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This Supplementary Information contains the following:5

A. A theoretical framework to calculate climate sensitivity.6

B. Details on data for temperature changes ∆T and radiative forcing changes ∆R, from which7

climate sensitivity is calculated, for the three examples:8

B.1 the late Pleistocene (last 800 ka),9

B.2 the mid-Pliocene (3 Ma),10

B.3 the Eocene-Oligocene transition (35 Ma), and11

B.4 the PETM (56 Ma).12

C. The application of the theoretical framework described in A to the example of the late Pleis-13

tocene including a comparison of three different approaches to calculate climate sensitivity.14
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A. Theoretical framework for climate sensitivity15

We describe in the following a consistent framework how to calculate climate sensitvity based on16

palaeo data. We distinguish between fast and slow feedbacks and how this might be calculated17

from data. We derive the equations from the basis up, for clarity, and to illustrate how the entire18

framework discussed in this study is consistent throughout. Components of this follow similar19

procedures that were either implicitly or explicitly developed in previous studies, often from the20

theory of feedback analysis1, 2.21

a. The problem22

For determining present-day climate sensitivity, we are interested in the global mean tem-23

perature response ∆T due to changes in greenhouse gas concentrations (in particular CO2) over a24

time scale τ . The change of CO2 causes a change in radiative heat flux ∆R[CO2] which will lead to25

a response in the climate system giving additional radiative heat fluxes ∆R[P ] due to processes la-26

belled here in an abstract way with a subscript P . Each of these radiative heat fluxes will contribute27

to the global temperature increase ∆T .28

The additional radiative heat fluxes ∆R[P ] will not all change at the same time scale as τ .29

Some will arise much faster than τ and some will appear at a much longer time scale than τ . So30

we can naturally group the processes P into two categories: the fast processes P f with time scales31

smaller than τ and the slow processes P s with time scales larger than τ . The radiative heat flux32

changes due to the slow processes P s have no effect on ∆T on the time scale τ and hence only33

the fast processes contribute to the radiative heat flux changes responsible for ∆T . This forms the34

basis for the definition of the equilibrium or Charney3 climate sensitivity where τ is chosen as 10035

year. We denote the Charney climate sensitivity as Sa (where the superscript a refers to actuo) and36

it is given by37

Sa =
∆T

∆R[CO2]

, (1)

where the total response ∆T (due to all fast processes with respect to the time scale τ ) is measured38

with respect to the radiative heat flux change due to the change in atmospheric CO2.39

Each radiative heat flux ∆R[P ] due to a process P contributes to the temperature change and40
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hence it is useful to define a specific climate sensitivity S[P ] as41

S[P ] =
∆T

∆R[P ]

. (2)

In this way, we see from (1) that the Charney climate sensitivity Sa can be expressed as42

Sa = S[CO2]. (3)

When we want to combine the effect of two different processes P1 and P2, it is useful to define a43

specific climate sensitivity S[P1,P2] as44

S[P1,P2] =
∆T

∆R[P1] + ∆R[P2]

. (4)

The problem addressed in the main paper is how to estimate values of Sa from proxy data such as45

changes in temperature and CO2 concentrations during glacial-interglacial cycles. These changes46

occur over much longer time scales than τ and hence also slow processes P s contribute to the47

changes in ∆T . In extreme cases only estimates of specific sensitivities S[P s] may be available.48

The main question addressed here is how to estimate values of Sa from these data.49

b. An illustrative conceptual model50

To illustrate how Sa can be computed from proxy data, we use a conceptual model of the51

Earth system representing processes determining the surface temperature T , the land-ice extent L52

and the atmospheric carbon content (below indicated by C) relative to a reference value, say C0.53

The global mean temperature T is governed by the energy balance model equation54

cT
dT

dt
= Q(1 − α(T, L)) + A(T ) ln C − σεT 4, (5)

where cT is the thermal inertia (in J (m2K)−1). The first term in the right hand side models the55

short-wave radiation with Q (in Wm−2) being the solar constant divided by four and α the planetary56

albedo. For reasons of simplicity albedo here in this conceptual model is restricted to temperature57

dependent sea-ice processes. The term A(T ) ln C (in Wm−2) models the effect of greenhouse58

gases on the radiation balance, where the function A(T ) includes a representation of water vapour59

processes. Finally the last term in Eq. (5) models the long-wave radiation with σ (Wm−2K−4)60

being the Stefan-Boltzmann constant and ε the emissivity.61
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The models for L (land ice) and C (atmospheric carbon content) are only given schematically

by

dL

dt
=

1

τL

fL(T, L, t), (6a)

dC

dt
=

1

τC

fC(T,C, t) +
1

τf

FC(t), (6b)

where τL is a typical time scale of land-ice changes modelled by processes represented in fL.62

The latter function includes the net effect of Milankovitch orbital forcing on the land-ice extent.63

Similarly, τC is the typical time scale of changes in atmospheric CO2 concentration due to nat-64

ural carbon cycle processes (e.g. volcanoes, weathering) that are represented by fC . The term65

FC(t) represents the human induced CO2 emissions (including fast responses, such as those of the66

biosphere) which occur on the time scale τf .67

We will now determine specific climate sensitivities for (i) the present-day case and for (ii)68

a typical paleoclimate case, i.e., the glacial-interglacial transitions.69

(i) The present-day case70

For the present-day case, the forcing time scale τf is taken as 100 years (doubling of CO2)

and the time scales τL and τC are much longer (> 1000 years). So if we are interested in the

sensitivity of the temperature due to changes in CO2 on a time scale τ = τf , we effectively have

dL

dt
≈ 0, (7a)

dC

dt
≈ 1

τf

FC(t). (7b)

Indeed on the time scale τ the ice extent will not change much, and neither will natural carbon71

cycle processes affect CO2 levels. When the emission function FC(t) is given, the solution for72

C(t) follows directly from Eq. (7b). As C is then independent of temperature, it acts as a forcing73

in Eq. (5) and as L does not change, α in Eq. (5) is effectively only a function of T .74

For example, when an emission function is chosen to illustrate the phasing out of fossils fuels75

(Supplementary Fig. 1) as76

FC(t) =
C2 − C1

cosh2 t
τf

, (8)
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the solution C(t) is77

C(t) = C1 + (C2 − C1) tanh(
t

τf

). (9)

This indicates an increasing value of C, starting at C1 for t = 0 and equilibrating on a time scale78

τf to a new value C2.79

Suppose first that the water-vapour processes do not change much over the temperature range

considered and hence A can be assumed to be constant. The radiative heat flux due to greenhouse

gases, A ln C, is clearly a function of time but it also equilibrates quickly for times larger than

τf and the change on a time scale τf is given by ∆R[CO2] = A ln C2/C1. Let T1 and T2 be the

equilibrium temperatures under the concentrations C1 and C2, respectively. From Eq. (5), the

difference ∆T = T2 − T1 is determined by the equations

0 = Q(1 − α(T1)) + A ln C1 − σεT 4
1 , (10a)

0 = Q(1 − α(T2)) + A ln C2 − σεT 4
2 , (10b)

By subtracting both equations it is found that80

A ln C2/C1 = σε(T 4
2 − T 4

1 ) + Q(α(T2) − α(T1)), (11)

and when ∆T is small with respect to T1 we can expand

T 4
2 − T 4

1 ≈ 4T 3
1 ∆T, (12a)

α(T2) ≈ α(T1) + ∆Tα′(T1), (12b)

where the prime indicates differentiation to T . Now define the radiative flux due to outgoing long81

wave (OLW) radiation as ∆R[OLW ] = −4σεT 3
1 ∆T and that due to sea-ice (SI) albedo changes as82

∆R[SI] = −Qα′(T1)∆T then it follows from Eq. (11) that83

∆R[CO2] = A ln C2/C1 = −∆R[OLW ] − ∆R[SI]. (13)

The Charney climate sensitivity Sa is then given by84

Sa = S[CO2] =
∆T

∆R[CO2]

=
−∆T

∆R[OLW ] + ∆R[SI]

, (14)

where the equality follows from the surface energy balance (13). One can also divide by ∆T to85

give86

Sa =
−∆T

∆R[OLW ] + ∆R[SI]

