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Motivation

• How does climate change to elevated concentration of 
greenhouse gases?

• How does the water cycle change with global warming?
• How much can carbon uptake by vegetation slow down global 

warming?
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Outline:
• climate sensitivity
• climate feedbacks
• multiple steady states and tipping points
• climate modelling
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Climate Sensitivity

Many relationships can be described as functions with a cause 
(“independent” variable, x) and an effect (“dependent” variable, y) 
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cause x effect y

y

x
“when x increases by ∆x, 
then y increases by ∆y”

∆x

∆y

simple example (left): y = a x
sensitivity (slope, or derivative): 
∆y/∆x = dy/dx = a > 0
the sensitivity describes how strong 
the effect changes (∆y) due to a 
change in the cause (∆x)
example: “climate sensitivity” is 
described by dTs/dpCO2,a
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Climate Sensitivity

• two kinds of sensitivity, depending if the slope is positive 
(+), or negative (-):
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cause x effect y
+

y

xWhen x increases, then y also increases
When x decreases, then y also decreases

∂y/∂x > 0

cause x effect y
-

∂y/∂x < 0

y

x
When x increases, then y decreases
When x decreases, then y increases
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Climate Sensitivity

• Examples:
• more irradiation → higher temperature

• higher CO2 → more photosynthesis (fertilization)

• more precipitation → more vegetation (in arid regions)

• more vegetation → more evaporation (e.g. albedo, rooting depth)
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Hydrologic Sensitivity

How does the global hydrologic cycle change with surface warming?
• equilibrium evaporation rate: 
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λE =
s

s+ γ
Rnet

λ: latent heat of vaporization
s: slope, desat/dT
γ: psychrometric constant
Rnet: net radiation
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Hydrologic Sensitivity
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�−1
sensitivity of E to changes in surface 
temperature and solar radiation:
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Climate Feedbacks

Feedbacks is a concept from electrical engineering and control 
theory.

• positive feedbacks: amplify the input (e.g., growth processes)
• negative feedbacks: weaken the input (e.g., thermostat)
feedbacks play a central role in describing the consequences of 
climate change (landmark paper: Hansen et al., JGR, 1984)
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B

input output
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Climate Feedbacks

If the effect affects the cause, we get a feedback and a change in 
the total relationship (red: enhancement/blue: weakening):

Examples:  
• higher irradiation → higher temperatures → less snow → lower 
surface albedo → more absorption → higher temperatures
• warmer temperature → greater saturation vapor pressure → more 
evaporation → more water vapor → greater greenhouse effect → more 
surface warming
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cause x effect y

feedback

y

x
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Example: Snow-Albedo Feedback
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absorption Rs

temperature T

+

+

snow cover fc

–

surface temperature (“y”) increases 
with absorbed solar radiation (“x”)

T

Rs

slope ise 
positive

snow cover (“y”) decreases 
with temperature (“x”):

fc

–

albedo α

slope is 
negative

albedo (“y”) increases 
with snow cover (“x”):

α

fc
slope is 
positive

absorption (“y”) decreases 
with albedo (“x”):

Rs

α

slope is 
negative

positive 
feedback

amplifies
change

T

initial change
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Example: Snow-Albedo Feedback

• sign and strength of a feedback results from the product of the 
individual derivatives

• mathematical: chain rule
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absorption Rs

temperature T

+

+

snow cover fc

–

–

albedo α

∂Rs

∂α
< 0

∂T

∂Rs
> 0

∂α

∂fc
> 0

∂fc
∂T

< 0

additional change 
due to feedbacks
∆Tfeedback

∆Tfeedback =
∂T

∂Rs

∂Rs

∂α

∂α

∂fc

∂fc
∂T

∆T0
initial temperature 
change ∆Ts
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Example: Carbon-Climate Feedback

• What are potential feedbacks between climatic change and the 
carbon cycle?

12
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Climate Feedbacks

• feedback factor: expresses the multiplier by which an initial 
temperature change, ∆T0, is modified:

• gain: ratio of feedback to total response

• g = 0: no feedback
• g < 0: negative feedback
• g > 0: positive feedback

• gain factors are additive, feedback factors are not 
• gains can be used to combine feedbacks
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f =
1

1− g

∆Teq = ∆T0 +∆Tfeedbacks = f∆T0

g =
∆Tfeedbacks

∆Teq
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The steady state of a system with a feedback is derived by separating 
the feedback loop into two functions.  The intersection of these two 
functions corresponds to a steady state.
Example: function f describes temperature T as a function of albedo α 
and the function g describes albedo α as a function of temperature T.

