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Abstract

What are the quantified risks that climate change poses for financial markets?

The physics of climate change are well understood with their uncertainty. Empirical

studies provide estimates of the economic damage from rising global temperatures and

the costs of curbing such a rise. We build on this basis a precisely calibrated dual

framework: linking a climate module with a long-run-risks workhorse asset-pricing model.

It incorporates both physical damage and transition cost channels, while capturing

the economic activity impact on temperatures. Our framework delivers closed-form

solutions for climate-affected and time-dependent risk-free rate, equity risk premia and

price-dividends ratios. We show that chronic climate risks alone, away from tipping

points, result in an increase of the equity risk premium by almost 20% in a 3°C world.

Enough to anticipate a likely market repricing.
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1 Introduction

How does global warming impact risks priced by markets? To address this question, we

propose a framework that ties together a workhorse of macro-finance, the long-run risks

(LRR) model, together with a physical climate module, which captures a wide range of

alternative climate scenarios. We calibrate the full framework, first working on each of the

modules separately, and then linking them via the latest estimate of damage functions and

transition costs. Our linear setup, which captures first-order impacts, delivers closed-form

results that we take to practical scenario analysis.

There are two broad types of physical climate risks. Chronic risks stem from gradual

changes in global average surface temperature and precipitation patterns. Acute risks arise

from extreme weather events and natural disasters, e.g., floods, hurricanes and wildfires.

Empirical evidence shows that both types of physical risks can reduce global GDP and,

therefore, consumption. In particular, persistently rising temperatures can curb long-term

consumption growth via depressing productivity (Nath et al., 2024; Kotz et al., 2024). In the

face of these damage threats, global warming mitigation policies contemplate the other side

of the coin. Transition efforts to decarbonizing the world, however, also entail economic costs

when curbing temperatures.

In consumption-based asset pricing, the stochastic discount factor (also known as the

pricing kernel) is closely linked to consumption growth. Consequently, if rising temperatures

or stricter temperature reduction policy targets reduce consumption growth, expected eq-

uity returns would inevitably be affected. This paper estimates how temperature-driven

consumption damages translate into equity risk-premium and expected equity returns.

To study the impact of rising temperatures on expected equity returns, we extend a

standard long-run risks (LRR) model to incorporate a persistent temperature state that affects

consumption growth. The LRR model proposed by Bansal and Yaron (2004) has become

one of the most influential frameworks in asset pricing and macrofinance. By introducing a

small but persistent component of consumption growth, the model provides an explanation
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for the equity premium puzzle, the risk-free rate puzzle, and the predictability of returns.

Central to the framework are Epstein–Zin recursive preferences (Epstein and Zin (1989);

Weil (1989)), which separate risk aversion from intertemporal substitution, allowing agents

to assign disproportionate value to long-run risks. Since its introduction, the framework has

been extended across asset classes and markets.

To incorporate the temperature-driven consumption damage, we introduce a dynamic

temperature process which follows a policy target and allow consumption growth to be

negatively impacted by a persistent component of temperature changes. The temperature

dynamics are calibrated to the NGFS Current Policies scenario, under which the median

temperature anomaly by 2100 is projected to reach about 3°C. Moreover, following (Nath

et al., 2024; Kotz et al., 2024), we model the damages as persistent but not permanent

reductions in the consumption growth. Concomitantly, to capture transition costs, we factor

in the cost of implementing any given policy target. We calibrate the maximum range of

potential transition costs on the basis of the NGFS Net Zero 2050 scenario. Using a similar

technique as in Bansal and Yaron (2004), Bansal et al. (2011), and Beeler and Campbell

(2011), we derive closed-form expressions for the risk-free rate and the equity risk premium

in this setting.

The first main finding is that the expected risk-free rate falls substantially during the

rapid warming period and converges back to its long-run equilibrium level if the change of

temperature fades. We take the standard LRR model as the counterfactual case, where the

rising temperatures have no economic impact. In this counterfactual case, the expected risk-

free rate is constant, representing the long-term general equilibrium rate. In contrast, with

temperature-driven damages, the expected risk-free rate varies with the rising temperature.

As the temperature rises and the damage to consumption growth intensifies, the expected

risk-free rate falls. If the temperature stabilizes and the change of temperature fades, the

expected risk-free rate gradually increases back to its long-run level. This behavior indicates

that the stochastic discount factor is most affected during the period of rapid warming until
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the economy progressively adapts to a new steady state.

A second main finding is that the temperature-driven damages and the transition costs

raise the equity risk premium (ERP) also substantially. Despite a reduced ERP contribution

of long-run risk because of the economic-to-temperature interplay, the temperature and

policy states bring a net positive term on top of the premiums of the short-run and long-run

consumption risks. In particular, if the temperature anomaly reaches 3°C by 2100, we find

that the ERP is about 20% higher than the counterfactual case. Although the risk-free rate

declines in both cases, the drop is smaller in magnitude than the increase in ERP. As a result,

the expected equity return (i.e., the sum of the risk-free rate and the ERP) in both cases

becomes higher than the counterfactual level, implying potential losses of asset values in a

warming environment.

Our extended LRR framework is flexible enough to study different channels through which

the rising temperature can affect risk premiums. In particular, we allow the volatility to

increase with temperature, meaning that global warming would also bring more economic

uncertainty while temperatures climb. Our third main finding is that, with stochastic

volatility linked to temperature, equity risk premium becomes state, or more precisely

temperature-change, -dependent.

Our work is related to the asset pricing literature on climate risks and equity markets.

The closest studies are Bansal et al. (2016, 2019), which also extend the standard LRR

model to include a temperature risk. In their setting, the climate risk is introduced via a

jump process that represents arrivals of natural disasters. Therefore, their models intend

to study the impact of tipping points on the financial market, and they lack reasonable

calibration. In contrast, we focus on the chronic climate risks, and we manage a precise

model calibration. By incorporating a persistent component of the change of temperature,

our model allows calibrations to a broad set of econometric estimates from the empirical

literature. Our analytical and numerical results support the findings in Bansal et al. (2016,

2019), namely, the equity risk premium will increase due to the impact of physical climate
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risk. Eventually, a key additional contribution of our work is to not only study physical

damages, but also transition costs.

Other related works include Barnett et al. (2020) and Giglio et al. (2021), which also

apply the LRR model to examine uncertainty about climate change damages and long-run

productivity, highlighting the role of persistent risks in environmental economics. These

climate finance models highlight welfare and policy trade-offs in the presence of long-run

economic uncertainty. Yet, they either focus on the theoretical interplay of multiple layers of

uncertainties or concentrate on climate-sensitive markets. We, on the other hand, streamline

the key channels of climatic influences, calibrate them to refine the expected magnitude of

risk premia and conclude that climate risks are significant for the broad financial market.

Meanwhile indeed, a rapidly expanding empirical literature examines how physical climate

risks are priced in financial markets. Giglio et al. (2021) provide foundational evidence

that long-horizon sea-level-rise risk is capitalized into U.S. municipal bond prices, a result

reinforced by the housing-market findings of Bernstein et al. (2019) and Baldauf et al. (2020),

who show that coastal property values reflect rising flood risk. Complementary work by

Painter (2020) documents higher municipal bond yields in counties more exposed to sea-

level rise, while Addoum et al. (2023) link abnormal local weather to cross-sectional equity

returns. At the global equity level, Engle et al. (2020) construct a tradable climate news

hedge portfolio that earns positive returns when unexpected climate-related information hits

markets, demonstrating that investors can hedge climate-news shocks directly. Pástor et al.

(2021) show that “green” stocks command lower expected returns when climate concerns

strengthen, consistent with investor-hedging motives. Echoing these theoretical prediction,

Bua et al. (2024) reports that in European markets heightened physical risk lowers returns on

“green” assets relative to “brown” ones. Cross-country evidence from Zhang (2022) indicates

that equity markets in emerging economies react less to news about physical climate risks

than developed markets despite greater underlying vulnerability. Factor-model approaches

such as Gostlow (2024) construct granular physical-risk factors—hurricanes, heat stress,
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sea-level rise, and extreme rainfall—and find positive premia for hurricane risk but weak

pricing of the other components. Additional highly cited contributions include Hong et al.