=
−1

λP + λα

, (15)
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where the first factor λP = ∆R[OLW ]/∆T = −4σεT 3
1 is the Planck feedback parameter and the87

second term λα = ∆R[SI]/∆T = −Qα′(T1) represents the albedo-sea-ice feedback parameter (or88

any other fast feedback process affecting the albedo) referenced at the temperature T1. The sign of89

the λ is chosen such that a negative (positive) value will lead to a decreasing (increasing) Charney90

sensitivity4. In particular, the Planck feedback parameter λP is negative and the albedo-sea-ice91

feedback parameter λα is positive. Note that the associated surface heat fluxes are in the right hand92

side of the balance (13).93

When A(T ) does vary over the temperature range [T1, T2], then the equilibrium temperatures

are found from

0 = Q(1 − α(T1)) + A(T1) ln C1 − σεT 4
1 , (16a)

0 = Q(1 − α(T2)) + A(T2) ln C2 − σεT 4
2 . (16b)

With ∆R[CO2] = A(T1) ln C2/C1 and the same approximations (and A(T2) ≈ A(T1)+A′(T1)∆T )94

we find95

Sa =
−∆T

∆R[OLW ] + ∆R[SI] + ∆R[WV ]

, (17)

where ∆R[WV ] = ∆T A′(T1) ln C2 is the radiative flux change due to water vapour processes.96

With λA being the water vapour feedback parameter, the expression above for Sa can be written as97

Sa =
−1

λP + λα + λA

. (18)

By including an arbitrary number N of fast processes in addition to the Planck feedback, Eq. (18)98

generalizes to99

Sa =
−1

λP +
∑N

i=1 λf
i

, (19)

with again λP < 0, which is equation (1) in the main text.100

For the present-day case, the situation is very clear with respect to forcing and feedbacks.101

Due to the difference in time scales between the change in CO2 due to human emissions and the102

natural processes giving rise to land-ice and carbon dioxide changes, the greenhouse gas increase103

acts as a forcing and the other processes (water - vapour, Planck and sea-ice) act as feedbacks. In104

Eq. (13), we have therefore written the forcing on the left hand side of the surface energy balance105

and the feedbacks on the right hand side.106
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(ii) Glacial-Interglacial transitions107

We now consider the glacial cycle variations within the same conceptual model with climate

variations on a time scale of at least 10,000 year. The external forcing of the system is the Mi-

lankovitch forcing of which the annual mean component is very small; only the average response

due to internal processes in the climate system is presented in our conceptual model. With FC = 0,

the equations (6) for the land-ice extent L and the CO2 concentration C become

dL

dt
=

1

τL

fL(T, L, t), (20a)

dC

dt
=

1

τC

fC(T,C, t). (20b)

The characteristic time of adjustment of the global mean temperature is much smaller then τL and108

τC and hence T is always in equilibrium with the slow changes in the climate system, i.e.,109

0 = Q(1 − α(T, L)) + A ln C − σεT 4, (21)

where A is (only for simplicity) considered to be constant. Over a long time interval, the land-ice

extent and CO2 concentration change, say from L1 to L2 and from C1 to C2, respectively. The

temperature difference is now determined by

0 = Q(1 − α(T1, L1)) + A ln C1 − σεT 4
1 , (22a)

0 = Q(1 − α(T2, L2)) + A ln C2 − σεT 4
2 . (22b)

The radiative heat flux due to CO2 changes is again directly given by ∆R[CO2] = A ln C2/C1110

similar to that in the present-day case for constant A. However, in the albedo we now have terms111

from both the sea-ice and the land-ice changes giving112

α(T2, L2) − α(T1, L1) ≈ (
∂α

∂T
(T1) +

∂α

∂L

∂L

∂T
(T1))∆T. (23)

Subtracting Eq. (22a) from Eq. (22b) now gives113

A ln C2/C1 − Q
∂α

∂L

∂L

∂T
(T1)∆T = Q

∂α

∂T
(T1)∆T + 4σεT 3

1 ∆T. (24)

We define ∆R[LI] = −Q ∂α
∂L

∂L
∂T

(T1)∆T and hence we can write the Eq. (24) above as114

∆R[CO2] + ∆R[LI] = −∆R[SI] − ∆R[OLW ]. (25)
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Note that we put the surface heat flux ∆R[LI] in the left hand side of the balance (25) as we consider115

it a forcing which is needed to account for the effect of the slow feedback on the total temperature116

change. At this point, there are several choices to define the paleoclimate sensitivity. As in most117

cases, only data on CO2 and ∆T is available, a direct choice is to define Sp analogous to Sa as118

Sp = S[CO2]. We will refer to Sp as the Earth System sensitivity. In this case, from the conceptual119

model, we find directly that120

Sp = S[CO2] =
∆T

∆R[CO2]

=
−∆T

∆R[OLW ] + ∆R[SI] + ∆R[LI]

=

=
−1

λP + λα + λL

, (26)

where we define λL = ∆R[LI]/∆T . Compared to Eq. (15), we get an extra feedback term (λL =121

∆R[LI]/∆T = −Q ∂α
∂L

∂L
∂T

(T1)) due to albedo effects of the land-ice changes. Again a positive122

(negative) sign of the slow feedback parameter λL indicates an increase (decrease) in Earth System123

sensitivity.124

c. How to calculate Sa from Sp?125

From the conceptual model and under the assumptions of small ∆T (with respect to T1) one126

can easily find Sa from Sp from the relation127

Sa = Sp(1 +
λL

λP + λα

), (27)

which indicates that a positive value of λL (assuming λP + λα < 0) and will lead to Sa < Sp.128

Hence, we have ‘corrected’ Sp for the slow feedback process to provide the Charney climate129

sensitivity Sa.130

The equation (27) generalizes to (cf. equation (2) in the main text)131

Sa = Sp(1 +

∑M
j=1 λs

j

λP +
∑N

i=1 λf
i

), (28)

where each λs
j = ∆R[P s

j ]/∆T represents the feedback parameters of each slow process P s
j .132

Eq. (28) implies that we would need to know the strengths of the heat fluxes of both the133

fast and slow feedbacks. However, there are easier ways to determine Sa from proxy data when134

assumptions are made on the surface energy balance. From the surface energy balance in the135

8
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conceptual model Eq. (25), we see that Sa can be computed from the specific climate sensitivity136

S[CO2,LI] since137

S[CO2,LI] =
∆T

∆R[CO2] + ∆R[LI]

=
−∆T

∆R[SI] + ∆R[OLW ]

= Sa. (29)

So by treating the radiation changes due to land-ice changes as a forcing in the climate sensi-138

tivity (and hence on the left hand side of the surface energy balance), an approximation of the139

relevant Sa is obtained without the need to know all feedback parameters. This holds under the140

assumption on the form of the (linearized) surface energy balance which is in equilibrium during141

glacial-interglacial transitions. An example can be found in Hansen and Sato5, where from records142

of temperature, atmospheric CO2 concentration and land-ice changes, the Charney sensitivity is143

estimated from ∆R[CO2] and ∆R[LI].144

This can be generalized to include more slow feedback processes. In the surface energy145

balance, we put all slow processes (with respect to the 100 year time scale) on the left hand side146

and all fast ones in the right hand side. We then compute the specific climate sensitivity147

S[CO2,P s
1 ,···,P s

m] =
∆T

∆R[CO2] +
∑m

j=1 ∆R[P s
j ]

, (30)

and due to (linearized) surface energy balance, we find (if in reality there are M slow processes)148

that149

Sa = lim
m→M

S[CO2,P s
1 ,···,P s

m]. (31)

In several model studies of palaeoclimates, the starting point is a model configuration of a150

present-day state (say pre-industrial) and then the background situation is changed towards the151

appropriate configuration of the past. For example, the land-ice distribution is adapted, a different152

vegetation distribution is applied, the CO2 concentration is changed and the appropriate orography153

is implemented. When an equilibrium solution of this climate model under the ‘best’ configuration154

is determined, then a temperature difference ∆T (with respect to the present-day configuration) is155

determined and the Earth system sensitivity Sp can be directly calculated from ∆T and ∆R[CO2].156

