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Motivation

We make a case for the emergence of a novel class of financial
instruments indexed to climate-related variables (sea levels,
temperatures, carbon concentrations).

Climate Linkers...

... would not directly contribute to the fight against climate risks (i.e.
6= green bonds);

... would provide, by construction, hedging against long-term global
temperatures, carbon concentrations, or sea levels.

Chikhani and Renne (2021) (VSCE) Climate Linkers: Rationale and Pricing March 24, 2021 2 / 24



Contributions

1. We discuss the advantages of financial instruments (swaps, bonds,
options) indexed to secular climate changes.

2. We develop a modeling framework that allows for the fast pricing of
these long-term instruments (= tractable Integrated Assessment
Model, IAM).
Tractability ) possibility to look for parametrizations making the
model consistent with recent climate science.

3. We explore the pricing of Climate Linkers (CL) and study the climate
risk premiums (= insurance premiums) they would embed.
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Temperature Indexed Swap (TIS)

TS
t,h

Tt+h

t t+ h
Time

Negociation Settlement

Paid by protection buyer
to protection seller

Paid by protection seller
to protection buyer

Temperature Indexed Bond (TIB)

Debt instrument whose payo↵ at maturity (t+ h) is indexed to a given measure of
temperature (or carbon concentration, or sea levels). Specifically:

1 + � [Tt+h � Et(Tt+h)] , (� is a “leverage factor”)

Note: the payo↵ expectation is equal to 1.



Rationale behind Climate Linkers (CL)

Demand

Growing demand for (re)insurance against weather-related disasters

Alternative Risk Transfer solutions (insurance-linked securities, CAT bonds).

But only specific areas and short maturities (for which climate is predictable).

CL address long-term and global risks (e.g., index. to temperature in 2100).

CL 6= Environmental, Social, and Governance (ESG) fixed-income products, whose
final payo↵s are not indexed to climate.

Supply

Temperature-Indexed Bonds: Widening of governments’ investor basis.

Increase in govts’ exposure to climate risk. However:

2nd-order compared to potential direct e↵ect on public finances.
Consistent with role of “insurer of last resort” of govts (Bruggeman et al., 2010).

Private issuance of TIBs: Natural issuers (Asset-Liability Management) = firms
whose activity relates to climate-risk mitigation (e.g., renewable-energy producers).
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Rationale behind Climate Linkers (CL): Information (1/2)

Informational content

CL prices would make market participants reveal their expectations regarding
future climate (akin to break-even inflation rates).

Information captured in real-time, at high frequency.

Extraction of expected trajectories of future temperatures from market
quotes of temperature-indexed swaps or bonds (as done with inflation-linked
bonds, Campbell and Shiller, 1996). private under-supply

In particular: natural way to gauge the perceived credibility and e↵ectiveness
of international commitments regarding the climate.

Observed prices would help inform the computation of key economic
variables:

Social Cost of Carbon
(Weitzman, 2013; Nordhaus, 2017; van den Bremer and van der Ploeg, 2021);
Long-Term Discount Rates, and Climate Betas
(Bauer and Rudebusch, 2021; Dietz et al., 2018; Gollier, 2021; Giglio et al., 2021);
Climate-Value-at-Risks
(Dietz et al., 2016).
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Rationale behind Climate Linkers (CL): Information (2/2)

(IAM) Model

Parametrization

(Natural Sciences &

Economic literature, IPCC)

Macro-Clim. Scenarios

Social Cost of Carbon

NPV of long-dated
climate-related payo↵s

(including CL prices)

CL prices

“market-augmented”

“market-augmented”
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Model

Joint dynamics of climate and economy: Integrated Assessment Model.
Early IAM: Dynamic Integrated Climate-Economy model (DICE) of
Nordhaus (1992).

Stochastic IAMs: Jensen and Traeger (2014); Bansal et al. (2016); Cai and
Lontzek (2019).

In spite of progress in terms of numerical solution methods (Daniel et al.,
2019; Barnett et al., 2020; van den Bremer and van der Ploeg, 2021), no
“instant results” to solve IAMs with stochastic disasters.

) Challenging to look for model parametrizations that reproduce certain
targets (moments).

The approach in a nutshell:

Make the model conditionally a�ne (also done by Traeger, 2021).

NB: Di↵erent from linearization around a steady sate (large uncertainty).

) Closed-form solutions for conditional moments (and distributions).
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Stochastic A�ne DICE Model: Overview

Production

Consumption
& Investment Mitigation
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Stochastic A�ne DICE Model: Overview

Production

CO2 Emissions
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& Investment Mitigation

+

+

+

+

feedback e↵ects

“Tipping point”
(Lemoine and Traeger, 2016)
(Ste↵en et al., 2018)
(Dietz et al., 2020)
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Stochastic A�ne DICE Model: Overview
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Stochastic A�ne IAM Model: Main ingredients

Production function:

Yt = AtKt, with At = Ā + �A⌘A,t,

Capital dynamics (Gomes et al., 2019; Miller et al., 2020):

Planned capital K
⇤
t = (1 � dep)Kt�1 + Invt,

E↵ective capital Kt = exp(�Dt)K⇤
t ,

where Dt = 0 (no disaster), or Dt > 0 (disaster).

Budget constraint:
Yt = Ct + Invt + t,

where  t is investment in mitigation technologies.

Disaster shocks are more likely when temperature is higher:

Dt ⇠ �0(`D,0 + `D,1TAT,t�1, µD),

�0 distri ⇡ Poisson with random jumps (Monfort et al., 2017). In particular:

Pt�1(Dt > 0) ⇡ `D,0 + `D,1TAT,t�1. details



Mitigation

Investment in mitigation technologies:

 t = µ
✓2
t BCtYt.