(2021), who document that U.S. equity markets price drought and temperature anomalies.

Together, these studies show that investors increasingly demand compensation for both acute

and chronic climate hazards across real estate, fixed income, and global equity markets. We

provide quantified estimates of how high these exact numbers could go.

In a nutshell, as temperature continues to rise, the economy enters an unknown future.

Because historical data provide limited guidance for such nonstationary environments, it

is hard to quantify the financial impact of climate risk by backwards-looking data-driven

approaches. Structured asset-pricing frameworks that incorporate the mechanisms of climate

damages and potential efforts to limit them are therefore essential for forward-looking analysis.

Our contribution is a tractable extension of a stylized macro–asset-pricing model with an

explicit climate channel. The temperature state is calibrated to benchmark climate scenarios

and embed warming sensitivity to economic activity, while empirical econometric estimates

of transition costs and physical damage functions are incorporated. In this sense, the model

offers a useful platform for theoretical and empirical analysis of how climate risk transmits to

equity markets.

The rest of the paper is organized as follows. Section 2 provides the modeling framework,

i.e., the modular asset pricing model with climate module interacting with the long-run

risk economic module. It also details the calibration procedure for all the components. In

section 3, closed-form expressions of the model solutions are presented, including risk-free

rate, price-dividend ratios and the various risk premia. Section 4 provides quantitative

temporal profiles of the asset-pricing variables of interest together with a range of sensitivity

investigations. The last section concludes and discusses potential future research directions.

All technical proofs and supporting material are located in the appendix.
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2 Model setup and calibration

This section introduces our framework, which integrates a reduced-form climate model into a

consumption asset-pricing workhorse. We present the calibration strategies for each module,

and the full set of parameters identified by our detailed calibration is listed in Table 6 of

Appendix D.

2.1 Temperature dynamics with persistent climate policy

Climate physics is complex, yet well understood, with all its uncertainties. We aim to capture

the basic salient features of global warming likely trajectories, tied to policy decisions. Let Tt

be the temperature anomaly at time t and Pt be a numeric metric of the transition policy

state. The temperature dynamics are given by

Tt+1 = νTt + (1 − ν)Pt + Θxt + σζζt+1, (1)

Pt+1 = αPt + (1 − α)P̄ + σιιt+1, (2)

ζt+1, ιt+1 ∼ N (0, 1).

The temperature state is modeled by a double-mean reverting process. The stochastic

temperature state Tt converges to the latent policy process Pt, while the policy process

itself converges to the long-term temperature target P̄ . The parameter 0 < α < 1 denotes

the persistence of the policy. The policy state Pt can be understood as the policy-driven

temperature target. For instance, if P̄ = 0°C, the expected temperature will converge back to

the pre-industrial level. The additional term Θxt captures the impact of economic activity’s

overheating or underheating compared to a reference trajectory, and its impact on physical

temperatures. In expectation, this term is zero, and we discuss its meaning and calibration

precisely in sections 2.3 and 2.3.3.

Note that the temperature dynamics in equation (1) are not mechanical representations
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of temperature anomalies as described by the two-layer or three-layer models (Geoffroy et al.,

2013a,b; Tsutsui and Smith, 2024; Leach et al., 2021). On the one hand, a rigorous interaction

of temperatures and transition policies will involve more states, which makes the model

significantly more complicated. On the other hand, deep uncertainty exists in the mechanism

of rising temperatures. The impact of those uncertainties in climate science is out of the scope

of the current study. Therefore, we introduce a simple but tractable temperature model that

can be easily calibrated to represent the temperature projections under recent benchmark

climate scenarios such as those developed by IPCC and NGFS. Climate model uncertainty is

captured in a parsimonious manner by the temperature process volatility.

Climate policy targets vary in time and are not determined by physical determinism.

Yet, a key feature of these targets that is supported by empirical experience is that they are

slow-moving phenomena that may revert over time. We capture these salient features and

accompanying uncertainties.

Figure 1: Distribution of temperature trajectories. The distribution of temperatures in
2100 has the following quantiles: Q10 = 1.9, Q50 = 3.0, Q90 = 4.1.
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Calibration. As far as calibration is concerned, the parameters ν, α and P̄ are determined

so that the mean trajectory of our temperature process mimics the path of temperatures

envisioned by scenarios where current climatic efforts are neither increased nor decreased. We

use as a benchmark the NGFS (2024b) current policy scenario, and Figure 7 in Appendix E.1

presents the fitting. Together, the three parameters command the level, slope and curvature

of the trajectory.

The parameter σι measures policy uncertainty and σζ measures uncertainty in temperature

models. We use published temperature projections across different climate policy scenarios,

such as NGFS and IPCC to quantify σι. In the absence of model uncertainty (i.e., σζ = 0),

we calibrate σι such that simulated temperature paths cover all projections under the NGFS

scenarios and map scenarios to conditional quantiles. In particular, the 95th percentile of 2100

temperature is below 4.1 °C, corresponding to the projection by the SSP2-Baseline scenario.

Figure 8 in Appendix E.1 presents the fitting. Then, within any given policy scenario, NGFS

provides different percentiles of temperature projections that reflect model uncertainty. We

calibrate the parameter σζ such that, under the “Current Policies” scenario, the simulated

temperature paths cover the reported percentile range of temperature projections by NGFS.

Figure 9 in Appendix E.1 presents the fitting.

Figure 1 presents the distribution of trajectories generated by our calibrated climate

module.

2.2 Lasting but not permanent impact of rising temperatures

A lingering discussion in the climate-economics literature has been to envision whether global

warming would have permanent or transitory impacts. The latest empirical studies (see

Appendix A) points towards a middle ground. To model temperatures that have a lasting

but not permanent impact, we define a persistent component of changes in temperatures as
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follows:

Yt+1 = βYt + Tt+1 − Tt + σωωt+1, (3)

Y (0) = 0, ωt+1 ∼ N (0, 1).

The process Yt is a function of changes of temperatures and is persistent with the parameter

0 < β < 1. The standard normal random variable ωt is independent of other shocks and

denotes the characteristic uncertainty in the Yt process.

Calibration A higher value of β means that one shock of the temperature will have a

longer impact on the system, and vice versa. According to Kotz et al. (2024), the persistence

of the temperature impact can be as long as 10 years. Therefore, we calibrate β such that

the impact of one unit of temperature change after 10 years is below 1% (see Figure 10 in

the Appendix for an illustration).

The parameter σω measures the uncertainty of this temperature change signal. Since the

true window of temporal impact of climate change is uncertain, we calibrate the σω so that

the highest and lowest deciles of the process distribution capture an equivalent memory range

of 5 to 15 years. Figure 11 in Appendix E.1 presents the fitting.

2.3 The long-run risks model with climate extension

We incorporate our climate module into the long-run-risks asset pricing workhorse. The

standard LRR model (Bansal and Yaron, 2004) without the impacts of climate change

represents the counterfactual world. Let ∆ct+1 denote the consumption growth between t and

t+ 1. Let xt be the latent long-run-risk process. Here, µ > 0 is the equilibrium consumption

growth. The persistence parameter 0 < ρ < 1 is the key to the long-run risk process. A shock

of the long-run risk will have a longer-lasting impact with a higher value of ρ. Integrating
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the temperature dynamics with the market dynamics, our model is then given by

∆ct+1 = µ+ xt + ΩYt+1 + Γ(Pt+1 − P̄ ) + ση,tηt+1, (4)

xt+1 = ρxt + σϵ,tϵt+1, (5)

ηt+1, ϵt+1 ∼ N (0, 1).

