,
Wernberg et al., 2015). Four to six week-long periods where water temperature remains +1°C warmer than the
average long-term summer maximum can cause bleaching and high mortality (Jokiel & Coles, 1990). Significant
long-term declines in coral abundance have already occurred in tropical coral regions, including the Caribbean
(Gardner et al., 2003; J. B. C. Jackson et al., 2014), the Indo-Pacific region (Bruno & Selig, 2007), and the Great
Barrier Reef (De’Ath et al., 2012) due to overfishing, hurricanes, disease outbreaks, and severe bleaching events.
The severity of bleaching events is further observed to be increasing over time, becoming the most prevalent
threat to coral reefs (De’Ath et al., 2012; Hughes et al., 2018).
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Coral reef ecosystems have demonstrated a limited ability to adapt to temperature stress and rebound once condi-
tions improve (Brown et al., 2002; Coles & Brown, 2003; Jury & Toonen, 2019), with observations of subsequent
coral bleaching events being triggered at higher temperatures than previous bleaching episodes (Ritson-Williams
& Gates, 2020; Sully et al., 2019). In the geologic record, dominant reef-building corals have shown variable
responses to previous mass extinction events, with numerous genera going extinct while some remained resil-
ient and survived substantial extinctions of marine life (Birkeland, 2019). Past histories of thermal stress, the
influence of non-thermal factors, and spatial and temporal heterogeneity of temperature deviations from mean
local conditions may also make coral bleaching behavior more complex than predictions based on metrics using
temperature exposures above a threshold (McClanahan et al., 2019). Coral reef ecosystems can recover following
mass mortality events, replacing the loss of coral cover and diversity in a decade or more (M. D. Spalding &
Brown, 2015). However, further warming is strongly anticipated to outpace the adaptive capacity of corals and
time required for recovery (Frieler et al., 2013; Hoegh-Guldberg et al., 2007; Hughes, Kerry, Baird, et al., 2019;
Veron et al., 2009). Furthermore, the capacity to adapt may be limited to just a small subset of coral species
and associated marine organisms, severely thinning the biodiversity commonly found in coral reef ecosystems
(Heinze et al., 2015; Hughes, Kerry, Connolly, et al., 2019; van der Zande et al., 2020).

The pace of current and future ocean warming will intensify pressures on corals. Over the past 30 years, global
mean sea surface temperatures have risen by 0.015°C per year, with this rate projected to accelerate to an aver-
age of 0.027°C per year between 1990 and 2090 (Bopp et al., 2013). Under a mean temperature increase of 3°C
globally, modelers anticipate bleaching occurring as often as annually or biannually for most reef ecosystems
within 30-50 years (Donner et al., 2005; Laufkétter et al., 2020). The potential for warmer waters to alter hurri-
cane intensity and frequency also carries implications for coral ecosystems that can suffer physical destruction,
particularly if already under physiological stress (Steneck et al., 2019).

Ongoing ocean acidification represents another important stressor, with mean surface ocean pH declining at a
rate of 0.018 units per decade across 70% of ocean biomes (Lauvset et al., 2015). The IPCC assigns near-certainty
to the likelihood of continued surface ocean acidification, with a decline in pH of 0.287-0.29 pH units by
2081-2100 relative to 2006-2015 under the RCP8.5 emissions pathway (Bindoff et al., 2019). Even under the
more optimistic RCP2.6 scenario, marine pH declines over the same period by 0.036-0.042. Lower pH requires
higher energetic costs for reef-building corals to build their calcium carbonate skeletons, while also subjecting
dead corals that serve as the foundation for living reef structure to accelerated dissolution and erosion (DeCarlo
et al., 2015; Silbiger et al., 2014). While not within the scope of this review, ocean acidification also impacts
the physiology of other marine calcifying organisms (e.g., Beaufort et al., 2011; de Moel et al., 2009; Mostofa
et al., 2016; Moy et al., 2009; Wittmann & Portner, 2013). Numerous observational studies have confirmed
the ongoing negative impacts of ocean acidification upon reef habitats and project continued deterioration of
corals with further increases in atmospheric CO, concentration (Bove et al., 2019; Jiang et al., 2018; Kroeker
et al., 2010; Mollica et al., 2018; Orr et al., 2005). Continued ocean acidification in conjunction with marine
heatwaves is anticipated to further degrade reef function due to declines in coral photosynthesis, calcification,
reproduction, and overall survival (Klein et al., 2022).

Simultaneously, sea-level rise presents an additional threat to shallow-dwelling reefs through inundation, as
waters rise faster than the reefs can grow upwards toward light (Perry et al., 2018). Paleo-evidence shows that
some reefs were unable to keep pace with rising seas and “drowned” during past de-glacial periods with rapid
sea-level rise, as reviewed in Woodroffe and Webster (2014). Many coral reefs are also directly subject to
human-induced negative impacts such as increased sediment runoff, chemical pollution, nutrient-fueled harm-
ful algal blooms, and damage from fishing activities including dynamite fishing (L. Burke et al., 2011; B. S.
Halpern et al., 2015; Hodgson, 1999). Nutrient pollution (DeCarlo et al., 2020; Donovan et al., 2020), competi-
tion with macroalgae (Anton et al., 2020), and marine de-oxygenation also pose threats to reef systems (Bindoff
etal., 2019).

Research results demonstrate strong agreement that severe coral reef degradation will likely continue through-
out the current century even under optimistic climate mitigation scenarios, with coral abundance declining to
10%-30% of today's levels even with warming limited to 1.5°C (Hoegh-Guldberg et al., 2019). A recent analysis
suggests that even warming of 1.5°C in CMIP6 models may shrink the extent of current refugia insulated from
thermal stress to just 0.2% of current coral reef areas (Dixon et al., 2022). Warming of 2-2.5°C, well within
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Table 10

Section Summary Box Synthesizing the Forcing Mechanism, Response Behavior, Reversibility, and Classification of Tropical, Shallow Coral Reef Die-Off

Classification Mechanism Irreversibility

Tropical, shallow coral reef die-off

Tipping element. Local and regional tipping points ~ Increased ocean temperatures and more frequent Irreversible

for severe, recurrent coral bleaching well beyond marine heatwaves cause coral bleaching and biodiversity
ecosystem capacity to adapt and recover to elevated mortality, in conjunction with other loss
present-day state (e.g., Dixon et al., 2022; Eakin stressors like ocean acidification, sea-level

et al., 2019; Frieler et al., 2013; Hoegh-Guldberg rise, marine pollution, and other climate and

et al., 2018; Schleussner et al., 2016) anthropogenic impacts

projections for the 21st century under current emissions rates, would certainly cross tipping points, eliminating
>99% of reef-building tropical corals and irreversibly transforming coral reef ecosystems (Frieler et al., 2013;
Hoegh-Guldberg, 2014a, 2014b; Hoegh-Guldberg et al., 2018; Hughes et al., 2017; Schleussner et al., 2016).

Currently, a future in which tropical corals undergo significant ecosystem transitions represents the most likely
outcome in the absence of extremely aggressive emissions mitigation efforts that limit global warming to 1.5°C
or less. Although tropical corals may persist in some form, with limited localities or regions potentially serving
as refugia from climate forcing (Dixon et al., 2022; Guest et al., 2018; Mies et al., 2020; Wyatt et al., 2020),
chances are high that future coral ecosystems may appear completely unrecognizable compared to their state
today (Table 10). Given the considerable sensitivity of reef habitats to even modest temperature increases under
strong climate mitigation scenarios, combined with the impact of multiple stressors like land-based pollution and
ocean acidification, avoiding a future in which tropical coral reefs degrade is becoming less possible.

3.2. Loss of Amazon Rainforest and Conversion of Significant Rainforest Area to Savanna-Like
Vegetation

3.2.1. Background

The Amazon region of South America contains the world's largest expanses of old-growth tropical rainforest.
This large ecosystem possesses global importance, alone producing an estimated 15% of total terrestrial photo-
synthesis worldwide (Field et al., 1998). The rainforest region possesses rich biodiversity and also represents a
major terrestrial biological carbon sink of some 0.4-0.6 Gt C per year (Malhi et al., 2006; Y. Pan et al., 2011),
a flux of similar magnitude to the ~0.5-0.6 Gt C per year sequestered by all northern boreal forests globally (Y.
Pan et al., 2011; Schaphoff et al., 2013). The Amazon is also responsible for 8% of global methane emissions,
of which 83% is attributable mainly to wetlands and 17% are derived from biomass burning (Basso et al., 2021).
The Amazon rainforest additionally contains a substantial amount of stored carbon in biomass and soil organic
matter, tentatively estimated to range between 150 and 200 Gt C (Cerri et al., 2007; Gibbs et al., 2007; Malhi
et al., 2006; S. S. Saatchi et al., 2011). Between all of these factors, the Amazon rainforest represents a critical
component of the global carbon cycle.

As with many of the world's major rainforests, a significant fraction of precipitation over the Amazon rainforest
is recycled water originating from the rainforest vegetation itself. While on average recycled water accounts for
some 25%-35% of total precipitation in the Amazon region (Da Rocha et al., 2009; Eltahir & Bras, 1994; Salati
etal., 1979; Zeng et al., 1996), the contribution of recycled water to total rainfall increases during the dry season.
In the dry season, recycling is the majority source of regional water vapor, and also plays a role in initiating
the onset of the wet season (W. Li & Fu, 2004; Wright et al., 2017). Between 70% and 76% of the Amazonian
forest's photosynthesis seasonality may be explained by seasonal variations of solar radiation, while between 13%
and 29% is dependent upon precipitation in parts of the basin where rainfall is lower than 2,000 mm yr~!, with
remaining areas influenced by both factors (Bertani et al., 2017; F. H. Wagner et al., 2016, 2017). Consequently,
dry season precipitation and length for the Amazon region are directly linked to the total area and health of the
rainforest system itself.

In addition to pressure from climatic stress factors, these forests face a more imminent threat. It is estimated
that the Amazon forest has lost close to 20% of its pre-1970 areal extent, and since 1985 human impacts on
the Amazon have increased by 174%, affecting 131.6 = 17.8 Mha in 2018 (Zalles et al., 2021). One estimate
calculates a net carbon loss from aboveground biomass in the Amazon of 5 Gt C between 1996 and 2017 as a
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result of deforestation and disturbance (Bullock & Woodcock, 2020). At its peak around 2005, deforestation
rates approached 30,000 sq km of clearcut or burned forest per year. This fell to an average of 6,000 sq km lost
per year between 2011 and 2015 and has remained low relative to early 2000s rates. However, since 2012, the
Amazon rainforest is experiencing a new increase in the rate of deforestation, with a peak in 2020 (Silva Junior
et al., 2021). Satellite observations suggest that large areas of the Amazon are also suffering degradation due to
smaller-scale disturbances that could potentially drive high carbon loss such as fire, drought, selective logging,
and firewood collection (Bullock et al., 2020).

