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Projections of the gross world product (GWP) for the 21st century are computed on a
simple climate–macroeconomic model using different global mean surface air temperature
projections provided by General Circulation Models (GCMs) as input data. Two alternative
specifications of climate damage functions proposed by Nordhaus and Weitzman are
considered. High uncertainty of long-term global macroeconomic dynamics with respect to
the choice of climate scenarios and climate damage functions is revealed. Strong nonlinearity
of the Weitzman function combined with the “worst-case” temperature scenario yields a very
dramatic scenario of long-term global economic development. A high degree of uncertainty
accompanying existing assessments of climate–socioeconomic projections urgently calls
for more detailed and better justified estimations of anticipated climate damages at high
temperature increases above pre-industrial level. KEYWORDS: climate change; economic growth;
climate damage function; uncertainty.
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1. Introduction
Climate mitigation policies are often being designed to
meet certain measurable targets, e.g. a target of keeping the
global warming below 2∘ C set in the Copenhagen Accord
[UNFCCC, 2010]. Whether this 2∘ C threshold is firmly justified from the viewpoint of climate science or not (e.g. see
a recent criticism in [Jaeger and Jaeger, 2011]), there is currently a growing concern that this mitigation target is unlikely to be met. Fundamental obstacles that put into question the “two-degree scenario” range from observed steady
growth of consumption of fossil fuel resources [Voinov and
Filatova, 2014] to various institutional barriers to efficient
mitigation policies [Matveenko, 2010]. Meanwhile, discussions on a possible “4∘ C world” are becoming a hot topic
[Anderson and Bows, 2011; Peters et al., 2013]. At the
same time, some recent studies suggest that socioeconomic
impacts of even 2∘ C warming above the pre-industrial level
would be much more adverse than it was previously thought
[Mann, 2009; Smith et al., 2009]. All this makes the more
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reliable assessment of socioeconomic impacts of high-end climate scenarios (that are the “worst-case” scenarios provided
by state-of-the art General Circulation Models (GCMs)) a
task crucial for the design of efficient climate adaptation and
mitigation policies.
GCMs and regional climate models provide as their outputs global and regional climate projections [Bobylev et al.,
2003; IPCC, 2007, 2013; Shkol’nik et al., 2012; Stroeve et al.,
2012; Volodin et al., 2008] that can further serve as inputs
for impact assessment studies. Particularly, this sequential
scheme is adopted in the present paper. It should be noted
in this respect that many of Integrated Assessment models
(IAMs) developed in economics of climate change are essentially the models of coupled climate–socioeconomic dynamics in which both climate and socioeconomic projections are
instead computed self-consistently [Hasselmann, 2013; Nordhaus, 2008; Porfiryev, 2008; Stern, 2007; Weber et al., 2005],
although some IAMs still follow the sequential architecture
[Cápellan-Pérez et al., 2014].
Any projections of global climate–socioeconomic system
dynamics are inevitably uncertain [Rovenskaya, 2010; Stern,
2007], and there is a general perception among experts in
economics of climate change that uncertainties related to socioeconomic systems and quantification of climate impacts
on them are much higher than uncertainties related to the
current state of climate science and climate modelling. Particularly, the climate damage functions that are the building
blocks of nearly all IAMs are perceived by many experts as a
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“weak link” and one of the most important sources of uncertainty in modelling exercises of this kind [Nordhaus, 2008;
Ortiz and Markandya, 2009; Pindyck, 2013].3
In the current paper we compute projections of the gross
world product (GWP) for the 21st century on a simple
climate–macroeconomic model using different available climate projections provided by GCMs as input data. We
provide computations for two alternative specifications of
climate damage functions recently proposed by Nordhaus
[2008] and Weitzman [2012] and thus address a question of
sensitivity of projections of climate–socioeconomic system
dynamics to the choice of climate damage functions. The
same two climate damage functions have been recently intercompared in [Wouter Botzen and van den Bergh, 2012]
for a different economic modelling framework, i.e. for the
DICE model of William D. Nordhaus [Nordhaus, 2008], and
different questions have been addressed (in [Wouter Botzen
and van den Bergh, 2012] optimal mitigation policy has been
assessed for two alternative climate damage functions, while
we are studying “business-as-usual” scenarios with no mitigation).
