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Abstract:We develop a novel analysis of climate change and policy regarding climate
damages to growth under regional cooperation or noncooperation. We introduce a
new stylized climate module and compute the regional social cost of carbon (SCC)
when climate change impacts the growth rate of regional GDP under cooperation
and noncooperation between regions. We find that in the presence of climate damage
to economic growth, the regional SCC is high in either a cooperative or a noncooper-
ative world, implying that it is optimal for each region to choose stringent climate pol-
icies. Moreover, relative to cooperation, noncooperation reduces the GDP of countries
in both high northern latitudes and the tropics, while the loss for developing countries in
the tropics is especially significant. The welfare losses to the tropics are larger still in the
absence of compensatory transfers from wealthier regions most responsible for climate
change.
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the presence of climate damage to economic growth,1 the regional social cost of carbon
(SCC) is high for either a cooperative world (modeled as world social welfare optimi-
zation) or a noncooperative world (modeled as an open-loop Nash equilibrium). Un-
like much of the climate economics literature considering world social welfare optimi-
zation, we do not allow compensatory income and wealth transfers across regions. We
believe such compensatory transfers are unrealistic. In our baseline case, under coop-
eration the initial regional SCC is $806/tCO2 (per ton of carbon dioxide) for the high
northern latitude region, and $117/tCO2 for the tropical region, while under nonco-
operation the numbers become $49/tCO2 and $137/tCO2 for the high northern lat-
itude region and the tropical region, respectively.2 These numbers tell us that under
either cooperation or noncooperation it is always optimal for each region to choose strin-
gent climate policies. Moreover, in the baseline case, it is optimal for each region to keep
the global mean atmospheric temperature anomaly in this century below 1.5°C under
cooperation, or below 2°C under noncooperation. These conclusions are robust in our
other five major cases.

The second interesting finding of this study is that the regional SCC for the devel-
oped countries in the high northern latitudes is higher than for the developing coun-
tries in the tropical region in a cooperative world, although climate change has little
impact on the economic growth of many countries in the high northern latitudes in
this century. This is because consumption in the developing countries in the tropical
region has higher marginal utility than in the developed countries in the northern re-
gion. The social welfare planner wishes to maximize total utility and thus tries to equate
marginal utilities across regions. The planner would like to transfer additional income
or wealth across regions for each gigaton of carbon emitted, especially from rich re-
gions to poor regions that are harmed more by climate change. But since direct trans-
fers of income and wealth across regions are shut down, the social planner uses differ-
entiated carbon taxes to achieve some second-best redistribution. That is, this constraint
on income or wealth transfers raises the marginal damage to the whole world from emit-
ting a gigaton of carbon anywhere. Hence SCCs will be increased over the case where in-
come/wealth transfers are allowed, and SCCs in the nontropics will be increased a lot
because reduction of nontropics emissions has a lower utility cost than that of the tropics.

However, we find that relative to cooperation, noncooperation causes little extra
loss of GDP in the developed countries in the high northern latitudes but leads to
1. Economic growth in this paper means the growth of gross domestic product (GDP).
2. We use US dollars ($) per ton of carbon dioxide as the unit of the SCC in this paper. The

SCC per ton of CO2 equals 12/44 times the SCC per ton of carbon.
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significant loss for the developing countries in the tropical region. In our baseline case,
noncooperation causes an extra 3.1% loss of output (i.e., $2,393 per capita) in the north-
ern region in 2100, relative to cooperation. But noncooperation reduces output by an
extra 20% (i.e., $6,907 per capita) in the tropics in 2100. In such a noncooperative
world, the northern region has a much smaller SCC, and at the same time, the regional
SCC for the tropics has no significant difference between cooperation and noncoop-
eration. The noncooperative SCC is higher than the cooperative SCC in the tropics
in some cases. This is because climate change causes little impact in the northern re-
gion but it causes severe damage in the tropics. The resulting higher emissions in the
northern region mean the poor tropics are induced to set carbon prices higher. The
initially poor and hot countries are made even poorer by severe climate change, which
is driven by the selfish policies of the developed countries in the high northern lati-
tudes in the noncooperative solution compared to the cooperative solution.

The third interesting finding of this study is that if we model the climate change
effect on the growth rate of total factor productivity (TFP), then it will significantly
increase the SCC in comparison to the 10-year lagged effect of climate change on TFP
levels, even when we use the same GDP scenarios to calibrate the TFP models. This
tells us that we should pay attention to the specification of climate damages.

One major uncertainty in climate change economics is how much damage to an econ-
omy climate change will impose. DICE (Nordhaus 2008, 2017) uses a quadratic dam-
age function and projects that the damage to instantaneous output will be 7.8% or 25.4%
if global average atmospheric temperature increases 6°C or 12°C, respectively, over the
preindustrial level. Since DICE assumes a perfect foresight dynamic model using a qua-
dratic damage function, it provides a relatively low SCC. Weitzman (2012) points out
that DICE significantly underestimates catastrophic climate damage. He changes the
quadratic damage function by adding a new term: a power function of temperature in-
crease with the exponent 6.754. The coefficient of the additional term is very small so
that it has almost no impact on damage when temperature increase is lower than 2°C,
but it leads to 50% or 99% damage to output if temperature increase is 6°C or 12°C,
respectively, and thus it implies a significantly higher SCC.3

In addition to climate damage to instantaneous output, researchers also find some
evidence that climate change can reduce economic growth. Evidence indicates that there
are large and negative effects of higher temperatures on growth in poor countries in
low-latitude regions. Dell et al. (2012) find an ∼1.3% reduction in economic growth
for a 1°C increase in global temperature, while Moore and Diaz (2015) and Dietz and
Stern (2015) find that if climate damage reduces economic growth then the global
SCC increases significantly. Rezai et al. (2018) show that climate damage to economic
growth leads to a dystopian income distribution if no climate policy is imposed. Diffen-
baugh and Burke (2019) show that global warming increases economic inequality, as it
reduces annual economic growth in hotter and poorer countries but increases it in many
3. Dietz and Stern (2015) apply Weitzman’s (2012) damage function to show this.
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cooler and wealthier countries relative to a world without anthropogenic warming. How-
ever, they do not analyze regional scale issues under the richer and more detailed climate
dynamics that we have here.4 Ueckerdt et al. (2019) combine estimates of climate change
impacts on economic growth for 186 countries and find that the global warming limit
that minimizes this century’s total economic costs of climate change lies between 1.9°C
and 2°C.

Empirical findings in the literature are still ambiguous about whether global warm-
ing reduces instantaneous output or economic growth. For example, Dell et al. (2012)
show that the effects of temperature persist for 10–15 years in poor countries. Burke
et al. (2015b) and Burke et al. (2018) find that global warming impacts economic growth,
leading to higher income in the high northern latitudes but significant loss in the tropical
region. Kalkuhl andWenz (2020) find that temperature affects productivity levels con-
siderably, but there is no evidence of its impact on permanent growth rates if nonmar-
ket impacts and costs due to sea level rise are excluded. Kahn et al. (2021) argue that
all regions (cold or hot, and rich or poor) will experience a relatively large fall inGDPper
capita by 2100 if there are no climate policies.5

Our model follows recent research work and assumes that the temperature anom-
aly affects economic growth, by modeling it with climate impact on the growth rate of
TFP or 10-year lagged climate impact on TFP levels. We calibrate climate impact us-
ing the projection GDP data of Burke et al. (2018). The model also incorporates heat
transfer from low latitudes to high latitudes and polar amplification, which means that
warming in the high latitudes increases faster than in the tropical region. Our results
are in line with recent findings, suggesting that damages from temperature increase at
low latitudes are much higher than at high latitudes.6

Almost every integrated assessment model (IAM) (e.g., DICE) uses a social plan-
ner model assuming that countries are unselfish and the social planner can allocate re-
sources between countries without any border friction. But if we have multiple regions
in a model, then under social welfare optimization this “unselfish region” assumption
will lead to extremely large capital flows between regions (from rich regions to poor re-
gions), as discussed in the pure Negishi solution in Nordhaus and Yang (1996). One
way to avoid unrealistic compensatory income or wealth transfers between regions is
to impose border frictions as in Cai et al. (2019). In this paper, for simplicity we assume
4. The literature also discusses the SCC under uncertainties of climate damage. See, e.g., Cai
et al. (2016), Cai et al. (2017), Cai and Lontzek (2019), Barnett et al. (2020), Dietz, Rising, et al.
(2021), and the recent review article by Cai (2021).