Some research efforts have focused on the risk that vegetation losses could ultimately reduce recycled precipi-
tation inputs across large portions of the Amazon basin to the point where large rainforest trees become subject
to increased mortality due to the dry season lengthening (Boers et al., 2017; Nobre & Borma, 2009). As rising
numbers of trees die due to water stress (Phillips et al., 2009), further reducing the strength of the regional water
cycle, dieback of rainforest vegetation becomes a self-sustaining positive feedback, ultimately causing signifi-
cant sections of the Amazon rainforest to collapse and potentially shift toward a savanna-like type of ecosystem
(Lyra et al., 2016; Nobre & Borma, 2009). At the same time, increased forest degradation by wildfires, selective
logging and fragmentation represent immediate rainforest threats (Aragao et al., 2018; Brando et al., 2019; Silva
et al., 2020; Silva Junior et al., 2020), leading to a loss of many ecosystem services, including biodiversity and
carbon storage (Castellanos et al., 2022).

On a medium time-scale, these rainforests could shift toward seasonal forest as opposed to savanna grass-
lands (Malhi et al., 2009), emphasizing uncertainties in the ability of models to predict seasonal precipitation
(Good et al., 2013), and highlighting the potential for CO, fertilization to compensate for biomass losses (Cox
et al., 2013; Huntingford et al., 2013). Such factors could mean that changes for the Amazon forest will be driven
by local human and climate-forced conditions, rather than one climatic threshold that would homogeneously
affect the entire biome.

Large-scale Amazon ecosystem shifts are likely in the absence of climate mitigation, would severely impact local
populations by radically altering regional ecology and climate (Castellanos et al., 2022), and could influence
climate patterns around the world. Such changes have been hypothesized to potentially occur within a relatively
short time frame of around 50 years (K. H. Cook & Vizy, 2008; Fonseca et al., 2019; Lyra et al., 2016), signifi-
cantly reducing the strength of the Amazon system as a terrestrial natural carbon sink and also releasing consid-
erable quantities of stored carbon to the atmosphere via decomposition, wildfire, and land-use changes. In fact, it
has been demonstrated that the Amazon actually turned into a CO, source during some years, notably during the
extreme droughts from 2010 to 2018 (Gatti et al., 2021).

3.2.2. Substantial Evidence Indicates That Significant Regions of the Amazon Are at Risk of Dieback
Caused by Fires and Drought

Both observations as well as modeling studies have proposed a critical threshold for Amazon forest dieback,
although ongoing debate continues to discuss this hypothesis and contest whether the region will respond to
deforestation and climate change as a biome-wide tipping element. For example, there are uncertainties regarding
the extent to which forest photosynthesis, respiration, carbon stocks, and tree mortality are sensitive to tempera-
ture, precipitation, CO, fertilization and their interactions with forest heterogeneity, soil nutrient availability, and
physical structure (Fleischer et al., 2019; Green et al., 2020; Huntingford et al., 2008; Rammig et al., 2015). These
factors complicate the effort to precisely determine the boundaries of regional critical thresholds. Nevertheless,
the general threat of regional ecosystem shifts driven by wildfires, drought, and deforestation is well agreed upon
within the research community.

Water represents a key variable for assessing the Amazon's future. The Amazon rainforest typically receives
annual precipitation of approximately 2,200 mm; the western reaches of the region receive the highest amount
of rainfall (3,000 mm) thanks to the topographic influence of the Andes mountains (Salati & Vose, 1984), and
these wettest portions of the rainforest are likely to survive even under drier conditions triggered by dieback. The
lower limit of precipitation necessary to maintain a closed-canopy tropical rainforest sits at around 1,600 mm/yr
(Hirota et al., 2011). The dry season, defined as when the rainfall is lower than evapotranspiration, varies from
zero to 6 months in western to southern Amazonia, respectively (Berenguer et al., 2021). During the dry season,
the Amazon region experiences a water deficit that is partially replenished by recharge during the wet season.
Consequently, the twin factors of dry season severity and overall rainfall play central roles in maintaining existing
rainforest cover (Malhi et al., 2009).
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Changes in the seasonality of rainfall have already been observed. It has been demonstrated that the dry season
length has increased over southern (R. Fu et al., 2013) and western (Espinoza et al., 2019) Amazonia, with
an observed delay of the dry season's end and enhancement of the contrast between the dry and wet season
(Anderson et al., 2018; Gatti et al., 2021). Moreover, the altered atmospheric moisture content of air passing
over deforested areas results in less rain production relative to air passing over dense forests, leading to further
projected rainfall reductions of 12% and 21% in wet season and dry season precipitation, respectively, across the
Amazon by 2050 (Spracklen et al., 2012). For every percentage point increase in deforestation, the onset of the
rainy season becomes delayed by 0.12-0.17 days (Leite-Filho et al., 2019, 2021) and 10% of additional forest loss
induces a net reduction in annual rainfall of —49.2 + 11.3 mm (Leite-Filho et al., 2021). Therefore, the rainfall
cycle is already changing.

The southeastern Amazon basin currently experiences reduced rainfall relative to the rest of the basin, around
1,700 mm/yr—an effect that is attributed to higher intensity of land use (Salati & Vose, 1984). The frequency of
drought events in the southern Amazon has also increased according to a study examining dry events from 1970
to 1999 (W. Li et al., 2008). Significant evidence suggests that the dry season has lengthened, particularly over the
southern and southeastern Amazon (Dubreuil et al., 2012; R. Fu et al., 2013; Marengo et al., 2011). Observations
have shown an increasing number of months with a cumulative water deficit and a rainier wet season in the
southern region (Anderson et al., 2018), and an increase in temperature of 1.6-2.5°C from the west to south
parts of the Amazon between the months of August and October over the last 40 years (Gatti et al., 2021). More-
over, extreme droughts have driven increased tree mortality (Anderson et al., 2010; Phillips et al., 2009, 2010),
and exert long-lasting and cumulative effects on forest photosynthetic capacity (Anderson et al., 2018; S.
Saatchi et al., 2013). CMIP6 models demonstrate general agreement that regional rainfall will continue to decline
over the 21st century under unmitigated climate scenarios (Parsons, 2020). Substantial uncertainty characterizes
modeled future precipitation changes for the region (Good et al., 2013; W. Li et al., 2006; Parsons, 2020) and
models' ability to represent subsurface hydrological processes remains limited (Brodribb et al., 2020; National
Research Council, 2013).

At the same time, multiple factors exert important influences over Amazon ecosystem health (Figure 12). Increas-
ing regional temperatures due to both local and global drivers (P. D. Jones, 1994; Victoria et al., 1998) elevate
potential evaporation and reduce humidity, increasing quantities of dry fuel and heightening fire risk (Burton
et al., 2021; Cochrane & Barber, 2009; Cochrane & Schulze, 1999; Pueyo et al., 2010). The seasonality and
magnitude of rainfall may change due to shifts in the El-Nino Southern Oscillation (Aragdo et al., 2018), although
predictions remain highly uncertain. Some research has suggested that elevated CO, concentrations may reduce
the rate of stomatal leaf opening in trees, lowering evapotranspiration and thereby further weakening recycled
precipitation (Lammertsma et al., 2011; A. P. Walker et al., 2014). Recent advances in soil-plant hydraulic mode-
ling have also highlighted higher general potential vulnerability of forest ecosystems to drought than previously
suggested by traditional ecological niche-based models (Brodribb et al., 2019, 2020; Martin-StPaul et al., 2017).
While knowledge gaps remain regarding plant physiological modeling and the ability of trees to adapt or accli-
mate to long-term increases in temperature and water stress, such newer approaches are producing more rapid
increases in tree mortality in response to climate-induced drought (Brodribb et al., 2020).

The influence of these diverse factors complicates efforts to more precisely define the critical boundaries to
Amazon rainforest stability. A temperature increase of 3—4°C (Nobre et al., 2016), deforestation of >40% (Nobre
et al., 2016), or precipitation decrease of 30%—40% (Lenton et al., 2008; Salazar & Nobre, 2010) each have been
proposed as thresholds independently capable of initiating Amazon dieback according to models, but all three
factors are currently occurring simultaneously with mutually reinforcing effects (Boers et al., 2017; Staal, Flores,
et al., 2020). Based on rainfall levels corresponding to current rainforest extent, modeling of projected hydro-
logical changes under high-emissions scenarios suggest the potential for committed Amazon tipping behavior
by end-of-century driven by rainfall shifts alone (Staal, Fetzer, et al., 2020). Lovejoy and Nobre have proposed
a deforestation extent of 20%—25% as the tipping point of savannization, suggesting that the current Amazon
system already stands perilously close to a critical threshold (Lovejoy & Nobre, 2018), beyond which a strong
self-sustaining water stress feedback will act to convert 50%—70% (K. H. Cook & Vizy, 2008; Lyra et al., 2016) of
the region to a savanna-type ecosystem. These thresholds have been defined based on an intact forest perspective,
but with the increased extent of human-modified forests negatively impacting forest function and reducing carbon
stocks through fires, logging degradation, and edge effects from fragmentation (changes to flora, fauna, and
microclimate from an increase in exposed forest edge) lower thresholds could even be considered. Overall, the
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Figure 12. Schematic diagram of causes, feedbacks, and impacts associated with Amazon rainforest mortality.

IPCC AR6 WGH report assigned low confidence to the crossing of a regional critical threshold before 2100, but
emphasized that continued deforestation raises the probability of transgressing a threshold this century (Canadell
etal., 2021).

Increases in wildfires as a result of drying play an immediate and serious role in driving forest loss (Brando
et al., 2019). Field studies have indicated that while prolonged drought does eventually raise mortality rates for
rainforest trees, this only occurred after the third consecutive year of a particularly intense simulated drought
(Nepstad et al., 2007). In contrast, a forest fire during a drought period can kill half the adult trees in the affected
area within a much shorter period (Balch et al., 2015; Brando et al., 2014; Nepstad et al., 1999). Recovery of
fire-affected forest can require many decades, resulting in strong net CO, emissions from long-term reductions
in carbon storage (Silva et al., 2020). Forest fire gross emissions alone during drought years (989 + 504 Tg CO,
year~!) are more than half as great as carbon emissions from old-growth forest deforestation (Aragdo et al., 2018).
Tree mortality and reduced canopy cover caused by fire can in turn permit invasive, more fire-prone grasses
to invade the forest floor, increasing the region's susceptibility to fire and driving conversion to grassland that
primarily results from dryness and fire, not drought-induced water stress (Balch et al., 2015). A recent remote
sensing study examining changes in aboveground biomass across Amazonia over the last decade supports the
hypothesis that forest degradation may already drive more biomass loss than deforestation (Qin et al., 2021). A
newly published aerial survey of carbon emissions over Amazonia concludes that southeastern Amazonia has
transitioned to a net source of atmospheric carbon due to the effects of deforestation, fire, and shifts in regional
climate (Gatti et al., 2021).