Numerical experiments can also be done in a stepwise manner, i.e. first the land-ice is added and157

an equilibrium state is computed; next the CO2 concentration is changed and a new equilibrium is158

computed. For each step, a temperature difference can be calculated.159
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The notation of climate sensitivity introduced here can very well be used in results from160

GCM simulations. Note that we have basically three types of climate sensitivity: Sa (Charney) is161

reserved for the response of the present-day state to CO2 increase over a time scale of 100 year,162

Sp (Earth System sensitivity) is reserved for general climate change involving changes in CO2 but163

where ∆T is also due to processes on a longer time scale than 100 year. For all other cases, we164

can use the specific climate sensitivities S[X,Y,...].165

For example, using a double CO2 experiment under present-day conditions where slow feed-166

backs do not play any role, one will determine directly Sa, but when a different climate background167

state is used, one finds S[CO2]. If slow feedbacks play a role, one finds Sp. Note that in the latter168

case, one needs to determine S[CO2,LI,...] to approximate Sa from Sp (just like from observations as169

above).170

As another example, for a simulation in which CO2 is fixed but the land-ice configuration is171

changed, the surface heat flux balance will include fast and slow feedback terms, but no R[CO2].172

Hence from such a simulation, one can only determine the specific climate sensitivity S[LI]. There173

is no CO2 subscript and as consequence, S[LI] cannot be directly used in the approximation of Sa.174

An additional GCM simulation with varying CO2 concentration is needed to accomplish this.175
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B. Calculation of climate sensitivity based on proxy data176

Based on palaeoclimate data we may calculate several specific climate sensitivities and the Earth177

system sensitivity Sp and from these estimate the Charney climate sensitivity Sa. By doing so we178

have to realise the following caveats:179

• Effects of changes in the reference temperature T1. It may well be that the fast feedbacks180

like sea-ice and cloud feedbacks depend on the reference temperature6–8. For example, it181

could be that sea-ice is much more sensitive to temperature changes under cold conditions182

than under warm conditions.183

• Effects of linearisation. The error due to the linear approximations in ∆T , as are for example184

made in Eq. (12), should be small, i. e., ∆T should be small compared to T1.185

• Effects of changes of the slow feedbacks. This is particularly important if the specific climate186

sensitivities are to be used for a range of values of the carbon dioxide concentration, which187

are not overlapping with the range used to derive the specific climate sensitivity.188

• Transient effects. Climate sensitivity as discussed here is restricted to equilibrium climate189

sensitivity. Because we cannot be certain that the underlying data sets are restricted to equi-190

librium climate states, restrictions on the data used may have to be introduced.191

B.1 The Pleistocene Having noted the above limitations we can calculate the specific climate192

sensitivities S[X] = ∆T/∆R[X] based on different explicitly considered processes X .193

We based our temperature anomaly on a model-based deconvolution9 of the benthic δ18O194

stack LR0410 into sea level and temperature. This approach calculates surface air temperature in195

high northern latitudes ∆TNH (40−80◦ N) (Supplementary Fig. 2A), from which we calculate the196

global temperature anomaly ∆T (Supplementary Fig. 2B) as follows:197

∆T =
∆TNH

a
. (32)

Here, a polar amplification factor on northern high latitude land area a = 2.75 ± 0.25 (±1σ) is198

used. This leads to ∆T at LGM (23 –19 ka BP) of −5.1 K to −6.1 K, in good agreement with the199
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−5.8±1.4 K, found by Schneider von Deimling et al. 11. This extrapolates proxy-based evidences200

on local temperature anomalies by means of a climate model to the global scale. Furthermore, a201

agrees with other estimates on high northern polar amplification12. Note, that the uncertainty in202

the deconvolution of the temperature anomaly contributes most to the uncertainty in ∆T , while the203

uncertainty in a is only of minor importance. For example, the relative uncertainty in ∆T at the204

LGM is 18%, to which the uncertainty in ∆TNH contributes 16%.205

The red dotted line (Supplementary Fig. 2B) indicates the threshold of ∆T = −1.5 K206

below which ∆T needs to fall to permit robust calculations on climate sensitivity, otherwise high207

variability would be achieved. This is required because the temperature record9 is not very reliable208

if there is nearly no ice in North America and Eurasia as the present-day ice sheets in Greenland209

and Antarctica are not explicitly accounted for.210

All calculations of S are performed on the datasets of radiative forcing over the last 800211

ka as compiled by Köhler et al.4. The two extreme examples are given in Supplementary Fig. 3.212

Either only CO2 is given as radiative forcing (∆R[CO2]), or all available radiative forcings (CO2,213

CH4, N2O (all three also grouped together as greenhouse gases GHG), albedo changes caused by214

land ice sheets, sea ice, vegetation and dust/aerosols) are added. All explicit effects of the slow215

feedbacks (forcings) X leading to different calculations of S[X,Y,...] compiled in Supplementary216

Table 1 may be looked up in detail in the source study. Note, that in the cases in which we consider217

changes in the surface albedo caused by the land-ice sheets LI (e.g. S[X,LI,Y ]) we do not consider218

all effects summed together previously4 under land cryosphere. We only consider the effect of land219

ice sheets and sea level change, but not of snow cover change (which is a fast feedback). However,220

whether or not the effect of sea level change on surface albedo is considered might differ in other221

studies. This might be relevant if studies are compared as the sea level contribution to radiative222

forcing is at LGM, with nearly 20% of the pure land-ice sheet radiative forcing, not negligible.223

Grey bands give a ±1 σ1 uncertainty in Supplementary Fig. 3.224

To avoid transient effects on climate sensitivity, we restrict the considered data sets to times,225

when global temperature change is either (a) < 0.5 K per kyr, or (b) < 0.1 K per kyr. Case (a)226

was chosen because it implies that all data points in the LGM (19− 23 ka BP) are then considered227

to be in equilibrium, while case (b) was taken as a more strict criteria to avoid potential transient228

12
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climate states and their effects.229

The mean specific climate sensitivity S is calculated by the arithmetic mean230

S = S =
1

K

K∑
k=1

Sk, (33)

where Sk = S[X](tk) is the specific climate sensitivity at time tk. Thus, with K = 8000, k is231

running over the individual time steps that exist in the underlying data with ∆t = 100 years. The232

calculated individual Sk for time step k is only considered as robust (and used for further analysis)233

when both conditions on temperature and radiative forcing anomaly are fulfilled:234

∆T < −1.5 K and ∆R < −0.5 W m−2. (34)

Both thresholds are indicated by red broken lines in Supplementary Figs. 2B and 3, in which235

the chosen time series of global temperature anomaly ∆T and radiative forcings ∆R are plotted.236

This filter procedure helps to extract large variability in Sk for small ∆T and ∆R, leading to the237

consideration of K ′ data points in the calculation of S, K ′ < 8000.238

This dataset offers two alternatives for calculating the uncertainty in the mean specific cli-239

mate sensitivity:240

1. σ1: mean of the individual σ1,k uncertainties for all k considered time steps (grey band,241

Supplementary Fig. 4C, Fig. 5C, Fig. 6C) (K (W m−2)−1). This error estimate follows the242

square root of the sum of squares, thus243

σ1 =
1

K ′

K′∑
k=1

σ1,k with σ1,k =

√√√√
M∑

j=1

σ2
k,j, (35)

with j running over the M different processes contributing to S. In detail, this should be244

strictly followed only if the individual components contributing to S (thus to ∆T or ∆R) are245

independent, which is not always guaranteed. However, for reasons of simplicity we assume246

this independence is the case and a valid use of σ1,k is possible.247

248

2. σ0(S) : uncertainty of the averaging for (S) (K (W m−2)−1):249

σ0(S) =

√
S2

k − S2 with S2
k =

1

K ′

K′∑
k=1

S2
k . (36)
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For small time windows (e.g. the LGM) σ0(S) is an order of magnitude smaller than σ1,250

while for longer periods (e.g. whole 800 kyr), σ0(S) increases significantly with respect to a251

smaller time window, while σ1 is roughly similar with respect to a smaller time window (Supple-252

mentary Table 1). This implies that using a larger dataset leads to larger uncertainties σ0 in S,253

likely due to non-stationarity in the time series. The maximum of the calculated values σ0 and σ1254

should be taken as the uncertainty in the results. Note also, that S for the LGM are different from255