5. See Carleton and Hsiang (2016), Heal and Park (2016), Auffhammer (2018), Kolstad
and Moore (2020), Neumann et al. (2020), and Cai (2021) for more discussion about the cli-
mate impact on output levels and growth rates.

6. See, e.g., Meinshausen, Raper, et al. (2011), Burke et al. (2015b), Dennig et al. (2015),
Hsiang et al. (2017), Burke et al. (2018), and Kalkuhl and Wenz (2020).
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that the regional economy is closed, so there is no capital flow between regions (but for
each region, the social planner can allocate resources between countries inside the region
without any border friction). That is, cooperation between regions in our social planner’s
problem happens only on climate change mitigation (which will of course affect con-
sumption and capital investment). But this is a solution of the extreme case.

In this paper, besides this social planner’s solution, we also provide an open-loop
Nash equilibrium solution in the other extreme case when regions are noncooperative
and maximize own utility only taking into account climate change damages to their
own output. Climate policy under cooperation and noncooperation between regions
has been studied in the literature. For example, Dutta and Radner (2009) have a the-
oretical analysis of a dynamic commons game for modeling the global warming pro-
cess, in which the players are countries. RICE (Nordhaus 2010) studies the regional
SCC under a social planner’s model with weights on regional utilities, so it does not
study noncooperative outcomes.7 Van der Ploeg and de Zeeuw (2016) and Jaakkola
and van der Ploeg (2019) study tipping points without geographical regional specifi-
cation and poleward heat transport. Brock and Xepapadeas (2019) include heat trans-
port and regional specification, but they use a very simplified climate model without
multilayer modeling of the carbon cycle and focus on the Northern Hemisphere only.
Moreover, van der Ploeg and de Zeeuw (2016), Brock and Xepapadeas (2019), and
Jaakkola and van der Ploeg (2019) use continuous time models and solve the associ-
ated Hamilton-Jacobi-Bellman equations or Hamiltonian systems. Cai et al. (2019)
build a dynamic stochastic IAM with two regions to solve the optimal regional carbon
taxes under cooperation and feedback Nash equilibrium with heat transport, sea level
rise, permafrost thawing, adaptation, and climate tipping risks. They find that optimal
regional carbon taxes in the high northern latitude region are higher than in the trop-
ical region in both cooperative and noncooperative worlds. Hambel et al. (2021) pro-
vide analytical formulas for the SCC and optimal carbon taxes with international trade
in a noncooperative world.

However, none of these papers account for climate damages to the rate of growth
of regional GDP. Our results show very different patterns of climate policy relative to
the other papers mentioned. For example, we find that cooperation under damages to
the rate of growth of regional GDP does not lead to converging carbon taxes for the
regions as shown in van der Ploeg and de Zeeuw (2016). This is particularly because
we calibrate our climate-impacted TFP models with the recent empirical work of
Burke et al. (2018), which shows strongly asymmetric damages from climate change
in the regions: the tropical region suffers severe climate damages, while the high north-
ern latitude region has a little damage only.
7. However, an earlier version of RICE (Nordhaus and Yang 1996) does study noncooper-
ative equilibria and compares with the cooperative case. To our knowledge, none of the RICE-
type models has heat transport or climate damage to economic growth as does our model.
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The paper is organized as follows. Section 1 describes our model while some details
are provided in the appendices. Section 2 discusses cooperation and noncooperation.
Section 3 shows our numerical results, including the comparison of the regional SCC
between the regions, between two specifications of climate damage (damage to TFP
growth vs. damage to TFP levels), and between three GDP projection scenarios. Sec-
tion 4 concludes.

1. MODEL SETUP

There are two main ways to partition the globe into multiple regions in an IAM. One
way is to follow political and legal jurisdictions, but this can only provide a rough ap-
proximation of the regional climate systems. For example, the RICE model (Nord-
haus 2010)—the regional version of DICE (Nordhaus 2017)—treats the climate sys-
tem by using the globally averaged measure of temperature and neglects heat and
moisture transport and especially polar amplification. Hassler and Krusell (2012) ex-
tend Golosov et al. (2014) to multiregions. While their work is elegant, as is that of
Golosov et al. (2014), they do not deal with poleward heat transport, multilayer car-
bon cycles, and separation of atmospheric and oceanic layers, as we do here. Another
way to partition the globe is to follow physical laws in modeling the regional climate
systems (i.e., heat and moisture transfer between regions), but the regions may not
have strong political and legal jurisdictions. For example, Langen and Alexeev (2007)
build a general circulation model with two regions: the region from latitude 30°N to
90°N, and the region from latitude 0°N to 30°N.

In this study, we define three regions over the globe for the temperature system: the
North is the region from 30°N to 90°N (indexed as region 1), the Tropics is the re-
gion from 30°S to 30°N (indexed as region 2),8 and the South is the region from 90°S
(the South Pole) to 30°S (indexed as region 3). The directionalities of heat and mois-
ture transport are toward the North and the South from the Tropics (see Wunsch
2005, fig. 1). For the economic system, since the South has a relatively small amount
of economic activity, we merge it with the Tropics and name it the Tropics/South (also
indexed as region 2 for economic variables only for convenience). That is, we have two
economic regions while our climate system has three regions. The disaggregation in
these regions not only keeps track of the significant difference of their temperature
systems but also makes clear their significant economic difference since most countries
in the Tropics/South are poor and more vulnerable to climate change and most coun-
tries in the North are rich and less vulnerable. The parameter values are provided in
appendix A3. The structure of our model is depicted in figure 1.
8. Our tropical region is a bit wider than the standard definition of the tropics in geography,
i.e. [23.5°S, 23.5°N], in order to balance with economic variables and to follow Langen and
Alexeev (2007) for the heat transfer system.
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The economic module is based on a two-region differentiation of DICE-2016 (Nord-
haus 2017). Krusell and Smith (2017) compare the two market structures of complete
autarky and full international borrowing and lending and find that the market structures
do not have a large impact on their results. We have ignored serious modeling of mar-
ket structure in order to focus on some elements of geophysics that are ignored in other
contributions, including that of Krusell and Smith (2017).

Desmet and Rossi-Hansberg (2015) and Desmet et al. (2021) suggest that labor mo-
bility can dampen the costs of global warming. Here we assume that labor mobility is
exogenous and has already been addressed in the projection of populations in the eco-
nomic regions. In our model we also ignore capital transfer between the economic re-
gions for a more consistent comparison of solutions between cooperation and noncoop-
eration, as noncooperation leads to no capital transfer (Cai et al. 2019). But inside each
economic region there is no restriction on labor mobility or capital transfer as we assume
countries inside one economic region are cooperative. We impose the constraint that
there is no transfer of physical consumption or investment goods between the regions
Figure 1. Schematic of our model. Under cooperation, the forward-looking social planner
chooses mitigation and consumption in every economic region to maximize the sum of discounted
regional utilities across economic regions over time. Regional warming impacts the economic growth
in both the North and Tropics/South regions. Under noncooperation, each economic region’s de-
cision maker chooses their regional mitigation and consumption to maximize the sum of discounted
utilities of their own region over time.
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in order to prevent the social planner from equalizing incomes between the two regions,
as global income redistribution would distract from the main questions of mitigation of
climate change.

1.1. Climate System

The climate system contains two modules: a carbon cycle and a temperature subsys-
tem. Recently a “transient climate response to emissions” (TCRE) scheme has been
employed for economic analysis (e.g., Brock and Xepapadeas 2017; van der Ploeg 2018;
Dietz and Venmans 2019; Mattauch et al. 2020; Dietz, van der Ploeg, et al. 2021).
The TCRE scheme assumes that contemporaneous globally or even regionally average
atmospheric temperature increase is nearly linearly proportional to cumulative carbon
emissions (Matthews et al. 2009; Leduc et al. 2016). However, Dietz, van der Ploeg,
et al. (2021, fig. 5) show that DICE-2016R’s (Nordhaus 2017) climate system does
not lead to a large bias compared to the TCRE scheme using the welfare maximization
criterion andDICE-2016R’s economic system.Moreover, our climate system can be ex-
tended to study the impact of non-CO2 radiative forcing, sea level rise, and solar engi-
neering (a technology reflecting a small fraction of sunlight back into space or increasing
the amount of solar radiation that escapes back into space to cool the planet).

We follow DICE-2016R (Nordhaus, 2017) in using three layers of carbon concen-
trations: atmospheric carbon, carbon in the upper ocean, and carbon in the deep ocean,
which we denote asMt 5 (MAT

t ,MUO
t ,MDO

t )⊤, respectively. The carbon cycle dynam-
ics can be written as follows:

Mt11 5 FMMt 1 Et, 0, 0ð Þ⊤, (1)

where Et is the global carbon emission (billions of metric tons) andUM is the transition
matrix calibrated against four representative concentration pathways (RCP) scenarios,
that is, RCP2.6, RCP4.5, RCP6, and RCP8.5 (Meinshausen, Smith, et al. 2011). See
appendix A1 for more details.