µt: mitigation (or emission control) rate; BCt exogen. & over time.

Agents dynamically decide on Ct/Invt, but decide on future µts on date
t = 0. Parametric trajectory: chart

µt = min [exp (�✓a + ✓b ⇥ t) ; 1] .

Up to mitigation (1 � µt), industrial emissions grow as planned capital:

EInd,t = (1 � µt) exp

"
tX

i=1

(µk,i + �k,i⌘A,i)

#
,

proxied by [using exp(µ + �") ⇡ exp(µ + �
2
/2)(1 + �")]:

EInd,t = (1 � µt) exp

"
tX

i=1

 
µk,i +

�
2
k,i

2

!#"
1 +

tX

i=1

�k,i⌘A,i

#
.



Climate block (1/2)

Atmospheric temperature depends on radiative forcings:

TAT,t = TAT,t�1 + ⇠1

⇣
Ft � ⌧

⌫
TAT,t�1 � ⇠2 [TAT,t�1 � TLO,t�1]

⌘
.

Radiative forcings depend on atmospheric carbon concentration: Linearization

Ft = ⌧ log2(m0) +
⌧

log(2)m0

✓
MAT,t

MPI
� m0

◆
+ FEX,t + �f⌘f,t.

Carbon concentrations flow between reservoirs (AT, atmosphere, LO, lower
ocean, UP, upper ocean), and depend on emissions (Et):

Mt =

2

4
MAT,t

MUP,t

MLO,t

3

5 =

2

4
• • 0
• • •
0 • •

3

5Mt�1 +
�t

3.666

2

4
Et�1

0
0

3

5 .
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Climate block (2/2)

Positive feedback loop: details on FL Model schematic view

Et ! Mt ! Tt

- .
Nt

More precisely:
Et = EInd,t + ELand,t + Nt.

The higher the temperature, the more likely feedback e↵ects:

Nt ⇠ �0(⇢NNt�1 + `0,N + `1,NTAT,t�1, µN ). (1)

If one of these loops is triggered, the probability of triggering the next one
jumps ) “tipping point” mechanisms (Lemoine and Traeger, 2016; Ste↵en
et al., 2018; Dietz et al., 2020).
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IAM extension: Sea level rise (SLR)

One of the most critical climate change’s dangers (e.g., Hauer et al., 2016;
Desmet et al., 2021).

Relationship between temperatures and sea level: Rahmstorf (2007),
Rahmstorf (2010), Kopp et al. (2016), and Mengel et al. (2018).

Two principal channels of SLR: (a) melting of ice sheets, (b) the volume of
the ocean is expanding as the water warms.

“Semi-empirical” models: dynamic response of SLR to temperatures.

Specification from Vermeer and Rahmstorf (2009):

Ht = Ht�1 +�t ⇥ aSAT (TAT,t � T0,S) + bSAT�TAT,t, (2)

where Ht measures global mean sea level, and T0,S is the average
atmospheric temperature for the period from 1951 to 1980.

Chikhani and Renne (2021) (VSCE) Climate Linkers: Rationale and Pricing March 24, 2021 14 / 24



Stochastic A�ne IAM Model: Solution

Repr. agent with Epstein-Zin preferences (unit EIS, risk aversion � > 1).

Simple solution. Resulting consumption growth process:

�ct = µc,t + �c,t⌘A,t � Dt,

where µc,t and �c,t are deterministic functions of time.

Dynamics of the state vector Xt (macro + climate variables)

Stochastic a�ne dynamics around a deterministic trend. Laplace transform:

Et[exp(u0
Xt+1)] = exp(at(u) + bt(u)0Xt),

where at and bt are available in closed form.

) Tractability of the model.

In particular, simple derivation of conditional distributions, at any horizon
(based on Fourier transforms, as in, e.g., Du�e et al., 2000).
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Calibration

Calibration approach exploits the tractability of the model.
Closed-form solutions to:

utility and Stochastic Discount Factor (s.d.f., Mt,t+1);
first- and second-order (un/conditional) moments of state variables.

Table 1: Targeted and model-implied moments (in 2100)

Moment Target Model-implied Source
E(TAT,2100) 3.50�C 3.34�C RCP4.5+RCP6.0
Std(TAT,2100) 0.25�C 0.34�C RCP4.5+RCP6.0
E(contribution of FL to GMST) 0.25�C 0.27�C Burke et al. (2012)
E(increase in CumE due to FL) 188GtCO2 190GtCO2 Burke et al. (2012)
Slope of CumD on GMST �0.12 �0.12 Burke et al. (2015)
Long-term rate target 1.00% 0.99% US Treasury
E(H2100) 0.45m 0.53m RCP4.5+RCP6.0
Standard Deviation of H2100 0.10m 0.05m Mengel et al. (2016)

Note: RCP stands for Representative Concentration Pathway.

details on “Slope” details on “increase in CumE”
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Expected Atmospheric Temperature Path and Distributions
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Expected Global Mean Sea Level
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Expected Carbon Concentration Path and Distributions
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Closed-Form Solutions

Tractability of the model exploited at the calibration stage (supra).

Asset-pricing analysis also benefits from closed-form formulas.

Formulas for date-t prices of generic payo↵s (settled on t + h):

!
0
Xt+h and (!0

Xt+h)1{a0Xt+h<b},

where Xt is the state vector.

