CHAL

UNIVERSITY OF TECHNOLOGY

DICE and the Carbon Budget for Ambitious Climate Targets

Downloaded from: https://research.chalmers.se, 2026-04-07 02:41 UTC

Citation for the original published paper (version of record):

Azar, C., Johansson, D. (2021). DICE and the Carbon Budget for Ambitious Climate Targets. Earth's
Future, 9(7). http://dx.doi.org/10.1029/2021EF002041

N.B. When citing this work, cite the original published paper.

research.chalmers.se offers the possibility of retrieving research publications produced at Chalmers University of Technology. It
covers all kind of research output: articles, dissertations, conference papers, reports etc. since 2004. research.chalmers.se is
administrated and maintained by Chalmers Library

(article starts on next page)



Earth's Future

COMMENTARY
10.1029/2021EF002041

Key Points:

«  We use the DICE model to estimate
the available carbon budget for
meeting Paris-styled temperature
targets

« We find that the available carbon
budget is a factor of five lower than
estimates by more advanced climate
models

«  We then update DICE using state-of-
the-art models of earth system and
explain why DICE estimates find a
too low carbon budget

Supporting Information:

Supporting Information may be found
in the online version of this article.

Correspondence to:

C. Azar,
christian.azar@chalmers.se

Citation:

Azar, C., & Johansson, D. J. A. (2021).
DICE and the carbon budget for
ambitious climate targets. Earth's
Future, 9, e2021EF002041. https://doi.
0rg/10.1029/2021EF002041

Received 16 FEB 2021
Accepted 21 JUN 2021

Author Contributions:

Conceptualization: Christian Azar,
Daniel J. A. Johansson

Formal analysis: Christian Azar,
Daniel J. A. Johansson

Funding acquisition: Daniel J. A.
Johansson

Investigation: Christian Azar, Daniel
J. A. Johansson

Methodology: Christian Azar, Daniel
J. A. Johansson

Software: Daniel J. A. Johansson
Writing - original draft: Christian
Azar, Daniel J. A. Johansson

© 2021. The Authors. Earth's Future
published by Wiley Periodicals LLC on
behalf of American Geophysical Union.
This is an open access article under
the terms of the Creative Commons
Attribution-NonCommercial-NoDerivs
License, which permits use and
distribution in any medium, provided
the original work is properly cited,

the use is non-commercial and no
modifications or adaptations are made.

’.) Check for updates

A ’ l l ADVANCING

EARTHAND

nvu SPACE SCIENCE

ik

DICE and the Carbon Budget for Ambitious Climate
Targets
Christian Azar' ©© and Daniel J. A. Johansson'

"Department of Space, Earth & Environment, Division of Physical Resource Theory, Chalmers University of
Technology, Goteborg, Sweden

Abstract The Dynamic Integrated Climate-Economy (DICE) model is one of the most influential
Integrated Assessment Models available. Its founder Professor William Nordhaus was recently awarded
Sveriges Riksbank Prize in Economic Sciences in Memory of Alfred Nobel due to his pioneering work
on the economics of climate change. In a recent paper in American Economic Journal: Economic Policy,
Nordhaus uses the model to conclude that a 2.5°C target is almost out of reach. In this paper, we update
DICE 2016 R2 with state-of-the-art models of the carbon cycle, heat uptake into the oceans, and the role
of non-CO, forcers. We find that the allowable remaining carbon budget (over the period 2015-2100)

to meet a 2.5°C target to be 2,360 GtCO, whereas the estimate obtained using DICE 2016 R2 is about
460 GtCO,. Nordhaus's estimate of the remaining carbon budget for this target is hence five times
lower than estimates made by our updated DICE. We also compare our results with estimates by the
Intergovernmental Panel on Climate Change (IPCC), and find our results to be in line with the carbon
budgets presented in IPCC SR 1.5. We explain the reasons behind the difference between our result and
that of Nordhaus and propose that an updated climate module in DICE is warranted.