An increase by more than 200% in fire-induced tree mortality has been observed during a severe drought event,
when high temperatures and fuel loads were higher than the long-term average, leading to a decline in canopy
cover from 23% to 31% and in aboveground biomass from 12% to 30% and an increase in grasses in the forest
edges (Brando et al., 2014). During 2007, a year with positive temperature anomalies, more than 11,000 km? of
forests burned in the Amazon; during the extreme 2010 drought, over 5,000 km? burned and during the El Nifio in
2015/16, over 9,000 km? of forests burned (Silva Junior et al., 2019). Estimates focused on southern Amazonian
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forests suggest that 12% and 5% of forests in the Upper Xingu Region burned during 2007 and 2010 respectively
(Brando et al., 2014). This extent of fire-affected forests, coupled with the increase in fragmentation (Silva Junior
et al., 2021) is turning these forests into a different ecosystem state (Berenguer et al., 2014, 2021), with a long-
term negative impact on its functioning (Silva et al., 2020).

3.2.3. Loss of Amazon Rainforest Could Occur Over Decades to a Century and Cause Important
Climate, Human, and Ecosystem Impacts

According to the rainfall-driven dieback theory, after crossing a critical threshold, affected portions of the Amazon
would undergo savannization over a timeframe of between several decades to a century (Lenton et al., 2008;
Lovejoy & Nobre, 2018; Nepstad et al., 2008; Nobre & Borma, 2009; Nobre et al., 1991). Collapse begins
with die-off of the largest trees as soil moisture becomes increasingly depleted (Ivanov et al., 2012; Nepstad
et al., 2008), progressively thinning the forest canopy. This transition would likely be accompanied by intensifi-
cation of wildfires as dead vegetation and drier conditions contribute toward higher fire risk (Brando et al., 2014;
Cochrane & Barber, 2009; Cochrane & Schulze, 1999). A modeling study projects significant future increases
in land area with a fire relative probability of 0.3 or greater under RCP4.5 emissions scenarios (+21.3% increase
in area with FRP > 0.3), with substantially greater fire risk (+113.5% increase in area with FRP > 0.3) for a
high-deforestation RCP8.5 scenario (Fonseca et al., 2019). This drought-fire feedback might in fact independently
drive ecosystem shifts, dominating over impacts from water stress and resulting in a pattern of forest loss driven
by more local factors as opposed to a biome-wide threshold (Balch et al., 2015; Brando et al., 2014, 2019). Once
savannization or conversion to a more seasonal forest has occurred, significant hysteresis may inhibit the return
of rainforest vegetation even over very long timescales, thanks to potentially more frequent fires and drier climate
acting as conditions upon the vegetation's ability to regenerate dense tropical forest and large tree species. Pale-
oclimate evidence confirms that regrowth of rainforest cover often lagged significantly behind the return of wet
conditions to South America during past periods of the Holocene (Ledru et al., 1998).

Degradation and areal reduction of the Amazon rainforest might even still occur under strong climate mitiga-
tion scenarios, with significant biomass losses possible at 1.5-2°C of warming (Hoegh-Guldberg et al., 2018).
Deforestation can also drive fragmentation of forest landscapes, leading to forest degradation and significant
carbon losses through edge effects (Silva Junior et al., 2020). For example, it has been estimated that edge effects
created by forest fragmentation can contribute 63 + 8 Tg C year~! to emissions, corresponding to one-third of
losses from deforestation for the 2001 to 2015 period (Silva Junior et al., 2020). However, forest management
policy could act as a strong lever upon the Amazon's ecosystem health, with a halt to new deforestation potentially
reducing burned area by 2050 by 30% and accompanying greenhouse gas emissions by 56% (Brando et al., 2019).
Fire suppression also represents a potentially powerful tool to reduce rainforest loss by preventing positive feed-
backs between fire and savannization. As the Amazon rainforest is naturally warm, forest litter decomposes
rapidly and does not accumulate as it does in some temperate forests, meaning that aggressive fire suppression
carries no risk of intensifying future fires.

Loss of large portions of the Amazon rainforest would carry significant implications for the strength of the
Amazon carbon sink as well as the fate of the organic carbon within Amazon vegetative and soil biomass. Rain-
forest degradation could likely shift the Amazon region from a carbon sink of up to 0.6 Pg/yr (Malhi et al., 2006)
to a potentially strong carbon source (Nobre & Borma, 2009), which has already been observed during some
extreme dry or hot years (Gatti et al., 2021). Modeling of an Amazon rainforest dieback scenario under moderate
emissions (713 ppm in 2100) produced an additional 0.3°C of warming globally as a result of rainforest loss (R.
Betts et al., 2008).

Precise estimates of the carbon impact of Amazon dieback are subject to variability due to uncertainty regarding
the potential extent of forest loss, the current size of the Amazon forest carbon pool, and potential timescales
of change. A recent modeling analysis using CMIP6 rainfall projections under a high-end RCP8.5 emissions
scenario found a large potential reduction in stable Amazon forest area of up to 3.27 million km? due to hydro-
logical changes (Staal, Fetzer, et al., 2020). Under a RCP8.5 emissions pathway with continued deforestation,
carbon dioxide emissions from intensifying fires were estimated to sum to 4.6 Gt by 2050 (Brando et al., 2019).
However, carbon release as a result of forest fire can eventually be partially offset by recovery of vegetation
within the burned areas (Silva et al., 2020). Carbon emissions from losses in forest area may also be potentially
compensated for if the positive response of rainforest vegetation to increased carbon dioxide levels is large (strong
CO, fertilization). As the effect of CO, fertilization upon plant growth remains highly uncertain, this complicates
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Table 11
Section Summary Box Synthesizing the Forcing Mechanism, Response Behavior, Reversibility, and Classification of Amazon Rainforest Dieback
Classification Mechanism Irreversibility
Amazon rainforest dieback Tipping element. Large-scale changes in Amazon  Regional climate shifts increase drought, Conversion of
rainforest extent and ecology, with potentially intensifying tree mortality and wildfires. rainforest
abrupt local/regional ecosystem shifts (Balch Shrinking rainforest extent in conjunction area to more
et al., 2015; Boers et al., 2017; Brando with deforestation in turn reduces recycled seasonal forest
et al., 2014, 2019; Nobre & Borma, 2009; precipitation or savanna-like
Phillips et al., 2009; Silva Junior et al., 2020; ecosystem may
Staal, Flores, et al., 2020) be irreversible

on timescales
of a century or
more

efforts to estimate the overall carbon impact of the world's tropical forests as they respond to climate change (Cox
et al., 2013; Huntingford et al., 2013). However, recent observational evidence strongly suggests that the CO,
fertilization effect is nearing saturation in African tropical forests as well as the Amazon on faster-than-predicted
timescales (Hubau et al., 2020).

Amazon rainforest loss possesses acute regional ramifications. Degradation of the rainforest represents a serious
threat to the livelihoods and lifestyles of Indigenous Amazonian peoples (Castellanos et al., 2022). Total rainfall
throughout the Amazon basin may generally fall following dieback and savannization, placing regional agri-
culture at risk (Arvor et al., 2014; Leite-Filho et al., 2021; Oliveira et al., 2013). A study has found that for 40%
deforestation, hydroelectric power generation from major dams on the Xingu River is substantially reduced thanks
to falling river runoff (Stickler et al., 2013). That said, the complexity of rainfall dynamics means that impacts
depend strongly on the spatial pattern of forest loss (Lawrence & Vandecar, 2015). Increased wildfire frequency
and severity will additionally put regional communities at risk and create air pollution crises. Finally, dieback
of the Amazon rainforest will represent a major threat to the biodiversity of this region (Esquivel-Muelbert
et al., 2017; Gomes et al., 2019).

The Amazon forest dieback scenario stands among the more imminent, likely, and fast-acting of the tipping
elements discussed in this review. Forest management policy will prove key to determining the future of the
Amazon, as evidenced by temporary and marginal reductions in the rate of deforestation relative to the high pace
of loss seen in the early 2000s (Daniel et al., 2014). Under present pressures, however, the Amazon rainforest is
facing serious threats this century, with significant regional and global consequences accompanying its degrada-
tion (Table 11).

3.3. Loss of Summer Arctic Sea Ice
3.3.1. Background

The shrinking of Arctic sea ice area over the late 20th and early 21st centuries has been clearly documented
by observations of decreasing sea ice extent in all months and all regions of the Arctic (Figure 13) (Notz &
Stroeve, 2018), with strong reductions in area during summer within both the Pacific and Eurasian sectors
(Arthun et al., 2021; Fetterer et al., 2017; Onarheim et al., 2018; Stroeve, Kattsov, et al., 2012; Stroeve, Serreze,
et al., 2012). While summer ice loss has been dramatic, departures from average conditions have been largest in
the shoulder seasons (Stroeve & Notz, 2018), with October 2020 showing more than 3 million km? less sea ice
than the 1981-2010 average, or a departure of more than 3.6 standard deviations. From 1997 to 2007, perennial
or multi-year Arctic sea ice in March has shrunk by an area of 1.5 million km? (Nghiem et al., 2007). Since 2012
however, summer ice loss has stabilized somewhat, with a mean September extent of 4.60 + 0.52 million km?.
Nevertheless, reductions in sea ice extent over the observational record has outpaced older IPCC model projec-
tions (Stroeve et al., 2007). While the spatial extent of marginal sea ice—areas of the Arctic Ocean with partial
ice cover—has remained relatively constant over the past 40 years, the width of the marginal ice zone and its
proportion as a fraction of total sea ice are both increasing (Rolph et al., 2020).

The characteristics of Arctic sea ice have also shifted, with multi-year sea ice at least five years old falling from
30% of Arctic ice to just 2% between 1984 and 2019 while first-year sea ice has increased from 40% to 60%—70%
of Arctic sea ice area (Stroeve & Notz, 2018). At the same time, mean winter multi-year ice thickness has declined
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Figure 13. Hovmoller diagram showing standardized Arctic sea ice anomalies as observed over time, displayed as standard deviations relative to the 1981-2010 mean
extent, as a function of year (x-axis) and month (y-axis).

from 3.6 to 1.9 m over a 30-year period from ~1980 to 2010 (Kwok & Rothrock, 2009; Wadhams, 2012). As
the Arctic ice cover thins, it becomes more vulnerable to anomalous atmospheric and/or oceanic forcing that can
lead to rapid ice loss events, and a fast transition toward a seasonally ice free Arctic Ocean for example, (M. M.
Holland et al., 2006; Vavrus et al., 2012).

The decline in Arctic sea ice is statistically attributable to a strong anthropogenic forcing from greenhouse gases
(Notz & Marotzke, 2012), and also reflects profound changes in the timing of melt onset and autumn freeze-up
(Notz & Stroeve, 2016, 2018). In addition to regional warming, several positive feedbacks are responsible for the
rapid pace of shrinking sea ice extent. The well-known ice-albedo feedback, in which the melt-driven substitution
of highly reflective sea ice for highly absorptive dark open ocean waters results in increased surface inputs of
solar energy, contributes to further ice loss via ocean and lower atmospheric warming. Sea ice loss is marked by
an increasing transition from multi-year to seasonal sea ice, which is thinner and therefore more vulnerable to
melt (Haine & Martin, 2017). Reduced cooling from lowered summertime cloud cover may also be exerting a
potential effect (Kay et al., 2008).