S derived from the 800 kyr sampling window, a fact which illustrates the state-dependency of S256

(Supplementary Table 1), which will be discussed in section C.257

B.2 The Pliocene The mid-Pliocene (∼ 3 to 3.3 Ma) is a period of well-documented warming rel-258

ative to the Quaternary (last ∼ 2 million years), and is potentially useful for informing palaeosen-259

sitivity because the forcings which contributed to its warmth are relatively well understood. This260

period has previously been studied in this context 13, but here we present a new analysis that follows261

the framework proposed in this paper.262

Initially, we assume that the fundamental ‘external’ forcings (∆R[EXT ]) which led to the mid-263

Pliocene warmth were (a) increased concentrations of atmospheric CO2, (∆R[CO2]
e.g.14–16) and (b)264

tectonic (orography) change (∆R[OR], primarily lower mid-Pliocene Rockies17). We assume that265

the CO2 and orography forcings are independent (i.e. one is not a feedback to the other), that they266

add linearly, and assume that the Earth system responds with all other feedbacks (both ‘fast’ and267

‘slow’). The global mean temperature change is ∆T , so that, in the notation in this paper, the Earth268

system sensitivity269

Sp = S[EXT ] =
∆T

∆R[EXT ]

=
∆T

∆R[CO2] + ∆R[OR]

. (37)

Here ∆T can be estimated by considering a compilation of mid-Pliocene SST proxy estimates270

produced by the PRISM project 18. Conversion of the SST estimates to the required global average271

near-surface air temperature is problematic, not least because of sparse and uneven data coverage,272

and the lack of direct proxy data over land or seaice regions. Several methods could be used; here273

we make use of existing model simulations of the mid-Pliocene, an approach also used recently13.274

A simulation of the mid-Pliocene, carried out using the HadCM3 model, gives reasonable agree-275

ment with the PRISM mid-Pliocene SST proxy dataset19, and the simulated SST global mean is276

in good agreement with an interpolated version of the proxy dataset (mean SST difference of only277

0.15 K). The mid-Pliocene was simulated in the model by implementing changes in the model to278

14
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the CO2, orography, vegetation and land ice boundary conditions relative to pre-industrial17. These279

changes are based on observational datasets, such as pollen records20 for the vegetation, and sea-280

level estimates from palaeo-shorelines21 for ice sheets. This model gives a value of mid-Pliocene281

global mean near-surface air temperature increase relative to preindustrial, ∆T = 3.3 K, which can282

be used in Eq. (37).283

∆R[CO2] is the radiative forcing of the CO2, in this case assumed to be from 280 to 400 ppmv.284

Assuming a logarithmic dependence of CO2 forcing on concentration, this is about half the forcing285

of that due to a CO2-doubling, so ∼ 0.5 · 3.7 Wm−2 = 1.91 Wm−2.286

∆R[OR] in Eq. (37), the forcing due to changes in orography, can also be estimated from287

model simulations. In addition to mid-Pliocene and preindustrial simulations, Lunt et al. 22 carried288

out various sensitivity studies in which combinations of CO2, orography, land ice, and vegetation289

boundary conditions were modified between preindustrial and Pliocene. These allow the global290

mean temperature change associated with these four boundary conditions, that is ∆TCO2 , ∆TOR,291

∆TLI , ∆TV G respectively, to be estimated (see Lunt et al.22 for more details). Assuming the292

CO2 and orography forcings have the same efficacy as each other23, then we can write ∆R[OR] =293

∆R[CO2] · ∆TOR/∆TCO2 , so that294

Sp = S[EXT ] =
∆T

∆R[CO2]

(
1 + ∆TOR

∆TCO2

) (38)

The model sensitivity studies give ∆TCO2 = 1.6 K and ∆TOR = 0.7 K, giving a value Sp = S[EXT ]295

= 1.2 K(Wm−2)−1. The Charney climate sensitivity can also be estimated directly from the model296

results (with only CO2 varying) as297

Sa =
∆TCO2

∆R[CO2]

= 0.82 K (W m−2)−1. (39)

The model simulations also allow specific climate sensitivities S to be estimated. For exam-298

ple, if we consider the reduced Pliocene ice sheets as a forcing instead of as a feedback, we can299

calculate300

S[EXT,LI] =
∆T

∆R[CO2] + ∆R[OR] + ∆R[LI]

. (40)

With the same assumptions about efficacy, we can write ∆R[LI] = ∆R[CO2] ·∆TLI/∆TCO2 giving301

S[EXT,LI] =
∆T

∆R[CO2]

(
1 + ∆TOR

∆TCO2
+ ∆TLI

∆TCO2

) . (41)
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The model sensitivity studies give ∆TLI = 0.51 K, so S[EXT,LI] = 0.97 K (Wm−2)−1.302

In a similar way for vegetation,303

S[EXT,LI,V G] =
∆T

∆R[CO2]

(
1 + ∆TOR

∆TCO2
+ ∆TLI

∆TCO2
+ ∆TV G

∆TCO2

) , (42)

and ∆TV G = 0.52 K, giving S[EXT,LI,V G] = 0.82 K (Wm−2)−1. This sensitivity is identical to the304

Charney sensitivity Sa in Eq. (39), as we have included all effects of the slow feedbacks (land ice305

and vegetation) as forcings.306

There are several uncertainties associated with the estimate of the Pliocene sensitivity, which307

also apply to the work of Lunt et al. 13. Firstly, we assume that the seasonal forcing due to orbital308

variability is zero. However, it could be that some of the imposed vegetation and ice sheet changes309

implemented in the model have a component that is due to orbital forcing, rather than solely CO2310

and orography forcing as is assumed here. If this were the case, Sp would be more similar to Sa
311

(identical to Sa if all the vegetation and land ice changes were actually due to orbital forcing). Fur-312

thermore, there are uncertainties associated with the imposed forcings and feedbacks themselves.313

For example, more recent topographic reconstructions have suggested that the mid-Pliocene orog-314

raphy was actually more similar to modern than previously thought24. A model simulation carried315

out in the framework of the PlioMIP project25 with HadCM3, which also includes more recent316

boundary conditions for vegetation and land ice, gives a value of ∆T = 3.3 K (which, by coinci-317

dence, is almost unchanged from the previous estimate). With ∆R[OR] = 0 in Eq. (37), this gives318

Sp = 1.73 K (Wm−2). Also, there are likely to be feedbacks associated with the carbon cycle, such319

that some of the forcing included in ∆R[CO2] is actually due to non-CO2 greenhouse gas forcings.320

Assuming that warmer climates in general had higher non-CO2 greenhouse gas concentrations (as321

is consistent with the Quaternary ice core record), this would result in a greater value of Sp, due to322

a lower value of ∆R[CO2] in Eq. (37).323

B.3 The Eocene-Oligocene transition The Eocene-Oligocene transition (∼ 34 Ma) reflects a ma-324

jor step in the Cenozoic global climate change from a warm greenhouse climate to a cold icehouse325

climate. Besides large ice build up on Antarctica a major cooling is associated with this transition.326

At present, the most likely mechanism involved in the Eocene-Oligocene climate transition (EOT)327

is thought to be decreasing atmospheric CO2 concentration to below a threshold that allows rapid328
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ice sheet growth on Antarctica.329

In 26, 27 it was shown that coupled NCAR Community Climate System Model (CCSM) sim-330

ulations produced a good fit to paleoclimate proxy data across the EOT although the CO2 changes331

required to accomplish this were arguably too large. In 28 late Eocene and early Oligocene pCO2332

was reconstructed. Here we use this information to estimate the palaeo climate sensitivity (or Earth333

system sensitivity) in two ways.334

In the first case we utilize the model derived temperature change across the EOT and the335

newly reconstructed CO2 change across this interval to estimate the Earth system sensitivity across336

the EOT. We use a late Eocene CO2 value of 900 ppm and a range of early Oligocene values337

(500 ppmv, 600 ppmv and 700 ppmv) to define the possible radiative forcing across the transition338