The global radiative forcing represents the impact of CO2 concentrations on the
energy balance of the globe (watts per square meter from 1900) and also includes
the non-CO2 radiative forcing. We follow DICE-2016R to let the global radiative
forcing be

Ft 5 hlog2 MAT
t /MAT

＊

� �
1 FEXt , (2)

where h 5 3:68 and FEXt is the exogenous global non-CO2 radiative forcing as in
DICE-2016R.

We use (TAT
t,1 , TAT

t,2 , TAT
t,3 , TOC

t ) to represent the temperature anomaly (relative to
1900 levels) in the atmosphere of the three regions, the North, the Tropics, and the
South, and the global ocean, respectively. Thus, the temperature system is
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TAT
t11,1 5 (1 – y5)T

AT
t,1 – y2 TAT

t,1 – TOC
t

� �
1 y4 TAT

t,2 – TAT
t,1

� �
1 (y1 1 y6)Ft,

TAT
t11,2 5 (1 – y5)T

AT
t,2 – y2 TAT

t,2 – TOC
t

� �
–
y4

2
TAT
t,2 – TAT

t,1
� �

–
y4

2
TAT
t,2 – TAT

t,3
� �

1 (y1 1 y7)Ft,

(4)

TAT
t11,3 5 (1 – y5)T

AT
t,3 – y2 TAT

t,3 – TOC
t

� �
1 y4 TAT

t,2 – TAT
t,3

� �
1 y1Ft, (5)

TOC
t11 5 TOC

t 1 y3 TAT
t,1 – TOC

t
� �

1 2y3 TAT
t,2 – TOC

t
� �

1 y3 TAT
t,3 – TOC

t
� �

: (6)

Here the parameter y1 is the temperature increase for each unit of radiative forcing
when there is no change in climate feedback, y2 and y3 represent additional heat trans-
port between atmosphere and ocean due to temperature anomalies,9 y4 is used to cap-
ture additional spatial heat and moisture transport between the North/South and the
Tropics due to temperature anomalies, y5 represents the sensitivity of the outgoing
long-wave radiation to atmospheric temperature changes, and y6 and y7 are used to ap-
proximate the aggregate effect of all asymmetric climate properties through the asym-
metric impact of radiative forcing. Since the area size of the Tropics is twice that of the
North or the South, the parameter y4 is divided by two in the Tropics’ transition equa-
tion (4), and y3 is multiplied by two for the difference between the Tropics’ atmo-
spheric temperature anomaly and the ocean temperature anomaly in the ocean’s tran-
sition equation (6). Moreover the global mean atmospheric temperature anomaly is
(TAT

t,1 1 2TAT
t,2 1 TAT

t,3 )/4.
We calibrate y1, y2, . . . , y7 against the ensemble mean of CMIP5 (Navarro-Racines

et al. 2020) models’ annual projections of temperature anomaly in every region under the
four RCP scenarios until 2100. That is, we solve the following minimization problem:

min
y1, ::: ,y7

o
4

j51
o
85

t50
o
3

i51
TAT,j
t,i – TCMIP5,AT,j

t,i

��� ��� 1 TOC,j
t,i – TCMIP5,OC,j

t,i

��� ���� �
,

subject to the transition equations (3)–(6) for each RCP scenario j 5 1, . . . , 4 (repre-
sented in the superscript) over the 85-year time horizon (from the initial year 2015 to
2100), and an additional constraint y6 5 (y1 1 (y6 1 2y7)/4)h/yECS such that our
system’s long-run global mean atmospheric temperature increase with a doubling of at-
mospheric carbon concentration is yECS, also known as the equilibrium climate sensitivity,

(3)

(4)
9. Heat transport under no temperature anomalies has already been normalized to be zero,
so for convenience we just use “heat transport” or “heat transfer” to represent the additional heat
transport due to temperature anomalies.
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whose value is chosen to be 3.1 by following DICE-2016R.10 Here the superscript
“CMIP5” represents the data of the ensemble mean of the CMIP5 models’ annual pro-
jections, and the global radiative forcing Ft for each RCP scenario is given by Meins-
hausen, Smith, et al. (2011). Figure 2 shows that our fitted regional temperature anom-
alies in the North, the Tropics, the South, and the Ocean match well with the CMIP5
projections.11
Figure 2. Fitting regional temperature anomaly under four representative concentration
pathways (RCP) scenarios.
10. For example, if we let Ft 5 h (i.e., MAT
t 5 2MAT

＊ and FEXt 5 0) starting from 2015,
then our global mean temperature anomaly converges to 3.1°C after 5,500 years under the tran-
sition equations (3)–(6) with our calibrated parameter values.

11. However our climate system is still stylized. For example, it assumes a symmetric heat
transport from the Tropics to the North or the South in the atmosphere and a symmetric heat
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1.2. Economic System

Let Kt,i be the regional capital state variables at time t and economic region i 5 1, 2
(i.e., the North and the Tropics/South). Let Lt,i be the exogenous regional population
sizes. We follow DICE to let regional gross output be

Yt,i ≡ At,iK
a
t,iL

1–a
t,i , (7)

where a 5 0:3, At,i is regional TFP that will be affected by climate change, and we let
the mitigation expenditure function be

Wt,i ≡ v1,t,im
v2
t,i Yt,i,

where mt,i are emission control rates, v2 5 2:8, and v1,t,i are the exogenous abatement
costs in fractions of output in economic region i at time t.12

Global carbon emissions at time t are defined as

Et ≡ o
2

i51
EInd
t,i 1 ELand

t ,

where ELand
t is exogenous global carbon emissions from biological processes, and

EInd
t,i 5 jt,i(1 – mt,i)Yt,i are industrial emissions where jt,i are the regional exogenous

carbon intensities in region i.
The law of motion of the capital state variable Kt,i is:

Kt11,i 5 (1 – dK)Kt,i 1 Ŷt,i – ct,iLt,i, (8)

where dK 5 0:1 is the depreciation rate, ct,i is per capita consumption, and
12. We follow DICE and Cai et al. (2019) to choose the parameter values for the mitigation
cost function. However, the mitigation costs are uncertain. For example, Ueckerdt et al. (2019)
show that different IAMs have different estimates of mitigation costs. Our mitigation cost func-
tion also allows very rapid reductions in emissions in ways that would not actually apply in the
real world, as a stringent reduction of emissions requires a large renewable energy capital stock,
and a transition to low-carbon technologies, etc. See, e.g., Acemoglu et al. (2016), Gillingham
and Stock (2018), Jaakkola and van der Ploeg (2019), Baker et al. (2020), Baldwin et al. (2020),
Cai (2021), and Campiglio et al. (2022).

transport between the atmosphere and the ocean. Moreover, the only ocean box assumes that
changes in the oceanic temperature communicate immediately across the entire globe. Future
work can extend our climate system to be more consistent with climate science. We thank a
referee for stressing these points and for pushing us toward better modeling of the climate sys-
tem as well as giving us useful references.
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Ŷt,i ≡ Yt,i – Wt,i 5 1 – v1,t,im
v2
t,i

� �
Yt,i

is net output.

1.3. Climate Impact to Economic Growth

Under the quadratic damage function of DICE for the Tropics/South, there is ap-
proximately 5% damage to output if the tropical regional surface temperature increase
is the same as the global mean surface temperature in 2100 under the RCP8.5 scenario,
that is, if the temperature increase in 2100 is 4.7°C. However, this damage calibration
is at odds with the climate impact on regional economic growth estimated by Burke et al.
(2015b) and Burke et al. (2018), who show a global nonlinear relationship between an-
nual average temperature and growth rates in GDP per capita. Dell et al. (2012) show
that there are large and negative effects of higher temperatures on growth rates of per
capita output in poor countries. Dell et al. (2012) use a linear function of temperature
for the impact on growth rates of per capita output. Here we change it to a quadratic
function to reflect nonlinear effects as in Burke et al. (2015b) and Burke et al. (2018).
Moyer et al. (2014) find that uncertainty in climate damage to economic growth creates
a great range of estimates of the global SCC. Newell et al. (2021) show that model un-
certainty on growth effects is much larger than level effects. Barnett et al. (2021) argue
that misspecification and ambiguity concerns loom larger under larger model uncertainty.
In their framework the larger model uncertainty surrounding growth effects should lead
to more prudent behavior than even large model uncertainty surrounding level effects
since growth effects compound over time. Here we deal with uncertainty in a rudimen-
tary way by modeling growth effects or lagged level effects under different scenarios.