) Building on these prices, closed-form solutions to temperature-indexed
swaps, bonds, and options (and social cost of carbon, SCC )
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Temperature Indexed Bond (TIB)

Payo↵ at maturity (t+ h): 1 + � [Tt+h � Et(Tt+h)] ,

where � is a “leverage factor”.

If agents were not risk-averse, TIB prices would satisfy (maturity = h):

P
rf
t,h = P

TIB
t,h ,

with P
rf
t,h = Et(Mt,t+h), price of riskfree bond (same expected payo↵s: 1).

General case:

P
TIB
t,h = P

rf
t,h + �premt,h, with premt,h =

Covt [Tt+h,Mt,t+h]
Et [Mt,t+h]

.

) If higher temperature = “bad states of the world” (high marginal utility), then

P
TIB
t,h � P

rf
t,h| {z }

climate risk premium

> 0.

“Risk-adjusted distributions” are right-shifted.
Temperature p.d.f. Global Sea Level p.d.f. Carbon concentration p.d.f.



Swaps and Temperature-Indexed Bonds
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Digital Options
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Concluding remarks

Climate Linkers (CL) = long-term financial instruments whose payo↵s
are indexed to climate-related variables.

Because agents are averse to climate risks, the pricing of CL would
embed climate-risk premiums.

CL would o↵er a public good by making market participants reveal
their (risk-adjusted) expectations regarding future climate; akin to
inflation-linked products.

Necessary condition for development of a CL market: initial issuance
of TIBs by governments (as for inflation-linked markets).

First issuances: prices a↵ected by “novelty premium.”
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Äıt-Sahalia, Y., Cacho-Diaz, J., and Laeven, R. J. (2015). Modeling Financial
Contagion Using Mutually Exciting Jump Processes. Journal of Financial Economics,
117(3):585–606.

Bansal, R., Ochoa, M., and Kiku, D. (2016). Climate Change and Growth Risks.
Working Paper 23009, National Bureau of Economic Research.

Barnett, M., Brock, W., Hansen, L. P., and Hong, H. (2020). Pricing Uncertainty
Induced by Climate Change. Review of Financial Studies, 33(3):1024–1066.

Bauer, M. D. and Rudebusch, G. D. (2021). The Rising Cost of Climate Change:
Evidence from the Bond Market. Working Paper Series 2020-25, Federal Reserve
Bank of San Francisco.

Bruggeman, V., Faure, M. G., and Fiore, K. (2010). The Government as Reinsurer of
Catastrophe Risks? The Geneva Papers on Risk and Insurance - Issues and Practice,
35(3):369–390.

Burke, E. J., Hartley, I. P., and Jones, C. D. (2012). Uncertainties in the Global
Temperature Change Caused by Carbon Release from Permafrost Thawing. The
Cryosphere, 6(5):1063–1076.

Burke, M., Hsiang, S. M., and Miguel, E. (2015). Global Non-Linear E↵ect of
Temperature on Economic Production. Nature, 527(7577):235–239.

Cai, Y. and Lontzek, T. S. (2019). The Social Cost of Carbon with Economic and
Climate Risks. Journal of Political Economy, 127(6):2684–2734.



References II

Campbell, J. Y. and Shiller, R. J. (1996). A Scorecard for Indexed Government Debt. In
NBER Macroeconomics Annual 1996, Volume 11, NBER Chapters, pages 155–208.
National Bureau of Economic Research, Inc.

Daniel, K. D., Litterman, R. B., and Wagner, G. (2019). Declining CO2 Price Paths.
Proceedings of the National Academy of Sciences, 116(42):20886–20891.

Desmet, K., Kopp, R. E., Kulp, S. A., Nagy, D. K., Oppenheimer, M., Rossi-Hansberg,
E., and Strauss, B. H. (2021). Evaluating the Economic Cost of Coastal Flooding.
American Economic Journal: Macroeconomics, 13(2):444–486.

Dietz, S., Bowen, A., Dixon, C., and Gradwell, P. (2016). Climate Value at Risk of
Global Financial Assets. Nature Climate Change, 6:676–680.

Dietz, S., Gollier, C., and Kessler, L. (2018). The Climate Beta. Journal of
Environmental Economics and Management, 87(C):258–274.

Dietz, S., van der Ploeg, R., Rezai, A., and Venmans, F. (2020). Are Economists
Getting Climate Dynamics Right and Does It Matter? Technical report.

Du�e, D., Pan, J., and Singleton, K. (2000). Transform Analysis and Asset Pricing for
A�ne Jump-Di↵usions. Econometrica, 68(6):1343–1376.

Giglio, S., Maggiori, M., Rao, K., Stroebel, J., Weber, A., and Nieuwerburgh, S. V.
(2021). Climate Change and Long-Run Discount Rates: Evidence from Real Estate.
Review of Financial Studies, 34(8):3527–3571.



References III

Gollier, C. (2021). The Cost-E�ciency Carbon Pricing Puzzle. CEPR Discussion Papers
15919, C.E.P.R. Discussion Papers.

Gomes, J. F., Grotteria, M., and Wachter, J. A. (2019). Cyclical Dispersion in Expected
Defaults. Review of Financial Studies, 32(4):1275–1308.

Hauer, M., Evans, J., and Mishra, D. (2016). Millions Projected to Be at Risk from
Sea-level Rise in the Continental United States. Nature Climate Change, 6:691–695.

Hawkes, A. G. (1971). Spectra of Some Self-Exciting and Mutually Exciting Point
Processes. Biometrika, 58(1):83–90.

Jensen, S. and Traeger, C. P. (2014). Optimal Climate Change Mitigation under
Long-Term Growth Uncertainty: Stochastic Integrated Assessment and Analytic
Findings. European Economic Review, 69:104–125.

