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TIPPING POINTS IN THE EARTH SYSTEM

KEY MESSAGES

» Tipping Points are critical thresholds beyond which a system reorganises, often abruptly and/or
irreversibly.

o There are several climate tipping elements of concern: large-scale components of the Earth System
that may pass a tipping point, such as ice sheets and rainforests.

«» Positive feedback loops, or self-reinforcing feedbacks, are key drivers of tipping points, and could
lead to long-term irreversible changes.

» Passing certain climate tipping points could have severe local impacts, such as extreme
temperatures, droughts, forest fires, ice sheet loss and sea level rise.

» There is a risk of interactions between different tipping elements, which could result in the
triggering of a global cascade of tipping points.

|. INTRODUCTION There are multiple potential “tipping elements” of
concern: large scale components of the Earth system
that could pass a tipping point. These can be broadly
classified in three groups:

Many of the impacts of climate change manifest
themselves as continuous, incremental changes.
There is a near-linear relationship between cumulative
CO, emissions and the increase in global surface o Melting ice masses, e.g., disintegration of the ice
temperatures': as the levels of CO, in the atmosphere sheets in Greenland or West Antarctica

increase, so does global warming, causing a range
of incremental changes such as rising ocean heat
content, sea level rise and declining Arctic Sea ice
cover — each creeping up little by little. o Biome shifts, e.g., dieback of the Amazon

Rainforest, or coral reef die-off

o Circulation pattern changes, e.g., shutdown of
Atlantic Meridional Overturning Circulation

However, there is mounting evidence that some parts

of the Earth system may also be at risk of abrupt There are significant uncertainties associated with
and potentially irreversible changes, driven by the the processes of tipping points, in terms of their
cumulative impact of incremental global warming. likelihood of occurring as well as the timescales

Such a non-linear transition could be triggered if a on which they might take place. While we think of
critical threshold in global temperature - a “tipping tipping points as “abrupt” transitions, these processes
point” — is crossed, when a small change could push can unfold over centuries to millennia (e.g., in the

a system into a completely new state, with potentially = case of ice sheets disintegrating), over decades
catastrophic impacts. to centuries (e.g., changes to ocean circulations),

or years to decades (especially in cases where human
interference is an additional driver, e.g., deforestation
of the Amazon rainforest).?
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In this technical briefing, we will first define tipping
points and tipping elements, then explore several
tipping elements in more detail and discuss the
questions of abruptness, irreversibility, timescales and
uncertainties for each of them. We also investigate
the possibility of developing early warning systems for
tipping points, and the risk of cascades of interacting
tipping points, where one tipping point could

trigger another.

2. DEFINING TIPPING POINTS

Here we define tipping points and other associated
key terms and concepts. These definitions are also
summarised in Table 1.

The Intergovernmental Panel on Climate Change
(IPCC) defines tipping points as “critical thresholds
beyond which a system reorganises, often abruptly
and/or irreversibly”."? Scientific understanding

of abrupt climate change and irreversibility has
advanced considerably in recent years, and there is
evidence that such abrupt changes have occurred
in the Earth’s geological history, e.g. during
deglaciations after past ice ages.* The recent 6th
Assessment Report (AR6) of Working Group | of
the IPCC states that there is no evidence in climate
projections of such a non-linear response occurring
on a global scale during this century. However, the
report also states with high confidence that “abrupt
responses and tipping points of the climate system,
such as strongly increased Antarctic ice sheet melt
and forest dieback, cannot be ruled out.”

"Tipping elements” are defined as large-scale
components of the Earth System that may pass a
tipping point.® There are multiple potential tipping
elements that could be triggered by increased
global warming, including: shutdown of the Atlantic
Meridional Overturning Circulation (AMOC),
disintegration of the ice sheets in West Antarctica &
Greenland, Amazon rainforest dieback, West African
& Indian monsoon shifts, permafrost loss, coral reef
die-off and Boreal forest shifts. We will discuss some
of these in more detail below.

If such an abrupt climate tipping point were to occur,
this could have severe local impacts, such as extreme
temperatures, droughts, forest fires and ice sheet loss,
and could potentially result in long-term irreversible
changes. Tipping points are therefore often referred
to as “High-risk, low-probability” events: the
probability of such an event occurring is deemed

to be low, but the risks associated with a tipping
point being crossed are very high, with potentially
catastrophic and far-reaching consequences.’

The climate system also contains positive feedback
loops, or self-reinforcing feedbacks. These are
processes in a system where a change in a given
direction causes additional change in the same
direction i.e., the effects of a small perturbation on

a system include an increase in the magnitude of

the original perturbation. A well-known example
from the climate system is the ice-albedo effect:
global warming is reducing Arctic sea ice cover during
summer months, resulting in more of the darker sea
surface being exposed. Water has a lower albedo
than ice (it reflects less sunlight), so it absorbs more
heat, resulting in a warmer ocean and further melting
of sea ice, and so on. Another example is permafrost
melt in the Arctic: as temperatures rise, Arctic
permafrost melts and releases methane, a potent
greenhouse gas (GHG), which in turn causes further
global warming.