Multiple Steady States
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absorption Rs

temperature T

+

+

snow cover fc

–

–

albedo α

α = g(T)

T = f(α)
follows from 

surface energy 
balance

albedo α

T = f(α)
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Multiple Steady States

To determine steady states, the functions are plotted together.  This 
requires to switch the axes for one of the functions.
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albedo α

T = f(α)

te
m

pe
ra

tu
r T

al
be

do
 α

temperatur T

α = g(T)

al
be

do
 α

temperatur T

α = g(T)
T = f(α)

multiple steady states (red 
circles) can result due to 
multiple intersections of the 
functions f and g.
This requires a positive 
feedback (why?)
example: “Snowball Earth”

switch axes
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Example: Green Sahara
Parts of the Sahara likely changed from steppe to desert during the 
last 9000 years.  This was likely caused by orbital changes, 
amplified by a precipitation feedback.
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2038 CLAUSSEN ET AL.: AN ABRUPT CHANGE IN SAHARA IN THE MID-HOLOCENE 
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Figure 1. Summer (June, July, August) insolation (in 
W/m 2) on average over the Northern Hemisphere (A) and 
global near surface temperatures (in øC) (B) simulated for 
the last 9000 years. For all simulations, areas of inland 
ice, aerosol concentration, and atmospheric CO2 are kept 
constant at preindustrial values. Only the solar insolation 
is varied according to changes in the Earth orbit. The 
smooth curves indicate results of the atmosphere-only model 
in which ocean surface and land surface are set to mid- 

Holocene values (thin full line) and to present-day values 
(dotted line). If ocean is at mid-Holocene and vegetation 
at present-day conditions, then global temperature follows 
the dashed line, in the reversed situation (ocean at present- 
day and vegetation at mid-Holocene), we obtain the dashed- 
dotted line. In the fully coupled model, annual mean precip- 
itation (in mm/day) (C) and fractional cover of vegetation 
(D) in the Sahara region (approximately 20øN - 30øN and 
15øW- 50øE) change much more abruptly than orbital forc- 
ing, due to internal feedbacks in the climate system 

0.1 K in 3000 years (Fig.i, B) until around 5.8 ka when a 
stronger cooling (approximately 0.2 K in 300 years) appears, 
followed by a second event some 1000 years later. A similar 
trend and variations are seen in global precipitation. Obvi- 
ously, these rather abrupt events are not correlated with the 
smooth changes in orbital forcing. Inspection of spatial pat- 
terns reveals that both cooling events occur mainly at high 
latitudes over the North Atlantic. The strongest reduction 
in precipitation over land, however, is seen in the region ap- 
proximately 15øW-40øE and 20øN-30øN, called the Sahara 
region in the following (Fig.l, C). Around 5.6 ka, when pre- 
cipitation in this region decreases most strongly, a marked 
decrease in grassland appears (Fig.l, D). The fraction f of 
vegetation cover in the Sahara becomes gradually smaller 
(Af • -0.25) for the first few thousand years of the simu- 
lation, then it decreases rather abruptly (Af • -0.3) within 
just 300 years starting at approximately 5.6 ka. 

We repeated the transient simulation with different initial 
conditions. These were taken from different snapshots of 
the first run (at Dec 30th, 7999 ka, 6999 ka, and so on). In 
each case, the orbital forcing and the simulation ran from 
9 ka to present. We find that the abrupt desertification 
is a robust event. In an ensemble of ten simulations, the 
abrupt desertification in North Africa begins at 5440-]-30 
years before present (Fig. 2). 