Kopp, R. E., Kemp, A. C., Bittermann, K., Horton, B. P., Donnelly, J. P., et al. (2016).
Temperature-Driven Global Sea-Level Variability in the Common Era. Proceedings of
the National Academy of Sciences, 113(11):E1434–E1441.

Lemoine, D. and Traeger, C. (2014). Watch your step: Optimal policy in a tipping
climate. American Economic Journal: Economic Policy, 6(1):137–66.

Lemoine, D. and Traeger, C. (2016). Economics of Tipping the Climate Dominoes.
Nature Climate Change, 6:514–519.



References IV

Mengel, M., Levermann, A., Frieler, K., Robinson, A., Marzeion, B., and Winkelmann,
R. (2016). Future Sea Level Rise constrained by Observations and Long-Term
Commitment. Proceedings of the National Academy of Sciences, 113(10):2597–2602.

Mengel, M., Nauels, A., Rogelj, J., et al. (2018). Committed Sea-Level Rise Under the
Paris Agreement and the Legacy of Delayed Mitigation Action. Nature
Communication, 9:1–10.

Miller, M., Paron, J. D., and Wachter, J. A. (2020). Sovereign Default and the Decline
in Interest Rates. Technical report.

Monfort, A., Pegoraro, F., Renne, J.-P., and Roussellet, G. (2017). Staying at Zero with
A�ne Processes: An Application to Term Structure Modelling. Journal of
Econometrics, 201(2):348–366.

Nordhaus, W. D. (1992). An Optimal Transition Path for Slowing Climate Change.
Science, 20:1315–1319.

Nordhaus, W. D. (2017). Revisiting the Social Cost of Carbon. Proceedings of the
National Academy of Sciences, 114(7):1518–1523.

Rahmstorf, S. (2007). A Semi-Empirical Approach to Projecting Future Sea-Level Rise.
Science, 315(5810):368–370.

Rahmstorf, S. (2010). A New View on Sea Level Rise. Nature Climate Change, 1:44–45.



References V

Ste↵en, W., Rockström, J., Richardson, K., Lenton, T. M., Folke, C., et al. (2018).
Trajectories of the Earth System in the Anthropocene. Proceedings of the National
Academy of Sciences, 115(33):8252–8259.

Stern, N. (2007). The Economics of Climate Change: The Stern Review. Cambridge
University Press.

Traeger, C. (2021). ACE - Analytic Climate Economy. CEPR Discussion Papers 15968,
C.E.P.R. Discussion Papers.

van den Bremer, T. S. and van der Ploeg, F. (2021). The Risk-Adjusted Carbon Price.
American Economic Review, 111(9):2782–2810.

Vermeer, M. and Rahmstorf, S. (2009). Global Sea Level Linked to Global Temperature.
Proceedings of the National Academy of Sciences, 106(51):21527–21532.

Weitzman, M. L. (2013). Tail-Hedge Discounting and the Social Cost of Carbon.
Journal of Economic Literature, 51(3):873–882.



— Appendix —

Chikhani and Renne (2021) (VSCE) Climate Linkers: Rationale and Pricing March 24, 2021 5 / 25



New Sovereign Bonds as Public Goods back

Back to 1996: A Scorecard for Indexed Government Debt

“It is widely acknowledged that the proper role of the government is to
provide public goods, and the demonstration by example of the potential
for new financial markets and instruments is really a public good. [...]

Any firm which took on the public relations e↵ort needed to first issue
private indexed bonds would not be able to appropriate much of the
societal benefits to doing so.” (Campbell and Shiller, 1996)
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Simulations of Shocks Dt and Nt
back
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SCC and Risk Premium back

Social Cost of carbon = Willingness to pay to reduce carbon emission by
one ton.

Marginal rate of substitution between atm. carbon concentration and Ct:

SCCt = � @Ut

@MAT,t

.
@Ut

@Ct
. (3)

(a) − Social Cost of Carbon (SCC)
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Risk Premium

(a) − Temperature expectations
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0.04 0.05 0.06 0.07 0.08

3.0

3.2

3.4

3.6

Disaster magnitude µD

Te
m

pe
ra

tu
re

 A
no

m
al

y 
T a

t

Expected Tat in 2100
Swaps Price TS in 2100

Chikhani and Renne (2021) (VSCE) Climate Linkers: Rationale and Pricing March 24, 2021 10 / 25



Table 2: SCC comparison

Study SCC (U.S. per tC) Tipping points Stochastic IAM Discount Rate
Nordhaus (2017) 113 1.5%
Stern (2007) 312 0%
Jensen and Traeger (2014) [40;70] X 1.5%
Barnett et al. (2020) [240;411] X 1%
Cai and Lontzek (2019) [40;100] X X 1.5%
Bansal et al. (2016) [4;104] X X 1%
Lemoine and Traeger (2014) [37;55] X X 1.5%
van den Bremer and van der Ploeg (2021) 146 X 1.5%
This paper 167 X X 1%

Note: This table reports di↵erent SCC estimates. Cited studies di↵er along many dimen-
sions, the last three columns highlight particularly important ones.
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Carbon-release feedback e↵ects back1 back2

Earth is composed of an unknown number of feedback loops (FL), positive
or negative.

Negative FL: absorption of greenhouse gases.
Positive FL = amplificiation of positive imbalances in radiative forcings.

Positive FL: (a) release of tons of methane trapped in the permafrost, and
(b) acidification of oceans.

If one of these loops is triggered, the probability of triggering the next one
jumps ) “tipping point” mechanisms (Lemoine and Traeger, 2016; Ste↵en
et al., 2018; Dietz et al., 2020).