The components ΩYt+1 and Γ(Pt+1 − P̄ ) in equation (4) are overlayed to respectively capture

physical and transition risks. Ω < 0 is the damage parameter of the persistently rising

temperatures on the consumption growth. Γ > 0 is the transition cost parameter linking

deviations from the baseline policy to impacts on the economy. In the counterfactual scenario,

we have Ω = 0 and Γ = 0. Eventually, the economic feedback to temperature Θxt, with

Θ > 0, is already incorporated in equation (1) to capture the feeding loop of long-term

economic activity deviating from trend to physical temperature.

2.3.1 Damages

Physical risks usually mean the risks from the gradual change of global average surface

temperature (i.e., temperature anomaly), precipitation patterns and other acute events (e.g.,

flooding, droughts, wildfire). All of these phenomena are highly correlated to atmospheric

temperature, and the literature estimating damages highlights that temperature is the main

explanatory variable of economic impact.

Calibration. The calibration of the channel through which climate damages the consump-

tion growth follows the most recent econometric estimates. Table 5 presented in Appendix

A summarizes projected losses, measured relative to a counterfactual GDP trajectory, at

2 ◦C and 3 ◦C above pre-industrial levels across a selection of studies. Conservative early

estimates suggest losses of about 2% of global GDP, while high-end, more recent estimates

reach 44% by 2100. Early damage function estimates underestimated potential downside
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risks of climate change (DeFries et al., 2019). More recent estimates, either from top-down

incorporation of non-diversifiable temperature exposures (Bilal and Känzig, 2024), or from

bottom-up capture of local dynamics (Burke et al., 2015; Kotz et al., 2024), have converged

on substantial potential losses.

Low Damage High Damage
(Kotz et al. (2024)) (Bilal and Känzig (2024))

Damage parameter Ω -0.0102 -0.0146
Expected Damage level at 3°C -33% -44%

Persistence of temperature change 10 years 10 years

Table 1: Calibration of damage parameter to empirical literature estimates. The
calibrated "Low Damage", our benchmark, and "High Damage" scenarios.

We calibrated two damage scenarios based on the recent empirical estimates (Table

1), making the assumption that GDP damages are passed through to consumption. In

both scenarios, the expected temperature rises to about 3°C by 2100, consistent with the

projections by the NGFS Current Policy scenario. The two scenarios differ in the expected

consumption loss by 2100. Under the “Low Damage” scenario, the expected consumption loss

by 2100 is about 33% compared with the counterfactual level, following the estimate in Kotz

et al. (2024). This loss corresponds to Ω = −0.0102. Under the “High Damage” scenario,

the consumption loss associated with a 3°C temperature anomaly rises to 44% according to

the estimate in Bilal and Känzig (2024). In this case, we calibrate that Ω = −0.0146. In

both scenarios, the impact of rising temperatures is assumed to last for as long as 10 years.

This indicates a persistent but not permanent impact of the temperature change. Figure 12

in Appendix E.3 illustrates the expected consumption under the two damage scenarios in

comparison with the counterfactual consumption. To ensure that our risk estimates remain

conservative, we use the "Low Damage" calibration as our benchmark.
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2.3.2 Transition costs

Achieving climate objectives that depart from the outstanding laissez-faire dynamics entails

economic costs –or bonuses. In our setting, Pt captures the climate target, so adding to the

consumption growth process a transition cost term Γ(Pt+1 − P̄ ), with Γ > 0, leads to an

economic drag when temperature targets are lowered, and a boost when targets are allowed

to drift higher.

Calibration. The Γ parameter is calibrated to capture the potential impact of transition

costs on the economy. We anchor our calibration to the transition costs estimates produced

by NGFS (scenario profiles are in Figure 13 of Appendix E.4). Namely, we map the cost

of the most progressive transition scenario proposed by NGFS, "Net Zero 2050", to the

consumption reduction that the lowest quantile of our temperature distribution would trigger.

The calibration process is then similar to that of the damages explained just before.

2.3.3 Economic impact on temperatures

While the central trajectories of our physical system in equations (1) and (2) mirror the

current policies of an SSP2 economic environment, stronger (or weaker) activity would

impact temperatures. The long-term consumption growth variable xt exactly captures such

a departure from the central trajectory, and the Θxt term, with Θ > 0, in equation (1)

embeds the fueling effect. The Θ parameter is calibrated to capture the range of temperature

trajectories that may be fuelled by a wide range of economic trajectories envisioned by the

IPCC.

Calibration. We start by acknowledging that the realm of Shared Socioeconomic

Pathways (SSPs) envisioned by the IPCC presents average global economic growth rates

within 1% annual growth rate from the medium SSP2 scenario (see Table 7 in Appendix E.5).

Namely, GDP growth in SSP5 (respectively SSP3) is 1 percentage point higher (respectively
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lower) than that of SSP2. Then, as presented in Figure 14 we calibrate the impact parameter

Θ so that the range of temperatures achieved purely by a 1 percentage point permanent

increase of activity growth leads to a temperature of 5°C by the end of the century, typically

considered in the climate literature as a temperature level that would start jeopardizing

human life on Earth, in the last percentile of the temperature distribution.
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2.4 Stochastic volatility linked to temperature

We have modeled so far the damage channel through which global warming would hurt

economic growth. Yet, rising temperatures are likely also to increase variability (Addoum

et al., 2020) and uncertainty (Barnett et al., 2020) within the climate-economic system. We

account for this additional risk by allowing for temperature-dependent. stochastic volatilities.

More precisely, we assume that volatility of the processes may scale linearly with the Yt

process

σj,t = σj

√
1 + πjYt ∀j ∈ {η, ϵ}, (6)

such that this effect is only transient1 until climate patterns equilibrate.

Note that the standard LRR model can include a mean-reverting stochastic volatility

process (Bansal and Yaron, 2004), which adds to financial market uncertainty and shares the

equity-risk-premium contribution. We keep to the first version of the LRR model to keep

the original long-run contribution to a single channel. However, including an autoregressive

pattern in our stochastic volatilities would not change our conclusions.

Calibration. While historical data provides limited guidance to evaluate the π coefficients,

we are in a position to run sensitivity analysis under different scenarios. We calibrate the π

coefficients so that on the central path of the Yt process, volatility is increased by a maximum

of 10%. In our reference calibration, we only consider stochastic volatility on the short-run

consumption process πη > 0, but not the long-run one, πϵ = 0. Numerical sensitivity analysis

in section 4.2 relaxes this assumption and shows that our assumption errs on the conservative

side.

1In an alternate version of the model where volatility increases with temperature levels instead, the
impacts are permanent.
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3 Closed-form solutions

Analytical expressions for the stochastic discount factor, risk-free rate and the equity risk

premium are presented.

3.1 The prices of risks

We assume that the representative agent has an Epstein-Zin-type recursive preference (Epstein

and Zin, 1989; Weil, 1989). Let γ be the relative risk aversion; ψ be the elasticity of

intertemporal substitution. As shown by Bansal et al. (2005) and Beeler and Campbell

(2011), the logarithm of the stochastic discount factor Mt+1 is given by

mt+1 := lnMt+1 = θ ln δ − θ

ψ
∆ct+1 + (θ − 1)rc

t+1, θ = 1 − γ

1 − 1/ψ . (7)

Here, the parameter δ > 0 measures the subjective discount factor of future utilities. Moreover,

rc
t+1 := ln Wt+1

Wt−Ct
represents the return on the aggregate wealth portfolio that generates

consumption flows, in which Wt denotes the price of the aggregate wealth portfolio (or

equivalently the present value of future consumptions). Let zc
t := ln(Wt/Ct) denote the log

of the price-consumption ratio. The return rc
t+1 can be rewritten as

rc
t+1 = zc

t+1 + ∆ct − ln(exp(zc
t ) − 1).

We can see that the stochastic discount factor (7) is closely related to the consumption growth

and the value of future consumptions. The price of the aggregate wealth portfolio equals

the present value of future consumptions. Therefore, zc
t indicates the relative price of future

consumptions and today’s consumptions. Let z̄c denote its equilibrium value. When zc
t > z̄c,

the agent perceives a higher value of future consumption, which suggests an optimistic view of

the future or a booming market. On the contrary, when zc
t < z̄c, the agent perceives less value

of future consumptions, implying a worse market state. Thus, the log-price-consumption
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ratio zc
t endogenously reflects the change of the stochastic discount factor.

