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How hot will the Earth be in 2100? 

Will temperatures rise steadily or can we expect 
sudden accelerations?

193

Observations:  Atmosphere and Surface Chapter 2

2

All ten of the warmest years have occurred since 1997, with 2010 and 
2005 effectively tied for the warmest year on record in all three prod-
ucts. However, uncertainties on individual annual values are sufficient-
ly large that the ten warmest years are statistically indistinguishable 
from one another. The global-mean trends are significant for all data 
sets and multi-decadal periods considered in Table 2.7. Using Had-
CRUT4 and its uncertainty estimates, the warming from 1850–1900 to 
1986–2005 (reference period for the modelling chapters and Annex I) 
is 0.61 [0.55 to 0.67] °C (90% confidence interval), and the warming 
from 1850–1900 to 2003–2012 (the most recent decade) is 0.78 [0.72 
to 0.85] °C (Supplementary Material 2.SM.4.3.3). 

Differences between data sets are much smaller than both interannual 
variability and the long-term trend (Figure 2.20). Since 1901 almost the 
whole globe has experienced surface warming (Figure 2.21). Warming 
has not been linear; most warming occurred in two periods: around 
1900 to around 1940 and around 1970 onwards (Figure 2.22. Shorter 
periods are noisier and so proportionately less of the sampled globe 
exhibits statistically significant trends at the grid box level (Figure 
2.22). The two periods of global mean warming exhibit very distinct 
spatial signatures. The early 20th century warming was largely a NH 
mid- to high-latitude phenomenon, whereas the more recent warm-
ing is more global in nature. These distinctions may yield important 
information as to causes (Chapter 10). Differences between data sets 
are larger in earlier periods (Figures 2.19, 2.20), particularly prior to 
the 1950s when observational sampling is much more geographically 
incomplete (and many of the well sampled areas may have been glob-
ally unrepresentative (Brönnimann, 2009)), data errors and subsequent 
methodological impacts are larger (Thompson et al., 2008), and differ-
ent ways of accounting for data void regions are more important (Vose 
et al., 2005b). 

Table 2.7 |  Same as Table 2.4, but for global mean surface temperature (GMST) over five common periods. 

Data Set
Trends in °C per decade

1880–2012 1901–2012 1901–1950 1951–2012 1979–2012
HadCRUT4 (Morice et al., 2012) 0.062 ± 0.012 0.075 ± 0.013 0.107 ± 0.026 0.106 ± 0.027 0.155 ± 0.033

NCDC MLOST (Vose et al., 2012b) 0.064 ± 0.015 0.081 ± 0.013 0.097 ± 0.040 0.118 ± 0.021 0.151 ± 0.037

GISS (Hansen et al., 2010) 0.065 ± 0.015 0.083 ± 0.013 0.090 ± 0.034 0.124 ± 0.020 0.161 ± 0.033
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Figure 2.20 |  Annual global mean surface temperature (GMST) anomalies relative to a 
1961–1990 climatology from the latest version of the three combined land-surface air 
temperature (LSAT) and sea surface temperature (SST) data sets (HadCRUT4, GISS and 
NCDC MLOST). Published data set uncertainties are not included for reasons discussed 
in Box 2.1.

Figure 2.21 |  Trends in surface temperature from the three data sets of Figure 2.20 
for 1901–2012. White areas indicate incomplete or missing data. Trends have been 
calculated only for those grid boxes with greater than 70% complete records and more 
than 20% data availability in first and last decile of the period. Black plus signs (+) 
indicate grid boxes where trends are significant (i.e., a trend of zero lies outside the 90% 
confidence interval). Differences in coverage primarily reflect the degree of interpolation 
to account for data void regions undertaken by the data set providers ranging from none 
beyond grid box averaging (HadCRUT4) to substantial (GISS).

Much interest has focussed on the period since 1998 and an observed 
reduction in warming trend, most marked in NH winter (Cohen et al., 
2012). Various investigators have pointed out the limitations of such 
short-term trend analysis in the presence of auto-correlated series var-
iability and that several other similar length phases of no warming 
exist in all the observational records and in climate model simulations 

Global mean temperature difference wrt 1961-1990

IPCC 2013

… and after 2100? 
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Complex Climate System
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Complex Climate System
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Energy balance of the Earth

Physical climate system = mostly fluids!
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Fluids….