In our econometric specification: the probability of having a non-zero Nt is
typically small, but if it happens (i.e. when Nt jumps): % carbon
concentration ) % temperature ) . . .

= “Self-excitation” , as in Hawkes (1971) processes (applications to financial
contagion, e.g., Äıt-Sahalia et al., 2015).
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Gamma-zero distribution back

Definition

The non-negative r.v. X ⇠ �0(�, µ), � > 0 and µ > 0, if

X | Z ⇠ �Z(µ) with Z ⇠ P(�)

) P(X = 0) = P(Z = 0) = exp(��) .

A. Monfort et al. / Journal of Econometrics 201 (2017) 348–366 351

Fig. 1. Simulation of an ARG0 process: a short-term rate with zero lower bound spells. Notes: This figure displays on the left panel the simulated path of a short-term rate
dynamics defined by the following conditional distribution: rt |rt�1 ⇠ �0(0.1 + 990rt�1, 0.001). The grey zones correspond to periods where the simulated short rate hits
zero. On the right panel we have the associated marginal cumulative distribution function.

2.2. Moments, stationarity and lift-off probabilities of ARG0 processes

The exponential-affine form of the Laplace transform given
in Eq. (4) allows for an easy derivation of the properties of
ARG0(↵, �, µ) processes. In this subsection, we show that ARG0
processes possess simple closed-form formulas for conditional and
unconditional moments, stationarity conditions, and especially for
calculating conditional probabilities of reaching zero, staying at
zero or leaving zero (lift-off).

First, note that the affine property of the ARG0 process implies
that all conditional cumulants are affine functions of the past value
of the process. Their derivation is made simple by the use of the
log-Laplace transform. Proposition 2.1 and associated corollaries
derive the first two conditional and unconditional moments of an
ARG0 process.

Proposition 2.1. Let (Xt ) be an ARG0(↵, �, µ) process. We use the

notation ⇢ := � µ. The conditional mean Et (Xt+1) and variance

Vt (Xt+1) of Xt+1 given its past are respectively given by:

Et (Xt+1) = ↵µ + ⇢Xt and

Vt (Xt+1) = 2µ2↵ + 2µ⇢Xt = 2µ Et (Xt+1) . (6)

Corollary 2.1.1. (Xt ) has the following semi-strong AR(1) represen-
tation:

Xt+1 = ↵µ + ⇢Xt +
p
2µ Et (Xt+1) "t+1 , (7)

where ("t ) is a martingale difference with unitary conditional vari-

ance.

Corollary 2.1.2. (Xt ) is stationary if and only if ⇢ < 1 and, in this

case, its unconditional mean and variance are respectively given by:

E(Xt ) = ↵µ

1 � ⇢
and V(Xt ) = 2↵µ2

(1 � ⇢)(1 � ⇢2)
. (8)

Proof. See Appendix A.1. �

In particular, from the conditional moments given in Propo-
sition 2.1, we derive simple expressions for a semi-strong AR(1)
representation that helps calculating the unconditional first-two
moments of the process. Two key features of the ARG0 are worth
noticing. First, the time-varying conditional variance is propor-
tional to the conditional mean and, thus, it linearly shrinks with
the level of Xt . This implies that, in a low-level environment, the
ARG0 process shows low conditional volatility, a typical feature of
interest-rates during zero lower bound periods (see Filipovic et al.

(2017)). Note also that the conditional variance of the ARG0 process
is bounded from below by 2µ2↵ when Xt reaches zero. Second,
the closed-fromavailability of the first-two conditional and uncon-
ditional moments implies that simple estimation procedures can
be used such as the generalized method of moments, or pseudo-
maximum likelihood techniques.

We concentrate now on conditional probabilities of an ARG0
process to reach zero, to stay at zero for more than a certain
number of periods, or to lift-off in exactly h periods. To investigate
this sojourn in state zero and the associated lift-off probability, the
following lemma proves useful.

Lemma 2.1. Let X be a random variable valued in R+
and 'X (u) is its

Laplace transform. Then, we have:

PX {0} = lim
u!�1

'X (u) . (9)

Proof. See Appendix A.2. �

This Lemma makes the computation of the conditional prob-
abilities of hitting zero very simple. The main formulas are pre-
sented in the following proposition.

Proposition 2.2. Let (Xt ) be an ARG0(↵, �, µ) process and let

us denote by 't,h(u1, . . . , uh) = Et [exp (u1Xt+1 + · · · + uhXt+h)]
its multi-horizon conditional Laplace transform. Then, the following

properties hold:

(i) P(Xt+h = 0 | Xt ) = lim
u!�1

't,h(0, . . . , 0, u)

= exp

(
�(1 � ⇢)

"
⇢h

µ(1 � ⇢h)
Xt + ↵

h�1X

k=0

⇢k

1 � ⇢k+1

#)
,

(ii) P
⇥
Xt+1 = 0, . . . , Xt+h = 0

�� Xt

⇤
= exp(�↵ h � � Xt ) ,

(iii) P
⇥
Xt+1 = 0, . . . , Xt+h = 0, Xt+h+1 > 0

�� Xt

⇤

= exp [�↵ h � � Xt ] [1 � exp(�↵)] .

Proof. See Appendix A.2. �

Corollary 2.2.1. If Xt = 0, the probability to stay in state 0 for the

next (h � 1) periods only is (1 � p)ph�1
with p = exp(�↵), and the

average sojourn time in zero is given by:

(1 � p)
+1X

h=1

hp
h�1 = 1

1 � p
= [1 � exp(�↵)]�1.