Positive feedback loops such as these are key drivers
of tipping points, as they can quickly amplify small
changes which could push a system to cross a critical
threshold. Positive feedback loops are also often
associated with irreversibility, but their effects are
not necessarily irreversible. For example, modelling
evidence shows that Arctic sea ice cover is reversible
against global mean temperature?, i.e. if GHG
emissions were reduced and global temperatures
were to fall, then the Arctic sea ice could stabilise
and recover.

Whether or not a tipping point is irreversible is highly
dependent on the characteristics of each individual
system. In some cases, evidence shows that once

the system has made an abrupt shift to a different
state i.e., crossed a tipping point, then it will not
easily return to its original state, even if the climate
forcing is removed. The system could then remain in
its new, altered state for a considerable amount of
time, or even permanently. Such a system is described
as undergoing a “bifurcation point”: the system has
two stable states and once it has switched from one
stable state to another it is subsequently very difficult
or even impossible to return to the previous state.’

This behaviour is known as “hysteresis”,

a mathematical term describing the dependency of
the state of a system on its history. A tipping point
with hysteresis behaviour is considered irreversible,
at least on human-relevant timescales. For example,
the Greenland Ice Sheet (GrlS) and parts of the West
Antarctic Ice Sheet (WAIS) are believed to exhibit
hysteresis behaviour®?: if these ice sheets were to
cross a critical temperature threshold that led to their
partial or complete disintegration (over centuries to
millennia), then simply lowering global temperatures
would not be enough to reverse this change and loss



of the ice sheet becomes irreversible, leading to much
higher levels of sea level rise. It would likely require
another ice age to “re-grow” the ice sheet.

It is important to emphasise that not all tipping
points are irreversible. A tipping point can also exhibit
an abrupt and highly non-linear change without
hysteresis behaviour, meaning that the change

could be reversed if the climate forcing is removed.
Arctic sea ice cover, as described above, is an example
of a tipping point without hysteresis behaviour.
Whether or not tipping points are irreversible remains
a topic of ongoing research and is one of the many
uncertainties associated with tipping points.

Table 1: Definitions of tipping points and
associated terms

Term Definition

Risk The potential for adverse consequences
for human or ecological systems,
recognising the diversity of values
associated with such systems. In the
context of climate change, risks can
arise from potential impacts of climate
change as well as human responses to
climate change!

Tipping Critical thresholds beyond which a

Point system reorganises, often abruptly
and/or irreversibly.!

Tipping A large-scale component of the Earth

Element System that may pass a tipping point.’

Positive Process where the effects of a small

Feedback  perturbation on a system include
an increase in the magnitude of the
original perturbation.

Hysteresis The dependency of the state of

a system on its history, referring
here to a system with bi-stability
passing a bifurcation point leading
to irreversible change.’

Research suggests that it is possible, in principle,

to develop early warning signals for tipping points
by using observational data and time series to detect
when a certain tipping element is approaching

a critical transition®. When a system approaches

a critical transition or bifurcation point, it displays

a critical slowing down in the observations,

which is characterised by increases in the variance
and autocorrelation of the observed signal,

two mathematical quantities that describe the
statistical behaviour of the signal.” If these increases
in the variance and autocorrelation can be detected
in observations, they could be used as indicator
that the observed system is approaching a critical
transition, or at least that it has lost stability, thus
providing an early warning signal of an approaching

tipping point. This theoretical approach has recently
been applied in practice to provide early warning
signals that the AMOC and the Greenland Ice Sheet
may already be approaching tipping points.™®

3. TIPPING ELEMENTS IN THE EARTH SYSTEM

In this section we discuss several notable tipping
elements in the Earth system in further detail: the
AMOC, the West Antarctic and Greenland Ice Sheets,
and the Amazon rainforest. We explore some of the
processes and uncertainties associated with each of
them. A geographical illustration of these and other
potential tipping elements and their impacts is also
shown in the diagram in Figure 1.