Air Water

Granular media

Foam

Ice
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… can show complex patterns
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Motion in fluids occurs on

- Length scales of mm till 10.000 
km 

- Time scales of seconds till 
years 
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Fluid flows can become… 

! unstable 

! chaotic 

! unpredictable?

Turbulent
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Climate variability
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https://eartharxiv.org/repository/view/219/Von der Heydt et al (2020)
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Re
pr

es
en

ta
tiv

e 
of

 g
lo

ba
lly

 a
ve

ra
ge

d 
de

ep
-s

ea
 

te
m

pe
ra

tu
re

Greenhouse world: 
Warm & ice free, 
low ΔT & seasonalityIcehouse world: 

Cold & polar ice sheets, 
high ΔT & seasonality

Climate on Earth - last 65 Myr
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Adapted from Zachos et al, Nature (2008)

Tipping point?
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Tipping point?
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Antarctica 34 myr ago: tipping point? 

12

Elderfield, Nature 2000
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Antarctic glaciation: Why end of Eocene?

14
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Present day Southern Ocean circulation Late Eocene reconstructed topography

Oldest hypothesis (Kennett 1977): 
The opening of SO gateways has been crucial within the processes 

leading to the glaciation of Antarctica.

Baatsen, vdH et al.,  
Clim. Past (2016)
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Antarctic glaciation:  
Why end of Eocene?

15

Hypothesis 2: 
A critical threshold in atmospheric CO2 was reached allowing rapid ice 

sheet growth on Antarctica.

Zachos et al. Nature (2008)

Model-determined Antarctic  
glaciation threshold 
deConto et al. Nature (2008)
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Decreasing CO2 — Tipping?

16

De Conto et al. Nature (2008)

Antarctic glaciation threshold

CO2 below threshold: numerical 
model suggests growth of ice 
cap.

Northern hemisphere glaciation threshold 
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Decreasing CO2

17
DeConto & Pollard Nature (2003)

pCO2 ≈ 860 ppmv pCO2 ≈ 830 ppmv

pCO2 ≈ 795 ppmv pCO2 ≈ 785 ppmv

Feedback processes: 
• Mass balance – 

height 
• Merging of ice caps
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2-step transition - other options for tipping

18

Coxall et al. Nature (2005)

Step 1: Cooling of (deep) sea

Step 2: Ice growth
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Ocean  circulation
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Ocean  circulation

Rahmstorf (2002)

North Atlantic 
circulation “active”

North Atlantic 
circulation “inactive”
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Simple Earth System model: 

̣ Atmosphere, 

̣ Ocean, 

̣ Land ice, 

̣ Oxygen isotopes. 

̣ Land/ocean fraction adapted to Eocene values. 

̣ Optional: Ocean biogeochemistry & dynamic atmospheric 
pCO2.

Conceptual climate model

20

Gildor & Tziperman 2000, 2001, 2002
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Multiple Ocean Circulation States

21

244 M. Tigchelaar et al.: Modelling the two-step E-O transition

Fig. 7. Same as Fig. 6 but with the inception temperature of ice increased to 3 �C: (a) Simulated bifurcation diagram showing pattern and
strength of the MOC for different initial states: NPP (circles), TH (squares) and SPP (triangles). The arrow denotes the CO2 concentration
at which the small density perturbation in the northern surface box was applied. (b) Simulated �18O profile when a density perturbation is
applied to the SPP MOC in the northern surface box at a CO2 concentration of 1000 ppm. The �18O profile is separated into the contribution
due to changes in ice volume (�w, blue) and the total signal with the added effect of deep sea temperature changes (�c, green). The first shift
in �c represents the transition in the MOC from the SPP to the TH state, the second shift represents Antarctic ice growth.

The NPP state ceases to exist for CO2 concentrations
lower than 1400 ppm. Both the SPP and the TH pattern ex-
ist for all levels of pCO2 between 100 and 1500 ppm. This
suggests that it is possible for the system to switch between
these MOC states. The switch in overturning state leads to
a cooling of the deep sea and hence a positive excursion of
�18O values. The second step in the �18O record can be in-
terpreted as representing the rapid glaciation of the Antarctic
ice sheet.
In our model, a transition from the SPP to the TH state was

induced by means of a small density perturbation. In reality,
a switch between different MOC states may be induced by
various mechanisms: given the small value of the density
perturbation necessary to induce the MOC transition, it may
be induced by (random) fluctuations in the strength of the
hydrological cycle. Alternatively, tectonic changes, which
have not been considered here, may initiate or at least help
to establish another MOC pattern. In particular, two tectonic
events have been timed around the E-O boundary, which may
have facilitated a transition to NH deep water formation:

i. The subsidence of the Greenland-Scotland Ridge may
have facilitated North Atlantic deep water formation
(Davies et al., 2001; Abelson et al., 2008).