Other feedback processes such as earlier melt onset have enhanced the ice-albedo feedback (Stroeve, Kattsov,
et al., 2012; Stroeve, Serreze, et al., 2012), increasing solar heat inputs across 85% of the Arctic region between
1979 and 2007 (Perovich et al., 2007) and driving a fast-paced increase in regional ocean temperatures of around
0.5 C per decade (Timmermans et al., 2017) that further melts summer ice cover. With larger areas of open water
at the end of summer and increased ocean mixed-layer temperatures, autumn freeze-up is delayed as it takes
time for the ocean to release the heat gained over summer back to the atmosphere. Thus, freeze-up trends largely
drive the expanding open water period (e.g., Stroeve & Notz, 2018; Stroeve et al., 2014). Together, these factors
contribute to “Arctic amplification” (M. M. Holland & Bitz, 2003) in which regional temperatures are increasing
at a faster rate than elsewhere in the Northern Hemisphere (Serreze et al., 2009).

Some negative or stabilizing feedbacks do exist, moderating the pace of sea ice loss and may in part explain the
last decade with no considerable summer ice loss compared to the prior decade. Thinner first-year sea ice grows
more rapidly during periods of freezing, while ice-free areas lose heat to the atmosphere faster during winter,
allowing thin ice cover to regrow quickly over large areas (Eisenman, 2012; Notz, 2009; Sturm & Massom, 2016;
T. J. Wagner & Eisenman, 2015). While the later onset of freezing is a contributing factor to reduced sea ice
extent, this shift in timing also limits snow accumulation that would otherwise insulate the ice and inhibit growth
(Sturm & Massom, 2016). Indeed assessments of snow accumulation over sea ice suggest the snow is thinner than
it used to be for example, (Stroeve et al., 2020; M. A. Webster et al., 2014). These effects mean that years with
very low summer ice coverage could enhance recovery of ice area the following winter, leading to a rebound in
ice extent (Bitz & Roe, 2004). Overall, however, such negative feedbacks are only marginally mitigating the rapid
loss of Arctic sea ice and with continued winter warming and a longer ice-free season, eventually the ice will be
too thin to survive the summer melt.

3.3.2. Rapid Decline of Arctic Sea Ice Extent Risks Episodic Ice-Free Summers Before Mid-Century

The literature points toward a linear, predictable response of summer sea ice extent in response to greenhouse gas
emissions, despite large interannual variability in weather patterns, rather than an abrupt transition to seasonally
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ice-free conditions (monthly average sea ice area of less than 1 million km?) consistent with tipping point
behavior (Eisenman & Wettlaufer, 2009; Notz & Stroeve, 2016; Stroeve & Notz, 2018; Tietsche et al., 2011;
Winton, 2011). The linear relationship between sea ice area and cumulative greenhouse gases in the atmosphere
reveals the Arctic is already in the process of transitioning toward ice-free summer conditions, with the first
ice-free summer potentially occurring before mid-century (Notz & Stroeve, 2018; SIMIP Community, 2020). The
complete loss of summer Arctic sea ice would represent an important shift for regional climate and ecology, trig-
gering significant consequences for regional warming and for Arctic biodiversity (Constable et al., 2022; O’Neill
et al., 2022). For high levels of warming, a possibility also emerges of a more rapid transition toward an ice-free
Arctic in winter, once ice-free summer conditions become more common (Bathiany et al., 2016; Eisenman &
Wettlaufer, 2009).

Unless greenhouse gas emissions are reduced, it is likely the Arctic will lose its summer ice cover within a few
decades. While CMIP5 model projections predicted a high likelihood of ice-free summers in the second half of
the 21st century without strong climate mitigation (Massonnet et al., 2012; Stroeve, Kattsov, et al., 2012), CMIP6
models suggest the first ice-free Septembers will happen before 2050 (SIMIP Community, 2020). Some uncer-
tainty does exist regarding the exact timing when ice-free summers might be expected to first manifest, based
partly on the large range of internal variability, with the first occurrence of sea-ice coverage falling to <1 million
km? unlikely before 2040 under RCP2.6, but likely before 2040 under RCP8.5 (J.-Y. Lee et al., 2021; Meredith
et al., 2019). Nevertheless, the strong relationship between ice loss and greenhouse forcing coupled with current
emissions rates indicates a reasonable likelihood for the first ice-free summer to occur before mid-century
(Stroeve & Notz, 2018). Modeling studies suggest that nothing short of extremely aggressive climate mitigation
is likely to reduce the likelihood of future summer sea ice loss; only for warming of no more than 1.5°C is sea ice
generally still present in summer by end-of-century (Jahn, 2018; Notz & Stroeve, 2018). For the majority of new
CMIP6 models, the Arctic Ocean experiences its first ice-free September before 2050 even under 1.5°C pathways
(SIMIP Community, 2020). Under 2.0°C of global warming we could be looking at around 3 months per year of
ice-free conditions (Notz & Stroeve, 2018). However, CMIP6 models continue to exhibit a very wide range of
spread and performance, reflecting internal variability.

While loss of summer Arctic sea ice represents a high-likelihood outcome under current rates of warming, a
totally ice-free Arctic year-round remains unlikely outside of worst-case emissions scenarios (RCP8.5) (Bathiany
et al., 2016; Winton, 2006). One earlier modeling analysis using [IPCC AR4 models concluded that ice-free
winter conditions required around 13°C mean annual warming at the north pole (Winton, 2006), and were
unlikely to occur this century. The IPCC ARG6 similarly finds it “very likely” that winter sea-ice persists in all
scenarios throughout the 21st century in many of the CMIP6 models (Fox-Kemper et al., 2021). Loss of winter
sea ice may however proceed more abruptly than the long-term decline in summer sea ice extent to date in a
threshold-dependent manner, potentially occurring just a few years after the ocean becomes too warm to form
ice in winter (Bathiany et al., 2016). The homogeneous thin state of winter sea ice under conditions of frequent
ice-free summers further contributes to its rapid loss. At the same time, loss of winter sea ice is thought to be
reversible based on models, merely requiring that winter sea temperatures fall back below freezing thresholds
(Armour et al., 2011; Bathiany et al., 2016; C. Li et al., 2013; Ridley et al., 2012). Yet the loss of Arctic Ocean
stratification, which is required to prevent winter sea ice formation, may impart hysteresis to subsequent winter
sea ice reformation, a possibility that climate modeling studies have not yet investigated in sufficient detail.
Indeed, global ice-ocean models and state-of-the-art coupled climate models struggle to accurately simulate an
upper-ocean stratification that is as stable as observed (G. Holloway et al., 2007; Ilicak et al., 2016; Rosenblum
et al., 2021).

Areas of uncertainty do remain when attempting to model future Arctic sea ice area. Cloud feedbacks that
are important for determining summer sea ice dynamics still remain challenging even for state-of-art models
(Tietsche et al., 2011). Poor representation of the varying distribution of sea ice thicknesses over the Arctic
region is another weakness of current models (M. M. Holland et al., 2011; Stroeve et al., 2014), likely due to
varying ability to represent atmospheric circulation's influence on ice thickness (Bitz et al., 2002; Kwok &
Rothrock, 2009; Stroeve et al., 2014). The influence of seasonal atmospheric processes upon sea ice dynamics
remains incompletely understood and an active area of research (Topél et al., 2020). Nevertheless, such potential
sources of error do not meaningfully affect the conclusion that ice-free summers across the Arctic Ocean will
likely begin to occur starting before mid-century.
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3.3.3. Loss of Summer Sea Ice Accelerates Regional Warming With Global Implications

With much of the region under permanent or extended daylight hours during summer months, ice-free conditions
lead to a high potential for accelerated regional warming via the aforementioned ice-albedo feedback. Reductions
in Arctic sea ice extent are implicated in enhanced Arctic warming that cannot be alternatively explained by
cloud cover changes, internal climate variability, or variability in atmospheric and oceanic circulation (Screen &
Simmonds, 2010; Screen et al., 2014; Serreze et al., 2009). Modeling analysis also indicates a strong sensitivity
of Arctic temperatures to sea ice loss (Screen et al., 2014). This effect has driven rates of regional warming at two
to four times the global average rate, and is expected to continue to contribute to Arctic amplification (Meredith
etal., 2019; Rantanen et al., 2022; Screen & Simmonds, 2010). The scientific community is continuing to investi-
gate the potential impact of Arctic sea ice decline upon weather and climate patterns in the Northern Hemisphere
(Barnes & Screen, 2015; M. Kretschmer et al., 2020).

This ice-albedo feedback additionally influences global climate at large. A modeling analysis examining a future
Arctic with seasonally absent sea ice in summer found that an ice-free summer Arctic accelerated the rate of
temperature increase by ~8%, increasing radiative forcing by 0.3 W/m?, a warming contribution equal to that of
atmospheric halocarbons (Hudson, 2011). A more recent analysis obtained a figure of 0.49 W/m? for a some-
what higher summer ice loss scenario in which summer sea ice remains low for a 5-month period (Wunderling
et al., 2020).

The regional warming impact of significant reductions in Arctic sea ice extent also presents an indirect threat to
global sea-level rise by promoting additional melt from the GIS, an interaction identified as important over the
geologic past in paleoclimate models (Koenig et al., 2014).

Finally, the loss of summer Arctic sea ice carries significant ecological implications. Wildlife dependent on sea
ice for shelter or survival may be severely impacted, and the transition to ice-free summer conditions may also
cause substantial shifts to phytoplankton community structure, driving transitions in regional marine ecology
(Meredith et al., 2019). Sea ice and its overlying snow cover also play an important role in how much light reaches
the upper ocean, in turn influencing the amount of under-ice algae and phytoplankton blooms (e.g., Arrigo
et al., 2012; Fernandez-Méndez et al., 2015; Ulfsbo et al., 2014). The resulting impacts to wildlife and fishing
will pose economic, social, and cultural threats to human communities across the Arctic (Constable et al., 2022;
O’Neill et al., 2022).

A year-round ice-free Arctic remains a scenario not currently believed to be plausible until 2100 even under worst-
case warming scenarios (Bathiany et al., 2016; Lenton, 2012; Winton, 2006). Furthermore, loss of Arctic sea ice
can be reversed on shorter timescales than most of the other climate mechanisms discussed in this review, as sea
ice extent can recover within decades if initial warming is reversed (Notz, 2009; Ridley et al., 2012). At present
however, the Arctic sea ice system confronts an accelerated rate of warming, a rapid pace of sea ice decline, and
an increasing likelihood of ice-free summer conditions occurring within a couple decades (Table 12).