Plain Language Summary The Dynamic Integrated Climate-Economy (DICE) model is one
of the most commonly used Integrated Assessment Models to analyse climate policy. It was developed

by William Nordhaus who subsequently received the Nobel Prize in economics largely as a result of

his work with DICE. Nordhaus has used the DICE model to conclude that ambitious climate target
appears infeasible as a consequence of inertia in the climate system. In this paper, we show that there are
significant problems with the geophysical modules in DICE. This implies that DICE estimates the carbon
budget for ambitious climate targets to be many times smaller than the carbon budget estimated by the
IPCC. We update DICE with state of the art climate modules and find results in line with IPCC. Through
this procedure we can explain why DICE significanty underestimates the carbon budgets. Since DICE
has such a strong standing among modellers, economists, and policy makers, understanding that DICE
yields a too low carbon budget for ambitious climate targets and why that is the case is important. We
also believe that updating the climate science modules of DICE is warranted if it is to be able to capture
climate policy aspects relevant for the two degree target.

1. Introduction

Professor William Nordhaus was awarded the Sveriges Riksbank Prize in Economic Sciences in Memory
of Alfred Nobel in December 2018 due to his pioneering work on the economics of climate change. A sub-
stantial part of Professor Nordhaus's research in this field has been to develop and continuously improve
the Dynamic Integrated Climate-Economy (DICE) model. The DICE model pioneered the field when it was
first presented in the early 1990s (Nordhaus, 1992, 1994), and it is still highly influential within the field of
the economics of climate change.

In a recent paper in the American Economic Journal: Economic Policy, Nordhaus presents results from the
most recent update of DICE, version 2016R2 (Nordhaus, 2018b). Among a range of results presented in the
paper, he finds (see p. 334) that “the international target for climate change with a limit of 2°C appears to
be infeasible with reasonably accessible technologies even with very ambitious abatement strategies. This is
so because of the inertia of the climate system, rapid projected economic growth in the near term, and re-
visions in several elements of the model. A target of 2.5°C is technically feasible but would require extreme
and virtually universal global policy measures in the near future.
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Reaching ambitious temperature requires strong and internationally coordinated climate policies. However,
in this paper, we find that reaching such climate targets is likely much easier than what Nordhaus concludes
from running DICE. The reason for this is that DICE 2016R2 significantly underestimates the allowable
emission space for carbon dioxide emissions when it comes to reaching temperature targets in the range of
1.5-2.5°C.

The recent special report “Global Warming of 1.5°C” by the Intergovernmental Panel on Climate Change
(Rogelj et al., 2018), hereafter referred to as IPCC SR1.5, finds significantly higher carbon emission trajec-
tories toward these low-temperature targets, and even concludes that “limit global warming to 1.5°C with
no or limited overshoot” is not necessarily out of reach. They also provide emissions, energy, and land use
scenarios generated by Integrated Assessment Models that reach stabilization at around 1.5°C above the
pre-industrial level.

The aim of this note is to (a) to recalibrate and update some key features of the physical aspects of DICE, (b)
use this updated version of DICE to generate estimates of the allowable carbon budget to meet Paris-styled
temperature targets, and (c) explain why the most recent version of the DICE model (version 2016R2) gen-
erates such low estimates of the allowable carbon budgets for ambitious climate targets compared to the
IPCC SR1.5 report.

In short, we have identified three reasons explaining why DICE generates this low-carbon budget for strin-
gent climate targets. The first is related to the carbon cycle, the second to the inertia of the climate system
(basically the heat uptake by the oceans) and, the third to the assumed exogenous trajectory for the radiat-
ing forcing from non-CO, climate forcers.

In several earlier studies, the geophysical module in DICE (various versions of it) has been analyzed or mod-
ified (Azar & Sterner, 1996; Dietz et al., 2020; Faulwasser et al., 2018; Glotter et al., 2014; Hinsel et al., 2020;
Johansson et al., 2020; Joos et al., 1999; Rickels et al., 2018; Su et al., 2017; van Vuuren et al., 2011), but none
has explicitly analyzed what it means for the remaining cumulative carbon emission budget for a given
stabilization target, and none has compared the implications for the most recent version of DICE (2016R2).

Furthermore, when analyzing which changes in DICE from its 1992 version to its most recent version had
the largest impact on the social cost of carbon and the temperature in the year 2100 in the business as usual
scenario, Nordhaus identified changes in the way he represents the carbon cycle as the most important mod-
ification (Nordhaus, 2018a). This suggests that further analysis of the way the carbon cycle is modeled is of
interest.

2. Methodology

In this note, we solely focus on how the geophysical module of DICE matters for emission pathways and
cumulative emissions budgets compatible with ambitious-temperature targets and leave economic issues,
such as finding the optimal climate target, the cost of stabilization, and social cost of carbon aside (for this
reason, the climate damage function is set to zero in our runs).