ii. The possible development of an unrestricted (but most
likely still very shallow) Antarctic circumpolar zonal
flow by the opening of the Tasman Gateway and Drake
Passage around the E-O boundary may decrease the
strength of Southern Hemisphere deep water formation
via the geostrophic balance and in turn facilitate North-
ern Hemisphere deep water formation. Many previ-
ous modeling studies have shown that Southern Ocean

deep water formation is reduced when there exists an
unrestricted zonal circum-Antarctic flow (Mikolajewicz
et al., 1993; Toggweiler and Samuels, 1995); this ef-
fect is often referred to as the “Drake Passage effect”.
In Dijkstra et al. (2003) the different Atlantic MOC
states were investigated in a three dimensional ocean
model with an open and closed southern channel. In
that study the “Drake Passage effect” leads to a prefer-
ence of a state with northern sinking when opening the
southern channel (see their Fig. 5). When considering
the temperature change due to the establishment of an
Antarctic circumpolar flow, the Southern Ocean SSTs
cool, while the northern hemispheric SSTs warm (Tog-
gweiler and Bjornsson, 2000; Nong et al., 2000; Sijp
and England, 2004). In view of the study by Dijkstra
et al. (2003) at least part of the Southern Ocean cool-
ing is due to a transition from one MOC state with more
southern deep water formation to one with more north-
ern deep water formation. The opening of Drake Pas-
sage and the establishment of a first (weak) Antarctic
Circumpolar Current could therefore have induced the
SPP to TH transition (as accomplished in our box model
by a (small) density perturbation) because of the prefer-
ence for northern sinking.

While the opening of gateways may have helped to induce a
transition in the MOC pattern, the timing of these gateway
changes remains controversial. It is therefore interesting to
repeat here that in our model a very small density perturba-
tion is enough to induce the transition.
The CO2 concentration of ice inception was increased by

increasing the inception temperature of ice in the model. At

Clim. Past, 7, 235–247, 2011 www.clim-past.net/7/235/2011/
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• Two-step δ18O increase across 
Eocene-Oligocene boundary can be 
explained by: 

• First step in δ18O due to 
transition in ocean circulation 
pattern from SPP to TH. 

• Second step in δ18O due to ice 
growth on Antarctica
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Tigchelaar, vdH, Dijkstra, Clim. Past (2011)

Antarctic glaciation: Why end of Eocene?
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2-step EOT in conceptual model

Hypothesis 2b: 
A change in global ocean circulation caused step 1, reduced CO2 and 

brought ice sheet closer to  critical transition.
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Combination of 2 hypotheses?
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Enhanced weathering and CO2 drawdown caused
by latest Eocene strengthening of the Atlantic
meridional overturning circulation
Geneviève Elsworth1*, Eric Galbraith1,2,3, Galen Halverson1 and Simon Yang4

On timescales significantly greater than 105 years, atmospheric pCO2 is controlled by the rate of mantle outgassing relative to
the set-point of the silicate weathering feedback. The weathering set-point has been shown to depend on the distribution
and characteristics of rocks exposed at the Earth’s surface, vegetation types and topography. Here we argue that large-
scale climate impacts caused by changes in ocean circulation can also modify the weathering set-point and show evidence
suggesting that this played a role in the establishment of the Antarctic ice sheet at the Eocene–Oligocene boundary. In
our simulations, tectonic deepening of the Drake Passage causes freshening and stratification of the Southern Ocean,
strengthening the Atlantic meridional overturning circulation and consequently raising temperatures and intensifying rainfall
over land. These simulated changes are consistent with late Eocene tectonic reconstructions that show Drake Passage
deepening, and with sediment records that reveal Southern Ocean stratification, the emergence of North Atlantic DeepWater,
and a hemispherically asymmetric temperature change. These factors would have driven intensified silicate weathering and
can thereby explain the drawdown of carbon dioxide that has been linked with Antarctic ice sheet growth.We suggest that this
mechanism illustrates another way in which ocean–atmosphere climate dynamics can introduce nonlinear threshold behaviour
through interaction with the geologic carbon cycle.