As is standard in LRR models, we posit and verify that the log-price-consumption ratio

zc
t is linearly dependent (i.e., an affine function) of the state variables.

zc
t = Ac

0 + Ac
1xt + Ac

2Tt + Ac
3Yt + Ac

4Pt.

In Appendix B.1 we detail how we identify the constant A′
cs from the Euler equation.

From the specification of our framework detailed in section 2, our model includes five

mutually independent risks,

1. the short-run consumption risk ηt,

2. the long-run consumption risk ϵt,

3. the temperature level risk ζt,

4. the temperature change risk wt,

5. the policy risk: ιt.

We use λη, λϵ, λζ , λω and λι to denote the price of these risks, respectively. The price of risk

measures the sensitivity of the stochastic discount factor to a particular risk. The innovation

of the stochastic discount factor can be written as

mt+1 − E[mt+1|mt] = −
∑

j∈{η,ϵ,ζ,ι,ω}
λjσjjt+1. (8)

Lemma 1 gives the analytical expressions of the price of each risk. The proof is detailed

in Appendix B.1. We denote by βc
η, βc

ϵ , βc
ζ , βc

ι and βc
w the corresponding exposures of the

aggregate wealth portfolio to these risks.

Lemma 1. Let define κc
1 := ez̄

c

ez̄c−1 and κc
0 := κc

1z̄
c − ln(ez̄c − 1), where z̄c is the long term

equilibrium value of the log-price-consumption ratio. The closed-form formulas for the five

risk prices are listed in Table 2.
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Risk Parameter Formula
short-run consumptionn λη γ
long-term consumption λϵ (1 − θ)Ac

1
temperature change λω (1 − θ)Ac

3 + γΩ
temperature level λζ (1 − θ)(Ac

2 + Ac
3) + γΩ

policy λι (1 − θ)Ac
4 + γΓ

Table 2: Risk prices. Closed-form formulas.

The signing proof in Appendix C highlights that the prices of the short-run and the

long-run consumption risks are positive. From Eq. (8), we see that a positive shock to

these risks will lead to a smaller stochastic discount factor mt+1, and hence a higher risk-free

rate, which is consistent with periods of stronger expected consumption growth. However,

the prices of temperature change and temperature level risk, are in most cases negative.

Therefore, positive shocks to these risks raise the stochastic discount factor, decreasing the

risk-free rate, which is consistent with weaker expected consumption growth due to damage

costs. Policy risk in the end is facing a tug of war, and its sign depends on the relative

strength of physical versus transition costs. Transition costs may be endured so that damages

are avoided, leaving a net-beneficial effect. In our preferred calibration policy risk contributes

positively to the risk-free rate.

3.2 The risk-free rate

The risk-free rate between t and t+ 1 is defined as

rf,t = −E[exp(mt+1)|mt]. (9)

Proposition 1 provides the risk-free rate as a state-dependent process, and its proof is provided

in Appendix B.2.
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Proposition 1. The risk-free rate rf,t is given by

rf,t = rf + 1 + ΩΘ
ψ

xt + Ωβ
ψ
Yt + (1 − ν)Ω

ψ
[Pt − Tt] + α

Γ
ψ

[Pt − P̄ ] +
[(

1 − 1
θ

)
V ec

2
2 − V e

2
2

]
Yt

(10)

rf = − log δ + 1
ψ
µ+

(
1 − 1

θ

)
V ec

1
2 − V e

1
2 (11)

with the constant terms

V e
1 =

∑
j∈{η,ϵ,ζ,ι,ω}

λ2
jσ

2
j (12)

V e
2 =

∑
j∈{η,ϵ,ζ,ι,ω}

πjλ
2
jσ

2
j (13)

V ec
1 =

∑
j∈{η,ϵ,ζ,ι,ω}

(βc
j − λj)2σ2

j (14)

V ec
2 =

∑
j∈{η,ϵ,ζ,ι,ω}

πj(βc
j − λj)2σ2

j (15)

so that the expected risk-free rate converges to the constant rate rf

lim
t→∞

E[rf,t] = rf .

In our model, the risk-free rate consists of a constant term rf and temperature-adjusted

state-dependent terms. The damage term ΩYt reduces the risk-free rate until temperatures

stop increasing. The transition costs Γ(Pt−P̄ ) also reduce the risk-free rate on low temperature

policy paths. Before the temperature converges to the policy target level, the expected risk-

free rate is impacted by the gaps (Pt − Tt) in the climate system. The last term stems from

the stochastic volatility process and evolves with its state-variable Yt.

As the temperature converges and the gap to policy fades, the climate impact phases out,

and the risk-free rate converges to the long-term equilibrium level rf . It is the sum of the

standard time-discount rate and of the consumption growth rate drift scales by the elasticity
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of intertemporal substitution, augmented by the Epstein-Zin volatility adjustment factor.

In the counterfactual case, the risk-free rate only depends on the single long-run risk

state xt. In particular, the expected risk-free rate is a constant as E[xt] = 0. Adding climate

impacts, the risk-free rate depends not only on the market’s long-run risk state but also on

the climate processes.

3.3 The equity risk premia

The market-representative equity portfolio is a leveraged wealth portfolio and pays a dividend

stream dt where φ > 1 captures dividend leverage relative to consumption, typically φ ∈ (1, 3).

∆dt+1 = φ∆ct+1 + (1 − φ)
[
µ+ ΩŶt+1

]
+ σu,tut+1, (16)

ut+1 ∼ N (0, 1),

where the deterministic processes T̂ and Ŷ are the alter-ego of the T and Y processes,

T̂t+1 = νT̂t + (1 − ν)P̄ , (17)

Ŷt+1 = βŶt + T̂t+1 − T̂t. (18)

The second term in Equation 16 ensures that dividends grow a the same pace as aggregate

consumption.

Let rd
t+1 be the equity portfolio’s return between t and t+ 1. The Euler equation ensures

that

E[exp(mt+1 + rd
t+1)] = 1. (19)

and the standard guess-and-verify process hinges on a price-dividend ratio linear in the state

variables

zd
t = Ad

0 + Ad
1xt + Ad

2Tt + Ad
3Yt + Ad

4Pt + Ad
5T̂t + Ad

6Ŷt.
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The derivations of the closed-form formulas to compute Ad’s are provided in Appendix B.3.

Let βd
j , j ∈ {η, ϵ, ζ, ι, ω} denote the exposures of the equity portfolio to the five risks in

our model.

Lemma 2. Let κd
1 = ez̄

d

exp(z̄d)+1 and κd
0 = ln(ez̄d+1)−κd

1z̄
d, where z̄d is the long term equilibrium

value of the log-price-dividend ratio. The closed-form formulas for the risk exposures of the

dividend process are listed in Table 3.

Risk Parameter Formula
short-run consumptionn βd

η φ
long-term consumption βd

ϵ κd
1A

d
1

temperature change βd
ω κd

1A
d
3 + φΩ

temperature level βd
ζ κd

1(Ad
2 + Ad

3) + φΩ
policy βd

ι κd
1A

d
4 + φΓ

Table 3: Dividends’ risk exposures. Closed-form formulas.

The exposures to the short-run and the long-run consumption risks are positive. This is be-

cause a positive shock of these risks will increase consumption growth. Consequently, dividend

growth also increases as it is positively correlated to consumption growth. On the contrary, as

is detailed in Appendix C the exposures of the temperature-related risks are negative, because

positive shocks of these risks will damage consumption growth. On the policy front, the tug of

war is still at play, yet the larger the leverage ϕ, the more likely the exposure βd
ι turns positive.

The equity risk premium, i.e., the excess return of the equity portfolio,

ERP d
t := ln

(
E[exp(rd

t+1 − rf,t)]
)

= E[rd
t+1 − rf,t] + 1

2V ar(r
d
t+1) = −Cov(mt+1, r

d
t+1),

can be expressed in analytical form in our setup.