(∆R[CC] = 5.38 ln(late Eocene/early Oligocene). Because of the good model fit to sparse proxy339

data we can utilize the modelled temperature change across the EOT. We use two modeled global340

mean values that span the time range of the late Eocene (TE
1 = 25.7◦C, TE

2 = 23.0◦C) and one341

value (TO
2 = 20.9◦C) for the early Oligocene to calculate the global mean temperature change ∆T342

and a measure of uncertainty. Employing this range of values our estimate of the Earth System343

sensitivity Sp = ∆T/∆RCC across the EOT is mean(Sp) = 1.72 K (W m−2)−1, min(Sp) =344

0.65 K (W m−2)−1 and max(Sp) = 3.51 K (W m−2)−1.345

Using the same data but using the late Eocene and modern conditions as endpoints we can346

estimate the Earth System sensitivity between present day and Eocene values. Using the same two347

late Eocene temperature estimates and using a range of pCO2 (1000 ppmv, 900 ppmv, 800 ppmv)348

and comparing with present day conditions (where present day conditions are defined by the con-349

figuration of an CAM3 AMIP simulation, with observed SSTs and pCO2 = 384 ppmv) we can350

calculate a late Eocene to modern Earth System sensitivity. This estimate of Sp is mean(Sp) =351

1.818 K (W m−2)−1, min(Sp) = 1.379 K (W m−2)−1 and max(Sp) = 2.347 K (W m−2)−1.352

To determine the Charney sensitivity Sa from these data, we would need to correct for land353

ice and vegetation changes as well as orography and continental geometry differences (i.e. calcu-354

late S[CC,LI,V EG,OR]. The latter will be small for the Eocene to Oligocene case, but very large for355

the Eocene to present-day case.356
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B.4 The Palaeocene-Eocene Thermal Maximum The Palaeocene-Eocene Thermal Maximum357

(PETM, ∼56 Ma BP) is the most pronounced of at least four transient global warming events as-358

sociated with massive and rapid carbon input into the global exogenic carbon pool 29, 30. These359

hyperthermals bear analogies to modern trends regarding carbon injection and global warming.360

However the lack of information regarding background conditions, rates of change and cause and361

effect, complicate direct comparison. The source of carbon is under debate and still viable hy-362

potheses include biogenic31, 32 or thermogenic33 CH4 , and organic carbon34. Notably, if CH4 was363

the primary source, the increase in radiative forcing must have been dominantly through CO2 be-364

cause of the short residence time of CH4 in the ocean-atmosphere system35, 36. All other changes365

in the concentrations of other greenhouse gases would have been a feedback to carbon injection or366

warming and is therefore included in the estimate of S.367

The PETM is certainly the best-documented hyperthermal. At least at 12 sites in the ocean368

and on land, spanning tropical to polar locations, the increase in surface temperature has been369

quantified with high-quality data37–47. Based on these data, the estimated average surface warm-370

ing is 5-6 K. On average, deep ocean temperatures increased by the same magnitude38, 48–50. The371

increase in Arctic and deep ocean temperatures was of the same magnitude as in the tropics. Al-372

though warming in the Southern Ocean was perhaps somewhat larger42, 51, this indicates that polar373

amplification of this warming was absent or minor41, 50. This is generally explained by the lack of374

a significant snow or ice albedo effect, since the latest Palaeocene likely was largely free of snow375

and ice41. We can therefore quantify ∆T = 5 − 6 K. The uncertainty of this value is as in the376

Pliocene very difficult to determine due to the even more sparse and uneven data coverage for the377

PETM. In the calculations of S for the PETM in Table 1 (main text), we have therefore taken the378

precaution to allow an extra ±1 K uncertainty in ∆T, although that may even be an underestimate.379

More discussion remains on the absolute values and magnitude of increase in greenhouse380

gas concentrations. Two approaches have so far been employed to quantify carbon input during381

the PETM.382

1. All hyperthermals are associated with a negative excursion in the stable carbon isotopic383

composition δ13C of the exogenic carbon pool, reflecting the injection of 13C-depleted car-384

bon into the system32. The magnitude of this carbon isotope excursion (CIE) should relate to385
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the mass and δ13C of the exogenic carbon cycle prior to the carbon injection, and the changes386

in carbon fluxes during the event, including the size and δ13C of the net carbon influx52. By387

assuming various carbon reservoirs as a source and their intrinsic δ13C value, the mass of388

carbon required to generate the CIE in the exogenic carbon pool can be calculated52. At389

least two problems rise with this approach: 1) different substrates and locations record a390

different magnitude of the CIE so discussion remains on the magnitude of the CIE in the391

global exogenic carbon pool29, 53, and 2) the CIE may have been a result of carbon release392

from multiple reservoirs54, 55. The resulting uncertainty in estimating ∆R is very large.393

2. The injected carbon will mostly reside in the ocean where it is buffered by the dissolution of394

sedimentary calcium carbonate. Indeed, significant decreases in calcite preservation has led395

to clay-rich layers in the major ocean basins56, 57. The magnitude of dissolution in the global396

ocean should be equivalent to the late Paleocene state of the carbonate system and the total397

mass of injected carbon31. Two papers have so far attempted to quantify the carbon input398

based on this principle using carbon cycle modelling. The models include very different399

assumptions regarding late Paleocene ocean carbonate chemistry (notably the depth of the400

calcite compensation depth). Therefore, the amount of carbon required to generate the clay401

layers in the models differs significantly between these studies55, 58. We use the upper and402

lower limits from these model studies to cover the uncertainty of ∆R. The most dramatic403

scenario implies only a factor 1.70 increase in CO2 (less than a doubling), while the least404

dramatic suggests slightly less than a 3-fold increase. This represents the uncertainty in S in405

Table 1 (main text).406

Several authors have suggested, based on high-resolution temperature proxy records, that407

part of the PETM warming (up to 3 K) occurred several ka prior to the onset of the CIE51, 54.408

Potentially, this warming was regional, reflecting circulation change59. But if global, this warming409

can thus not have been caused by the same carbon that forced the CIE. If it was forced by carbon,410

this carbon must have had an isotopic composition close to that of the late Paleocene exogenic411

carbon pool54. Alternatively, the warming was not forced by carbon. Even though a mechanism412

is currently lacking for this hypothesis, the calculated value for S would in this case represent an413

overestimate.414
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C. Comparison of different estimates for the Charney climate sensitivity415

Several estimates of the Charney climate sensitivity Sa have been produced recently with some-416

times slightly different assumptions. Here we rephrase three estimates such that we can produce417

a proper intercomparison. In this section we explain how we can compare the work presented in418

the previous section which is based on a detailed assessment of paleodata over the last 800 kyr4
419

and the studies by Hansen and Sato5 also on the last 800 kyr and the work by van de Wal et al.60
420

over the last 20 Ma. The aim is to come to calcuations of temperature change as a function of421

atmospheric CO2 covering the range from LGM to 2×CO2.422

Consider that the climate sensitivity is affected by the following slow feedbacks: land ice

(LI), vegetation (V G), aerosols (AE). Using the specific climate sensitivities

S[GHG] =
∆T

∆R[GHG]

, (43a)

S[GHG,LI] =
∆T

∆R[GHG] + ∆R[LI]

(43b)

we find423

S[GHG]

S[GHG,LI]

= 1 +
λLI

λf
, (44)

where again λ[X] = ∆R[X]/∆T and λf = ∆R[GHG]/∆T (as they are all considered as ‘forcings’).