3. Sensitivity Experiments 
To analyze why desertification in North Africa is abrupt 

- in comparison with the rather smooth orbital forcing -, 
we performed a series of simulations exploring the dynamics 
of the atmosphere-only model (model A), the atmosphere- 
vegetation model (AV) and the atmosphere- ocean model 
(AO), respectively. Firstly we have run the atmosphere- 
only model while keeping the ocean, i.e. the seasonal cy- 
cle of sea-surface temperatures (SST) and sea ice, as well 
as global vegetation pattern constant in time. In this 
case, the atmosphere follows orbital forcing rather smoothly 
(Fig.l, B). The same applies to global precipitation. Keep- 
ing sea-surface temperature, sea-ice, and vegetation at mid- 
Holocene values yields a generally warmer and wetter cli- 
mate for the following reasons. Firstly, a warmer ocean 
surface directly warms the near-surface atmosphere. Sec- 
ondly, a warmer ocean evaporates more water vapor which 
strengthens the greenhouse effect. Likewise, a more veg- 
etated land surface appears to be darker than bare soil, 
which not only increases absorption of solar radiation but 
also evaporation and, finally, the greenhouse effect. 

model, a multibasin, zonally averaged ocean model includ- 
ing sea ice, and, in contrast to [Ganopolski et al., 1998a], 
a dynamic model of terrestrial vegetation [Brovkin et al., 
1997, 1999]. Vegetation cover is represented as a composi- 
tion of trees, grass, and desert (bare soil). 

CLIMBER-2 was started from an equilibrium with or- 
bital forcing at 9 ka and it was run in its fully coupled ver- 
sion for 9000 years until present day driven only by changes 
in orbital parameters [Berger, 1978]. While the latter deter- 
mine the seasonal cycle of insolation (Fig.l, A), the other 
boundary conditions, distribution of inland ice and atmo- 
spheric CO2 concentration (280 ppm), were kept constant at 
preindustrial values. Our model results indicate a slight de- 
crease in global near surface temperatures of approximately 

f 0.8' 

0.6 

0.4 

0.2 

-•000 -5•00 -5•00 -5i00 -5•00 -5•00 -4• -4•00 -too -4• -4000 
year 

Figure 2. Fraction of vegetation cover in the Sahara as 
obtained from an ensemble of 10 simulations with the fully 
coupled model. Simulations differ only by their initial con- 
ditions, while orbital forcing remains the same 
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Figure 1. Summer (June, July, August) insolation (in 
W/m 2) on average over the Northern Hemisphere (A) and 
global near surface temperatures (in øC) (B) simulated for 
the last 9000 years. For all simulations, areas of inland 
ice, aerosol concentration, and atmospheric CO2 are kept 
constant at preindustrial values. Only the solar insolation 
is varied according to changes in the Earth orbit. The 
smooth curves indicate results of the atmosphere-only model 
in which ocean surface and land surface are set to mid- 

Holocene values (thin full line) and to present-day values 
(dotted line). If ocean is at mid-Holocene and vegetation 
at present-day conditions, then global temperature follows 
the dashed line, in the reversed situation (ocean at present- 
day and vegetation at mid-Holocene), we obtain the dashed- 
dotted line. In the fully coupled model, annual mean precip- 
itation (in mm/day) (C) and fractional cover of vegetation 
(D) in the Sahara region (approximately 20øN - 30øN and 
15øW- 50øE) change much more abruptly than orbital forc- 
ing, due to internal feedbacks in the climate system 

0.1 K in 3000 years (Fig.i, B) until around 5.8 ka when a 
stronger cooling (approximately 0.2 K in 300 years) appears, 
followed by a second event some 1000 years later. A similar 
trend and variations are seen in global precipitation. Obvi- 
ously, these rather abrupt events are not correlated with the 
smooth changes in orbital forcing. Inspection of spatial pat- 
terns reveals that both cooling events occur mainly at high 
latitudes over the North Atlantic. The strongest reduction 
in precipitation over land, however, is seen in the region ap- 
proximately 15øW-40øE and 20øN-30øN, called the Sahara 
region in the following (Fig.l, C). Around 5.6 ka, when pre- 
cipitation in this region decreases most strongly, a marked 
decrease in grassland appears (Fig.l, D). The fraction f of 
vegetation cover in the Sahara becomes gradually smaller 
(Af • -0.25) for the first few thousand years of the simu- 
lation, then it decreases rather abruptly (Af • -0.3) within 
just 300 years starting at approximately 5.6 ka. 