The rapid emplacement of a large ice sheet on Antarctica at
the Eocene–Oligocene (E–O) boundary (33.7million years
ago (Ma)) is among the most dramatic climate events of

the Cenozoic era. Although the timescale for this event is well
established, the driving mechanism remains controversial, with two
main contrasting hypotheses. The first is based on geologic evidence
that the Drake Passage and Tasman Gateway both expanded during
the late Eocene and posits that the thermal isolation of Antarctica
within a circumpolar Southern Ocean caused local cooling, trigger-
ing nucleation of the ice sheet1. The second hypothesis states that
global cooling, as a result of gradually declining atmospheric pCO2 ,
allowed an incipient ice sheet to grow rapidly when pCO2 crossed a
critical threshold of 700–900 ppm (refs 2,3). Both arguments have
observational support: the Drake Passage significantly widened and
deepened within a few million years of the E–O boundary4, and
proxy reconstructions show a long-term decline in atmospheric
pCO2 and seawater temperatures from the early Eocene climatic
optimum3,5. Here, we propose a new hypothesis that links these
two mechanisms.

Modelled impact of Drake Passage deepening
Simulations with global coupled ocean–atmosphere models have
shown that opening the Drake Passage impedes the advection of
warm subtropical waters to the Antarctic6,7, consistent with the ther-
mal isolation hypothesis1. However, the deepening of theDrake Pas-
sage also has an impact on global deep-water formation. When the
Drake Passage is closed or very shallow, SouthernOcean surface wa-
ters tend to be considerably denser than those of the North Atlantic,
and consequently the global deep ocean is dominantly ventilated

from the waters around Antarctica7, consistent with proxy evidence
from the middle Eocene8. In contrast, when the Drake Passage
is open, the geostrophic transport of shallow, saline waters from
the subtropics to high Southern latitudes is restricted, causing the
high-latitude Southern Ocean surface to freshen6,7.

The decrease in density of Southern Ocean surface waters
provides an opportunity forNorthAtlantic waters to assume the role
of deep-water generation via the Atlantic meridional overturning
circulation (AMOC). Supplementary Fig. 1 shows how the AMOC,
simulated by a coupled ocean–atmosphere model (Methods),
di�ers given a Drake Passage depth of 300m versus 1,500m, a
depth range that could have been rapidly transited in the late
Eocene4. Concomitant changes in North Atlantic bathymetry, due
to subsidence of the Greenland–Scotia Ridge, would be expected to
have further promoted the development of an AMOC at this time9.

Reconstructed changes during the late Eocene
Figure 1 shows a collection of deep-water and temperature proxy
records that together corroborate the model-based expectation of
a stratification of the Southern Ocean and strengthening of the
AMOC in the late Eocene. Benthic foraminiferal �13C from two
sites in the intermediate (1,500m palaeodepth) and deep (3,700m
palaeodepth) South Atlantic show very similar �13C values prior to
36Ma. This pattern is consistent with a chemically homogeneous
water mass as would be expected if the Southern Ocean had been
filled throughout this depth range by waters formed in the circum-
Antarctic. However, for the ⇠1.5My prior to the E–O boundary, a
large �13C gradient developed between the intermediate and deep
sites (Fig. 1a). The lower �13C at depth suggests the development

1Department of Earth and Planetary Sciences, McGill University, 3450 University Street, Montreal, Quebec H3A 0E8, Canada. 2Institució Catalana de
Recerca i Estudis Avançats (ICREA), 08010 Barcelona, Spain. 3Institut de Ciencia i Technologia Ambientals (ICTA) and Department of Mathematics,
Universitat Autònoma de Barcelona, 08193 Barcelona, Spain. 4Department of Environmental Systems Science, ETH Zürich, Universitätsstrasse 16,
Zürich 8092, Switzerland. *e-mail: genevieve.elsworth@gmail.com

NATURE GEOSCIENCE | ADVANCE ONLINE PUBLICATION | www.nature.com/naturegeoscience 1

Potential for “cascading tipping” mechanism?
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Potential tipping elements in the Earth System

24

to the CO2 fertilization effect or decreasing uptake due to a de-
crease in rainfall). For some of the tipping elements, crossing the
tipping point could trigger an abrupt, nonlinear response (e.g.,
conversion of large areas of the Amazon rainforest to a savanna or
seasonally dry forest), while for others, crossing the tipping point
would lead to a more gradual but self-perpetuating response
(large-scale loss of permafrost). There could also be considerable
lags after the crossing of a threshold, particularly for those tipping
elements that involve the melting of large masses of ice. However,
in some cases, ice loss can be very rapid when occurring as
massive iceberg outbreaks (e.g., Heinrich Events).