Proposition 2. The equity risk premium, ERP d
t , can be expressed as

ERP d
t =

∑
j∈{η,ϵ,ζ,ι,ω}

βd
j λjσ

2
j +

∑
j∈{η,ϵ}

πjβ
d
j λjσ

2
j Yt. (20)
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The equity risk premium is temperature-dependent when at least one of the processes of the

model carries temperature-dependent volatility.

Recall from the discussion following Lemma 1 and Lemma 2 that the prices of risks and

the exposures are in most cases of the same sign, with the only caveat on policy risk. As

a result, the ERP incorporating the climate damage will be larger than the counterfactual.

Policy risk typically also contributes to it, except in some cases when risk aversion γ is small.
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4 Quantitative results

4.1 Benchmark calibration and temporal profiles

The time-profiles of the financial variables recovered by our framework highlight meaningful

patterns.

First, the real risk-free rate of our model sags c. 50bps compared to counterfactual, i.e.

20% of its value, at the peak of the global warming pass-through in the decade around 2040. It

remains lower than counterfactual by the end of the century by c. 25bps. As can be visualized

in Figure 2, under the more acute "high damage" scenario, the risk-free rate through is c. 1pp

lower than counterfactual. The risk-free rate pathways are inversely sensitive to increasing

transition Γ and display no sensitivity to Θ (cf. Figures 15 and 16 in the Appendix).

Figure 2: Risk-free rate time-profile for different damages. Time-profile of the risk-free
rate rf,t on the mean trajectory of the state-variables when the damage parameter decreases
from counterfactual (0%) to high damage (−1.46%) calibration. Γ = 0.00045,Θ = 0.2, πη = 0
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Second, the equity-risk premium is also time-dependent as visible in Figure 3, but only

from the short-run consumption contribution. More striking is the increase in ERP from

climate risks, and their contribution to the total despite a haircut on long-run risk.

Figure 3: Equity Risk Premium composition time-profile. Time-profile of the equity
risk premia on the mean trajectory of the state-variables at reference calibration for three
setups: counterfactual in the top LHS chart, with climate but no stochastic volatility in the
top RHS chart, and with climate also impacting volatility in the bottom chart.

Table 4 presents the contribution of each risk (in percentage) to the total ERP. In the

counterfactual case, c. 30% of the ERP comes from the short-run risk and c. 70% is from

the long-run risk. As we introduce climate risk2, the additional ERP (damage, transition,
2Figure 17 in Appendix F details the level comparison to counterfactual for all five components.
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temperature and policy risk) accounts for c. 13.4% of total ERP which is of the same scale

than the contribution of the short-run consumption risk.

Short-Run Long-Run Temperature Temperature Policy
consumption consumption level change target

Counterfactual 31.1% 68.9% 0 0 0
Climate calibration 27.9% 56.3% 11.6% 0.6% 3.6%

Table 4: Contributions of each type of risk to equilibrium ERP.

Third, the price dividend ratio is typically reduced by c. 4% in our benchmark calibration.

4.2 Sensitivity analysis

Sensitivity analysis in Figure 4 highlights that increasing damage costs via higher Ω contributes

primarily to the risk premia contribution of temperature level risks, and to a lesser extent

to temperature change risk, while it reduces the policy risk contribution stemming from

transition risks. Indeed, conversely to damage, increasing transition costs Γ impacts policy

risks in a non-monotonic manner, first counteracting the damage channel, before adding

policy risk. Both shave off some contribution from the long-run consumption risk. This latter

structural contribution to risk is further dented by the impact, from higher Θ, of economic

activity on physical temperature.

Figure 4 also details the impact of stochastic volatility on the five risk contributors. πϵ

has a substantially stronger impact than πη.

Eventually, Figure 5 and 6 underline the impact of both physical and transition costs

on price-dividend and price-consumption ratios3. The former is relatively more sensitive to

damage risk, while the latter is predominantly sensitive to transition risks.

3The sensitivity analysis always considers the calibrated Θ channel, yet we highlight that when Ω = Θ = 0
the climate module has no impact on the economic module, which corresponds to the counterfactual case as
far as asset pricing is concerned.
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Figure 4: Sensitivity analysis of Equity Risk Premia to climate-related parameters.
Five expected risk premia at horizon 2100, as five key climate parameters of the model, Ω, Γ,
Θ, πη and πϵ, vary independently from the default calibration.
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Figure 5: Response of the (equilibrium log) price-dividend ratio to varying transition costs
and consumption damages.

Figure 6: Response of the (equilibrium log) price-consumption ratio to varying transition
costs and consumption damages.

27



5 Concluding remarks

This paper develops a tractable, forward-looking framework to quantify how physical and

transition climate risk affects asset pricing. By embedding a persistent temperature process

into a standard long-run risks model, we show analytically and numerically that rising global

temperatures can materially reshape the equity–bond return trade-off. Three key results

emerge. First, as temperatures rise and consumption growth weakens, the risk-free rate tem-

porarily declines before converging back toward its long-run level once temperatures stabilize.

Second, the equity risk premium rises because investors demand additional compensation

for the long-horizon consumption risk induced by persistent warming. Calibrations to recent

damage estimates and transition costs imply increases between 12% and 25% under a 3°C

scenario. Third, allowing for temperature-linked volatility makes the premium explicitly state

dependent, amplifying market sensitivity to climate conditions.

These findings underscore that even gradual, chronic warming —even absent sudden

disasters— has first-order effects on expected returns and, consequently, on asset valuations

and portfolio risk. They also highlight the value of reduced-form models in settings where

historical data offer limited guidance for unprecedented climate trajectories. Future research

could enrich this baseline by incorporating heterogeneous regional damages, feedback from

policy responses and adaptation, or interactions with tipping point risks. Such extensions

would further clarify how evolving climate dynamics shape the cost of capital and the stability

of financial markets in a warming world.

The proposed model offers a robust and carefully calibrated framework that links long-run

macroeconomic dynamics with a persistent climate and policy states, allowing for explicit

scenario analysis of physical and transition risks. Its closed-form solutions for the risk-

free rate and equity risk premium make it transparent and tractable, yet flexible enough

to incorporate alternative damage estimates, transition costs, policy pathways, stochastic

volatility in temperature dynamics, and asset-specific climate characteristics. This flexibility

enables investors to evaluate portfolio exposure to warming scenarios and to stress-test
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asset valuations under different climate trajectories. At the same time, the model provides

regulators and policymakers with a quantitative tool for assessing systemic vulnerabilities

in financial markets and for designing prudential measures—such as climate-related capital

buffers or disclosure requirements—that reflect the scale and transmission channels of climate

risk.
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Appendix A Damage estimates

Damage functions produce diverging estimates of global GDP losses at future warming levels.

Table 5 summarizes projected losses, measured relative to a counterfactual GDP trajectory,

at 2 ◦C and 3 ◦C above pre-industrial levels across a selection of studies.

Study Impact at 2 ◦C Impact at 3 ◦C
global warming1 global warming1

(Current Policies in 20502) (Current Policies in 21002)
Nordhaus and Boyer (2000) 1% 2%
Tol (2009) 1% 3%
Weitzman (2012) 1% 3%
Dell et al. (2012) 4% 22%
Tol (2014) 1% 2%
Nordhaus (2014) 1% 2%
Dietz and Stern (2015) 2% 13%
Burke et al. (2015) 8% 14%
Howard and Sterner (2017) 3% 8%
Kompas et al. (2018) 1% 2%
Kalkuhl and Wenz (2020) 2% 5%
Kahn et al. (2021) 3% 8%
Waidelich et al. (2024) 4% 8%
Bilal and Känzig (2024) 19% 44%
Kotz et al. (2024) 14% 33%

1 Damage estimates relative to a baseline without further climate change. The percentages shown are based
on harmonized calculations for cross-study comparability and may deviate from loss projections in the
original studies. 2 Global warming projections according to Global Change Assessment Model (GCAM) 6.0
in Phase V of the NGFS Scenarios. Using RCP8.5, the most severe of the seven Representative
Concentration Pathways (RCPs) presented in the IPCC’s Fifth Assessment Report, global warming will
reach 2.3 ◦C in its median estimate by mid-century. Even when using the 95th percentile of the temperature
distribution of RCP8.5, global warming reaches 2.9 ◦C by 2050.