4. Tipping Element Cascade Leading to Irreversible “Hothouse Earth”” Warming
4.1. Background

In 2018, an article by Steffen et al. (2018) proposed a “Hothouse Earth” scenario, in which modern anthropogenic
warming could trigger strong positive climate feedbacks leading to significant temperature increases well beyond
those expected from human greenhouse gas forcing alone, potentially altering the long-term climate trajectory of
the Earth itself, disrupting future glaciation and placing the biosphere in a newly created warmer equilibrium that
could persist for hundreds of thousands of years.

Historically, the Earth has transitioned between numerous climate states, from the very warm Paleocene-Eocene
Thermal Maximum 56 million years ago (Mclnerney & Wing, 2011) to the glacial and interglacial cycles of
the Quaternary Period (2.6 million years ago to present). A “Hothouse Earth” pathway is suggested by Steffen
et al. (2018) to reach, then significantly surpass, warming observed during the Mid-Miocene (15.5-17 million
years ago, up to 4°C warmer than present).

Within the Quaternary period, which encompasses the entirety of recorded human history, cycles between glacial
and interglacial periods have occurred with a periodicity of 100,000 years, primarily driven by slow changes in the
Earth's orbit on timescales of approximately 100,000, 40,000, and 20,000 years (PAGES, 2016). Anthropogenic
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Table 12

Section Summary Box Synthesizing the Forcing Mechanism, Response Behavior, Reversibility, and Classification of Arctic Sea Ice Decline

Classification Mechanism Irreversibility
Loss of Arctic sea ice Non-tipping element

Summer Arctic sea ice decline is not threshold- Regional atmospheric and oceanic warming  Reversible
dependent (Eisenman & Wettlaufer, 2009; Notz increases seasonal ice loss and reduces
& Stroeve, 2016; SIMIP Community, 2020; winter ice growth, in turn strengthening
Stroeve & Notz, 2018; Tietsche et al., 2011) regional warming via ice-albedo

feedback

Loss of winter Arctic sea ice may be threshold- Ocean warming in high-end, worst-case Uncertain potential for Arctic
dependent tipping element (Armour scenarios eventually could prevent ice Ocean stratification changes
et al., 2011; Bathiany et al., 2016; Eisenman formation in winter following the loss of winter

& Wettlaufer, 2009; Ridley et al., 2012;
Winton, 2006)

Arctic sea ice to impart
hysteresis to sea ice reformation

climate change, however, is driving changes in the Earth system at a rapid pace that the planet has rarely experi-
enced apart from cataclysmic events such as asteroid impacts (Zeebe et al., 2016).

Current human greenhouse gas emissions and associated warming will likely influence the timing of the next ice
age (Archer & Ganopolski, 2005; Berger & Loutre, 2002; Ganopolski et al., 2016; Lord et al., 2017; Talento &
Ganopolski, 2021). Under today's orbital configuration, cumulative emissions of over 1,000 Gt C or CO, concen-
trations higher than 300 ppm are potentially sufficient to delay glaciation; these conditions would include all RCPs
with emissions exceeding an RCP2.6 scenario (Ganopolski et al., 2016; Masson-Delmotte et al., 2013). Given the
high importance of atmospheric greenhouse gas levels alongside orbital forcing for driving glacial-interglacial
shifts, the long-term effects of anthropogenic climate change could conceivably influence the timing and devel-
opment of the next glacial onset.

Paleoclimate evidence suggests that past climate states of the Earth may provide useful parallels with a warmer
future world impacted by anthropogenic climate change, such as the Early Eocene (50 million years ago) and
the Mid-Pliocene (3.3-3 million years ago) (K. D. Burke et al., 2018). Such periods were marked by notably
higher mean surface temperatures (Early Eocene: 13 + 2.6°C warmer than present day; Mid-Pliocene 1.8-3.6°C
warmer than present day), reduced (Mid-Pliocene) or absent (Early Eocene) ice-sheets, elevated sea-levels, and
higher CO, concentrations (Early Eocene: 1,400 ppm; Mid-Pliocene: 400 ppm). Such paleoclimate analogs for
a warmer earth such as the Eocene may also have been characterized by a greatly reduced extent of subtropical
clouds (Schneider et al., 2019). The Mid-Miocene (15.5-17 million years ago, 2—4°C warmer, 300-500 ppm
CO,) (Greenop et al., 2014; Kominz et al., 2008) also holds some potential parallels with a warmer Earth. The
range of conditions denoted by these past eras support the idea that a similar hotter future climate could remain
stable over geologic time. Paleoevidence broadly indicates that large-scale, potentially interacting shifts in sea
level, hydroclimate, the carbon cycle, and ocean circulation may have occurred in past periods of warming, influ-
encing global climate on timescales of centuries to decades (G. J. Bowen et al., 2015; Brovkin et al., 2021; Dakos
et al., 2008; Z. A. Thomas et al., 2020).

In describing the path toward a “Hothouse Earth” equilibrium, Steffen et al. (2018) suggest failure to meet a
2°C warming goal may trigger one or more tipping elements with lower critical thresholds. Additional warming
brought on by these tipping elements could tip other tipping elements in a self-reinforcing cascade over centuries
to millennia, potentially pushing the climate system several degrees hotter in response to even modest warming.
A newer Nature Comment presented an updated risk assessment of a tipping element cascade with the argument
that warming of 1-2°C globally already represents an unacceptably high risk of triggering major tipping elements
(Lenton et al., 2019). One paper constructed causal networks based on a literature search that identified key
parameters influencing different Earth system components, demonstrating a theoretical potential for cascading
regime shifts due to shared drivers, one-way, and two-way interactions between systems (Rocha et al., 2018). A
recent study using a conceptual network modeling approach similarly stressed the potential for tipping elements
to interact, which could shift true critical thresholds within their potential ranges (Wunderling et al., 2021). At
the same time, the IPCC AR6 WGI report identified “no evidence” of global-scale non-linear climate system
response for the next century in projections and expressed “low confidence” as to whether such behavior could
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occur (D. Chen et al., 2021; Forster et al., 2021). The growing body of work on this subject nevertheless empha-
sizes uncertainties surrounding the collective impacts of tipping elements and their interactions (Armstrong
McKay et al., 2022), highlighting the particular need for more quantitative and scenario-based modeling to assess
the risks of significant additional climate change.

4.2. Near-Term Potential for Tipping Element Interactions (Before 2300)

Evaluation of the Hothouse Earth hypothesis involves considerable complexity, as rather than representing its
own independent mechanism, the Hothouse Earth pathway effectively consists of numerous individual tipping
elements (Table 13) and potential interconnections between them. Discussion of the Hothouse Earth hypothesis
thus involves three questions: (a) what critical thresholds are tipping elements triggered at, (b) can the response
from tipping elements with lower thresholds cause tipping of other tipping elements, and (c) what is the cumula-
tive effect of all activated tipping elements and resulting climate feedbacks?

Identifying which tipping elements may cross critical thresholds first is relatively straightforward compared to the
second and third questions. Earth system elements that this review indicates are at higher risk of crossing critical
thresholds or undergoing substantial changes in response to warming this century under moderate (RCP4.5)
emissions scenarios include loss of Arctic summer sea ice, loss of portions of the GIS, loss of portions of the
West Antarctic Ice-sheet, Amazon rainforest dieback, boreal forest ecosystem shifts, some permafrost carbon
release, and coral reef loss (Figure 14). In contrast, methane release from marine methane hydrates and strato-
cumulus cloud deck evaporation will likely require longer timescales and higher emissions forcing in order to
occur at large scales, while disruptions of tropical monsoons may be contingent on large shifts in other Earth
system components and are unlikely to occur as a direct response to changes in aerosol forcing or land cover (see
Section 2.6). Critical thresholds for weakening of the AMOC remain unclear and a transition of this system to
a different state may not occur this century (see Section 2.1). While the GIS and WAIS may transgress critical
thresholds this century (see Section 2.3), timescales of ice loss may require many centuries to millennia to run to
completion (Bakker et al., 2016; Clark et al., 2016; Golledge et al., 2015; Huybrechts & De Wolde, 1999).

The investigation of interactions between tipping elements and the potential for cascading behavior requires
evaluation of several considerations related to how changes within one Earth system component could destabilize
another. Relative timescales of system response are one key factor. Systems that evolve on longer timescales
can be thought of as determining the background state for systems that respond on faster timescales (Dekker
et al., 2018). Modeling of coupled systems of tipping elements shows that interactions can shift critical thresh-
olds toward lower values, with some systems acting as “initiators” responsible for triggering a cascade (Klose
et al., 2020; Wunderling et al., 2021). The magnitude of forcing could also strongly influence cascading behavior.
Under a level of forcing that surpasses individual critical thresholds for many tipping elements, for instance,
interactions may not cause any additional state shifts if all coupled tipping elements have already been forced
into critical transitions (Wunderling et al., 2021). Similarly, an interaction between an extremely slow-changing
system and a fast-changing system may be effectively inconsequential if the latter system will have already tran-
sitioned to a new state before the former system begins to impart a significant influence.

The directionality of interactions between Earth system components and the resulting networks they create may
also determine the structure of a tipping chain, and are additionally subject to alignments in not just temporal
but also spatial scales (Rocha et al., 2018). Heterogeneity within systems themselves, such as differences in
landscapes, species composition, or microclimates, may result in different tipping behaviors, such as more grad-
ual rather than abrupt changes to a network given the response of specific nodes to different drivers or critical
thresholds (Scheffer, Carpenter, et al., 2012). Conceptual work has also explored mathematical frameworks for
different cascading interactions, including back-tipping of a system back to its “normal” state (Klose et al., 2020)
and interactions with systems that may transition between stable and oscillatory regimes (Dekker et al., 2018).

So far, research on cascading behavior has primarily leveraged conceptual modeling rather than process and
scenario-based approaches, limiting the applicability of these results for investigating the third question of what
the cumulative impacts of transitions by multiple tipping elements might be. Evaluation of potential impacts, for
now, must rely upon the subject-specific literature.