The AMOC is an important system of ocean currents
that distributes warm water around the Atlantic.
The AMOC brings warm water from the tropics to
Europe and forms a crucial part of the global ocean
circulation system that transports heat around the
World. A shutdown or collapse of the AMOC would
have catastrophic consequences around the world,
including impacts on the climate of Western Europe.
A scenario where the AMOC crosses a tipping point
and shuts down was famously portrayed in the 2004
Hollywood blockbuster “The Day After Tomorrow”,
albeit with many scientific inaccuracies. This does
however represent a real physical mechanism, and it
has been shown that an influx of meltwater from
the Greenland Ice Sheet into the North Atlantic
Ocean can contribute to a weakening of the AMOC.”®
There is increasing evidence from observations as
well as paleoclimate proxies that the AMOC has
weakened significantly during past decades®", and
that it is currently at its weakest state in at least

a millennium.”® The observational record shows

that after a long stable period, this weakening
started in the 19th century and was followed by a
second more rapid decline in the mid-20th century.
This recent decline could be an indication of a critical
slowing down of the AMOC, which may be an early
warning signal that it is losing stability and may be
approaching a tipping point.”?

Projections of future sea level rise largely follow a linear
relationship with warming: the more temperatures
increase, the more sea levels rise, as the ocean

water heats up and expands, and glaciers and ice
sheets melt. The main source of uncertainty in these
projections is mass loss from the West Antarctic Ice
Sheet, which holds enough ice to raise global sea levels
by approximately 3m if it were to be lost completely.
There are concerns that parts of the WAIS could
collapse abruptly, through a process called “marine

ice sheet instability” (MISI): once a critical threshold



is crossed this could trigger a self-sustaining retreat

of certain glaciers on the WAIS, committing them to
rapid and irreversible ice loss and leading to substantial
increases in global sea level rise. Recent modelling of
Pine Island Glacier, one of the fastest changing outlet
glaciers in West Antarctica, has identified three distinct
tipping points in response to increases in ocean-
induced melting, which could lead to a retreat of the
entire glacier and initiate a collapse of the WAIS.”

Another process called “marine ice-cliff instability”
(MICI) could trigger a further runaway acceleration

in the retreat of the WAIS, and may result in a non-
linear response of sea levels rising by more than 1m by
2100%, with disastrous impacts on coastlines globally.
The MICI process is disputed amongst climate
scientists however?, and there is no observational
evidence of it yet, leading the IPCC to include this as
a “low-likelihood, high-impact” scenario in the AR6
sea level projections.! However, recent observational
evidence from Antarctica shows that the amount

of damage to ice shelves, from meltwater-driven
fracturing or crevassing, can affect the rate at

which the ice sheet responds to warming and could
accelerate its retreat??, which may lead to hysteresis
behaviour of the WAIS.?

RISE OF
SEA LEVELS

RISE OF
SEA LEVELSB
o

(1) collapse of Ice Sheets and/or
major ice formations +
much higher sea levels.

Permafrost thaw releases methane +
acceleration of global warming.

Massive loss of forests +

loss of biodiversity &

release of greenhouse gases +
acceleration of global warming.

@ Shutdown of Atlantic Meridional
Overturning Circulation (aMoc) +
Cooling of Northern Hemisphere
(AMOC conveys heat from the tropics).

(&) Increase in El Nifio-Southern
Oscillation (ENSO) +
drought in South East Asia.

West African Monsoon +
droughts across Mauritania, Senegal,

3.3. GREENLAND ICE SHEET (GRIS)

The Greenland Ice Sheet could raise global sea levels
by approximately 7m, if it were to be lost completely.
Melting of the GrlS is accelerating, and the IPCC
ARG states that continued ice loss is virtually certain
and it has high confidence that total ice loss will
increase with cumulative GHG emissions.! The GrlS
is particularly vulnerable since the Arctic is warming
2.5 times faster than the global average. A tipping
point for complete disintegration of the GrlS is
unlikely to be abrupt, but there is likely to be a critical
temperature threshold beyond which its eventual
collapse (over millennia) becomes irreversible,

with modelling estimates placing this threshold at
around 1.6°C above pre-industrial levels.® The key
tipping point driver for the GrlS is the positive “melt-
elevation” feedback: as the ice sheet melts, more
ice is exposed to warmer temperatures at lower
elevations, thus driving further melting, and so on.
Recent observational evidence of a critical slowing
down may be an early warning signal that the GrlS
is approaching a tipping point®.

RISE OF SEA

LEVELS
o ——
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Communicating Climate Risk: A Toolkit | 2. Kleineberg

(9) Indian Mensoon shift »
droughts on the Indian subcontinent.

@ Tipping points at regional levels +
severe local impacts on all continents.

@ Changed marine ecosystems 4
~ abrupt West Tropical Indian Oceanic
Bloom (sudden increase in deep water
upwelling brings nutrients to the upper layers of
ocean, leading to going in productivity from
; ; : ay
h

s Burkina Faso, Mali, and Niger. pepkems to.tich
() Rapid climate change » @ Disappearance of coral reefs +
mass extinctions of animals, Greening of the Sahara » iodiversi i
greater local biodiversity, loss of biodiversity, habitats, coastal

plants, other life forms.

erosion, cultural and economic losses.