We repeated the transient simulation with different initial 
conditions. These were taken from different snapshots of 
the first run (at Dec 30th, 7999 ka, 6999 ka, and so on). In 
each case, the orbital forcing and the simulation ran from 
9 ka to present. We find that the abrupt desertification 
is a robust event. In an ensemble of ten simulations, the 
abrupt desertification in North Africa begins at 5440-]-30 
years before present (Fig. 2). 

3. Sensitivity Experiments 
To analyze why desertification in North Africa is abrupt 

- in comparison with the rather smooth orbital forcing -, 
we performed a series of simulations exploring the dynamics 
of the atmosphere-only model (model A), the atmosphere- 
vegetation model (AV) and the atmosphere- ocean model 
(AO), respectively. Firstly we have run the atmosphere- 
only model while keeping the ocean, i.e. the seasonal cy- 
cle of sea-surface temperatures (SST) and sea ice, as well 
as global vegetation pattern constant in time. In this 
case, the atmosphere follows orbital forcing rather smoothly 
(Fig.l, B). The same applies to global precipitation. Keep- 
ing sea-surface temperature, sea-ice, and vegetation at mid- 
Holocene values yields a generally warmer and wetter cli- 
mate for the following reasons. Firstly, a warmer ocean 
surface directly warms the near-surface atmosphere. Sec- 
ondly, a warmer ocean evaporates more water vapor which 
strengthens the greenhouse effect. Likewise, a more veg- 
etated land surface appears to be darker than bare soil, 
which not only increases absorption of solar radiation but 
also evaporation and, finally, the greenhouse effect. 

model, a multibasin, zonally averaged ocean model includ- 
ing sea ice, and, in contrast to [Ganopolski et al., 1998a], 
a dynamic model of terrestrial vegetation [Brovkin et al., 
1997, 1999]. Vegetation cover is represented as a composi- 
tion of trees, grass, and desert (bare soil). 

CLIMBER-2 was started from an equilibrium with or- 
bital forcing at 9 ka and it was run in its fully coupled ver- 
sion for 9000 years until present day driven only by changes 
in orbital parameters [Berger, 1978]. While the latter deter- 
mine the seasonal cycle of insolation (Fig.l, A), the other 
boundary conditions, distribution of inland ice and atmo- 
spheric CO2 concentration (280 ppm), were kept constant at 
preindustrial values. Our model results indicate a slight de- 
crease in global near surface temperatures of approximately 
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Figure 2. Fraction of vegetation cover in the Sahara as 
obtained from an ensemble of 10 simulations with the fully 
coupled model. Simulations differ only by their initial con- 
ditions, while orbital forcing remains the same 
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Tipping Points in the Earth system

17

cur immediately after the cause or much later. The definition
encompasses equilibrium properties with threshold behavior as
well as critical rates of forcing. In its equilibrium application, it
includes all orders of phase transition and the most common
bifurcations found in nature: saddle-node and Hopf bifurcations.
The definition could in principle be applied at any time, e.g., in
Earth’s history. The feature of the system and the parameter(s)
that influence it need not be climate variables. Critical condi-
tions may be reached autonomously (without human interfer-
ence), and natural variability could trigger a qualitative change.

Here we restrict ourselves to tipping elements that may be
accessed by human activities and are potentially relevant to
current policy. We define the subset of policy-relevant tipping
elements by adding to condition 1 the following conditions:

2. Human activities are interfering with the system ! such that
decisions taken within a ‘‘political time horizon’’ (TP " 0) can
determine whether the critical value for the control !crit is
reached. This occurs at a critical time (tcrit) that is usually
within TP but may be later because of a commitment to further
change made during TP.

3. The time to observe a qualitative change plus the time to
trigger it lie within an ‘‘ethical time horizon’’ (TE); tcrit # T "
TE. TE recognizes that events too far away in the future may
not have the power of influencing today’s decisions.

4. A significant number of people care about the fate of the
component !, because it contributes significantly to the
overall mode of operation of the Earth system (such that
tipping it modifies the qualitative state of the whole system),
it contributes significantly to human welfare (such that tipping
it impacts on many people), or it has great value in itself as
a unique feature of the biosphere. A qualitative change
should correspondingly be defined in terms of impacts.