In the same way, we find

λLI =

(
S[GHG]

S[GHG,LI]

− 1

)
λf , (45a)

λV G =

(
S[GHG]

S[GHG,LI,V G]

− 1

)
λf − λLI , (45b)

λAE =

(
S[GHG]

S[GHG,LI,AE]

− 1

)
λf − λLI . (45c)

We can use these relations to estimate temperature change ∆T due to a change in carbon dioxide.424

If we define the parameter F through425

∆R[GHG,LI,AE,V G] = ∆R[GHG] + ∆R[LI] + ∆R[AE] + ∆R[V G] =
∆R[GHG]

1 − F
, (46)

then F combines the total effect of all the slow processes contained in land ice (LI), aerosol (AE),426

and vegetation (V G).427
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Using the following identity (showing again that climate sensitivity linearly relates tempera-428

ture response to forcing)429

∆T = S[GHG]∆R[GHG] = S[GHG,LI,AE,V G]∆R[GHG,LI,AE,V G], (47)

we find430

λs = λLI + λV G + λAE =

(
S[GHG]

S[GHG,LI,AE,V G]
− 1

)
λf . (48)

Combining (46) and (48) yields431

λs =

(
∆R[GHG,LI,AE,V G]

∆R[GHG]
− 1

)
λf , (49)

and hence we can define F in terms of the feedback parameters432

F =
λs

λf + λs
. (50)

This allows us to write a general expression for the temperature change due a change in radiative433

forcing caused by a change in CO2434

∆T = γ
S[GHG,LI,AE,V G]∆R[CO2]

1 − F
, (51)

with γ being the ratio between total greenhouse gas (GHG) forcing (CO2, CH4, N2O) and CO2435

only436

γ =
∆R[GHG]

∆R[CO2]

, (52)

and with the CO2 forcing given by61
437

∆R[CO2] = β ln
CO2

CO2,ref

, (53)

where β = 5.35 W m−2. The latter implies that we get ∆R = 3.7 W m−2 for a doubled CO2438

forcing with respect to pre-industrial values. So we can formulate an expression for the global439

equilibrium temperature change as a function of the CO2 concentration as440

∆T = γβ
S[GHG,LI,AE,V G]

1 − F
ln

CO2

CO2,ref

. (54)

As discussed in part B.1, the mean climate sensitivity parameter S for the whole 800 kyrS800k
441

and the LGM SLGM differ (Supplementary Table 1). This might be partially caused by a state-442

dependence of S, but might also be influenced by the fact that climate is not in (quasi-) equilib-443

rium throughout the last 800 kyr. To check if there might be any transient effects in the data, we444
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restricted in a revised analysis the data sets to points, in which the temporal gradient in temper-445

ature |∂T/∂t| < 0.5 K per kyr. This gradient threshold implies that all data points in the LGM446

(19−23 ka BP) are then considered to be in equilibrium. In a second test an even stricter threshold447

of |∂T/∂t| < 0.1 K per kyr is considered. Both tests showed, that there is hardly any transient448

effect in the data; results are nearly identical to those obtained for the selected 800 kyr (lower half449

of Supplementary Table 1). We can therefore conclude that the different values of S for LGM450

or the whole 800 kyr are non-stationary. However, no clear relationship between S and the cli-451

mate state emerges (r2 < 0.3 of linear relationship between S and either ∆T or ∆R). Also the452

long-term evolution in S depicted in its 100-kyr running mean does not show any clear pattern453

(Supplementary Fig. S4C, Fig. S5C, Fig. 6C). However, the difference of calculated values of S454

for the well-defined stable climate of the LGM from the mean over the last 800 kyr falls well455

within the uncertainties given, in particular when the slow feedbacks are incorporated as forcing.456

Thus, we will use in the following results obtained for the 800 kyr data set, but should keep in457

mind that corrections for state-dependence might be applicable once they are available. So far, we458

know from previous studies7, 8 that the climate sensitivity parameters depend on climate state, but459

by how much is model-dependent6, 7, 62.460

Application of the values obtained for the last 800 kyr, as summarised in Supplementary

Table 1 (using Eqs 14, 45, 48 and 50) yields the following values for the feedback parameters

(± 1 σ):

λf = 0.47 ± 0.10 W m−2 K−1, (55a)

λLI = 0.67 ± 0.18 W m−2 K−1, (55b)

λV G = 0.22 ± 0.19 W m−2 K−1, (55c)

λAE = 0.23 ± 0.13 W m−2 K−1, (55d)

λs = 1.12 ± 0.29 W m−2 K−1 (55e)

and hence F = 0.71 ± 0.23. (55f)

To determine how the equilibrium temperature change is related to CO2 changes we might either

consider all (slow and fast) feedbacks (F = 0.71± 0.23) resembling long-term changes on orbital

time scales, or consider only the fast and neglect the slow feedbacks (F = 0.0) mimicking the
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Charney sensitivity for the next century.

∆TThis study = γβ
S800k

[GHG,LI,AE,V G]

1 − F
ln

CO2

CO2,ref

(all feedbacks), (56a)

∆TThis study = γβS800k
[GHG,LI,AE,V G] ln

CO2

CO2,ref

(fast feedbacks). (56b)

The second attempt to quantify the climate sensitivity parameter is based on van de Wal et

al.60 who compiled CO2 proxies and temperature data over the last 20 million years to evaluate

the CO2 concentration over this period. Temperature data are as in the previous section based on

an inverse modelling exercise where the marine benthic record is assimilated (van de Wal et al.,

201160, abbreviated here to RW11). RW11 does not allow as much detail as can be obtained over

the last 800 ka, but the advantage is that it covers also somewhat warmer climates than just the last

800 ka. RW11 present the following expression for the temperature change as a function of CO2:

∆TRW11 =
C

a
ln

CO2

CO2,ref

(all feedbacks), (57a)

∆TRW11 =
C

a
ln

CO2

CO2,ref

(1 − F ) (fast feedbacks), (57b)

with C = 39 ± 4 K and where a is a the polar amplification factor of 2.7 ± 0.25 which relates461

the change in Northern Hemisphere temperatures to global temperature changes, including slow462

feedbacks. In order to reconstruct the temperature without slow feedbacks, the equation needs to463

be multiplied by (1 − F ) where F = 0.71 is the slow feedback factor60. The calculation of F is464

based on the same data set as above4, so the same uncertainties in F are assumed (σF = 0.23).465

Finally we consider the study by Hansen and Sato5 who define a fast feedback sensitivity of

Sff = 0.75±0.125 K (W m−2)−1 and a total sensitivity (fast and surface) of Sff+sur = 1.5±0.1875

K (W m−2)−1. From these two values we can derive with the definition of F (Eq. 46) both the fast

λf = 1.33 ± 0.22 W m−2 K−1 and slow λs = 1.33 ± 0.17 W m−2 K−1 feedback parameter and

with Eq. 50 that F = 0.50 ± 0.08. To take the effect of non-CO2 greenhouse gases (CH4, N2O)

into account we use again the factor γ = 1.33 as also done above.

∆TJH12 = γβ
Sff

1 − F
ln

CO2

CO2,ref

(all feedbacks), (58a)

∆TJH12 = γβSff ln
CO2

CO2,ref

(fast feedbacks). (58b)

Again F is introduced to distinguish between cases including slow feedbacks (F = 0.5) and cases466

that neglect slow feedbacks (F = 0).467
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Following the analysis in part C of the supplementary information that culminates in Eqs.468

(56-58), we present in Fig. 4 (main text) an overview of the three different studies.469
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Supplementary Table 1: Climate sensitivity parameter S based on different explicit con-

sidered forcings as compiled before4; S was not corrected for differences in climate state.

In the specific climate sensitivities, S[X,Y,...] in the following rows the explicit forcings as

defined in Table 2 are considered (main text). 800 ka selected: all data points of the last

800 ka which fulfil the threshold conditions (∆T < −1.5 K and ∆R < −0.5 W m−2). LGM:

only data points in the time window 19 − 23 ka BP. The lower half of the table contains

further subsets of “800 ka selected”, in which only data points during stable climate are

considered, so further filtered by |δT/δt| < 0.5 K per kyr or |δT/δt| < 0.1 K per kyr. This

selection should test if there are any transient effects (data not in equilibrium) in the data,

but since the resulting SX for all X are nearly identical to the subset of “800 ka selected”

we conclude that there is only a small transient effect. K ′: number of data points. Given

uncertainties σ is the larger of both σ0 (averging uncertainty) and σ1 (mean of propagated

uncertainty).