Burke et al. (2018) provide a baseline scenario of 165 countries’GDP paths, assum-
ing temperature in year t changes the growth of GDP from year t to t 1 1, under the
RCP2.6 climate scenario and the population projection paths of the Shared Socio-
economic Pathway 1 (SSP1) (KC and Lutz 2017; Riahi et al. 2017), which represents
a world shifting toward a sustainable path taking the green road with low resource and
energy intensity. They also provide a baseline scenario of the countries’GDP paths as-
suming one-year or five-year lagged temperature effects on GDP growth. In a dynamic
model with endogenous GDP, the growth rate of GDP from year t to t 1 1 may be
impacted by the growth rate of regional TFP from t to t 1 1, or the no-lagged or lagged
impact of the temperature anomaly on TFP levels, as the climate damage to TFP levels
will reduce output, then impact investment in next-period capital, then impact future
GDP too. We first aggregate Burke et al.’s (2018) projected GDP of 165 countries to
our two regions for every year. In this study, we will choose three GDP scenarios from
2015 to 2099 in each economic region for our calibration: the baseline scenario with
contemporaneous temperature effect on GDP growth (called “GDP scenario 1”), the
baseline scenario with one-year lagged temperature effect on GDP growth (called “GDP
scenario 2”), and the baseline scenario with five-year lagged temperature effect on GDP
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growth (called “GDP scenario 3”). We will also choose two TFP model assumptions:
10-year lagged climate impact on regional TFP levels (called “TFP model 1”), and cli-
mate impact on regional TFP growth (called “TFP model 2”).13

We first follow DICE and assume

AEX
t11,i 5

AEX
t,i

1 – gTFP,EXi,t

is the exogenous regional TFP under no climate change for economic region i 5 1, 2
(i.e., the North and the Tropics/South), where

gTFP,EXi,t 5 zTFPi,1 exp –zTFPi,2 t
� �

(9)

is the exogenous growth rate of regional TFP at time t under no climate impact. The
initial TFP, AEX

0,i , is chosen such that Y0,i 5 AEX
0,i K

a
0,iL

1–a
0,i with the observed values of

Y0,i, K0,i, and L0,i in the initial year 2015. Here Lt,i are aggregated from Burke et al.
(2018) under the SSP1 population scenario.14 We estimate zTFPi,1 and zTFPi,2 using the
aggregated regional GDP from the 165 projected countries’ GDP of Burke et al. (2018)
under no climate impact. In our structural estimation of the parameters, for each pair
of (zTFPi,1 , zTFPi,2 ), we solve the following simple optimal growth model

max
ct,i

o
500

t50
βtu(ct,i)Lt,i,

s:t: Kt11,i 5 (1 – dK)Kt,i 1 yt,i – ct,ið ÞLt,i,

(10)

for each economic region i, where yt,i 5 AEX
t,i K

a
t,iL

–a
t,i is the per capita output affected

by the parameters, β is the discount factor, and u is a per capita utility function from
consumption:

u(c) 5
c1–g

1 – g
, (11)

where g is elasticity of marginal utility. Here we follow DICE-2016R to choose g 5
1:45 and β 5 0:985. We then use the solution of yt,i to match the growth rates of the
13. We tried the TFP model assumption with the climate impact on regional TFP without
lagged effect and found that it cannot match well with any GDP data scenario, particularly for
the Tropics/South. We also studied five-year lagged impact of temperature anomalies on re-
gional TFP and found that they are relatively less well fitted than the 10-year lagged TFP model
and that they do not have significant difference from the 10-year lagged impact. Thus we omit
these analyses in this paper.

14. Burke et al. (2018) provide 165 countries’ population paths only in this century. We
extend them until 2515 for our model, assuming no change after 2099.
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aggregated GDP of Burke et al. (2018) under no climate impact. That is, for each i, we
find (zTFPi,1 , zTFPi,2 ) by solving the following minimization problem:

min
zTFPi,1 ,zTFPi,2

o
83

t50

yt11,i

yt,i
–
yBDD,NoCC
t11,i

yBDD,NoCC
t,i

 !2

(12)

where yi,t and yBDD,NoCC
t,i are, respectively, model (10)’s solution and the per capita

GDP of Burke et al. (2018) under no climate impact from 2015 to 2099. After we
obtain the estimated values of zTFPi,1 and zTFPi,2 and their associated gTFP,EXi,t and AEX

t,i , we
will use the GDP scenarios to estimate climate impact on TFP.

In our baseline case (i.e., case 1), we useGDP scenario 1 to calibrateTFPmodel 1, which
assumes that climate change has a 10-year lagged effect on regional TFP levels. That is,

At,i 5
AEX

t,i

1 1ot
s5t–10 dTFPi

� �t–s
zTFPi,3 TAT

s,i – TAT
0,i

� �
1 zTFPi,4 TAT

s,i – TAT
0,i

� �2� � , (13)

whereTAT
0,i is the temperature anomaly in our initial year (i.e., 2015), and the regional TFP

in year t depends on the atmospheric temperature anomaly,TAT
t,i , of year t and of the last 10

years. The initial TFP A0,i is set to be AEX
0,i . Here the regional atmospheric temperature

anomalies TAT
s,i are the ensemble mean of the CMIP5 models’ annual projections under

the RCP2.6 scenario used in Burke et al. (2018) for GDP scenario 1. We use GDP sce-
nario 1 to calibrate parameters (zTFPi,3 , zTFPi,4 , dTFPi ), where zTFPi,3 and zTFPi,4 represent the
nonlinear climate impact of temperature increase on TFP levels, and dTFPi represents
the persistence factor of their impact in each economic region i. We apply a similar
structural estimation method in finding (zTFPi,1 , zTFPi,2 ) to estimate (zTFPi,3 , zTFPi,4 , dTFPi )
under climate impact. That is, we let yt,i 5 At,iKa

t,iL
–a
t,i using the TFP equation

(13) with the prespecified AEX
t,i , and solve (10) repeatedly with different values of

(zTFPi,3 , zTFPi,4 , dTFPi ) until the distance between the growth rates of per capita GDP
from (10) and the ones from GDP scenario 1 is minimal.

In our case 2, we use GDP scenario 1 to calibrate TFP model 2, which assumes
that the growth of regional TFP from year t to t 1 1 depends on year t’s atmospheric
temperature anomaly, implying a persistent impact on TFP levels. That is, we specify
the paths of regional TFP at economic region i to be

At11,i 5
At,i

1 – gTFP,EXi,t exp – zTFPi,3 TAT
t,i – TAT

0,i
� �

1 zTFPi,4 TAT
t,i – TAT

0,i
� �2� �� � : (14)

With this TFP model assumption, we estimate (zTFPi,3 , zTFPi,4 ) to minimize the distance
of growth rates of per capita output between GDP scenario 1 and our model (10)’s
solution with yt,i 5 At,iKa

t,iL
–a
t,i using the TFP equation (14) and the prespecified

gTFP,EXi,t .
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Figure 3 shows that our calibrated regional per capita outputs match well with
GDP scenario 1.15 Moreover, we see that climate change has little impact in the North
under the RCP2.6 climate scenario, which keeps the global average temperature anom-
aly under around 1.5°C. In contrast, climate change significantly decreases per capita
output in the Tropics/South in 2099 from $42,905 to only $28,269, that is, 66% of
its regional per capita output in a world without climate damage, under GDP scenario 1.
We caution that there is a substantial amount of uncertainty present in this kind of ex-
trapolation. For example, figure 3 may not account for all the uncertainties in adaptive
responses in the Tropics/South to climate change; for example, the Tropics/South may
Figure 3. Fitting regional GDP with/without climate impact on economic growth in the
baseline case (i.e., total factor productivity [TFP] model 1 [13] calibrated with GDP scenario 1).
Left panel, regional per capita output without climate impact on economic growth. Right panel,
regional per capita output with climate impact on economic growth. Solid lines, per capita output
of the North from Burke et al. (2018) with/without climate impact; triangles, fitted per capita
output of theNorth without climate impact; dashed lines, per capita output of the Tropics/South
(i.e., T/S in the legend) from Burke et al. (2018) with/without climate impact; squares, fitted per
capita output of the Tropics/South without climate impact;marks, fitted per capita output of the
North using TFP model 1 for climate impact; circles, fitted per capita output of the North using
TFPmodel 2 for climate impact; pluses, fitted per capita output of the Tropics/South using TFP
model 1 for climate impact; diamonds, fitted per capita output of the Tropics/South using TFP
model 2 for climate impact.
15. The per capita outputs of Burke et al. (2018) in fig. 3 are adjusted to start with our initial
per capita output from the World Bank data of output in 2015, which are used to compute our
initial TFP, but the growth rates are not adjusted. Note that we use the growth rates of Burke
et al. (2018) for our calibration, so the calibrated parameter values of zTFPi,1 , . . . , zTFPi,4 and dTFPi

are not affected by the adjustment.
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have a large increase of air conditioning, which may have a large impact on economic
production (Barreca et al. 2016).