Of the tipping elements likely to be triggered this century under current trends, Amazon rainforest dieback could
contribute significantly toward climate change on a relatively fast time frame. This stems from the considerable
range in estimates of the size of the Amazon forest carbon pool (150-200 Gt C), the strength of the current
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Summary of Scientific Understanding, Key Thresholds, and Impacts Associated With the Candidate Tipping Elements Covered in This Review
Level of
scientific Key critical thresholds, global Timescale of
Candidate tipping element  understanding Predictability by models mean warming or otherwise Climate impact impacts
AMOC weakening/ Moderate Good agreement, Uncertain Weakening causes regional Weakening occurs
collapse significant model cooling, wind, precipitation, over centuries.
limitations sea-level changes. Collapse Collapse
would greatly magnify these would be
impacts abrupt or fast
Methane hydrate Moderate Low Uncertain, long-term impacts ~ Gradual long-term release of Centuries to
destabilization higher but still small carbon to the Earth system multiple
beyond ~3°C millennia
Greenland and Antarctic Moderate Moderate Uncertain Multi-meter sea-level rise over Centuries to
ice-sheet loss centuries to millennia, millennia
Greenland: 1.5-5°C irreversible ice-sheet loss
West Antarctica: 1.5-3°C
East Antarctica: Very
uncertain
Permafrost carbon release ~ Moderate Moderate to low Highly heterogenous, no firm  Added emissions of carbon Years to decades,
continental-scale threshold dioxide and methane continuing for
behavior centuries
Boreal forest ecosystem Low Low Uncertain Increase in wildfires, significant ~ Decades to a
shifts changes in soil and biomass century
carbon storage, regional
albedo changes, major
ecosystem shifts
Stratocumulus cloud deck ~ Very low Very low ~1,200 ppm CO2-eq Uncertain. Cloud deck breakup Uncertain. Abrupt
evaporation may trigger added global to decades
warming
Loss of shallow tropical Very high High Increasingly severe impacts Degradation of nearly all Decades
coral reefs beyond 1.5°C shallow tropical coral reefs
worldwide, major socio-
economic impacts
Amazon rainforest dieback Moderate Moderate 40% deforestation, ~3—4°C, Die-off of significant fractions Decades to a
40% precipitation of Amazon rainforest, century
decrease, or some intensification of wildfires,
combination large ecosystem shifts,
significant carbon emissions
Disruption of tropical Low Moderate to low, but Thought to be non-tipping Gradual increase in mean Decades
seasonal monsoons majority of models element seasonal precipitation across
predict increase in the monsoon domain
monsoon rainfall
Loss of summer Arctic High Moderate to high Summer ice loss scales Increased occurrence of ice-free ~ Decades
sea ice linearly with temperature. summer Arctic, global
Consistently ice-free warming feedback
summers likely for
warming of ~2°C
Tipping element cascade Low Low Uncertain Significant additional global Centuries to

warming due to interacting
tipping elements

millennia

Amazon carbon sink (0.4-0.6 Gt C/yr), and the potential magnitude and timescales of conversion of rainforest to
a different ecosystem (50%—70%, 50-100 years) (see Section 3.2).

In the northern high latitudes, shifts in boreal forest ecosystems (Section 2.5) also represent a potentially immi-
nent and impactful tipping element. However, the sign, speed, and magnitude of boreal ecosystem changes and
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Figure 14. Illustration of the approximate

time frames over which the reviewed Earth system components, including tipping elements, might be expected to respond to

climate forcings. Horizontal lines to the left of some bars indicate that while the majority of large-scale system response may be projected to occur at some point in the
future for certain Earth system elements, some shifts are already underway and are expected to continue.

their implications for carbon fluxes and land surface albedo remain highly uncertain. That said, current research
cannot eliminate the possibility for a sizable net warming contribution to global climate. Gradual permafrost thaw
(Section 2.4) could contribute significant additional carbon emissions over the near-term (92 Gt C by 2100 under
RCP8.5) (Meredith et al., 2019). Abrupt permafrost thaw processes acting over faster timescales could emit up
to ~18 Gt C by 2100 including considerable methane (Turetsky et al., 2019, 2020). Over this century, emissions
from abrupt thaw could contribute approximately 6,771 Mt CH, (Mt C) and 10.95 Gt CO, (Gt C) under the worst-
case RCP8.5 scenario (Turetsky et al., 2020). For Arctic sea ice (Section 3.3), a modeling scenario where sea
ice extent is greatly reduced with a 1-month ice-free period every summer yields a change in radiative forcing of
0.3 W/m2—climatically significant on a level similar to that of current anthropogenic forcing from atmospheric
halocarbons (Hudson, 2011).

The remaining other imminent impacts—coral reef die-off (Section 3.1) and loss of mountain glaciers—will
likely yield minimal to negligible additional warming or greenhouse forcing. From a climate perspective, it stands
to reason that only tipping elements that drive significant changes to the Earth's energy balance or major Earth
system dynamics—through greenhouse gas emissions, circulation shifts, or albedo changes—increase the risk of
a tipping point cascade. Neither coral reef collapse nor mountain glacier melt are anticipated to meaningfully alter
greenhouse gas fluxes, circulation systems, or planetary-scale albedo. Meanwhile, the likelihood of monsoon
regime shifts remains a subject of active debate (Section 2.6).

To estimate the potential cumulative impact of these near-term tipping elements and Arctic sea ice loss on future
climate projections through 2300, we leveraged the FalR simple climate model (Millar et al., 2017; C. Smith
et al., 2017) v1.6.3, adding further CO, emissions, CH, emissions, and radiative forcing changes produced from
the response of tipping elements and Arctic sea ice to climate change under the SSP2-4.5 and SSP5-8.5 scenarios,
as detailed in (Table 14). This prescribed approach to additional climate forcing does not and cannot simulate
dynamic tipping behavior and interactions between tipping elements, but rather serves to illustrate the collective
climate forcing from several tipping elements and climate feedbacks. For our “base” scenarios, we generated
anthropogenic emissions inputs for FalR using the MESSAGE-GLOBIOM SSP2-4.5 and REMIND-MAGPIE
SSP5-8.5 annual mean emissions specified in the RCMIP protocol (https://www.rcmip.org/). Volcanic and solar
forcings were taken from the same RCMIP scenarios. Emissions rates and forcings were linearly interpolated for
individual years. We utilized a natural emissions time series updated for the CMIP6 by Chris Smith following the
methodology of C. J. Smith et al. (2018).

For both the SSP2-4.5 and SSP8.5 pathways, we considered a “high,” “middle,” and “low” scenario, varying ECS
and TCR accordingly and considering high, middle-ground, and low carbon fluxes and radiative forcing changes
from tipping elements through 2300. For ECS, we chose low/median/high values of 2.3°K/3.1°K/4.7°K based on
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Table 14

Additional CO, Emissions, CH, Emissions, and Radiative Forcing Incorporated Into SSP2-4.5 and SSP5-8.5 Emissions Pathways to Simulate Added Climate Impact
of Tipping Elements and Arctic Sea Ice Loss Based on Available Estimates From Literature

SSP2-4.5

SSP5-8.5

CO, emissions/yr, Gt C

CH, emissions/yr, Mt

CH,

CO, emissions/yr,
GtC

CH, emissions/yr, Mt
CH,

Reference(s) as basis for assumption

Gradual permafrost

thaw

Abrupt permafrost
thaw

Methane hydrate
destabilization

Amazon forest
dieback

No net C fluxes
(permafrost
emissions

compensated by
vegetation uptake)

2000-2100: 0.032

No net C fluxes
(permafrost
emissions

compensated by
vegetation uptake)

2000-2100: 41.87

(£26%) (£26%)
2100-2300: 0.083 2100-2300: 52.40
(£36%) (£36%)

None, assume all C

2000-2100: 2.37

fluxes occur as (0-4.73)
TS 2100-2200: 1.41
(0-2.82)
2200-2300: 1.23
(0-2.45)
2040-2100: 0.66 None assumed
(x15%)
2100-2150: 0.30
(=15%)

2010-2100: 0.55
(0.55-0.55)

2100-2200: 1.97
(0.50-3.41)

2200-2300: 0.98
(0.99-1.92)

2000-2100: 0.01 to
0.18 (£26%)

2100-2300: 0.21 to
0.34 (£32%)

Time-varying flux
derived from Table
S6 of Turetsky
et al. (2020)

None, assume all C
fluxes occur as
methane

2040-2140: 0.70
(*15%)

2140-2200: 0.25
(*15%)

2010-2100: 5.19
(2.22-8.89)

2100-2200: 37.33
(4.67-116.67)

2200-2300: 30.67
(14.67-104.00)

2000-2100: 51.47 to
65.92 (+26%)

2100-2300: 70.78 to
79.09 (+32%)
Time-varying flux
derived from Table
S6 of Turetsky
et al. (2020)

2000-2100: 5.91
(2.37-9.46)

2100-2200: 3.52
(1.41-5.64)

2200-2300: 3.06
(1.23-4.9)

None assumed

McGuire et al. (2018)
and Schneider
von Deimling
etal. (2012)

Turetsky et al. (2020)

K. Kretschmer
etal. (2015)

Own assumptions, informed by
Aragdo et al. (2018), Fonseca
et al. (2019), Silva et al. (2020),
and Silva Junior et al. (2019, 2020)

SSP2-4.5

SSP5-8.5

Reference(s) as basis for assumption

Arctic sea ice loss

Added radiative forcing climbs linearly from

Added radiative forcing climbs linearly from

Hudson (2011), Pistone

zero to 0.3 W/m? (+15%) by 2050, then
to 0.5 W/m? (£15%) by 2100, remaining
constant thereafter

zero to 0.3 W/m? (+15%) by 2030, then
to 0.6 W/m? (+15%) by 2100, then to
0.7 W/m? (+15%) by 2120, remaining
constant thereafter

et al. (2019), and Wunderling
et al. (2020)

Note. Values and percentages in parentheses indicate those selected under “high” and “low” scenarios.

Sherwood et al. (2020). For TCR, we selected a median value of 1.8°K based on Sherwood et al. (2020) and low
and high values of 1°K and 2.5°K based on the IPCC ARS likely range for TCR.

Permafrost CO, and methane emission rates are derived from estimates of cumulative carbon release through
2300 for gradual permafrost thaw processes (McGuire et al., 2018), and for abrupt thaw processes (Turetsky
et al., 2020) under RCP4.5 and RCP8.5, linearly interpolating C fluxes in each year. Methane hydrate emissions
utilize estimates for cumulative release by 2100, 2200, and 2300 from K. Kretschmer et al. (2015), aggres-
sively assuming complete liberation of marine methane to the atmosphere. For emissions from gradual thaw,
we assume 0.7% (0.3%—1.2%)/1.4% (0.7%—2.5%)/2.3% (1.1%-3.9%) of carbon is released as CH, from 2010 to
2100/2100-2200/2200-2300, based on Schneider von Deimling et al. (2012). We used described results for the
SiBCASA, CLM4.5, and UVic RCP8.5 model runs in McGuire et al. (2018) as the middle, low, and high cases
respectively for carbon release from gradual thaw under SSP5-8.5 warming. For SSP2-4.5, we assume that carbon
fluxes from permafrost degradation are balanced by vegetation effects (McGuire et al., 2018). Low and high
scenarios for CO, and CH, fluxes from abrupt thaw processes correspond to the one standard deviation ranges for
RCP4.5 and RCP8.5 model results for 2100 and 2300 (Turetsky et al., 2020).
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We base radiative forcing changes from reduced Arctic sea ice on work by Hudson (2011), Pistone et al. (2019),
and Wunderling et al. (2020), applying additional radiative inputs reaching 0.3 W/m? by 2050 and 0.5 W/m? by
2100 for SSP2-4.5 and reaching 0.3 W/m? by 2030, 0.6 W/m? by 2100, and 0.7 W/m? by 2120 for SSP5-8.5,
subtracting/adding 15% for low/high scenarios, respectively. This corresponds to an Arctic seasonally ice-free for
a couple summer months after 2100 in SSP2-4.5, and an ice-free Arctic throughout the sunlit portion of the year
after 2120 in SSP5-8.5. We note that while Earth system models already incorporate sea ice albedo feedbacks,
climatological biases in the Arctic may produce lower sea ice loss and correspondingly weaker albedo feedbacks
in many models (Shen et al., 2021).