When ↵ = 0, this average sojourn time is +1 and the zero lower

bound becomes an absorbing state.
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Calibrating damages back

The impact of warming on global economic production is a popu-
lation-weighted average of country-level impacts in Fig. 4a. Using our
benchmark model (Fig. 2a), climate change reduces projected global
output by 23% in 2100 (best estimate, SSP5) relative to a world without
climate change, although statistical uncertainty allows for positive
impacts with probability 0.29 (Fig. 5a and Extended Data Table 3).
Estimates vary in magnitude, but not in structure, depending on the
statistical approach (Fig. 5b and Extended Data Table 3). Models with
delayed impacts project larger losses because cold countries gain less,
while differentiated rich–poor models have smaller losses (statistical
uncertainty allows positive outcomes with probability 0.09–0.40).
Models allowing both delayed impacts and differentiated rich–poor
responses (the most flexible approach) project global losses 2.2 times
larger than our benchmark approach. In all cases, the likelihood of
large global losses is substantial: global losses exceed 20% of income
with probability 0.44–0.87 (Extended Data Table 3 and Extended
Data Fig. 5).
Accounting for the global non-linear effect of temperature is crucial

to constructing income projections under climate change because
countries are expected to becomebothwarmer and richer in the future.
In a previous analysis in which a linear relationship was assumed and
no significant linear effect was observed in rich countries5, it was
hypothesized that countries adapted effectively to temperature as they
became wealthier. Under this hypothesis, the impacts of future warm-
ing should lessen over time as countries become richer. In contrast,

when we account for the non-linear effect of temperature historically,
we find that rich and poor countries behave similarly at similar tem-
peratures, offering little evidence of adaptation. This indicates that we
cannot assume rich countries will be unaffected by future warming,
nor can we assume that the impacts of future warming will attenuate
over time as countries become wealthier. Rather, the impact of addi-
tional warming worsens over time as countries becomes warmer. As a
result, projections using linear and non-linear approaches diverge
substantially—by roughly 50–200% in 2100 (Extended Data Fig. 3c,
d)—highlighting the importance of accounting for this non-linearity
when assessing the impacts of future warming.
Strong negative correlation between baseline income and baseline

temperature indicates that warming may amplify global inequality
because hot, poor countries will probably suffer the largest reduction
in growth (Fig. 5c). In our benchmark estimate, average income in the
poorest 40% of countries declines 75% by 2100 relative to a world
without climate change, while the richest 20% experience slight gains,
since they are generally cooler. Models with delayed impacts do not
project as dramatic differences because colder countries also suffer
large losses (Extended Data Fig. 5).
We use our results to construct an empirical ‘damage function’ that

maps global temperature change to global economic loss by aggreg-
ating country-level projections. Damage functions are widely used in
economic models of global warming, but previously relied on theory
for structure and rough estimates for calibration11,12. Using our empir-
ical results, we project changes to global output in 2100 for different
temperature changes (Fig. 5d; see Supplementary Information) and
compare these to previously estimated damage functions12.
Commonly used functions are within our estimated uncertainty, but
differ in two important respects.

Europe North America Central and East Asia

Oceania Latin America Middle East/North Africa

Southeast Asia Sub-Saharan Africa South Asia

–100

–75

–50

–25

0

25

50

75

2020 2040 2060 2080 2100 2020 2040 2060 2080 2100

Year
2020 2040 2060 2080 2100

–100

–75

–50

–25

0

25

50

75

P
er

ce
nt

ag
e 

ch
an

ge
 in

 G
D

P
 p

er
 c

ap
ita

–100

–75

–50

–25

0

25

50

75

–100 –50 0 50 100
Percentage change in 

GDP per capita

a

b

Figure 4 | Projected effect of temperature changes on regional economies.
a, b, Change in GDP per capita (RCP8.5, SSP5) relative to projection using
constant 1980–2010 average temperatures. a, Country-level estimates in 2100.
b, Effects over time for nine regions. Black lines are projections using point
estimates. Red shaded area is 95% confidence interval, colour saturation
indicates estimated likelihood an income trajectory passes through a value27.
Base maps by ESRI.
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Figure 5 | Global damage estimates arising from non-linear effects of
temperature. a, Change in global GDP by 2100 using benchmark model
(Fig. 2a). Calculation and display are the same as Fig. 4. b, Same as
a (point estimate only) comparing approaches to estimating temperature
effects (pooled/differentiated: rich and poor countries assumed to respond
identically/differently, respectively; short run/long run: effects account for 1 or
5 years of temperature, respectively; see Supplementary Methods). c, Mean
impacts by 2010 income quintile (benchmark model). d, Projected income
loss in 2100 (SSP5) for different levels of global mean temperature increase,
relative to pre-industrial temperatures. Solid lines marked as in b. Blue
shaded areas are interquartile range and 5th–95th percentile estimates. Dashed
lines show corresponding damages from major integrated assessment
models (IAMs)12.
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Figure 1: Burke et al. (2015, Figure 5.d)

Decrease in consumption of about 50% for a 4-degree increase in T .

) Regression slope of cumulated e↵ects of disasters on consumption of �50%/4.

Model-implied equivalent: Population slope =
Covt(CumDt+H ,Tt+H )

Vart(Tt+H ) .



Calibrating feedback e↵ects back

Possibilities of feedback loops (FL) amplifying the positive imbalances in
radiative forcings. (May give rise to “tipping points”.)

Examples of FL: (a) release of tons of methane trapped in the permafrost,
and (b) acidification of oceans.

Some studies aim at estimating the specific e↵ect of FL on carbon release
and temperatures (Burke et al., 2012).