The following changes to DICE 2016R2 model were introduced (see Supporting Information for more
details):

1. The linearized carbon cycle representation in DICE was changed to the carbon cycle representation in
the simple climate model FAIR (Millar et al., 2017; Smith et al., 2018). The FAIR model was used to as-
sess the climate impact of various emissions pathways in IPCC SPR 1.5 (Rogelj et al., 2018), and it takes
into account non-linearities in the carbon cycle and climate-carbon cycle feedbacks. We chose to use
FAIR since it reproduces more complex climate models well and since it is widely used by the IPCC, but
of course, other approaches could have been used, for example (Meinshausen, Sith et al., 2011; Sterner
& Johansson, 2017; Strassmann & Joos, 2018).

In his American Economic Journal article, Nordhaus (2018b) writes that the 2016 version of DICE in-
corporates new research on the carbon cycle. Earlier versions of the DICE model were calibrated to fit
the short-run carbon cycle (primarily the first 100 years). Because the new model is in part designed to
calculate long-run trends, such as the impacts on the melting of large ice sheets, it was decided to change
the calibration to fit the atmospheric retention of CO, for periods up to 4,000 years. Based on studies of
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Global annual CO, emissions - 2.5 °C warming Archer et al. (2009), the 2016 version of the three-box model does a much
45 better job of simulating the long-run behavior of larger models with full
& a0 ocean chemistry. This change has a major impact on the long-run carbon
§N 35 —DICE-2015 R2 concentrations.”
& 30 —DICE-recalibrated This improvement over previous versions is worth acknowledging.
2 25 However, his approach still does not take into account non-linearities
é 20 in the carbon cycle. This is important since larger fractions of CO,
§ 15 emissions pulse stays in the atmosphere, the higher the CO, concen-
Tg“ 10 tration is (Archer et al., 2009; Caldeira & Kasting, 1993; Maier-Reim-
< 5 er & Hasselmann, 1987). In DICE 2016R2, the carbon cycle appears
0 to have been linearized around a relatively high concentration of
2015 2035 2055 2075 2095 CO,. This implies that more carbon stays in the atmosphere in DICE
Time (year)

Figure 1. CO, emission pathways in Dynamic Integrated Climate-

2016R2 for each pulse emission of CO, than in more advanced rep-
resentations that take this non-linearity into account for atmospheric

Economy (DICE) for 2016 R2 version and the recalibrated version CO; concentrations compatible with Paris-styled temperature targets.

presented in this paper.

As a consequence, the temperature effect of each ton of CO, emitted is
likely to be too high in DICE 2016R2 for concentration levels compat-
ible with stabilization of global mean surface temperature around 2°C
(see Supporting Information for more information).

2. The temperature response to changes in radiative forcing in DICE 2016R2 is somewhat at odds with the
response in state-of-the-art climate system models (see Supporting Information for more information).
We have thus recalibrated the Energy Balance Model (EBM), so that its parameterization represents the
average characteristics of climate models used in the Coupled Model Intercomparison Project Phase 5
(CMIP5) (Geoffroy et al., 2013). The equilibrium response, that is, the climate sensitivity, is fine in DICE
(being 3.1°C for a doubling of the CO, concentration), and it is hence left unchanged.

3. The scenario assumption for the radiative forcing from non-CO, climate forcers in DICE 2016R2 is sub-
stantially higher than what is estimated in other climate scenario work, for example, Representative
Concentration Pathways (RCP) 2.6 and 4.5 (W/m?), when analyzing pathways compatible with stabili-
zation of global mean surface temperature around 2-3°C above the pre-industrial level (see Supporting
Information for more information). The IPCC SR 1.5 states that “non-CO, emissions in pathways that
limit global warming to 1.5°C show deep reductions.” Hence, abatement of non-CO, emissions is critical
and economically justified when aiming for stringent climate stabilization levels, but in DICE 2016 R2,
they are exogenously given at a somewhat high level. In our modification of the model, we have changed
the radiative forcing scenario for non-CO, forcers so that it matches an intermediate value of the forcing
in the RCPs 2.6 and 4.5 (Meinshausen, Raper et al., 2011).

3. Results

In Figure 1, we report our results. We find that the changes described above lead to a substantial increase of the
CO, emissions space for a stabilization of the global mean surface temperature at 2.5°C above the pre-industrial
level compared to Nordhaus's finding (2.5°C is basically the lowest stabilization target that can be met in DICE
2016 R2). The cumulative carbon budget between 2015 and 2100 for a 2.5°C stabilization target in DICE 2016 R2 is
about 460 GtCO,, while in the recalibrated version, it is 2,360 GtCO,, that is, an increase by roughly a factor of five.