Conditions 2–4 give our definition of a policy-relevant tipping
element an ethical dimension, which is inevitable because a focus
on policy requires the inclusion of normative judgements. These
enter in the choices of the political time horizon (TP), the ethical
time horizon (TE), and the qualitative change that fulfills con-
dition 4. We suggest a maximum TP $ 100 years based on the
human life span and our (limited) ability to consider the world
we are leaving for our grandchildren, noting also the Intergov-
ernmental Panel on Climate Change (IPCC) focus on this
timescale. We suggest TE $ 1,000 years based on the lifetime of
civilizations, noting that this is longer than the timescale of

nation states and current political entities. Thus, we focus on the
consequences of decisions enacted within this century that
trigger a qualitative change within this millennium, and we
exclude tipping elements whose fate is decided after 2100.

In the limit #! 3 0, condition 1 would only include vanishing
equilibria and first-order phase transitions. Instead we consider
that a ‘‘small’’ perturbation #! should not exceed the magnitude
of natural variability in !. Considering global temperature,
climate variability on interannual to millennial timescales is
0.1–0.2°C. Alternatively, a popular target is to limit anthropo-
genic global mean temperature increase to 2°C, and we take a
‘‘small’’ perturbation to be 10% of this. Either way, #! $ 0.2°C
seems reasonable.

One useful way of classifying tipping elements is in terms of
the time, T, over which a qualitative change is observed: (i) rapid,
abrupt, or spasmodic tipping occurs if the observation time is
very small compared with TP (but T % 0); (ii) gradual or episodic
tipping occurs if the observation time is intermediate (e.g., of
order TP); and (iii) slow or asymptotic tipping occurs if the
observation time is very long (in particular, T 3 TE).

Several key questions arise. What are the potential policy-
relevant tipping elements of the Earth system? And for each:
What is the mechanism of tipping? What is the key feature F of
interest? What are the parameter(s) projecting onto the control
!, and their value(s) near !crit? How long is the transition time
T? What are the associated uncertainties?

Policy-Relevant Tipping Elements in the Climate System
Earth’s history provides evidence of nonlinear switches in state
or modes of variability of components of the climate system
(6–10). Such past transitions may highlight potential tipping
elements under anthropogenic forcing, but the boundary con-
ditions under which they occurred were different from today,
and anthropogenic forcing is generally more rapid and often
different in pattern (11). Therefore, locating potential future
tipping points requires some use of predictive models, in com-
bination with paleodata and/or historical data.

Here we focus on policy-relevant potential future tipping
elements in the climate system. We considered a long list of
candidates (Fig. 1, Table 1), and from literature review and the
aforementioned workshop, we identified a short list of candi-
dates that meet conditions 1–4 (top nine rows in Table 1). To
meet condition 1, there needed to be some theoretical basis ("1
model study) for expecting a system to exhibit a critical threshold

Fig. 1. Map of potential policy-relevant
tipping elements in the climate system, up-
dated from ref. 5 and overlain on global
population density. Subsystems indicated
could exhibit threshold-type behavior in re-
sponse to anthropogenic climate forcing,
where a small perturbation at a critical point
qualitatively alters the future fate of the
system. They could be triggered this century
and would undergo a qualitative change
within this millennium. We exclude from the
map systems in which any threshold appears
inaccessible this century (e.g., East Antarctic
Ice Sheet) or the qualitative change would
appear beyond this millennium (e.g., marine
methane hydrates). Question marks indicate
systems whose status as tipping elements is
particularly uncertain.

Lenton et al. PNAS ! February 12, 2008 ! vol. 105 ! no. 6 ! 1787
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A positive feedback can result in a “tipping point”.  A “tipping point” 
describes a region in which climate change can result in strong 
and irreversible changes.
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Climate Modelling

• multiple purposes of modelling:
• numerical weather prediction
• process understanding and interactions
• estimation of effects/change
• data fitting/assimilation
• paleontological reconstructions

• several types of climate models:
• energy balance model (EBM)
• radiative-convective model (RCM)
• statistical-dynamical models (SDM)
• general circulation models (GCM)
• Earth system Models of Intermediate Complexity (EMIC)
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Climate Modelling

• model components:
• energy balance
• mass balance
• momentum balance
• + parameterizations

• numerical implementation:
• discretization: differentials -> differences
• space: grid/layer based
• integration schemes

• simulation setup:
• prescribed vs. dynamic components (complexity vs. realism)
• data analysis
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