In our model, we can compare model-implied expected emissions with FL
(µN > 0 in eq. 1) and without FL (µN = 0 in eq. 1):

Emission e↵ect of FL = Et(CumEt+H) � EnoFL
t (CumEt+H)

Temperature e↵ect of FL = Et(Tt+H) � EnoFL
t (Tt+H)

Chikhani and Renne (2021) (VSCE) Climate Linkers: Rationale and Pricing March 24, 2021 15 / 25



Mitigation rate µt
back
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Linearization of radiative forcings back
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Equilibrium Climate Sensitivity (ECS) uncertainty back

[10:42 31/1/2020 RFS-OP-REVF190151.tex] Page: 1033 1–43

Pricing Uncertainty Induced by Climate Change
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Figure 2
Climate sensitivity uncertainty. Histogram (red) and normal density approximation (blue) for the climate
sensitivity parameter β across models. The climate sensitivity parameter is in units of degrees centigrade per
teraton carbon. Figure based on evidence reported in Figure 3A by MacDougall, Swart, and Knutti (2017)
(© American Meteorological Society, used with permission) and constructed with data provided by the authors.

In this paper, we follow much of the previous literature in economics by
positing an ad hoc damage process to capture negative externalities on society
imposed by carbon emissions. Just as in the case of the climate approximation,
the damage specification we use is an obvious simplification. The economics
literature has explored alternative damage specifications typically expressed
as functions of temperature. By positing such an evolution we refrain
from modeling formally any dynamics associated with adaptation including
responses in advance of future temperature increases.4 While this model is
overly simplistic, the evolution of damages captures two forms of uncertainty
that interest us, one from damages that we as depict as uncertainty in the function
" and the other from climate uncertainty parameter β.

2.4 Consumption damages
In this specification, the instantaneous contribution to the social utility function
is

δ(1−κ)(logCt −logDt )+δκ logEt,

where δ>0 is the subjective rate of discount and 0<κ<1 is a preference
parameter that determines the relative importance of emissions in the

4 While the literature on modeling adaptation to climate change is limited, for a recent example focused on
agriculture, see Keane and Neal (2018).
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Table 3. Calibrated parameters (period = 5 years)

Parameter Notation Equation Value Unit/Note Reference
Average TFP Ā (I.7) 0.4
Standard deviation of the TFP shock �A (I.7) 0.05
Average for approximation term m0 (32) 1168

607 �1 CDICE + IPCC
Rate of preference for present � (37) 0.95
Risk aversion � (37) 7
Carbon emissions from land 2015 �0 (21) 2.6 GtCO2 per year DICE2016
Decline rate in land emissions (Eq. 21) � (21) 0.115 per period DICE2016
Equilibrium concentration in atmosphere mateq (33) 607 GtC CDICE
Equilibrium concentration in upper strata mueq (33) 600 GtC CDICE
Equilibrium concentration in lower strata mleq (33) 1772 GtC CDICE
2015 forcings of non-CO2 GHG �0 (22) 0.5 Wm-2 DICE2016
2100 forcings of non-CO2 GHG �1 (22) 1 Wm-2 DICE2016
Preindustrial concentration of carbon in the atmosphere MPI (32) 607 GtC CDICE
Carbon cycle parameter between atmosphere and upper ocean�12 (33) 0.053 CDICE
Carbon cycle parameter between upper and lower ocean �23 (33) 0.0042 CDICE
Climate equation coefficient for upper level �1 (34) �t ⇥0.137 CDICE
Transfer coefficient upper to lower stratum �2 (34) �t ⇥0.10001 CDICE
Transfer coefficient for lower level �3 (35) �t ⇥0.00689 CDICE
Forcings of equilibrium CO2 doubling � (32)+(34) 3.45 Wm-2 CDICE
Equilibrium temperature impact � (34) 3.25 �C per doubling CO2 CDICE
Decline rate of decarbonization �� (17) �0.001 per period DICE2016
Carbon intensity 2010 �0 (17)

e0

q0(1� µ0)
kgCO2 per output 2005 USD 2010 DICE2016

Industrial emissions in 2015 e0 (�0)+(E2015) 35.85 GtCO2 per year DICE2016
Initial world gross output in 2015 q0 (29)+(�0) 105.5 trillions of 2010 USD DICE2016
Initial emision control rate in 2015 µ0 (18) 0.03 DICE2016
Initial growth of sigma g� ,1 (17) �0.0152 per year DICE2016
Initial cost decline backstop cost gback (19) 0.025 per period DICE2016
Exponent of control cost function �2 (20)+(23) 2.6 DICE2016
Persistence of the radiative forcings shock �[2,2] (26) 0.95
Global surface temperature weights [TAT , TLO] weightsT [0.6,0.4] IPCC
Base Temperature (sea level equilibrium) T0,S (36) �0.375 �C, Baseline [1951-1980] Vermeer and Rahmstorf (2009)
Coefficient attached to �(TAT ,T0,S) aSAT (36) 0.0015 m per �C per year
Coefficient attached to �TAT,t bSAT (36) 0.025 m Vermeer and Rahmstorf (2009)
Capital depreciation rate dep (I.7) 0.27
Time step �t 5

Note: This table presents the parameters used in our baseline model. DICE16 refers to Nordhaus (2017). IPCC refers to IPCC (2014, Table 2.1). CDICE refers to Folini
et al. (2021)

40/56
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back

12 Swiss Re sigma No 2/2020

Weather disaster losses rise as economies grow and climate changes

Nevertheless, economic losses have outpaced insured losses. Figure 7 compares 
the real (adjusted for inflation) growth in global economic losses resulting from 
weather-related events with associated insured losses over the period 1980 to 
2019. As shown, the protection gap, that is the difference between insured and 
total losses, has widened over time in absolute terms, but has reduced in proportion. 
This highlights the ongoing under-insurance of society even with growth in 
penetration. It also points to the still large insurance opportunity to fill the gap and 
build resilience.