For some feedback processes, the magnitude—and even the
direction—depend on the rate of climate change. If the rate of
climate change is small, the shift in biomes can track the change in
temperature/moisture, and the biomes may shift gradually, po-
tentially taking up carbon from the atmosphere as the climate warms
and atmospheric CO2 concentration increases. However, if the rate of
climate change is too large or too fast, a tipping point can be crossed,
and a rapid biome shift may occur via extensive disturbances (e.g.,
wildfires, insect attacks, droughts) that can abruptly remove an
existing biome. In some terrestrial cases, such as widespread wild-
fires, there could be a pulse of carbon to the atmosphere, which if
large enough, could influence the trajectory of the Earth System (29).

Varying response rates to a changing climate could lead to
complex biosphere dynamics with implications for feedback
processes. For example, delays in permafrost thawing would most
likely delay the projected northward migration of boreal forests
(30), while warming of the southern areas of these forests could
result in their conversion to steppe grasslands of significantly
lower carbon storage capacity. The overall result would be a
positive feedback to the climate system.

The so-called “greening” of the planet, caused by enhanced
plant growth due to increasing atmospheric CO2 concentration
(31), has increased the land carbon sink in recent decades (32).
However, increasing atmospheric CO2 raises temperature, and
hotter leaves photosynthesize less well. Other feedbacks are also
involved—for instance, warming the soil increases microbial res-
piration, releasing CO2 back into the atmosphere.

Our analysis focuses on the strength of the feedback between
now and 2100. However, several of the feedbacks that show
negligible or very small magnitude by 2100 could nevertheless be
triggered well before then, and they could eventually generate
significant feedback strength over longer timeframes—centuries
and even millennia—and thus, influence the long-term trajectory
of the Earth System. These feedback processes include perma-
frost thawing, decomposition of ocean methane hydrates, in-
creased marine bacterial respiration, and loss of polar ice sheets
accompanied by a rise in sea levels and potential amplification of
temperature rise through changes in ocean circulation (33).

Tipping Cascades. Fig. 3 shows a global map of some potential
tipping cascades. The tipping elements fall into three clusters
based on their estimated threshold temperature (12, 17, 39).
Cascades could be formed when a rise in global temperature
reaches the level of the lower-temperature cluster, activating
tipping elements, such as loss of the Greenland Ice Sheet or Arctic
sea ice. These tipping elements, along with some of the non-
tipping element feedbacks (e.g., gradual weakening of land and
ocean physiological carbon sinks), could push the global average
temperature even higher, inducing tipping in mid- and higher-
temperature clusters. For example, tipping (loss) of the Green-
land Ice Sheet could trigger a critical transition in the Atlantic
Meridional Ocean Circulation (AMOC), which could together, by
causing sea-level rise and Southern Ocean heat accumulation,
accelerate ice loss from the East Antarctic Ice Sheet (32, 40) on
timescales of centuries (41).

Observations of past behavior support an important contri-
bution of changes in ocean circulation to such feedback cascades.
During previous glaciations, the climate system flickered between
two states that seem to reflect changes in convective activity in the
Nordic seas and changes in the activity of the AMOC. These
variations caused typical temperature response patterns called the
“bipolar seesaw” (42–44). During extremely cold conditions in the
north, heat accumulated in the Southern Ocean, and Antarctica
warmed. Eventually, the heat made its way north and generated
subsurface warming that may have been instrumental in destabi-
lizing the edges of the Northern Hemisphere ice sheets (45).

If Greenland and the West Antarctic Ice Sheet melt in the fu-
ture, the freshening and cooling of nearby surface waters will have
significant effects on the ocean circulation. While the probability
of significant circulation changes is difficult to quantify, climate
model simulations suggest that freshwater inputs compatible with
current rates of Greenland melting are sufficient to have mea-
surable effects on ocean temperature and circulation (46, 47).
Sustained warming of the northern high latitudes as a result of this
process could accelerate feedbacks or activate tipping elements
in that region, such as permafrost degradation, loss of Arctic sea
ice, and boreal forest dieback.

While this may seem to be an extreme scenario, it illustrates
that a warming into the range of even the lower-temperature
cluster (i.e., the Paris targets) could lead to tipping in the mid- and
higher-temperature clusters via cascade effects. Based on this
analysis of tipping cascades and taking a risk-averse approach, we
suggest that a potential planetary threshold could occur at a
temperature rise as low as !2.0 °C above preindustrial (Fig. 1).