All three changes described above contribute to increase the CO, budget for a 2.5°C target. The impact
of each change on the emission budget depends on the order with which the changes are implemented
in the model due interdependencies between the changes. Changing the carbon cycle increases the CO,
budget with about 400-800 GtCO,, and the budget impact of changing the EBM is largely similar to that
of the carbon cycle, while changing the non-CO, pathway has a slightly larger impact on the cumulative
budget.

Furthermore, we estimate the carbon budget for the 2°C target (see Figure S4). In DICE 2016 R2, this target
cannot be met, so no budget is available. In the recalibrated version the cumulative emissions are about 1,400
GtCO, for the period 2015-2100. This is in line with the remaining estimated cumulative CO, emissions
budget for the 2°C target taken from IPCC SR1.5 where it is 1620 GtCO; if the target should be met with a
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50% chance and 1,290 GtCO, if the target should be met with a 67% chance (Rogelj et al., 2018). Hence, our
updated DICE gives results in line with IPCC SR1.5 (see Supporting Information for further details).

For the 2°C target the estimated budget after 2015 in our updated DICE is about 3 times as large as the
budget for a 2.5°C target estimated using DICE 2016 R2.

Finally, we also want to point out that for large cumulative CO, emissions, in the order of 10,000 GtCO,,
DICE 2016R2 model gives roughly correct results for the relationship between cumulative emissions and
long-run CO, concentration. Hence, in a scenario with large cumulative CO, emissions the carbon cycle in
DICE 2016R2 works better to estimate long-run concentration levels.

4. Conclusion

The DICE model is one of the most influential IAMs. In this paper, we have analyzed the geophysical mod-
ule of the DICE 2016R2 model (Nordhaus, 2018a). We did that by modifying the carbon cycle, the energy
balance model, and the assumed radiative forcing from non-CO, greenhouse gases and aerosols. We then
used this updated DICE model to estimate the carbon budget available to meet the 1.5, 2, and 2.5°C targets
(see Figure S4). Our estimates are compatible with the estimates made by state-of-the-art integrated assess-
ment models as reported by the IPCC (Rogelj et al., 2018).

We then compared Nordhaus version (DICE 2016 R2) with our results and found that the estimated carbon
budget for a 2.5°C target is found to be five times higher in our updated DICE than in DICE 2016R2. More
specifically, in DICE 2016R2, the carbon emissions associated with the 2.5°C target drop to roughly zero by
the year 2040. However, with our modifications to DICE 2016R2, emissions can remain roughly constant to
the year 2050 and then fall to around zero by 2085 (see Figure 1).

Clearly, this conspicuous difference in carbon emission trajectories has a major impact on the political,
economic, and technical effort required to meet ambitious temperature targets. For that reason, we believe
that caution is required when using DICE 2016 R2 to draw firm conclusions about the feasibility to meet
stringent-temperature targets. Although meeting the 2 or 2.5°C targets still requires a huge political and
technological effort, it is significantly less than what is suggested by the DICE 2016 R2 model.

It can also be noted that the estimated carbon budget for the 1.5°C target as given in IPCC SR1.5 is higher
than the emission budget for the 2.5°C target in DICE 2016 R2. This means that Nordhaus's policy conclu-
sion that pertains to the 2.5°C target is more relevant for the 1.5°C target.

One reason for the difference in results has to do with how Nordhaus has implemented the carbon cycle
in his model. His approach gives too large an atmospheric concentration response for each pulse emission
(given background CO, concentrations compatible with the Paris-agreement targets). However, his approach
works fine for much higher atmospheric concentrations. For cumulative carbon budgets reaching approxi-
mately 10,000 GtCO,, his carbon cycle model becomes a better approximation of state-of-the-art assessments.

Our results suggest that the Earth system component of DICE 2016R2 needs updating to bring it in line
with state-of-the-art Earth system model results. We recommend that DICE be so updated before it is used
to assess costs and greenhouse gas emissions trajectories, especially for meeting ambitious climate targets
and determining the social cost of carbon.

Data Availability Statement

The GAMS code for the revised version of DICE is available at https://github.com/DanielJohansson
Chalmers/DICE-Revised.
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