In our cases 3–4 and 5–6, we use GDP scenarios 2 and 3, respectively, to calibrate
the two TFP models. Figure 4 shows that either of our TFP models can lead to a good
match with either of GDP scenarios 2–3. Cases 3–4 associated with GDP scenario 2
(the left panel of fig. 4) exhibit a pattern similar to the baseline case: climate change has
little impact in the North (but its damage is slightly larger than in cases 1–2 associated
with GDP scenario 1) and substantial damage in the Tropics/South, but the damage
is relatively less: climate change reduces the Tropics/South’s per capita output in 2099
to $33,567, that is, 78% of its per capita output in a world without climate damage
under GDP scenario 2. However, in cases 5–6 associated with GDP scenario 3 (the
right panel of fig. 4), climate change significantly reduces output in both economic re-
gions: in 2099 the North has only $61,074 (i.e., 77% of its regional per capita output in
a world without climate damage) and the Tropics/South has only $30,865 (but is still
higher than GDP scenario 1). From the six cases, we see that the climate change impact
in the North is highly uncertain, while climate change always causes severe damages in
the Tropics/South.

2. COOPERATION AND NONCOOPERATION

We solve two dynamic models, one for a cooperative world, another for a noncoop-
erative world.
Figure 4. Fitting regional GDP with climate impact on economic growth under cases 3–4
and 5–6. Left panel, cases 3–4 (i.e., the total factor productivity [TFP] models calibrated with
GDP scenario 2). Right panel, cases 5–6 (i.e., the TFP models calibrated with GDP scenario 3).
T/S 5 Tropics/South.
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2.1. Cooperative World

In our model under cooperation, a social planner maximizes the present value of the
sum of regional utility across economic regions and time with annual time steps by
choosing paths of per capita consumption and emission control rates. Our regional util-
ity is equal to the product of regional population and per capita utility, so the social wel-
fare in each economic region i is

o
∞

t50
βtu(ct,i)Lt,i:

The social planner solves the following dynamic optimization problem:

max
ct,i ,mt,i

o
∞

t50
βto

2

i51
u(ct,i)Lt,i, (15)

with four control variables (ct,1, ct,2, mt,1, mt,2) at each time t. The optimization is subject
to the transition laws of three carbon concentration levels, four temperature levels, and
two regional capital state variables. Since the choice of discount factor β 5 0:985makes
the welfare after 500 years have little impact on the first 100 years’ solutions, we follow
DICE-2016R to approximate the infinite-horizon problem (15) by a finite-horizon prob-
lem with 500 years.
2.2. Noncooperative World

In our model under noncooperation, each economic region’s decision maker maxi-
mizes the present value of the sum of their own regional utility across time by choosing
their own paths of per capita consumption and emission control rates. That is, we si-
multaneously solve the following system of two dynamic optimization problems:

max
ct,i ,mt,i

o
∞

t50
βtu(ct,i)Lt,i, i 5 1, 2, (16)

while each economic region’s optimization is subject to the transition laws of three car-
bon concentration levels, four temperature levels, and their own regional capital, assum-
ing that the other economic region’s emission path is given. This is a dynamic game
problem. We solve its open-loop Nash equilibrium (OLNE), that is, the optimal so-
lution depends on only the initial condition and time. The concept of theOLNE could
be interpreted as a situation in which individual agents, regions in our case, enter an
agreement to commit to a future path of carbon emission at the beginning of the agree-
ment. This type of equilibrium concept might not be as satisfactory—in terms of
strong time consistency—as the feedback Nash equilibrium concept, but it has the
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computational advantages of solving open-loop versus feedback,16 while the OLNE so-
lutionmay be fairly close to the feedbackNash equilibrium.We use an iterative method
to solve the OLNE; see appendix A2.

2.3. Regional Social Cost of Carbon and Carbon Tax

In Nordhaus (2017), the regional SCC is defined as the present value of future dam-
ages in a region caused by one extra ton of global carbon emissions in the current pe-
riod. Ricke et al. (2018) use the same concept in computing the country-level SCC
(i.e., country-level contributions to the global SCC). But with their concept, we cannot
derive that the optimal regional carbon tax is equal to the regional SCC, as the global
SCC is the sum of their regional SCCs over all regions but the global carbon tax can-
not be the sum of regional carbon taxes.

In this study, we follow van der Ploeg and de Zeeuw (2016) and Cai et al. (2019)
to use a different concept of the regional SCC, such that the regional SCC is equal to
the regional carbon tax when the emission control rate does not hit its lower or upper
bound (Cai et al. 2017; Cai and Lontzek 2019), where the regional carbon tax is de-
fined as –1,000 v1,t,iv2m

v2–1
t,i /jt,i, following DICE, Cai et al. (2017) and Cai and Lon-

tzek (2019). Thus, the regional SCC can be negative if the emission control rate hits
its lower bound 0 or can be much larger than the regional carbon tax if the emission
control rate hits its upper bound.

We define the regional cooperative SCC in economic region i as

tSPt,i 5 –1,000
∂VSP

t

∂MAT
t

� �
/

∂VSP
t

∂Kt,i

� �
,

where VSP
t 5 maxcs,i ,ms,io

∞
s5tβto2

i51u(cs,i)Ls,i is the global welfare starting from year t
with a given starting state vector (Kt,1, Kt,2, MAT

t , . . .). In its computation for our
deterministic model, it is equivalent to replacing the numerator by the shadow price
of the transition equation of atmospheric carbon concentration at year t, and the de-
nominator by the shadow price of the regional capital transition equation.

We define the regional noncooperative SCC as

tOLNE
t,i 5 –1,000

∂VOLNE
t,i

∂MAT
t

� �
/

∂VOLNE
t,i

∂Kt,i

� �
,

16. Solving feedback Nash equilibrium requires extensive supercomputer computing re-
sources, which are unavailable to us, as our model has 500 periods and 29 endogenous state
variables (three for carbon concentration levels, four for contemporaneous temperature levels
in the regional atmosphere and ocean, two for regional capitals, and 20 for the 10 years’ lagged
atmospheric temperature anomalies in both economic regions), and value functions have kinks
due to the occasionally binding constraint on the upper bound of emission control rates.
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where VOLNE
t,i 5 maxcs,i ,ms,io

∞
s5tβ

tu(cs,i)Ls,i is the optimal regional welfare starting from
year t with a given starting state vector (Kt,1, Kt,2, MAT

t , . . .) under OLNE. In its com-
putation, it is equivalent to replacing the numerator by the shadow price of the tran-
sition equation of atmospheric carbon concentration at year t, and the denominator
by the shadow price of the regional capital transition equation, for each economic region
i 5 1, 2.

3. RESULTS

We first report the results in the baseline case. Figure 5 shows the paths of the regional
SCC (the left panel) and optimal regional carbon taxes (the right panel) in the eco-
nomic regions in a cooperative or noncooperative world. The initial cooperative SCC
for the North is very high ($806/tCO2), 6.9 times the initial cooperative SCC for
the Tropics/South ($117/tCO2), although the North experiences little impact on its
economic growth from climate change in this century according to GDP scenario 1 as
shown in figure 3. It is not surprising that the North has such a large SCC under coop-
eration, because consumption in the poor countries in the Tropics/South has higher
marginal utility than in the rich countries in the North, and then the social planner
uses differentiated carbon taxes to achieve some second-best redistribution, under
our assumption that there are no direct transfers of physical consumption or investment
goods between the regions.17

Moreover, the cooperative SCC for the North is much larger than the cooperative
optimal regional carbon tax for the North, because the emission control rate for the
North has hit the upper bound, 1, starting from the initial period.18 That is, under
cooperation the North would have zero emissions starting from the first period, while
the Tropics/South would have zero emissions starting from 2050. The large cooper-
ative SCC and carbon taxes of the North cannot be regarded as a realistic policy pro-
posal since there are very few unselfish and completely cooperative sovereigns in the
real world. Moreover, our model, like DICE, has no adjustment costs for changes
in emissions control, so it is not realistic to have the emission control rate hit the upper
bound in only one period. However, this polar cooperative world provides insight into
17. If we allow direct transfers of consumption and capital investment without any border
friction costs under cooperation, then the regional SCC is the same across the regions. For ex-
ample, the initial SCC becomes $259 for both economic regions, much lower than the average
of $806 and $117 or their population weighted average ($381), due to the lower marginal utility
in the richer Tropics/South under the free allocation of consumption and capital investment.