Alternative Stabilized Earth Pathway
If the world’s societies want to avoid crossing a potential threshold
that locks the Earth System into the Hothouse Earth pathway, then
it is critical that they make deliberate decisions to avoid this risk

Fig. 3. Global map of potential tipping cascades. The individual
tipping elements are color- coded according to estimated thresholds
in global average surface temperature (tipping points) (12, 34).
Arrows show the potential interactions among the tipping elements
based on expert elicitation that could generate cascades. Note that,
although the risk for tipping (loss of) the East Antarctic Ice Sheet is
proposed at>5 °C, somemarine-based sectors in East Antarctica may
be vulnerable at lower temperatures (35–38).

Steffen et al. PNAS | August 14, 2018 | vol. 115 | no. 33 | 8255

Steffen et al. PNAS 2018
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! Ingredients: 

! Simplest tipping points: 

̣ Back-to-back saddle node (bistable systems). 

̣ Hopf bifurcation (stationary - oscillatory transition). 

! Combine simple tipping points by dependency of forcing 
parameter in following system on the state of the leading system.

Cascading Tipping: concept

25

Leading system

Tipping point

Following system

Tipping point
Coupling

Fold Fold

Hopf Fold

Fold Hopf

Hopf Hopf
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! Leading system X = slow-fast system 

̣ Forced by slow parameter change (!) 

! Following system Y = slow-fast system  

̣ linear coupling "(x)="1 + "2x 

̣ tipping in x ➙ tipping in y

Fold-fold cascade

26

1246 M. M. Dekker et al.: Cascading tipping

Figure 1. Stable (solid), unstable (black dotted) and oscillatory (amplitude red dotted) regimes of various cascading tipping types (as defined
on top of the figure). Red, orange and black dots indicate fold, Hopf and torus bifurcations, respectively. Leading system versus forcing �

(a–d). Following system versus coupling � (e–h). Following system versus forcing � (via leading) (i–l). Critical values of (coming from
lower branch) leading tipping (a–d), following tipping (e–h) and the combined cascading tipping event (i–l) are marked by the grey vertical
dashed line.

Figure 2. Example simulations for each cascading event type: the double-fold cascade (a), the fold–Hopf cascade (b), the Hopf–fold cas-
cade (c) and the double Hopf cascade (d). Black and grey lines indicate the leading systems, red and yellow lines indicate the following
systems. Dotted lines indicate time before the critical threshold in the forcing �(t) (black/grey) or coupling (x) (red/yellow) is reached,
solid lines indicate the time after this. Parameter values for the modelled systems are given in Table 1.

Analogous to Eq. (1), a dynamical system containing a dou-
ble fold cascade is then

(
dx

dt
= a1x

3 + a2x + �

dy

dt
= b1y

3 + b2y + � (x),
(3)

where x is the state vector of the leading system, y is the
state vector of the following system, ai,bi (i 2 1, 2) are con-
stants, and � is a parameter in the leading system. The key
here is that the function � , which serves as a parameter in the
following system, depends on the leading system. The most
simple coupling between the two systems is represented by

� (x) = �1 + �2x. Observe that a change in the forcing pa-
rameter � can induce a transition in x, which may affect the
coupling function � such that y also undergoes a transition.
We would like to emphasize that the forcing � does not di-
rectly affect y, and that y is only affected through a change
in x (which is effectively only significant when x tips).

Implementing this system with the values shown in Table 1
gives insight in the system’s equilibrium structure (Fig. 1a)
and transient behaviour (example in Fig. 2a). When � is
changed moving through the bistable regime of the leading
system the coupling moves the following system through its
own bistable regime (see Table 1). Figure 1a and b show the
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Eqn. 2 reaches a stable periodic solution from a stable sta-
tionary equilibrium if and only if a1b1 < 0 and the transition
occurs at �= 0.

There are two other bifurcations when one parameter is
varied (the transcritical and pitchfork bifurcation) but they
are non-generic because special conditions must hold (e.g.
symmetry) and so these are not considered here. Using the
back-to-back and Hopf bifurcations, cascading tipping can be
viewed as a combination of two coupled subsystems, where
each subsystem undergoes one of the two types of bifurca-
tions. The coupling introduces a direction of the cascade and
we take account of this by defining a leading system, which
during its transition changes a parameter in the following sys-
tem. The changing parameter in the following system then
can induce the second transition. In the following we discuss
four types of cascading tipping in terms of combinations of
saddle-node and Hopf bifurcations.