Table 5: Damage estimates across studies. Source: NGFS (2024a), "Damage functions,
NGFS scenarios, and the economic commitment of climate change."
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Appendix B Model derivations

We present the derivations for the general setup of five processes with stochastic volatility

(for symmetry, all five processes are assumed to possibly record stochastic volatility)

∆ct+1 = µ+ xt + ΩYt+1 + Γ(Pt+1 − P̄ ) + ση

√
1 + πηYtηt+1 (21)

xt+1 = ρxt + σϵ

√
1 + πϵYtϵt+1 (22)

Yt+1 = βYt + Tt+1 − Tt + σω

√
1 + πωYtωt+1 (23)

Tt+1 = νTt + (1 − ν)Pt + Θxt + σζ

√
1 + πζYtζt+1 (24)

Pt+1 = αPt + (1 − α)P̄ + σι

√
1 + πιYtιt+1 (25)

B.1 Aggregate consumption and wealth process

The guess and verify price-to-wealth ratio

zc
t = Ac

0 + Ac
1xt + Ac

2Tt + Ac
3Yt + Ac

4Pt (26)

The Campbell-Shiller approximation, based on ex-dividend wealth, writes as

rc
t+1 = κc

0 + ∆ct+1 + zc
t+1 − κc

1z
c
t , (27)

κc
1 = ez̄c

ez̄c − 1 , κc
0 = κc

1z̄
c − ln(ez̄c − 1), (28)

z̄c = Ac
0 + Ac

1x̄+ Ac
2T̄ + Ac

3Ȳ + Ac
4P̄ .

The stochastic discount factor and Euler equation, with θ = 1−γ
1− 1

ψ

writes as

mt+1 = θ log δ − θ

ψ
∆ct+1 + (θ − 1)rc

t+1 (29)

1 = Et[exp(mt+1 + rt+1)] (30)
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Then, when recalling that for a normal process rvN
t+1

Et[exp(rvN
t+1)] = exp

(
Et[rvN

t+1] + 1
2Vt[rvN

t+1]
)

the Euler equation applied to the wealth process writes as

0 = θ log δ + θκc
0 + Et[rvt+1] + 1

2Vt[rvt+1]

rvt+1 = (1 − γ)∆ct+1 + θ[zc
t+1 − κc

1z
c
t ]

Identifying the xt terms

0 = (1 − γ) + θ[ρ− κc
1]A1

Ac
1 = (1 − 1/ψ)(1 + ΩΘ) + Θ(Ac

2 + Ac
3)

κc
1 − ρ

(31)

Identifying the Tt terms

0 = (1 − γ)Ω(ν − 1) + θ[(ν − κc
1)Ac

2 + (ν − 1)Ac
3]

Ac
2 = (1 − 1/ψ)Ω(ν − 1) + (ν − 1)Ac

3
κc

1 − ν
(32)

Identifying the Yt terms

0 = (1 − γ)βΩ + θ(β − κc
1)A3 + 1

2V
ec

2

Ac
3 =

(1 − 1/ψ)βΩ + 1
2θ
V ec

2

κc
1 − β

(33)

V ec
2 = πη(βc

η − λη)2σ2
η + πϵ(βc

ϵ − λϵ)2σ2
ϵ + πζ(βc

ζ − λζ)2σ2
ζ

+ πω(βc
ω − λω)2σ2

ω + πι(βc
ι − λι)2σ2

ι (34)
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Identifying the Pt terms

0 = (1 − γ)[Ω(1 − ν) + Γα] + θ[(1 − ν)Ac
2 + (1 − ν)Ac

3 + (α− κc
1)Ac

4]

Ac
4 = (1 − 1/ψ)[Ω(1 − ν) + Γα] + (1 − ν)(Ac

2 + Ac
3)

κc
1 − α

(35)

Identifying the intercept terms

0 = θ log δ + (1 − γ)[µ− ΓαP̄ ] + θ[κc
0 + (1 − κc

1)Ac
0 + (1 − α)P̄A4]

+ 1
2

[
(1 − γ)2σ2

η + (θAc
1)2σ2

ϵ + ((1 − γ)Ω + θAc
2 + θAc

3)2σ2
ζ + ((1 − γ)Ω + θAc

3)2σ2
ω + (θAc

4)2σ2
ι

]
Ac

0 =
log δ + κc

0 + (1 − 1/ψ)[µ− ΓαP̄ ] + (1 − α)P̄Ac
4 + 1

2θ
V ec

1

κc
1 − 1 (36)

where

V ec
1 = (βc

η − λη)2σ2
η + (βc

ϵ − λϵ)2σ2
ϵ + (βc

ζ − λζ)2σ2
ζ + (βc

ω − λω)2σ2
ω + (βc

ι − λι)2σ2
ι (37)

(38)

and the consumption process exposures are defined by

βc
η = 1 (39)

βc
ϵ = Ac

1 (40)

βc
ζ = Ac

2 + Ac
3 + Ω (41)

βc
ω = Ac

3 + Ω (42)

βc
ι = Ac

4 + Γ (43)

(44)
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B.2 Risk-free rate

The stochastic discount factor writes as

mt+1 = θ log δ + (θ − 1)κc
0 − γ∆ct+1 + (θ − 1)[zc

t+1 − κc
1z

c
t ]

so that

mt+1 − Et[mt+1] = −ληση

√
1 + πηYtηt+1 − λζσζ

√
1 + πζYtζt+1 − λϵσϵ

√
1 + πϵYtϵt+1

− λωσω

√
1 + πωYtωt+1 − λισι

√
1 + πιYtωt+1

when we identify the five risk prices

λη = γ (45)

λϵ = (1 − θ)Ac
1 (46)

λζ = (1 − θ)(Ac
2 + Ac

3) + γΩ (47)

λω = (1 − θ)Ac
3 + γΩ (48)

λι = (1 − θ)Ac
4 + γΓ (49)

Eventually, the risk-free rate is defined as

rf,t = − ln Et[exp(mt+1)].

Given the Ac’s determined earlier, we derive the result of Proposition 1

rf,t = rf + 1 + ΩΘ
ψ

xt + Ωβ
ψ
Yt + (1 − ν)Ω

ψ
[Pt − Tt] + α

Γ
ψ

[Pt − P̄ ] +
[(

1 − 1
θ

)
V ec

2
2 − V e

2
2

]
Yt

(50)

rf = − log δ + 1
ψ
µ+

(
1 − 1

θ

)
V ec

1
2 − V e

1
2 (51)
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with the constant terms

V e
1 = λ2

ησ
2
η + λ2

ϵσ
2
ϵ + λ2

ζσ
2
ζ + λ2

ωσ
2
ω + λ2

ισ
2
ι (52)

V e
2 = πηλ

2
ησ

2
η + πϵλ

2
ϵσ

2
ϵ + πζλ

2
ζσ

2
ζ + πωλ

2
ωσ

2
ω + πιλ

2
ισ

2
ι (53)

B.3 Dividends

We posit a flexible form for the dividend process as suggested in Appendix G

∆dt+1 = φ∆ct+1 + (1 − φ)
[
µ+ ΩŶt+1

]
+ χ1ΩTt+1 + χ2ΩYt+1 + χ3Γ(Pt+1 − P̄ ) + σu

√
1 + πuYtut+1 (54)

with the deterministic processes T̂ and Ŷ .