S ± 1σ K′ S ± 1σ K′

K/(W/m2) - K/(W/m2) -

800 ka selected LGM

S[CO2] 3.08 ± 0.96 (± 31%) 6615 2.63 ± 0.57 (± 21%) 41

S[CO2,LI] 1.07 ± 0.40 (± 37%) 6993 0.95 ± 0.22 (± 23%) 41

S[CO2,LI,V G] 0.86 ± 0.27 (± 31%) 7058 0.80 ± 0.19 (± 23%) 41

S[CO2,LI,AE] 0.90 ± 0.42 (± 46%) 7013 0.72 ± 0.18 (± 25%) 41

S[CO2,LI,AE,V G] 0.75 ± 0.29 (± 38%) 7064 0.63 ± 0.15 (± 23%) 41

S[GHG] 2.32 ± 0.76 (± 32%) 6897 1.97 ± 0.41 (± 20%) 41

S[GHG,LI] 0.96 ± 0.36 (± 37%) 7025 0.85 ± 0.19 (± 22%) 41

S[GHG,LI,V G] 0.78 ± 0.23 (± 29%) 7064 0.73 ± 0.16 (± 21%) 41

S[GHG,LI,AE] 0.82 ± 0.36 (± 43%) 7035 0.66 ± 0.16 (± 24%) 41

S[GHG,LI,AE,V G] 0.68 ± 0.24 (± 35%) 7067 0.58 ± 0.14 (± 24%) 41

|δT/δt| < 0.5 K per kyr |δT/δt| < 0.1 K per kyr

S[CO2] 3.00 ± 0.98 (± 32%) 5684 3.00 ± 1.01 (± 33%) 1526

S[CO2,LI] 1.03 ± 0.39 (± 37%) 6068 1.02 ± 0.33 (± 32%) 1626

S[CO2,LI,V G] 0.84 ± 0.26 (± 30%) 6109 0.83 ± 0.26 (± 31%) 1637

S[CO2,LI,AE] 0.87 ± 0.40 (± 45%) 6084 0.85 ± 0.34 (± 40%) 1631

S[CO2,LI,AE,V G] 0.72 ± 0.26 (± 36%) 6116 0.71 ± 0.25 (± 35%) 1639

S[GHG] 2.26 ± 0.78 (± 34%) 5946 2.25 ± 0.83 (± 36%) 1594

S[GHG,LI] 0.92 ± 0.34 (± 36%) 6085 0.91 ± 0.28 (± 30%) 1629

S[GHG,LI,V G] 0.76 ± 0.22 (± 28%) 6116 0.76 ± 0.21 (± 27%) 1639

S[GHG,LI,AE] 0.79 ± 0.35 (± 44%) 6103 0.77 ± 0.29 (± 37%) 1633

S[GHG,LI,AE,V G] 0.66 ± 0.22 (± 33%) 6118 0.65 ± 0.21 (± 32%) 1639
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Supplementary Figure 1
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Figure 1 Illustrative examples of emission time series FC(t) and resulting atmospheric carbon654

C(t) following Eqs. 8 and 9.655

Figure 2 Temperature time series used for the calculation of S. A: The time series of temperature656

change on high northern hemispheric land (40 − 80◦ N) ∆TNH deduced via an inverse modelling657

approach9 from the benthic δ18O stack10. B: Global temperature change ∆T derived from ∆TNH658

using a polar amplification factor on northern high latitudes of a = 2.75± 0.25. The red broken line659

indicates the threshold at ∆T = −1.5 K below which ∆T needs to falls for the robust calculations660

on S. Coloured dots indicate data points which pass certain thresholds to reduce transient effect.661

The weak transient threshold (red, |∂T/∂t| < 0.5 K per kyr) implies that 80% of all data points,662

but all LGM data points are considered, the strong transient threshold (green, |∂T/∂t| < 0.1 K per663

kyr) implies only 21% of all data points, and only 37% of the LGM data points are considered. The664

grey bands give one σ uncertainties. Orange vertical bar denotes the LGM (23 − 19 ka BP).665

Figure 3 Radiative forcing ∆R time series used for the calculation of S. The two extreme ex-666

amples are given here, where either only CO2 is given as radiative forcing (∆R[CO2]), or where667

additionally all other radiative forcing is taken into consideration (CO2, CH4, N2O, ice sheets, veg-668

etation, aerosols) in ∆R[GHG,LI,AE,V G]. All other possible explicit forcings lie in in-between ∆RCO2669

and ∆R[GHG,LI,AE,V G] and might be looked up in detail in the former study4. The grey band gives670

one σ1,i uncertainty. A calculated S is only considered robust when ∆R < −0.5 W m−2 (indicated671

by the red broken lines). Orange vertical bar denotes the LGM (23 − 19 ka BP).672

Figure 4 In-depth calculation of S for (C) S[CO2]. (A) Considered global temperature, taken from673

Supplementary Figure 2. (B) Considered radiative forcing, taken from Supplementary Figure 3.674

Additional filters were implemented to avoid data with fast changes (transient effects). Filter was675

either weak (red, |∂T/∂t| < 0.5 K per kyr) or strong (green, |∂T/∂t| < 0.1 K per kyr). Mean of676

S ± σ0 for various selections and 100-kyr running mean are shown together with individual results677

for single points. Cyan markers denotes the S ± σ0 at the LGM (23 − 19 ka BP).678

Figure 5 In-depth calculation of S for (C) S[CO2,LI]. (A) Considered global temperature, taken679

from Supplementary Figure 2. (B) Considered radiative forcing. Additional filters were imple-680

mented to avoid data with fast changes (transient effects). Filter was either weak (red, |∂T/∂t| <681

0.5 K per kyr) or strong (green, |∂T/∂t| < 0.1 K per kyr). Mean of S ± σ0 for various selections682
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Figure 1 Illustrative examples of emission time series FC(t) and resulting atmospheric carbon654

C(t) following Eqs. 8 and 9.655

Figure 2 Temperature time series used for the calculation of S. A: The time series of temperature656

change on high northern hemispheric land (40 − 80◦ N) ∆TNH deduced via an inverse modelling657

approach9 from the benthic δ18O stack10. B: Global temperature change ∆T derived from ∆TNH658

using a polar amplification factor on northern high latitudes of a = 2.75± 0.25. The red broken line659

indicates the threshold at ∆T = −1.5 K below which ∆T needs to falls for the robust calculations660

on S. Coloured dots indicate data points which pass certain thresholds to reduce transient effect.661

The weak transient threshold (red, |∂T/∂t| < 0.5 K per kyr) implies that 80% of all data points,662

but all LGM data points are considered, the strong transient threshold (green, |∂T/∂t| < 0.1 K per663

kyr) implies only 21% of all data points, and only 37% of the LGM data points are considered. The664

grey bands give one σ uncertainties. Orange vertical bar denotes the LGM (23 − 19 ka BP).665

Figure 3 Radiative forcing ∆R time series used for the calculation of S. The two extreme ex-666

amples are given here, where either only CO2 is given as radiative forcing (∆R[CO2]), or where667

additionally all other radiative forcing is taken into consideration (CO2, CH4, N2O, ice sheets, veg-668

etation, aerosols) in ∆R[GHG,LI,AE,V G]. All other possible explicit forcings lie in in-between ∆RCO2669

and ∆R[GHG,LI,AE,V G] and might be looked up in detail in the former study4. The grey band gives670

one σ1,i uncertainty. A calculated S is only considered robust when ∆R < −0.5 W m−2 (indicated671

by the red broken lines). Orange vertical bar denotes the LGM (23 − 19 ka BP).672

Figure 4 In-depth calculation of S for (C) S[CO2]. (A) Considered global temperature, taken from673

Supplementary Figure 2. (B) Considered radiative forcing, taken from Supplementary Figure 3.674

Additional filters were implemented to avoid data with fast changes (transient effects). Filter was675

either weak (red, |∂T/∂t| < 0.5 K per kyr) or strong (green, |∂T/∂t| < 0.1 K per kyr). Mean of676

S ± σ0 for various selections and 100-kyr running mean are shown together with individual results677

for single points. Cyan markers denotes the S ± σ0 at the LGM (23 − 19 ka BP).678

Figure 5 In-depth calculation of S for (C) S[CO2,LI]. (A) Considered global temperature, taken679

from Supplementary Figure 2. (B) Considered radiative forcing. Additional filters were imple-680

mented to avoid data with fast changes (transient effects). Filter was either weak (red, |∂T/∂t| <681