18. We follow DICE-2016 (Nordhaus 2017) and assume that emissions must be nonneg-
ative until 150 years later (that is, the emission control rates mt,i ≤ 1 if t ≤ 150, and mt,i ≤ 1:2
otherwise). If we allow earlier negative emissions, then the cooperative SCCs will be smaller,
because future temperature will be lower and then climate damages will be smaller. For example,
if we allow negative emissions starting from the first period, then the initial cooperative SCC is
reduced to $486 for the North or $81 for the Tropics/South.
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the structure of optimal carbon taxes. This structure suggests that when the rich coun-
tries in the North are cooperative, it is optimal for them to reduce emissions in a much
more stringent way than the poor countries in the Tropics/South in order to help
maximize global welfare. Otherwise the Tropics/South would have much higher dam-
ages from climate change so global welfare would be reduced significantly. This behav-
ior leads to the very high cooperative SCC and carbon taxes in the North.

The noncooperative SCC for the North is dramatically reduced to $49 in the first
period and then gradually increases. Moreover, figure 5 shows that the whole path of
the SCC and carbon taxes for the North in the noncooperative world is dramatically
lower than in the cooperative world. But note that the values of the SCC are, rela-
tively, not small in comparison to the existing literature. For example, in DICE-2016R
the global SCC in 2015 is only $31, much smaller than our regional SCC even under non-
cooperation. This is because the quadratic damage function in DICE-2016R has much
smaller damages than ours under the same temperature. For example, if the global and
regional temperature increase over the initial year is 1°C, then in DICE-2016R the
global temperature anomaly is 1.85°C and reduces contemporaneous output by 0.8%
(the temperature anomaly has no lagged effect in future output), but our TFP model 1
estimates a 1.2% reduction of contemporaneous output in the North and a 12.1% re-
duction in the Tropics/South, and the temperature anomaly has a lagged effect on the
next 10 years’ output.

Moreover, the nonlinearity in our TFP models is much larger. For example, if the tem-
perature increase over the initial year is 2°C, then the damage estimate in DICE-2016R
Figure 5. Regional SCC and optimal regional carbon taxes under climate damage in the base-
line case. Left panel, regional SCC. Right panel, optimal carbon tax. Dashed lines, solution for the
North under cooperation; solid lines, solution for the Tropics/South under cooperation; circles,
solution for the North under noncooperation; marks, solution for the Tropics/South under
noncooperation.
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is 1.9% of contemporaneous output, but ours is 3.2% in the North and 39.1% in the
Tropics/South while there are still lagged effects in future output. For the Tropics/
South, its initial noncooperative SCC or carbon tax increases to $137, 17% higher than
in the cooperative world.19 This finding is different from those in the literature which
show that noncooperation will always lead to smaller carbon taxes than under cooper-
ation. The intuition behind this finding is that smaller carbon taxes in the North under
noncooperation lead to much higher emissions and then much higher temperatures in
the Tropics/South (see fig. 7), so that the Tropics/South has higher marginal damages
and a higher SCC. Therefore, even under noncooperation, both economic regions should
adopt stringent climate policy.20

The main driver of these high regional SCCs and carbon taxes is that we assume
the serious climate damage to economic growth in the Tropics/South. Figure 6 shows
that in our model with optimal climate policy, the per capita output of the Tropics/
South in 2100 is $34,927 in the cooperative world or $28,021 in the noncooperative
world, while the per capita output of the North in 2100 is $77,484 under cooperation
or $75,091 under noncooperation. That is, relative to cooperation, noncooperation
reduces output by an extra 3.1% (i.e., $2,393 per capita) in the North but reduces out-
put by a substantial extra 20% (i.e., $6,907 per capita) in the Tropics/South in 2100.

Figure 7 displays paths of regional atmospheric temperature anomalies. Under co-
operation, with the most stringent climate policy shown in figure 5, the atmospheric
temperature anomaly is 2.1°C in the North, 1.3°C in the Tropics, and 1.1°C in the
South, and the global average is below 1.5°C. But with the noncooperative but still
stringent climate policy, in 2100 the atmospheric temperature anomaly is 2.7°C in
the North, 1.8°C in the Tropics, and 1.4°C in the South, and the global average is
below 2.0°C. Thus, the temperature anomalies are compatible with the SSP1 popu-
lation scenario that is used in our calibration.

We run cases 2–5 to test the sensitivity of our results to different damage specifi-
cations. Figure 8 displays the regional SCC under cooperation or noncooperation,
where we use “baseline damages” for cases 1–2 associated with the baseline GDP sce-
nario 1, “low damages in Tropics/South” for cases 3–4 associated with GDP scenario 2,
and “high damages in North” for cases 5–6 associated with GDP scenario 3, to
19. Since the emission control rates do not hit their upper bound before 2048 in the Trop-
ics/South under cooperation or noncooperation, the regional optimal carbon tax path is iden-
tical to the regional noncooperative SCC path for the Tropics/South before 2048 as shown in
fig. 5. For the same reason, the North has identical paths between the SCC and carbon tax un-
der noncooperation in the whole century.

20. If we allow negative emissions starting from the first period, the initial noncooperative
SCC is $47 for the North or $134 for the Tropics/South. That is, the relaxation of negative
emissions has little impact on the initial noncooperative SCC in this baseline case, as the emis-
sions under the noncooperative solution are strictly positive before 2048.
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highlight the properties of the GDP scenarios as shown in figures 3–4. Figure 8 shows
a pattern similar to the left panel of figure 5: the North in the cooperative world (the
top left panel) has the largest SCC for each case, in comparison to the North under
noncooperation (the bottom left panel) or the Tropics/South (the right panels). In the
North (the left panels), the “high damages in North” cases 5–6 have a larger SCC
than the other cases when comparing the three lines associated with 10-year lagged
climate impact (i.e., cases 1, 3, and 5), or comparing the three lines associated with
persistent climate impact (i.e., cases 2, 4, and 6), because the North has the larger loss
in GDP scenario 3 with “high damages in North” (associated with cases 5–6). Simi-
larly, in the Tropics/South (the right panels), the “high damages in North” cases 5–6
have a larger SCC under cooperation but not under noncooperation, because both
economic regions have large climate damage in GDP scenario 3 with “high damages
in North” but the Tropics/South has smaller damage than in GDP scenario 1 with
the baseline damages (associated with cases 1–2). Since the climate damages to the
North in cases 1–2 are the smallest among all cases, in the noncooperative world
Figure 6. Regional per capita output under cooperation and noncooperation in the baseline
case.
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cases 1–2 have the smallest SCC in the North (the bottom left panel). However, in the
cooperative world, the “low damages in Tropics/South” cases 3–4 (associated with
GDP scenario 2) have a much lower SCC than in the “baseline damages” cases 1–2, re-
spectively, in the North (the top left panel), because the marginal utility of the Tropics/
South is higher due to the lower damages in the Tropics/South in GDP scenario 2.