The guess-and-verify linear price-dividend ratio for the asset writes as

zd
t = Ad

0 + Ad
1xt + Ad

2Tt + Ad
3Yt + Ad

4Pt + Ad
5T̂t + Ad

6Ŷt. (55)

The Campbell-Shiller approximation for the cum-dividend return rd of the asset is such that

rd
t+1 = κd

0 + ∆dt+1 + κd
1z

d
t+1 − zd

t , (56)

κd
1 = ez̄d

ez̄d + 1 , κd
0 = ln(ez̄d + 1) − κd

1z̄
d, (57)

z̄d = Ad
0 + Ad

1x̄+ Ad
2T̄ + Ad

3Ȳ + Ad
4P̄ + Ad

5
¯̂
T + Ad

6
¯̂
Y.

The Ad’s get identified from the Euler equation

1 = Et[exp(mt+1 + rd
t+1)],
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which can be re-cast in a similar fashion as earlier as

0 = θ log δ + (θ − 1)κc
0 + κd

0 + (1 − φ)
[
µ+ Ω(βŶt + (ν − 1)[T̂t − P̄ ])

]
+ Et[rvd

t+1] + 1
2Vt[rvd

t+1]

rvd
t+1 = (φ− γ)∆ct+1 + χ1ΩTt+1 + χ2ΩYt+1 + χ3Γ(Pt+1 − P̄ )

+ (θ − 1)[zc
t+1 − κc

1z
c
t ] + κd

1z
d
t+1 − zd

t + σu

√
1 + πuYtut+1

Identifying the xt terms

0 = (φ− γ) + (θ − 1)[ρ− κc
1]Ac

1 + [ρκd
1 − 1]Ad

1

Ad
1 = (φ− 1/ψ)(1 + ΩΘ) + κd

1Θ(Ad
2 + Ad

3)
1 − ρκd

1
(58)

Identifying the Tt terms

0 = (φ− γ)Ω(ν − 1) + χ1Ων + χ2Ω + (ν − 1)

+ (θ − 1)[(ν − κc
1)Ac

2 + (ν − 1)Ac
3] + (κd

1ν − 1)Ad
2 + κd

1(ν − 1)Ad
3

Ad
2 = (φ− 1/ψ)Ω(ν − 1) + χ1Ων + χ2Ω(ν − 1) + κd

1(ν − 1)Ad
3

1 − νκd
1

(59)

Identifying the Yt terms

0 = (φ− γ)Ωβ + χ2Ωβ + (θ − 1)(β − κc
1)Ac

3 + (κd
1β − 1)Ad

3 + 1
2V

ed
2

Ad
3 =

(φ− 1/ψ)Ωβ + χ2Ωβ − 1
2

(
1 − 1

θ

)
V ec

2 + 1
2V

ed
2

1 − βκd
1

(60)

V ed
2 = πη[βd

η − λη]2σ2
η + πϵ[βd

ϵ − λϵ]2σ2
ϵ + πζ [βd

ζ − λζ ]2σ2
ζ + πω[βd

ω − λω]2σ2
ω + πι[βd

ι − λι]2σ2
ι + πuσ

2
u

(61)
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Identifying the Pt terms

0 = (φ− γ)[Ω(1 − ν) + Γα] + (χ1Ω + χ2Ω)(1 − ν) + χ3Γα + (θ − 1)[(1 − ν)(Ac
2 + Ac

3) + (α− κc
1)Ac

4]

+ κd
1(1 − ν)(Ad

2 + Ad
3) + (κd

1α− 1)Ad
4

Ad
4 = (φ− 1/ψ)[Ω(1 − ν) + Γα] + (χ1 + χ2)Ω(1 − ν) + χ3Γα + κd

1(1 − ν)(Ad
2 + Ad

3)
1 − κd

1α
(62)

Identifying the T̂t terms

0 = (1 − φ)Ω(ν − 1) +
[
κd

1ν − 1
]
Ad

5 + κd
1(ν − 1)Ad

6

Ad
5 = (1 − φ)Ω(ν − 1) + κd

1(ν − 1)Ad
6

1 − νκd
1

(63)

Identifying the Ŷt terms

0 = (1 − φ)Ωβ +
[
κd

1β − 1
]
Ad

6

Ad
6 = (1 − φ)Ωβ

1 − βκd
1

(64)

Identifying the intercept terms

0 = θ log δ + κd
0 + (1 − γ)[µ− ΓαP̄ ] − χ3ΓαP̄ + (1 − φ)Ω(1 − ν)P̄ + κd

1(1 − ν)(Ad
5 + Ad

6)P̄

+ (θ − 1)[κc
0 + (1 − κc

1)Ac
0 + (1 − α)P̄Ac

4] + (κd
1 − 1)Ad

0 + κd
1(1 − α)P̄Ad

4 + 1
2V

ed
1
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Let’s define the dividend process exposures

βd
η = φ (65)

βd
ϵ = κd

1A
d
1 (66)

βd
ζ = κd

1(Ad
2 + Ad

3) + φΩ + χ1Ω (67)

βd
ω = κd

1A
d
3 + φΩ + χ2Ω (68)

βd
ι = κd

1A
d
4 + φΓ + χ3Γ (69)

and

V ed
1 = [βd

η − λη]2σ2
η + [βd

ζ − λζ ]2σ2
ζ + [βd

ϵ − λϵ]2σ2
ϵ + [βd

ω − λω]2σ2
ω + [βd

ι − λι]2σ2
ι + σ2

u (70)

So that the coefficient simplifies out as

Ad
0 =

log δ + (1 − 1/ψ)µ− (φ− 1/ψ)ΓαP̄ + (1 − φ)Ω(1 − ν)P̄ + ad
0 − 1

2

(
1 − 1

θ

)
V ec

1 + 1
2V

ed
1

1 − κd
1

(71)

ad
0 = κd

0 + κd
1(1 − α)P̄Ad

4 + κd
1(1 − ν)(Ad

5 + Ad
6)P̄ − χ3ΓαP̄

Eventually, the returns on the dividend process can be expressed and simplified as

rd
t+1 = κd

0 + ∆dt+1 + κd
1z

d
t+1 − zd

t

= − log δ + 1
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and in turn

ln Et[exp(rd
t+1)] = − log δ + 1
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ψ
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when defining the constant terms
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Eventually, the equity risk premium from Propositions 2 is

ERP d
t = ln Et[exp(rd

t+1)] − rf,t
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Appendix C Proof of signs

We work under the assumption that the preference parameters are γ > 1 and ψ > 1 so

that θ < 0. The damage and transition coefficients are Ω < 0 and Γ < 0. The economic to

temperature impact parameter Θ > 0. We also focus on the case where χ1 = χ2 = χ3 = 0

Also, from their definitions in 28 and 57,respectively, κc
1 > 1 and κd

1 < 1

C.1 Short-run risk

The signs of short-run and long-run risk coefficients, price of risk, and exposures are straight-

forward.

On the short-run front, these variables are all single positive coefficients, so that λη > 0,

βc
η > 0, βd

η > 0.

C.2 Temperature risks

First, focusing on temperature change from 33 and 60 we can conclude that Ac
3 < 0 and

Ad
3 < 0 in all cases when stochastic volatility is off. In turn the price of risk λω < 0, and the

exposures βc
ω < 0, βd

ω < 0. All these negative signs are nuanced when stochastic volatility is

incorporated.

Second, when still staying clear of stochastic volatility, from 32 and 59 we can conclude

that Ac
2 > 0 and Ad

2 > 0. Then, we can identify the regularity conditions that let Ac
2 +Ac

3 < 0

and similarly Ad
2 + Ad

3 < 0. From 32 and 33, the regularity condition is (1 − 1/ψ)Ω(ν − 1) +

(κc
1 − 1)Ac

3 + 1
2θ
V ec

2 < 0 and simplifies out to κc1−1
κc1−β

β < 1 − ν. This condition is numerically

verified. In turn we can conclude that the temperature level price of risk is negative λζ < 0,

and so are the exposures βc
ζ < 0, βd

ζ < 0.
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C.3 Long-run risk

On the long-run front, from 31, without economic impact on temperature we would conclude

immediately that Ac
1 > 0, and in turn λϵ > 0 and βc

ϵ > 0. From 58 we would conclude that

Ad
1 > 0, and in turn βd

ϵ > 0. However, the econo-temperature interplay mutes the long-run

risk key coefficients Ac
1 and Ad

1 via two channels: the direct damage channel via ΩΘ < 0,

and the secondary channel via Θ(Ac
2 + Ac

3), and symmetrically Θ(Ad
2 + Ad

3), which are also

negative under the previous regularity condition.