Figure 1: lllustrative diagram depicting some potential tipping elements in the Earth system and their impacts.
Image from: Walton et al, 2021, Communicating Climate Risk: A Toolkit."
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Both for the WAIS and the GrlS, the probability

of complete loss of either ice sheet over millennia
increases with higher temperatures. The longer we
sustain warming above pre-industrial levels, the
greater ice loss will be and the greater the impact
on global sea level rise. By 2100, we are likely to see
between 0.5-1m of sea level rise globally, depending
on the level of warming. By 2300, sea levels could rise
by between 0.5-3m if warming is limited to 1.5-2°C,
but increases of up to 7m or more cannot be ruled
out with high emissions.’

The Amazon rainforest is the largest in the world
and is strongly dependent on very wet conditions to
remain sustainable. The rainforest generates about
half of its own rainfall through evapotranspiration?:
recycling water from the soil and plants back into
the atmosphere, and helping to drive convection
which creates more rainfall. This means that if either
the amount of rainfall or the amount of forest is
reduced, this could result in a shift to a drier climatic
state which can no longer sustain a rainforest. If this
happens, the rainforest could pass a tipping point
and eventually turn into an ecosystem resembling

a savannah.® Climate change induced warming,
droughts, wildfires and human deforestation are

all drivers of this process. Recent evidence suggests
that up to 17% of the Amazon basin is now affected
by forest degradation??, more than previously
thought, and that up to 18% of the area has already
been deforested.?® Interactions between climatic
changes and direct human-induced changes

such as deforestation could lead to regime shifts
and potential tipping points in some parts of the
Amazon.? However, there remains much uncertainty
about the timescales and critical thresholds
associated with these processes.”

Disintegration
of Greenland
Ice Sheet
Reduction ® Increased
of warming freshwater influx
: Weakening
Change in
@ precipitation_.. of AMOC .
rA S
Sea-level [ L
R Y @ Salinity gradient increase & fast
Dieback of advection of freshwater anomaly
Amazon [,
rainforest @ i ®

Southernfocean -
heat accymulation

Critical temperature thresholds:
1°c-3°C
3°C-5°C

4. RISK OF INTERACTING AND CASCADING
TIPPING ELEMENTS

There is increasing concern about interactions
between different tipping elements, and that the
impacts of one tipping point could contribute to

the triggering of another tipping point, and so

on®. Such interactions could occur through ocean

or atmospheric circulation, or through positive
feedbacks that increase global temperatures or

GHG levels. An example of such interaction between
tipping elements is illustrated in Figure 2: research
shows that retreat of the WAIS can be directly
influenced by sea-level rise as a result of increased
meltwater from the GrIS®*. In addition, the increased
meltwater influx from the GrlS in the North Atlantic
can contribute to the weakening of the AMOC?®.

In turn, AMOC slowdown could alter precipitation
patterns over the Amazon, which may either enhance
or reduce rainfall in this region®. Interactions between
tipping elements could have either stabilising or
destabilising effects, and there remains much
uncertainty about these processes.

There is an additional risk that these interactions
between individual tipping elements could result
in the triggering of a global cascade of tipping
points, which some have argued could tip the Earth
System into a permanent, less habitable climatic
state, or “"Hothouse Earth”.*** Recent modelling
studies suggest that the interactions between the
four tipping elements shown in Figure 2 could lower
their individual critical temperature thresholds,
and that this risk of tipping cascades increases
strongly between 1 and 3 °C of global warming
above pre-industrial levels.®* Ultimately, this could
result in a “domino effect” of tipping elements being
triggered globally, with catastrophic impacts and
additional risks of triggering societal risk cascades
(see our additional Climate Risk Note “

" by Luke Kemp, for more details on
risk cascades).

Figure 2: Diagram illustrating
physical interactions between

4 key tipping elements that are
already under stress today from
global warming. Image from
Martin et al (2021)?, adapted from
Wunderling et al (2021).

Sea-level

Disintegration of West
Antarctic Ice Sheet

®—b- destabilizing effect

@————+ unclear

stabilizing effect
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0. CONCLUSION 6.

While there remain many uncertainties about the
critical temperature thresholds and processes involved
in particular tipping elements, it is clear that the risks
associated with triggering Earth System tipping points
are significant and could lead to catastrophic impacts
around the world. As such, the priority of society

and policy should be to avoid the passing of tipping
points at all costs. By reducing GHG emissions in line o
with the Paris Agreement goals and limiting global
warming to 1.5 °C above pre-industrial levels, the risk

of crossing critical thresholds in the climate system

®

can be significantly reduced. Climate tipping points 10.

really are “too risky to bet against”®.
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