Figure 8 shows that the climate effect on TFP growth (case 2, 4, or 6) leads to a
larger SCC in the initial periods than the 10-year lagged effect on TFP levels (case 1,
3, or 5). This occurs because the climate effect on TFP growth is persistent on TFP
levels, so both economic regions want to impose more stringent climate policy and con-
trol the temperature anomaly at earlier periods so that they suffer less damage in later
periods. We also see that the climate effect on TFP growth (associated with cases 2, 4,
and 6) leads to a smaller growth of the SCC in later periods or even negative growth in
some cases (e.g., starting from 2060 the SCC in the Tropics/South under noncooper-
ation starts to decrease and continues to decrease as we move toward the end of this
century in case 2). This occurs because the exogenous TFP growth rate under no cli-
mate impact (i.e., gTFP,EXi,t in eq. [9]) follows DICE to have a declining path over time
and converges to zero as time t→∞, which implies that the climate effect on TFP levels
Figure 7. Atmospheric temperature anomaly under climate damage in the baseline case
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also converges to zero, while TFP model 1 does not have this issue as it assumes a direct
climate effect on TFP levels. If we cut the value of the declining rate of the exogenous
TFP growth rates (i.e., zTFPi,2 ) in half, then we find that the growth rate of the SCC in
each of the cases with persistent climate impact (i.e., cases 2, 4, 6) becomes larger and
is not declining toward the end of this century (see fig. A2 in app. A4), because a smaller
zTFPi,2 implies a larger gTFP,EXi,t , then a larger climate impact on TFP levels according to
equation (14).
Figure 8. Regional SCC in the six cases under cooperation or noncooperation. Solid lines,
case 1 with the baseline damages and 10-year lagged climate impact; dashed lines, case 2 with
the baseline damages and persistent climate impact; dash-dotted lines, case 3 with “low damages
in Tropics/South” and 10-year lagged climate impact; dotted lines, case 4 with “low damages in
Tropics/South” and persistent climate impact; marks, case 5 with “high damages in North” and
10-year lagged climate impact; circles, case 6 with “high damages in North” and persistent cli-
mate impact.
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Figure 9 displays the per capita output in case 5 with 10-year lagged climate impact
and “high damages in North.”21 Figure 9 shows that noncooperation causes only a lit-
tle extra loss in each economic region, in comparison to the cooperative solution.While
it looks a bit strange, this occurs because under either cooperation or noncooperation,
both economic regions hit the upper bound of the emission control rates soon with small
time differences between cooperative and noncooperative solutions. For example, the
Tropics/South hits the upper bound in 2044 and 2049 under cooperation and nonco-
operation, respectively. Thus, although the SCC is high (and higher than cases 1 and 3
from fig. 8), it cannot affect the temperature; only the emission control rates can. That
is, there is little difference in emissions between cooperation and noncooperation, so
there is little difference in the temperature anomaly, then little difference in climate
damage, and finally little difference in output: noncooperation reduces output by an
Figure 9. Regional per capita GDP in case 5 with 10-year lagged climate impact and “high
damages in North” under cooperation and noncooperation.
21. We omit the other cases because the figures for cases 2–4 are similar to fig. 6 and the
figure for case 6 is similar to fig. 9.
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extra 1.2% (i.e., $870 per capita) in the North, and by an extra 1.6% (i.e., $548 per cap-
ita) in the Tropics/South in 2100, in comparison to the cooperative solution. Note that
the small difference between cooperative and noncooperative solutions happens be-
cause the huge climate damage in both economic regions forces them to adopt extremely
stringent climate policy to control carbon emissions even without cooperation. That is,
no matter whether they choose cooperation or noncooperation, both economic regions
should choose very stringent climate policy.

Table 1 lists the initial SCC and per capita output in 2100 for all six cases. We see
that in comparison to the 10-year lagged effect on TFP levels (case 1, 3, or 5), the cli-
mate effect on the TFP growth (case 2, 4, or 6) leads to a much larger SCC in 2015 in
both economic regions under cooperation, and in the Tropics/South under noncoop-
eration, although both TFP models are calibrated with the same GDP scenarios. This
happens because the impact on TFP growth is permanent on all future TFP, but the im-
pact on TFP levels is not, although both influence GDP growth. Moreover, the smallest
SCC in the initial period, $47/tCO2, in the North under noncooperation in case 2, is
still not small in comparison to the existing literature (e.g., in DICE 2016R the global
SCC in 2015 is only $31), while the highest initial SCC is up to $319 in the North
under noncooperation in case 6 (persistent climate impact with “high damages inNorth”),
$206 in the Tropics/South under noncooperation in case 2 (persistent climate impact
with the baseline damages), $1,417 in the North under cooperation in case 6, or $207
in the Tropics/South under cooperation in case 6.

Table 1 also shows that noncooperation causes an extra reduction in output for
both economic regions for all cases in comparison to the cooperative solution, while
Table 1. SCC in 2015 and Per Capita Output in 2100

Case

SCC in 2015 ($/tCO2) Per Capita Output in 2100

Cooperation Noncooperation Cooperation Noncooperation

North T/S North T/S North T/S North T/S

1 806 117 49 137 77,484 34,927 75,091 28,021
2 1,376 199 47 206 78,267 30,104 76,004 23,285
3 622 91 57 99 80,660 35,432 78,397 32,077
4 933 138 101 132 75,091 32,779 72,089 29,490
5 1,048 156 268 126 69,653 34,993 68,782 34,445
6 1,417 207 319 164 66,825 31,573 65,259 30,871
Note. Case 1: 10-year lagged climate impact with the baseline damages; case 2: persistent climate impact
with the baseline damages; case 3: 10-year lagged climate impact with “low damages in Tropics/South”;
case 4: persistent climate impact with “low damages in Tropics/South”; case 5: 10-year lagged climate im-
pact with “high damages in North”; case 6: persistent climate impact with “high damages in North.” T/S5
Tropics/South.



Climate Change Impact on Economic Growth Cai, Brock, and Xepapadeas 595
loss in the Tropics/South is large in cases 1–4. Moreover, table 1 shows that there is no
significant difference in the Tropics/South’s SCC between cooperation and noncoop-
eration, while the difference is significant in theNorth, as the Tropics/South will suffer
a large loss from climate change while the North will not. But here we also ignore the
spillover effects of international trade, migration, and social conflict between regions in
our model, so the North might suffer a larger loss in output, particularly under nonco-
operation (see, e.g., Burke et al. 2015a; Carleton and Hsiang 2016; Mach et al. 2019;
Kortum and Weisbach 2021).

In addition to the above analysis with different TFP models calibrated from differ-
ent climate damage estimates (i.e., GDP scenarios), we also do sensitivity analysis over
0.25, 0.5, or 0.75 times the calibrated values of both zTFPi,1 and zTFPi,2 in the baseline
case for both i 5 1, 2. Figure 10 shows that the initial regional SCCs are almost linear
in the levels of impact in each economic region under cooperation or noncooperation.
For instance, if we reduce the impact parameters, zTFPi,1 and zTFPi,2 , to half their values in
the economic regions, then the initial regional SCCs are also nearly half: $424 for the
North and $62 for the Tropics/South under cooperation, or $26 for the North and
Figure 10. Initial regional SCC under different levels of impact
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$76 for the Tropics/South under noncooperation. Moreover, this almost linear rela-
tion also holds in later years until 2050.

4. DISCUSSION AND CONCLUSION

The regional SCC and the impact of climate change on GDP are well-researched is-
sues in the economics of climate change. The present study, using a three-region model,
provides new insights on the regional SCC under cooperation or noncooperation when
climate change impacts economic growth. First, we find that whether there is cooper-
ation or noncooperation, it is always optimal for economic regions to choose stringent
climate policies and keep the global mean temperature anomaly in this century below
1.5°C under cooperation or 2°C under noncooperation. Second, we show the difference
in the regional SCC associated with a cooperative or noncooperative world. Our results
suggest that a shift toward cooperation in international climate change policy will result
in substantially higher regional SCCs for the developed North relative to the develop-
ing Tropics/South, and substantively higher GDP per capita for the Tropics/South,
with a small increase in GDP per capita for the North. Third, if climate change affects
TFP growth instead of TFP levels, then our results, which are in line with recent lit-
erature, indicate that damages and therefore regional SCCs are much higher except for
the noncooperative SCC in the North.

In the existing climate change literature, there is considerable uncertainty surround-
ing the specification and the parameterization of the damage function in IAMs. There
is also strong criticism of the traditional damage functions which are associated with
level—not growth—effects of climate change. Our results suggest that, in order to
achieve efficient climate policy, the issue of whether climate change affects levels or
growth, or both, needs to be carefully addressed. We believe that our analysis of coop-
erative or noncooperative behavior at the regional level, which accounts for growth ef-
fects, introduces a novel aspect in the design of climate policy.