0.5 K per kyr) or strong (green, |∂T/∂t| < 0.1 K per kyr). Mean of S ± σ0 for various selections682
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one σ1,i uncertainty. A calculated S is only considered robust when ∆R < −0.5 W m−2 (indicated671

by the red broken lines). Orange vertical bar denotes the LGM (23 − 19 ka BP).672
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Additional filters were implemented to avoid data with fast changes (transient effects). Filter was675

either weak (red, |∂T/∂t| < 0.5 K per kyr) or strong (green, |∂T/∂t| < 0.1 K per kyr). Mean of676
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for single points. Cyan markers denotes the S ± σ0 at the LGM (23 − 19 ka BP).678

Figure 5 In-depth calculation of S for (C) S[CO2,LI]. (A) Considered global temperature, taken679

from Supplementary Figure 2. (B) Considered radiative forcing. Additional filters were imple-680
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C

Figure 1 Illustrative examples of emission time series FC(t) and resulting atmospheric carbon654

C(t) following Eqs. 8 and 9.655

Figure 2 Temperature time series used for the calculation of S. A: The time series of temperature656

change on high northern hemispheric land (40 − 80◦ N) ∆TNH deduced via an inverse modelling657

approach9 from the benthic δ18O stack10. B: Global temperature change ∆T derived from ∆TNH658

using a polar amplification factor on northern high latitudes of a = 2.75± 0.25. The red broken line659

indicates the threshold at ∆T = −1.5 K below which ∆T needs to falls for the robust calculations660

on S. Coloured dots indicate data points which pass certain thresholds to reduce transient effect.661

The weak transient threshold (red, |∂T/∂t| < 0.5 K per kyr) implies that 80% of all data points,662

but all LGM data points are considered, the strong transient threshold (green, |∂T/∂t| < 0.1 K per663

kyr) implies only 21% of all data points, and only 37% of the LGM data points are considered. The664

grey bands give one σ uncertainties. Orange vertical bar denotes the LGM (23 − 19 ka BP).665

Figure 3 Radiative forcing ∆R time series used for the calculation of S. The two extreme ex-666

amples are given here, where either only CO2 is given as radiative forcing (∆R[CO2]), or where667

additionally all other radiative forcing is taken into consideration (CO2, CH4, N2O, ice sheets, veg-668

etation, aerosols) in ∆R[GHG,LI,AE,V G]. All other possible explicit forcings lie in in-between ∆RCO2669

and ∆R[GHG,LI,AE,V G] and might be looked up in detail in the former study4. The grey band gives670

one σ1,i uncertainty. A calculated S is only considered robust when ∆R < −0.5 W m−2 (indicated671

by the red broken lines). Orange vertical bar denotes the LGM (23 − 19 ka BP).672

Figure 4 In-depth calculation of S for (C) S[CO2]. (A) Considered global temperature, taken from673

Supplementary Figure 2. (B) Considered radiative forcing, taken from Supplementary Figure 3.674

Additional filters were implemented to avoid data with fast changes (transient effects). Filter was675

either weak (red, |∂T/∂t| < 0.5 K per kyr) or strong (green, |∂T/∂t| < 0.1 K per kyr). Mean of676

S ± σ0 for various selections and 100-kyr running mean are shown together with individual results677

for single points. Cyan markers denotes the S ± σ0 at the LGM (23 − 19 ka BP).678

Figure 5 In-depth calculation of S for (C) S[CO2,LI]. (A) Considered global temperature, taken679

from Supplementary Figure 2. (B) Considered radiative forcing. Additional filters were imple-680

mented to avoid data with fast changes (transient effects). Filter was either weak (red, |∂T/∂t| <681

0.5 K per kyr) or strong (green, |∂T/∂t| < 0.1 K per kyr). Mean of S ± σ0 for various selections682

33
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Figure 1 Illustrative examples of emission time series FC(t) and resulting atmospheric carbon654

C(t) following Eqs. 8 and 9.655

Figure 2 Temperature time series used for the calculation of S. A: The time series of temperature656

change on high northern hemispheric land (40 − 80◦ N) ∆TNH deduced via an inverse modelling657

approach9 from the benthic δ18O stack10. B: Global temperature change ∆T derived from ∆TNH658

using a polar amplification factor on northern high latitudes of a = 2.75± 0.25. The red broken line659

indicates the threshold at ∆T = −1.5 K below which ∆T needs to falls for the robust calculations660

on S. Coloured dots indicate data points which pass certain thresholds to reduce transient effect.661

The weak transient threshold (red, |∂T/∂t| < 0.5 K per kyr) implies that 80% of all data points,662

but all LGM data points are considered, the strong transient threshold (green, |∂T/∂t| < 0.1 K per663

kyr) implies only 21% of all data points, and only 37% of the LGM data points are considered. The664

grey bands give one σ uncertainties. Orange vertical bar denotes the LGM (23 − 19 ka BP).665

Figure 3 Radiative forcing ∆R time series used for the calculation of S. The two extreme ex-666

amples are given here, where either only CO2 is given as radiative forcing (∆R[CO2]), or where667

additionally all other radiative forcing is taken into consideration (CO2, CH4, N2O, ice sheets, veg-668

etation, aerosols) in ∆R[GHG,LI,AE,V G]. All other possible explicit forcings lie in in-between ∆RCO2669

and ∆R[GHG,LI,AE,V G] and might be looked up in detail in the former study4. The grey band gives670

one σ1,i uncertainty. A calculated S is only considered robust when ∆R < −0.5 W m−2 (indicated671

by the red broken lines). Orange vertical bar denotes the LGM (23 − 19 ka BP).672

Figure 4 In-depth calculation of S for (C) S[CO2]. (A) Considered global temperature, taken from673

Supplementary Figure 2. (B) Considered radiative forcing, taken from Supplementary Figure 3.674

Additional filters were implemented to avoid data with fast changes (transient effects). Filter was675

either weak (red, |∂T/∂t| < 0.5 K per kyr) or strong (green, |∂T/∂t| < 0.1 K per kyr). Mean of676

S ± σ0 for various selections and 100-kyr running mean are shown together with individual results677

for single points. Cyan markers denotes the S ± σ0 at the LGM (23 − 19 ka BP).678

Figure 5 In-depth calculation of S for (C) S[CO2,LI]. (A) Considered global temperature, taken679

from Supplementary Figure 2. (B) Considered radiative forcing. Additional filters were imple-680

mented to avoid data with fast changes (transient effects). Filter was either weak (red, |∂T/∂t| <681

0.5 K per kyr) or strong (green, |∂T/∂t| < 0.1 K per kyr). Mean of S ± σ0 for various selections682

33
and 100-kyr running mean are shown together with individual results for single points. Magenta683

marker denotes the S ± σ1 at the LGM (23 − 19 ka BP).684

Figure 6 In-depth calculation of S for (C) S[GHG,LI,AE,V G]. (A) Considered global temperature,685

taken from Supplementary Figure 2. (B) Considered radiative forcing, taken from Supplementary686

Figure 3. Additional filters were implemented to avoid data with fast changes (transient effects).687

Filter was either weak (red, |∂T/∂t| < 0.5 K per kyr) or strong (green, |∂T/∂t| < 0.1 K per kyr).688

Mean of S±σ0 for various selections and 100-kyr running mean are shown together with individual689

results for single points. Magenta marker denotes the S ± σ1 at the LGM (23 − 19 ka BP).690
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and 100-kyr running mean are shown together with individual results for single points. Magenta683

marker denotes the S ± σ1 at the LGM (23 − 19 ka BP).684

Figure 6 In-depth calculation of S for (C) S[GHG,LI,AE,V G]. (A) Considered global temperature,685

taken from Supplementary Figure 2. (B) Considered radiative forcing, taken from Supplementary686

Figure 3. Additional filters were implemented to avoid data with fast changes (transient effects).687

Filter was either weak (red, |∂T/∂t| < 0.5 K per kyr) or strong (green, |∂T/∂t| < 0.1 K per kyr).688

Mean of S±σ0 for various selections and 100-kyr running mean are shown together with individual689

results for single points. Magenta marker denotes the S ± σ1 at the LGM (23 − 19 ka BP).690
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