To account for potential Amazon rainforest ecosystem shifts, we assumed a current ecosystem carbon stock of
200 Gt C (Cerri et al., 2007; Gibbs et al., 2007; Malhi et al., 2006; S. S. Saatchi et al., 2011), and assume conver-
sion to savanna or grassland-like vegetation would lead to carbon storage per unit area half that of intact tropical
rainforest. We further assume that forest areas degraded through edge effects and wildfire exhibit a long-term
carbon storage capacity of 25% less than intact forest (Aragdo et al., 2018; Silva Junior et al., 2020). Under SSP5-
8.5, we assume 60% of Amazonia undergoes conversion from tropical forest to savanna/grassland between 2040
and 2140, with another 20% suffering from degradation due to fire and edge effects. Subsequently, the previously
degraded 20% transitions to savanna/grassland between 2140 and 2200, with another 10% of previously intact
forest suffering fire/edge degradation over this period. For SSP-4.5, we assume 30% of the region's tropical forest
is converted to savanna/grassland between 2040 and 2100, another 20% suffering degradation. The previously
degraded 20% transitions to savanna/grassland between 2100 and 2150, with another 10% of previously intact
forest suffering degradation during this time.

We omit potential carbon fluxes or radiative forcing impacts from other candidate tipping elements (boreal
forests, stratocumulus cloud decks, tropical monsoons, AMOC, and Greenland/Antarctic ice sheets) given higher
uncertainty surrounding their potential impacts upon carbon cycling and planetary radiative balance under differ-
ent warming scenarios. One or more of these tipping elements could add net contributions to warming, however
current levels of scientific knowledge and confidence are insufficient to formulate assumptions that aren't largely
arbitrary. As stratocumulus cloud deck evaporation remains a novel and uncertain hypothesis, we also omit this
mechanism. We assume die-off of tropical coral reefs produces no global climate feedbacks.

Based on the synthesis of the above studies with this model, by 2100 the additional warming from these tipping
elements is ~0.13°C (low: 0.06°C, high: 0.23°C) under SSP2-4.5 and ~0.21°C (low: 0.10°C, high: 0.36°C) under
SSP5-8.5 relative to the original scenarios. By 2300 we find the selected tipping elements may produce additional
warming of ~0.24°C (low: 0.11°C, high: 0.49°C) under SSP2-4.5 and ~0.52°C (low: 0.24°C, high: 1.09°C)
under SSP5-8.5 relative to the original scenarios (Figure 15). The sum effect of these near-term tipping elements
is significant in our model but secondary to the larger emissions trajectory. It thus seems unlikely that this addi-
tional warming is sufficient to self-perpetuate global-scale climate change independent of the human emissions
pathway. Overall, our analysis suggests that anthropogenic emissions and climate sensitivity will determine the
magnitude of warming over the next few centuries, with tipping elements and other carbon cycle feedbacks
adding further uncertainty. Tipping elements carry substantial implications for carbon budgets and will accelerate
rates of warming, but the potential for these mechanisms to drive a transition to a hothouse climate state within
centuries remains unclear. More rigorous future modeling work should leverage a range of models and further
explore possible scenarios, particularly in conjunction with general carbon cycle feedbacks.

4.3. Longer-Term Tipping Elements and Dynamics

Over long time frames of multiple centuries to millennia and beyond, assessment of the sensitivity of tipping
elements to temporary overshoots of critical thresholds and evaluation of whether transitions are irreversible
versus reversible become highly relevant to discussions of long-term tipping behavior and cascade behavior.
Tipping elements discussed in this review that may act over longer timescales include collapse of ice sheets, weak-
ening of the AMOC, long-term permafrost carbon release, and methane release from marine methane hydrates.

The cumulative effects of permafrost thaw and methane hydrate destabilization manifest over centuries and
millennia, respectively (Archer et al., 2009; McGuire et al., 2018; Schuur et al., 2015; Turetsky et al., 2020). More
recent research indicates that methane hydrate deposits will play a minimal role in global climate over coming
centuries and millennia, as reviewed by Ruppel and Kessler (2017). Complete loss of land-based ice-sheets in
Greenland is anticipated to require multiple millennia (Pattyn et al., 2018), while loss of the Western Antarctic
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Figure 15. (a) Fossil fuel CO, emissions, (b) atmospheric CO, concentrations, (c) total radiative forcing, and (d) global mean surface temperature anomaly relative to
pre-industrial (1861-1880 mean) temperatures, plotted from 1750 to 2300 for a baseline SSP2-4.5 (light gray) and SSP5-8.5 emissions scenario (light red) as well as for
modified SSP2-4.5 TIPP (black) and SSP5-8.5 TIPP (red) scenarios incorporating additional CO, emissions, CH, emissions, and radiative forcing as a result of tipping
elements (see Table 4). “Middle” scenarios are plotted using solid lines, while “high” and “low” scenarios are denoted with dot-dashed and dashed lines, respectively.

Ice-sheet similarly takes place over a time scale of centuries at minimum even under extreme scenarios (DeConto
etal., 2021; Edwards et al., 2021; Golledge et al., 2015, 2019).

The likelihood of an AMOC shutdown (Section 2.1) within the 21st century is currently assessed as very low but
uncertain (Collins et al., 2019; Fox-Kemper et al., 2021). A century or more may be required before a transition
occurs (see Section 2.1.2), and projections remain inconclusive as to how much the AMOC may weaken in
response to climate change. However, current climate models utilize a relatively simple representation of the
AMOC and may exhibit excessive AMOC stability (W. Liu et al., 2017), while new oceanographic measure-
ments continue to highlight limitations in our understanding of this system (Lozier et al., 2019) that impact
confidence in model results. Apart from such uncertainties, it also remains unclear whether and to what degree
broader climate impacts from a weakening AMOC could produce additional net global warming or carbon cycle
feedbacks (Armstrong McKay et al., 2022; Parsons et al., 2014; Steffen et al., 2018; Wunderling et al., 2021).

Lenton et al. (2019) invoke the possibility of stratocumulus cloud deck evaporation (Section 2.7) acting as a poten-
tially important tipping element. The level of greenhouse gas forcing required to cause marine stratocumulus cloud
formations to break down may lie at around 1,200 ppm CO, (Schneider et al., 2019), a concentration not attained until
toward the end of this century in aggressive, worst-case emissions pathways (Hausfather & Peters, 2020). This thresh-
old and the cloud deck evaporation mechanism itself remain uncertain, warranting considerable additional research.

The classification of these and other tipping elements as irreversible or reversible depends heavily upon the times-
cale of interest and the degree to which applied climate forcings are reversed. Many studies model one or multiple
systems' response to reversed forcing over sufficiently long timescales to assess equilibrium stable states (e.g.,
Garbe et al., 2020; Gregory et al., 2020; Ritchie et al., 2021; Wunderling et al., 2021). Indeed, one definition of an
irreversible change given in both the (IPCC, 2021) and (Brovkin et al., 2021) refers simply to changes that require
substantially more time to revert back to their original state than was required for the shift to the altered state.
However, a change that requires more than a couple hundred years to reverse from a prior transition to a new state
is arguably effectively irreversible from the perspective of human societies even if a shift is reversible over very
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Table 15
List of Tipping Elements Discussed in This Review, Classified as Either Tipping Elements or Non-Tipping Elements Based on the Terminology of Kopp et al. (2016)
Candidate tipping element Classification Timescale of system response Irreversibility
AMOC weakening/collapse Tipping element Slow (century or longer) Potentially irreversible
Methane hydrate destabilization Non-tipping element Slow (centuries to millennia) Irreversible
Greenland and Antarctic ice-sheet loss Tipping element Slow (centuries to millennia) Irreversible
Permafrost carbon release Tipping element Slow (centuries) Irreversible
Boreal forest ecosystem shifts Tipping element Potentially fast Uncertain
Stratocumulus cloud deck evaporation Tipping element Potentially abrupt or fast Irreversible.
Loss of shallow tropical coral reefs Tipping element Abrupt to fast Irreversible
Amazon rainforest dieback Tipping element Fast Irreversible
Abrupt transitions in S. Asian, African monsoon regime Non-tipping element Not applicable Reversible
Loss of Arctic sea ice Summer sea ice: Non-tipping element Abrupt to fast Reversible

Winter sea ice: Tipping element

Note. The timescale of system-wide response to any tipping behavior is further classified as abrupt (taking place within a couple decades with no time lag), fast (several
decades), or slow (longer than a century). Finally, impacts are classified as reversible (reversion to original system state within a century possible upon applying
opposite forcing), or irreversible (reversion to original system state requires centuries or longer, and/or different opposite forcing of a significantly larger magnitude
than the original change in forcing applied to achieve the altered system state).

long timescales that allow a return to the original equilibrium. As such, we identify the tipping elements covered
in this review as irreversible or reversible (Table 15) based on whether changes can revert within a century follow-
ing a return to a pre-industrial climate.

If human societies only succeed in significantly reducing greenhouse gas concentrations after having passed
certain temperature thresholds, the ability of a tipping element to recover from a temporary transgression or
“overshoot” of its critical threshold may determine its evolution over multi-century timescales and longer.
Ritchie et al. (2021) used simple models to demonstrate how sufficiently brief and limited overshoots of
critical thresholds for “slow-onset” tipping elements could avoid triggering a transition into an alternative
long-term state. Dynamical long-term modeling of a reduced GIS under different scenarios also demonstrates
some capacity for re-growth of ice under a return to pre-industrial climate, implying overshoot recovery poten-
tial if the period of temperature threshold exceedance was brief relative to timescales of ice loss (Gregory
et al., 2020).

For tipping elements with long timescales of action, their overall climate impacts in the distant future may be
somewhat mitigated by drawdown of atmospheric greenhouse gases via natural carbon sinks. Multi-millennial
modeling of several high-forcing scenarios indicates that CO, levels ultimately decline by hundreds of parts
per million over the course of one to two millennia, driven by natural sinks (Clark et al., 2016). An extended
time horizon also leaves a significant opportunity for human society to conduct further greenhouse gas removal
from the atmosphere through carbon removal methods over future centuries. Many of the future emission
scenarios that limit warming to 2°C or below by 2100 already include large-scale use of negative emissions
technologies, and the use of these could logically be extended and expanded in following centuries (Riahi
et al., 2017).