2.1 Double fold cascade

The most intuitive system that has the potential to undergo
a cascading tipping event is a system where both the lead-
ing and the following system have saddle-node bifurcations
(‘folds’). Analogous to the system of Eqn. 1, a dynamical
system containing a double fold cascade is then:
8
><

>:

dx

dt
= a1x

3 + a2x+�

dy

dt
= b1y

3 + b2y+ �(x)
(3)

where x is the leading system, y is the following system and
ai, bi are constants, � is the parameter in the leading system.
The key is here that the function �, which serves as a param-
eter in the following system, depends on the leading system.
The most simple coupling between the two systems is repre-
sented by �(x) = �1 + �2x.

When � is changed moving through the bistable regime
of the leading system the coupling moves the following sys-
tem through its own bistable regime (see Table 1). Figure 1a
shows the equilibria of the leading system for different val-
ues of �, showing the bistable regime in the center of the
figure, embedded in the back-to-back saddle-node structure.
The equilibrium structure of the following system is dis-
played in Fig. 1e, as a function of �. Varying � alters the
state of the leading system, which through the coupling �

affects the state of the following system. This results in the
existence of four stable states in the following system in the
bistable regime of the leading system; two per state of the
leading system. The leading system’s state acts as a back-
ground condition modulating the position of the following
system’s equilibria and therefore, in case of transition, may
drastically reposition the equilibria of the following system.
This is intuitively visible in Fig. 2a, where a time series ex-
ample of the dynamical system in Eqns. 3 shows a cascading
tipping event (parameters shown in Tab. 1): when the lead-
ing system (black) is forced by � to move from a bistable to

a monostable regime, it transits towards a new equilibrium.
During this transition, the following system (red) is affected
such that it leaves the regime in which it had four possible
equilibria and also transits to different state.

2.2 Fold-Hopf cascade

The second type of cascading tipping events involves a
saddle-node bifurcation in the leading system and a subse-
quent Hopf bifurcation in the following system. Using anal-
ogous notation as in Eqn. 3, the simplest system that captures
this so-called fold-Hopf cascade is
8
>>>>><

>>>>>:

dx

dt
= a1x

3 + a2x+�

dy

dt
= b1z+ b2(�(x)� (y2 + z

2))y

dz

dt
= c1y+ c2(�(x)� (y2 + z

2))z

(4)

where x is again the leading system, but now y and z together
form the following system. By slowly varying the parameter
� (e.g., linearly as �(t)) the leading system moves through its
bistable regime (see Tab. 1 for parameter values) and via the
coupling �(x) forces the following system across the Hopf
bifurcation point.

The bifurcation structure of the leading system of Eqns. 4
(using parameters stated in Tab. 1) is displayed in Fig. 1b,
which (as in Fig. 1a) shows the back-to-back saddle-node
structure in terms of the equilibria and shows a Hopf bifur-
cation and a subsequent oscillatory regime on part of the up-
per branch. The actual oscillation is done by the following
system, shown in Fig. 1f. In the lower branch of the lead-
ing system, the following system does not oscillate, but in
the upper branch, for many values of �, the following sys-
tem does. This makes it possible for stable and oscillatory
states to coexist on the right side of the Hopf bifurcation in
Fig. 1f. An example of a time series showing a Fold-Hopf
cascading event is shown in Fig. 2b, a transition in the lead-
ing system (black) brings the following system (red/orange)
into an unstable equilibrium that eventually leads to an oscil-
latory state.

2.3 Hopf-fold cascade

A third type involves a Hopf bifurcation in the leading sys-
tem and a subsequent saddle-node bifurcation in the follow-
ing system. Using analogous notation as before, the simplest
system with a Hopf-fold cascade (see Table 1 for parameter
values) is given by
8
>>>>><

>>>>>:

dx

dt
= a1y+ a2(�� (x2 + y

2))x

dy

dt
= b1x+ b2(�� (x2 + y

2))y

dz

dt
= c1z

3 + c2z+ �(x)

(5)

Dekker, von der Heydt, Dijkstra, ESD (2018),  
doi:10.5194/esd-9-1243-2018

Time (a.u.)
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Figure 1. Stable (solid), unstable (black dotted) and oscillatory (amplitude red dotted) regimes of various cascading tipping types (as defined
on top of the figure). Red, orange and black dots indicate fold, Hopf and torus bifurcations, respectively. Leading system versus forcing �

(a–d). Following system versus coupling � (e–h). Following system versus forcing � (via leading) (i–l). Critical values of (coming from
lower branch) leading tipping (a–d), following tipping (e–h) and the combined cascading tipping event (i–l) are marked by the grey vertical
dashed line.