C.4 Policy risk

Policy risks are facing multiple cross-currents. They inherit from the damage risk stemming

from temperature, while directly capturing transition risks.

First, leaving aside both stochastic volatility and transition risks, the previous condition

would let us conclude from 35 that Ac
4 < 0. In turn λι < 0 and βc

ι < 0, βd
ι < 0.

These signs are all counteracted by transition risk, and depending on the strength of the

relative factors, may flip entirely. We eventually notice an intriguing knife-edge case, if γ < ϕ,

and Γ is small enough that λι < 0, one may concommittantly observe βd
ι > 0.
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Appendix D Table of calibrated parameters

Process Parameter Notation Value
Preferences

time impatience δ 0.998
relative risk aversion γ 10
elasticity of intertemporal substitution ψ 1.5

Consumption
equilibrium consumption growth µc 0.0015
volatility of the short-run risk ση 0.0078
volatility of the long-run risk σϵ 0.00034
persistence of the long-run risk ρ 0.979

Temperature
initial temperature T0 1.25°C
persistence of the temperature ν 0.999
volatility of the temperature risk σζ 0.033

Temperature change
persistence of the signal β 0.962
volatility of the signal σw 0.02

Policy
initial policy temperature P0 4°C
long-run target temperature P̄ 4°C
persistence of the policy α 0.9999
volatility of the policy risk σi 0.045

Feedbacks
damage coefficient Ω -0.0102
transition coefficient Γ 0.0004
economic impact on temperature Θ 0.2

Stochastic volatility
stochastic volatility of the short-run risk πη 2.96
stochastic volatility of the long-run risk πϵ 0.00

Dividends
dividend leverage φ 2.5
volatility of the dividend risk σu 0.00

Table 6: Calibrated model parameters. Simulations are performed on monthly time
steps. We generate 100000 paths.
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Appendix E Calibration

E.1 Climate module

The climate module captures the salient features of climate physics. It is calibrated so that

certain percentiles of its distributional paths replicate benchmark climate scenarios.

Figure 7: Calibration of ν parameter. Trajectory of global temperature anomaly in NGFS
Current Policy scenario and mean estimate across the temperature paths in our climate
module.

Figure 8: Calibration of σι parameter. Percentiles of temperatures in our climate module
versus NGFS scenarios. ν = 0.99895, α = 0.9999, σζ = 0, σι = 0.045, P0 = P̄ = 4.
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Figure 9: Calibration of σζ parameter. Percentiles of temperatures in our climate module
versus NGFS scenarios. ν = 0.99895, α = 0.9999, σζ = 0.033, σι = 0.0, P0 = P̄ = 4. Solid
lines represent simulation quantiles, Dashed lines represent NFGS Current Policies quantiles.

E.2 Vanishing temperature change process

Figure 10 illustrates the calibration of the persistence of the Yt process. The Yt process

converges to zero in all three cases in the chart because the impact of the initial temperature

shock is not permanent. With β = 0.96, the impact of the initial shock is almost zero after

120 months. With a higher β = 0.99, 30% of the initial shock remains in the system after

120 months, representing a more persistent impact.

Figure 10: Temperature change memory persistence. Suppose the temperature jumps
by 1°C at the beginning and then stays constant (the blue line). The green, orange and red
lines illustrate the dynamics of the Yt process with different βs.

44



Figure 11 illustrates the calibration of the volatility parameter σω which is fitted to

replicate at the 5th and 95th percentile of the Yt process distribution the profile of longer

(15-year) and shorter (5-year) memory processes than the 10-year memory used as benchmark.

Figure 11: Calibration of σω parameter. Percentiles of temperatures in our climate
module versus model with varied β corresponding to 5-year and 15-year memory.

E.3 Calibration of damages

Figure 12 illustrates the expected consumption under the two damage scenarios in comparison

with the counterfactual consumption. The expected consumption growth in the counterfactual

case is assumed to be 1.8% per year, similar to the assumed annual GDP growth in the SSP2

scenario, which is also the counterfactual GDP growth rate used by the NGFS scenarios.

With this growth rate, the expected consumption by 2100 will be 4.5 times higher than

today’s level. Under the “Low Damage” scenario, the expected consumption by 2100 is about

3 times higher than today’s level, implying a loss of 33%. Under the “High Damage” scenario,

the consumption loss increases to 44%.

The expected consumption growth also falls due to the impact of the rising tempera-

tures. In particular, it falls significantly during the rapid warming period. However, the

drop in consumption growth is not permanent. As temperature stabilizes, the impact of
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Figure 12: Expected consumption under two damage scenarios and counterfactual.
Mean trajectory of consumption in levels (LHS) and representative path for consumption
growth (RHS).

rising temperature gradually fades, and the consumption growth will converge back to the

counterfactual level in a long horizon; see Figure 12 for an illustration.

E.4 Calibration of transition costs

Figure 13 presents the profiles of transition costs, denominated as % of GDP loss compared

to the counterfactual, of key NGFS scenarios. The "Net zero 2050" scenario losses are used

to calibrate our Γ parameter.

46



Figure 13: Transition under different NGFS scenarios. Plots in following order: GCAM,
Message and Remind. World figures.
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E.5 Calibration of economic impact on temperature

Table 7 presents the average growth rates recorded along the five shared socioeconomic

pathways envisioned by the IPCC.

SSP1 SSP2 SSP3 SSP4 SSP5
Average annual growth rate 2.02% 1.99% 1.15% 1.44% 2.75%

Table 7: Average global GDP growth rates between 2025 and 2100

Figure 14 presents the quantiles of temperature pathways in the situation where xt is

permanently adding 1 percentage point of growth to our framework. Our Θ parameter is

calibrated so that a temperature of 5°C by the end of the century, typically considered in the

climate literature as a temperature level that could start jeopardizing human life on Earth, is

recorded in the last percentile of the temperature distribution.

Figure 14: Calibration of economic activity impact on temperatures. Simulation
parameters: Θ = 0.2, ρ = 1, x0 = 0.01/12, σζ = 0 and σι = 0.
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Appendix F Supplementary numerical results

Figure 15: Risk-free rate time-profile for different transition costs. Parameters:
Ω = −0.0102,Θ = 0.2, πη = 0 varying Γ.

Figure 16: Risk-free rate time-profile for different strengths of economic impact to
temperature. Parameters: Ω = −0.0102,Γ = 0.00045, πη = 0 varying Θ.

49



Figure 17: ERPs with climate vs counterfactual. Five components.

Figure 18: ERP sensitivity to transition and damage risks. Heatmap response of
equilibrium ERP to varying Ω and Γ parameters.
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Appendix G Dividends’ specific exposure to physical

and transition risk

Our modeling framework accommodates a variety of dividend processes. While the simple

leverage-consumption paradigm is suited to model global equity, it falls short in capturing

sectoral, geographical or idiosyncratic patterns. The setup extends naturally to express the

fact that certain assets may be more (or less) exposed to physical, transition or stranding

risk than the global equity market

∆dt+1 = φ∆ct+1 + (1 − φ)
[
µ+ ΩŶt+1

]
+ χ1ΩTt+1 + χ2ΩYt+1 + χ3Γ(Pt+1 − P̄ ) + σu,tut+1.

(75)

Structurally, the exposures of the dividend process reflect the additional components.

Letting the standard notations relate to the dividend process described in Equation (75), two

exposures from Lemma 2 are impacted:

1. The exposure to the temperature level risk is now βd
ζ = κd

1(Ad
2 + Ad

3) + φΩ + χ1Ω;

2. The exposure to the temperature change risk is now βd
w = κd

1A
d
3 + φΩ + χ2Ω;

3. The exposure to the policy risk is now βd
ι = κd

1A
d
4 + φΓ + χ3Γ.
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