Climate change and rising losses: work in progress
With global temperatures warming, we expect that hazard intensification will likely 
play a greater role in increasing the economic losses resulting from weather-related 
events in the decades to come. After remaining relatively stable for approximately  
12 000 years – corresponding to the full duration of human civilization ‒ the climate 
is changing, with temperatures now 1.0°C above pre-industrial times. Most physical 
processes that define our climate and its extremes depend directly or indirectly on 
the temperature of the atmosphere and the oceans. Hence, any change in global 
temperatures and their extremes, whether from greenhouse-gas emissions or due 
to natural variability, will alter the risks that humans and the world are exposed to. 

In parts of the world, some secondary-peril events such as drought, wildfire and 
floods have and will continue to become more extreme, due to ever-drier weather 
conditions, increases in precipitation and rising sea levels. For some secondary perils 
like heatwaves, observations, physical theories and numerical models all converge to 
show an increase in both frequency and intensity in most parts of the world. The 
effects are also feeding through to higher insurance losses on account of property 
damage, crop shortfalls, business interruption claims and others.12

¹² sigma 2/2019: Secondary perils on the front line, Swiss Re Institute.

Even so, protection gaps, and 
insurance opportunities, remain.

Figure 7 
Global economic versus insured 
losses resulting from weather-related 
catastrophes, 1980–2019, 
(USD billion, 2019 prices) 

 Source: Swiss Re Institute
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back

Swiss Re sigma No 2/2020 5

Weather disaster losses rise as economies 
grow and climate changes

Economic growth and urbanisation: key exposure drivers
Both the number of and economic losses from storms, floods and other extreme 
weather-related events have risen significantly over recent decades (see Figure 2). 
The trend of rising losses has been more evident since the mid-1990s, with 
improved data from more comprehensive and inclusive reporting of events likely 
contributing. Conversely, the less noticeable gains in losses in the 1980s can in part 
be explained by the lesser availability of data.

There are many underlying drivers to the rising losses resulting from weather-related 
events. The main factor is growing exposures as the world's population continues to 
rise and, with economic growth, urbanisation and asset values increase. Over the 
last 60 years, the world's population has grown by approximately 2.5-times,1 and 
global real gross domestic product (GDP) by more than sevenfold.2 Urban areas 
comprise the highest concentration of people and assets. In the 1950s, around 30% 
of the global population lived in urban areas. Today more than 50% does, and this is 
forecast to rise to near 70% by 2050.3

Three main components determine the impact of weather-related risks: hazard or 
type of peril (hurricane, flood etc); exposure, which refers to the populations and 
assets that lie in the path of weather-related hazards; and vulnerability (the 
susceptibility of the exposed elements to the hazards). Figure 3 outlines the complex 
interplay between the physical and socio-economic components of the weather-
related risk equation.  Weather-related hazard occurrence is dependent on climate 
conditions, changes in which are largely due to natural variability. Of late there has 

¹ World Population Prospects: The 2019 Revision, United Nations Department of Economic and Social 
Affairs, 2019.

² GDP data from the World Bank. 
³ Urbanization Prospects: The 2018 Revision, United Nations Department of Economic and Social 

Affairs, 2018.

Various factors influence the scale of losses inflicted by weather events. Since 1980, exposure accumulation due to 
economic growth and urbanisation has been the main driver of the increase in associated losses. Normalised losses 
accounting for GDP growth and inflation further confirm the trend of rising losses resulting from weather-related 
events. We expect that climate change effects will play an increasing role in the next decades. However, with a lack of 
granular data on the many contributing components, including socio-economic factors, attribution modelling remains 
work in progress.

Economic losses resulting from 
weather-related events have been 
trending higher over time.

Figure 2 
Number of weather-related events 
and associated economic 
losses, 1970-2019  
(USD billion, 2019 prices)

 Source: Swiss Re Institute
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Exposure growth has been the main 
driver of rising losses.

The three main components of 
disaster risk are hazard, exposure and 
vulnerability.

Figure 3: Weather-related events and losses – Source: Swiss Re, 2020.
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Temperature Indexed Swap (TIS)

Protection buyer and protection seller exchange cash flows at t + h (maturity).
On date t (negotiation date):

Market value of protection leg| {z }
Et(Mt,t+hTt+h)

= Market value of premium leg| {z }
Et(Mt,t+h)TS

t,h

.

T
S
t,h

Tt+h

t t+h
Time

Negociation Settlement

Paid by protection buyer
to protection seller

Paid by protection seller
to protection buyer

Figure 4: TIS



Temperature Indexed Bond (TIB)

Debt instrument whose payo↵ at maturity (t + h) is indexed to a given measure
of temperature (or carbon concentration). Specifically:

1 + � [Tt+h � Et(Tt+h)] ,

where � is a “leverage factor”.

Note: the payo↵ expectation is equal to 1.

Temperature Options

Nonlinear payo↵s.

Option type Price (notation) Payo↵ (settled on maturity date t + h)
Digital Digt,h(TK) 1{Tt+h>TK}
Call Callt,h(TK) (Tt+h � TK)+ = 1{Tt+h>TK}(Tt+h � TK)
Put Putt,h(TK) (Tt+h � TK)� = 1{Tt+h<TK}(TK � Tt+h)
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