Figure 2. Example simulations for each cascading event type: the double-fold cascade (a), the fold–Hopf cascade (b), the Hopf–fold cas-
cade (c) and the double Hopf cascade (d). Black and grey lines indicate the leading systems, red and yellow lines indicate the following
systems. Dotted lines indicate time before the critical threshold in the forcing �(t) (black/grey) or coupling (x) (red/yellow) is reached,
solid lines indicate the time after this. Parameter values for the modelled systems are given in Table 1.

Analogous to Eq. (1), a dynamical system containing a dou-
ble fold cascade is then

(
dx

dt
= a1x

3 + a2x + �

dy

dt
= b1y

3 + b2y + � (x),
(3)

where x is the state vector of the leading system, y is the
state vector of the following system, ai,bi (i 2 1, 2) are con-
stants, and � is a parameter in the leading system. The key
here is that the function � , which serves as a parameter in the
following system, depends on the leading system. The most
simple coupling between the two systems is represented by

� (x) = �1 + �2x. Observe that a change in the forcing pa-
rameter � can induce a transition in x, which may affect the
coupling function � such that y also undergoes a transition.
We would like to emphasize that the forcing � does not di-
rectly affect y, and that y is only affected through a change
in x (which is effectively only significant when x tips).

Implementing this system with the values shown in Table 1
gives insight in the system’s equilibrium structure (Fig. 1a)
and transient behaviour (example in Fig. 2a). When � is
changed moving through the bistable regime of the leading
system the coupling moves the following system through its
own bistable regime (see Table 1). Figure 1a and b show the
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! Leading (bistable) system:  
global meridional overturning 
circulation (MOC). 

! MOC transition SPP➙TH leads 
to: 

̣ cooling deep ocean 

̣ enhanced atmospheric CO2 
drawdown (vertical mixing) 

! Following (bistable) system: 
Antarctic ice sheet 

̣ Ice sheet inception depends 
on atmospheric CO2.

Cascading: MOC - Antarctic ice sheet
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Ocean circulation 35 myr ago
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Late Eocene geography

Baatsen, vdHeydt et al. Clim. Past (2016)
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Ocean circulation 35 myr ago

28

Late Eocene geography

Baatsen, vdHeydt et al. Clim. Past (2016)

Two (stable) ocean circulation patterns

Transition induced by  
changes in: 
- Geography 
- Hydrological cycle

Pattern 1

Pattern 2
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Baatsen, vdH et al., Global 
Planet. Change. (2018)

Eocene: PMOC - Multiple equilibria
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Equilibrium 1 Equilibrium 2

Global meridional overturning circulation [Sv]
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Baatsen, vdH et al., Global 
Planet. Change. (2018)

Eocene: PMOC - Multiple equilibria
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Equilibrium 1 Equilibrium 2

Global meridional overturning circulation [Sv]
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Eocene geography: Sea surface response

30

NH sinking (MOC 2) - SH sinking (MOC 1)

Baatsen, vdH et al., Global Planet. Change. (2018)



Dr. Anna von der Heydt 31

Baatsen, vdHeydt et al, in prep 2016

Coxall et al. Nature (2005)

Step 1: Ocean circulation

Ocean circulation 35 myr ago
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Baatsen, vdHeydt et al, in prep 2016

Coxall et al. Nature (2005)

Step 2: Ice growth on Antarctica

Ocean circulation 35 myr ago
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! Several tipping elements in climate subsystems have been identified. A 
directional coupling provides the possibility of cascading tipping. 

! The Eocene-Oligocene transition 

̣ is characterised major ice buildup on Antarctica, changes in the 
carbon cycle and ocean circulation reorganisation. 

̣ in two steps may be explained by cascading tipping of 1. MOC and 
2. land ice, coupled via atmospheric CO2 (conceptual model). 

! Eocene continental geometry:  

̣ Potential for multiple equilibria of the Pacific MOC (3D ocean 
model). 

̣ Extreme seasonality & Antarctic summer-monsoon climate inhibits 
ice growth in Antarctic interior (coupled climate model). 

̣ Mild, less extreme coastal regions may allow for (regional) glaciers 
to develop (coupled climate model).

Conclusions
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