Overall, many of the long-term tipping elements discussed above exert climate impacts gradually over lengthy
timeframes, while other factors such as an AMOC collapse, stratocumulus cloud deck evaporation, or destabili-
zation of marine methane hydrate deposits may represent high-risk but uncertain or low-probability outcomes.
The hypothesis that multiple tipping elements can cascade resulting in several degrees of additional warming
remains in need of additional substantiation through quantitative, scenario-based modeling. The current litera-
ture suggests that additional global-scale climate impacts from tipping elements are significant, but secondary
in relative terms to the future trajectory of anthropogenic emissions and to uncertainties in climate sensitivity.
Nevertheless, the risks of a tipping element cascade and long-term alteration of the Earth's climate trajectory are
sufficiently large that any future updates in our understanding of individual tipping elements will motivate reas-
sessment of the dangers of significant additional climate change.
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Figure 16. Qualitative two-dimensional organization of individual candidate tipping elements covered in this report.
Candidate tipping elements are organized vertically according to expected negative global-scale climate impacts upon human
societies (see Section 4), considering added warming potential, sea-level rise, ecosystem shifts, and atmospheric and oceanic
circulation changes (y-axis) and horizontally based on the timeframe over which those impacts are expected to manifest
under a middle-of-the-road to high-end emissions scenario. Candidate tipping elements are qualitatively categorized as lower
confidence (dashed outline) or higher confidence (solid outline). Colors are arbitrarily assigned for visual presentation.

5. Conclusion

Considering the candidate tipping elements reviewed here as an ensemble (Table 15), some useful commonalities
emerge that highlight shared characteristics between some of these systems as well as important priorities for
guiding future research. The time frame over which tipping elements act is one important factor for assessing
risks and impacts. Some tipping elements will respond strongly to climate forcing on shorter timescales within
this century, while other tipping elements may or may not cross tipping thresholds this century and are believed
to undergo shifts over much longer timescales of a couple centuries to millennia. Next, a major consideration
for some tipping elements is the degree to which future reductions of anthropogenic emissions consistent with
middle-of-the-road or low end-of-century warming pathways may considerably mitigate the degree of future
change these systems undergo. Finally, a number of similarities in current knowledge gaps highlight potentially
productive directions for new research that could reduce remaining uncertainties regarding critical thresholds,
impacts, and possible interactions between tipping elements.

Relatively few of the candidate tipping elements covered in this review are thought to demonstrate a poten-
tial for “abrupt” substantial change occurring within a couple of decades this century (Figure 16). Large scale
die-off of shallow tropical coral reefs could take place on an abrupt timescale in the coming decades (Dixon
etal., 2022; Frieler et al., 2013; Hoegh-Guldberg et al., 2019). While Arctic sea ice is a non-tipping element (Notz
& Stroeve, 2016), the transition toward seasonally ice-free conditions in summer may occur within the next few
decades. Some tipping elements such as stratocumulus cloud deck evaporation or loss of winter Arctic sea ice are
at a low risk of crossing critical thresholds this century except under worst-case emissions pathways, but could
potentially tip into an altered state on abrupt timescales (Bathiany et al., 2016; Schneider et al., 2019).

A couple candidate tipping elements are possibly at risk of shifting into new states on fast timescales of decades
to a century under continued climate change. The Amazon rainforest is under considerable stress due to an inten-
sification of the fire regime (Aragdo et al., 2018), changes to regional hydroclimate (Anderson et al., 2018), and
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ongoing deforestation, fragmentation, and degradation (Silva Junior et al., 2020) and may undergo major ecosys-
tem shifts in as little as several decades (Fonseca et al., 2019; Lyra et al., 2016). The composition and extent of
northern boreal forest ecosystems are expected to continue to shift over many decades to a couple centuries in
response to climate change for example, (Gauthier et al., 2015; Shuman et al., 2015), although complex, compet-
ing feedbacks and ecological interactions complicate efforts to assess overall climate impacts.

Several candidate tipping elements—permafrost thaw, methane hydrate destabilization, weakening of the
AMOC, and ice-sheet collapse—cumulatively act on longer timescales of centuries to millennia, as opposed to
undergoing abrupt change in a matter of years to decades. While the bulk of permafrost carbon release will take
place over centuries, climatically significant quantities of carbon could be liberated from permafrost in the near
term (McGuire et al., 2018; Turetsky et al., 2020). Climate forcing could force the West Antarctic and GIS into
committed long-term losses this century, although collapse of these ice-sheets may require many centuries to
millennia (DeConto et al., 2021; Edwards et al., 2021; Gregory et al., 2020). While most models project weaken-
ing of the AMOC over the 21st century as opposed to collapse even under high emissions scenarios, the stability
of the AMOC over the next couple centuries in response to potential future global warming remains uncertain and
a subject of active research (Boers, 2021; W. Liu et al., 2017), and transitions in the AMOC may have contributed
strongly to past shifts in global climate on timescales of a few centuries or even decades (Brovkin et al., 2021;
Ganopolski & Rahmstorf, 2001). Meanwhile, potential atmospheric carbon release from marine methane hydrate
deposits may be minimal even over long timescales (K. Kretschmer et al., 2015; Mestdagh et al., 2017; Ruppel
& Kessler, 2017).

Our review does not cover the full range of Earth system components that have been proposed to be candi-
date tipping elements over the last few decades. A number of other systems have been described as potential
tipping elements, such as disruptions to the El Nifio Southern Oscillation, loss of Antarctic sea ice, changes to
snow cover in the Northern Hemisphere, and future shifts in ocean temperatures and oxygen levels, but are not
expected to exhibit tipping behavior in response to warming (Ranasinghe et al., 2021). The potential for tipping
behavior in the El Nifio Southern Oscillation is controversial and contested, and other authors have excluded this
system from consideration as a tipping element based on such considerations (Armstrong McKay et al., 2022;
Waunderling et al., 2021). This and other candidate tipping elements are less widely discussed, with weaker
evidence regarding the risk of tipping behavior and more of the published research suggesting that these systems
are non-tipping elements (Ranasinghe et al., 2021). While we have reviewed the current literature on several
other systems currently assessed to be non-tipping elements such as summer Arctic sea ice and tropical seasonal
monsoons, these systems have been much more commonly invoked as candidate tipping elements in the earth
science literature.

Most of the candidate tipping elements detailed in this review are not yet committed to fixed, substantial changes
in response to warming. Ambitious efforts to reduce global greenhouse gas emissions could significantly reduce
the long-term impacts associated with the responses of these systems to climate change. Under middle-of-the-
road pathways, our synthesis of existing research suggests reduced AMOC weakening and reduced risks of
AMOC collapse (Bakker et al., 2016; J.-Y. Lee et al., 2021), reduced sea-level contributions from the Greenland
and Antarctic ice-sheets (DeConto et al., 2021; Edwards et al., 2021), a smaller magnitude of permafrost carbon
release (McGuire et al., 2018; Schneider Von Deimling et al., 2015; Turetsky et al., 2020), smaller shifts in boreal
forest ecosystems (Foster et al., 2019; Shuman et al., 2015; Wu et al., 2017), and lower impacts on tropical forests
in Amazonia from fire and climate shifts (Fonseca et al., 2019; Lyra et al., 2016) relative to high-end emissions
pathways. A middle-of-the-road emissions scenario may completely avert the destabilization of marine methane
hydrates or stratocumulus cloud decks. “Slow-onset” tipping points may also exhibit some resiliency due to the
longer timescales over which they respond to climate forcing, potentially allowing for recovery to the original
system state if overshoots of critical thresholds are smaller and/or limited in duration (Ritchie et al., 2021).

At the same time, the sensitivity of many tipping elements to climate forcing remains unknown, with an increas-
ing risk of transgressing critical thresholds for progressively higher warming in the range of 1.5°C-3°C given
the lower end of uncertainty ranges (Armstrong McKay et al., 2022). Furthermore, a number of Earth system
components are likely to undergo significant changes even assuming more ambitious world efforts to limit global
warming to 1.5°C. Loss of Arctic summer sea ice and coral die-off in shallow tropical coral reef ecosystems will
continue even under lower warming scenarios, with intermittently ice-free Arctic conditions in September (Notz
& Stroeve, 2018; SIMIP Community, 2020) and major global declines in coral abundance (Hoegh-Guldberg
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et al., 2019) likely to occur within the next several decades. Permafrost thaw and carbon release from tropical
rainforests are already occurring under the present-day climate (Biskaborn et al., 2019; Gatti et al., 2021) and
will continue to intensify over the 21st century under continued warming. While tropical seasonal monsoons are
not thought to be at risk of tipping behavior, changes in monsoon intensity and seasonality will continue under
moderate warming scenarios (SSP2-4.5) (B. Wang, Jin, & Liu, 2020).

For some tipping elements, future consequences depend not only on reduction of emissions but also upon limiting
the impact of human activities on land and ocean ecosystems. Tropical coral reefs face a variety of stressors apart
from rising temperatures, sea-level rise, and ocean acidification, including marine pollution, sediment runoff, and
direct damage from fishing and harvesting. Limiting deforestation will help promote the long-term health of the
Amazon tropical forest, while forest management policies across countries in the northern high latitudes will also
affect the future response of boreal forests to a warming climate. Reducing ecosystem impacts alongside efforts
to cut greenhouse gas emissions, potentially in combination with deployment of negative emissions technologies
at scale, could help reduce the long-term changes that tipping elements might undergo.

Simultaneously, this review points toward considerable remaining knowledge gaps associated with estimating the
probability and impacts of many tipping elements. In addition to the more subject-specific areas of uncertainty
covered in the preceding sections, some common priorities for future work are apparent. A continued need exists
in particular for quantitative, process and scenario-based modeling of interactions between tipping elements and
carbon cycle feedbacks and their implications for global climate. Regarding specific Earth system components,
further attention toward modeling long-term outcomes under lower to middle-of-the-road warming scenarios
(e.g., SSP1-1.9, SSP2-2.6, SSP2-4.5) will help constrain potential critical thresholds more precisely. For concep-
tual and theoretical work on tipping elements, greater efforts to represent heterogeneity in systems and consider
multiple drivers could provide additional useful insights relative to the traditional approach of considering single
systems that respond to the transgression of a clear critical threshold by a single controlling variable. More funda-
mentally, efforts to refine formal definitions and categorizations of tipping elements in consideration of factors
like spatial heterogeneity, multi-stability, or different types of tipping behavior will help clarify future scientific
discussion. Finally, additional study of paleoclimate records carries the potential to provide direct insights into
the behavior of tipping elements and interactions between such systems in the Earth's past (Brovkin et al., 2021;
Z. A. Thomas et al., 2020).

Overall, tipping elements will play a climatically significant role over the course of the 21st century, but the
possibility of a “tipping point cascade” driving a couple or more degrees of additional warming over the next
couple centuries remains unlikely. Nevertheless, tipping elements presently remain one of the larger unknowns
involved in predicting future warming and climate impacts. Continuing to better constrain the range of uncer-
tainty surrounding the likelihood and projected impacts of tipping elements will benefit not only the earth science
community but also policymakers and planners seeking to assess risks and craft effective climate policies moving
forwards. As scientific understanding of tipping elements improves further, the potential for abrupt climate
change and for tipping element interactions will require ongoing re-assessment.
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