The results obtained in this study extend the current literature and suggest prom-
ising areas of future research. For example, incorporating the spillover effects of inter-
national trade, migration, and social conflict between regions into our model might
have a significant impact on the optimal climate policy, particularly in theNorth.More-
over, a finer spatial resolution or more realistic economic regions could also play an im-
portant role in policy design.
APPENDIX

A1. The Carbon Cycle and Its Calibration

The carbon cycle dynamics is

Mt11 5 FMMt 1 Et, 0, 0ð Þ⊤, (A1)

where the transition matrix of the carbon cycle is
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FM 5

1 – f12 f12M
AT
＊ /MUO

＊

f12 1 – f12M
AT
＊ /MUO

＊ – f23 f23M
UO
＊ /MDO

＊

f23 1 – f23M
UO
＊ /MDO

＊

2
6664

3
7775, (A2)

where MAT
＊ , MUO

＊ , MDO
＊ are preindustrial carbon concentrations in the atmosphere,

the upper ocean and the deep ocean, respectively. MAGICC 6 (Meinshausen, Raper,
et al. 2011) provides four global RCP scenarios, that is, RCP2.6, RCP4.5, RCP6, and
RCP8.5, which include both emission paths and carbon concentration in the atmo-
sphere. The parameters f12 and f23 are calibrated against the four RCP scenarios.
That is, we solve the following minimization problem:

min
f12,f23

o
4

j51
o
85

t50
MAT,j

t /MMAGICC,AT,j
t – 1

��� ���,
subject to the carbon cycle system (A1) for each RCP scenario j 5 1, . . . , 4 (repre-
sented in the superscript) over the 85-year time horizon (from the initial year 2015
to 2100). Here the superscript “MAGICC” represents the data from MAGICC 6,
and the global CO2 emissions Et for each RCP scenario are also given by MAGICC
6. Figure A1 shows that our calibrated carbon cycle can approximate well for all scenarios.

Figure A1. Fitting the carbon cycle to match RCP scenarios
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A2. Solving the Open-Loop Nash Equilibrium

We follow Nordhaus and Yang (1996) and use an iterative method to solve the open-
loop Nash equilibrium. We use the social planner’s solution as the initial guess of two
regional emission paths, denoted as {EInd,0

t,i : t 5 0, 1, . . . T} for economic region i 5 1,
2, whereT 5 500 years. Now we assume that region 2’s emission path is fixed at EInd,0

t,2 ,
and solve region 1’s social planner problem:

max
ct,1,mt,1

o
∞

t50
βtu(ct,1)Lt,1, (A3)

subject to the transition laws of three carbon concentration levels, four temperature
levels, and its own regional capital, while the global emission is assumed to be

Et 5 EInd
t,1 1 EInd,0

t,2 1 ELand
t :

Note that EInd
t,1 is endogenous but EInd,0

t,2 is exogenous. The solution of EInd
t,1 is denoted

EInd,＊
t,1 . Similarly, we assume that region 1’s emission path is fixed at EInd,0

t,1 , and solve
region 2’s social planner problem and obtain its solution of EInd

t,2 , denoted EInd,＊
t,2 . Now

we let

EInd,1
t,i 5 qEInd,＊

t,i 1 (1 – q)EInd,0
t,i

for all t and i, where q is chosen to be 0.5. Thus, we have updated the emission paths
{EInd,0

t,i : t 5 0, 1, . . . , T} to {EInd,1
t,i : t 5 0, 1, . . . , T}. Similarly we can use

{EInd,1
t,i : t 5 0, 1, . . . ,T} to generate {EInd,2

t,i : t 5 0, 1, . . . , T}. Keep this process until
the difference between {EInd,j

t,i : t 5 0, 1, . . . ,T} and {EInd,j11
t,i : t 5 0, 1, . . . ,T} is small

for both i, that is,

max
t,i

EInd,j11
t,i – EInd,j

t,i

��� ���
1 1 EInd,j

t,i

��� ��� < e:

In our case, we use e 5 10–6 as the stopping criterion.
A3. Variables and Values of Parameters

In our model, we approximate the land carbon emissions ELand
t and exogenous radia-

tive forcing by the annual analogs of the corresponding paths of DICE-2016R (in five-
year time steps) as follows:

ELand
t 5 0:95e–0:115t (A4)

FEXt 5
0:5 1 0:00588t, if t ≤ 85

1, otherwise:

(
(A5)
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We follow Cai et al. (2019) and specify the abatement costs and the carbon intensities:

v1,t,i 5 b0,i exp –ab
i t

� �
jt,i/v2

jt,i 5 j0,i exp –aj
i 1 – exp –dji tð Þð Þ/djið Þ:

Table A1 lists the values and/or definition of all parameters, variables, and symbols
in the climate system. Tables A2–A3 list the values and/or definition of all parame-
ters, variables, and symbols in the economic system.

Table A1. Parameters, Variables, and Symbols in the Climate System

t Time in years (t 5 0 represents year 2015)
i ∈ {1, 2, 3} Region i (for the climate system: North i 5 1, Tropics i 5 2,

South i 5 3; for the economic system: North i 5 1, Tropics/
South i 5 2)

MAT
t Carbon concentration in the atmosphere (billion tons);

MAT
0 5 851

MUO
t Carbon concentration in upper ocean (billion tons);MUO

0 5 460
MDO

t Carbon concentration in deep ocean (billion tons);MDO
0 5 1740

Mt 5 (MAT
t ,MUO

t ,MDO
t )⊤ Carbon concentration vector

TAT
t,i Regional atmospheric temperature increase above preindustrial

level (Celsius); TAT
0,1 5 1:29, TAT

0,2 5 :91, TAT
0,3 5 :79

TOC
t Average ocean temperature increase (Celsius); TOC

0 5 :1
(TAT

t,1 , TAT
t,2 , TAT

t,3 , TOC
t ) Temperature vector

Ft Global radiative forcing
FEXt Exogenous radiative forcing
h 5 3.68 Radiative forcing parameter
UM Transition matrix of carbon cycle
UT Transition matrix of temperature system
f1,2 5 .0597, f2,3 5 .012 Parameters in transition matrix of carbon cycle
(MAT

＊ , MUO
＊ , MDO

＊ ) 5
(588, 360, 1720)

Preindustrial carbon concentration

y1 5 .037, y2 5 .034 Parameters in transition matrix of temperature system
y3 5 .0006, y4 5 .011
y5 5 .061, y6 5 .04
y7 5 .0088, yECS 5 3.1
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Table A2. Parameters, Variables, and Symbols in the Economic System

Yt,i Gross output
At,i Total productivity factor (TFP); A0,1 5 6.724, A0,2 5 2.054
zTFP1,1 5 :0169,

zTFP1,2 5 :0122
Parameters for TFP of the North under no climate impact

zTFP2,1 5 :0385,
zTFP2,2 5 :0197

Parameters for TFP of the Tropics/South under no climate
impact

Lt,i Population (in billions)
Kt,i Capital (in $ trillions); K0,1 5 100, K0,2 5 53
a 5 .3 Output elasticity of capital
Wt,i Mitigation expenditure
mt,i Emission control rate
Et, EInd

t,i , E
Land
t Global emission; regional industrial emission; land emission

jt,i Carbon intensity; j0,1 5 .119, j0,2 5 .132
aj
1 5 :0156, aj

2 5 :0063 Initial declining rate of carbon intensity
dj1 5 :0181, dj2 5 :000698 Change rate of declining rate of carbon intensity
v2 5 2.8, v3 5 .01 Mitigation cost parameter
v1,t,i Adjusted cost for backstop
b0,1 5 1.32, b0,1 5 1.68 Initial backstop price
ab
1 5 ab

2 5 :005 Declining rate of backstop price
dK 5 .1 Annual depreciation rate of capital
ct,i Per capita consumption
g 5 1.45 Elasticity of marginal utility
u Per capita utility function
β 5 .985 Discount factor
Table A3. TFP Parameters for Climate Impact in the Six Cases

North Tropics/South

zTFP1,3 zTFP1,4 dTFP1 zTFP2,3 zTFP2,4 dTFP2

Case 1 .0088 .0036 .557 .047 .074 .695
Case 2 .0032 .038 .386 .407
Case 3 –.018 .02 .573 .048 .04 .694
Case 4 .045 .065 .248 .24
Case 5 .04 .045 .5 .047 .082 .708
Case 6 .06 .372 .343 .299
A4. Additional Results

We do a sensitivity analysis over the declining rate of the exogenous TFP growth, that
is, zTFPi,2 . Figure A2 displays the regional SCC in the three cases with persistent climate



Climate Change Impact on Economic Growth Cai, Brock, and Xepapadeas 601
impact (cases 2, 4, and 6) under cooperation or noncooperation, assuming that the
value of zTFPi,2 is half of its calibrated value listed in table A2 for each economic region
i. We see that the growth of the SCC in each of cases 2, 4, and 6 is not decreasing
toward the end of this century and is much larger than the solution with the calibrated
values of zTFPi,2 shown in figure 8. This happens because a smaller zTFPi,2 implies a slower
convergence rate of the exogenous TFP growth (i.e., gTFP,EXi,t ) to zero as t→∞, then a
larger impact from the temperature anomaly on TFP levels according to (14).

Figure A2. Regional SCC in the three cases with persistent climate impact (cases 2, 4, and 6)
under cooperation or noncooperation, assuming that the value of zTFPi,2 is half of its calibrated
value for each economic region i.
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