The paper is organized as follows. In Sec. 2 we discuss
GCM temperature projections used in the study. A simple
climate–macroeconomic model using these GCM projections
as input data is developed in Sec. 3. In Sec. 4 the two climate damage functions are specified, and model results are
provided and discussed. Sec. 5 concludes.

2. Temperature Projections From GCMs
The continuing rise in the average temperature of Earth’s
climate system is referred to as global warming. Since the
beginning of the 20th century, the global air and sea surface temperature has increased about 0.8∘ C. Each of the last
three decades has been warmer than any preceding decade
since 1850 [IPCC, 2013]. The long time scales and uncertainty associated with global warming has led analysts to develop scenarios of future environmental, social and economic
changes. These scenarios can help governments understand
the potential consequences of their decisions.
Estimates of impacts from anthropogenic climate change
rely on projections from climate models. Climate model projections were summarized in the 2007 Fourth Assessment
Report (AR4) by the Intergovernmental Panel on Climate
Change (IPCC) [IPCC, 2007]. They indicated that during
the 21st century the global surface temperature is likely to
rise a further 1.1 to 2.9∘ C for their lowest emissions scenario
and 2.4 to 6.4∘ C for their highest.
Recent studies revealed that Earth continues to experience warmer temperatures than several decades ago. The
past year was the ninth warmest year on record since 1880,
continuing what appears to be a long-term global trend of
rising temperatures. The ten warmest years have all oc3 Problems related to parameterization of damages caused by
natural hazards of various kinds are discussed in depth in [Rodkin
and Pisarenko, 2008; Rovenskaya, 2010].
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curred since 1998, and the last year that was cooler than
average was 1976. The hottest years on record were 2005
and 2010 [Atkinson, 2013].
Coupled global climate models (CGCMs) are the major
objective tools available to provide future climate projections based on physical laws that control the circulation and
thermodynamics of the atmosphere, ocean, land and sea ice.
Models continuously improve, representing more processes in
greater detail. This implies greater confidence in their projections. Coordinated experiments, in which many climate
models run a set of scenarios, have become the standard
to produce climate projections. Those multi-model ensembles sample uncertainties in emission scenarios, model uncertainty and initial condition uncertainty, provide a basis
to estimate projection uncertainties.
The most current generation of atmosphere-ocean GCM
simulations has been recently completed for the Intergovernmental Panel on Climate Change (IPCC) in order to provide
input to the IPCC Fifth Assessment Report (AR5) [IPCC,
2013]. In this work we assess the future changes of the
air temperature in the 21st century using an ensemble of
IPCC AR5 global climate models. The basic CMIP5 (Coupled Model Intercomparison Project, URL: http://cmippcmdi.llnl.gov/cmip5/) simulations to be considered in this
work include two representative scenario experiments for
the 21st century: medium stabilization scenario RCP4.5 and
higher emission scenario RCP8.5. These two emissions scenarios correspond to a high and medium radiative forcing
of +8.5 and +4.5 W/m2 in 2100 relative to pre-industrial
levels. A business-as-usual economic projection implies a
greater than RCP4.5 emission scenario. The results of five
Earth System Models and GCMs participating in CMIP5
are analyzed in this study.
We have chosen the models which reasonably reproduce
the present climate. Namely, the following CMIP5 models
were used: 1) CCSM4 (USA); 2) HADGEM2-ES (UK); 3)
HADGEM2-cc (UK); 4) MPI-ESM-MR (Germany); 5) MRICGCM3 (Japan) [Taylor et al., 2012].
We computed the global mean surface air temperature
(SAT) projections (referred to below as just temperature
projections) from GCM runs by averaging over the globe.
The analysis was performed for each month for the period of
2006–2100, annual means were then computed. To facilitate
intercomparison, all the data were interpolated to 2.5∘ ×2.5∘
regular grid sets. In spatial averaging, the cosine of the
central latitude of each grid box was applied as a weighting
factor.
Thus, totally ten projections of global mean SAT were
computed by us for two RCPs (RCP4.5 and RCP8.5) and for
five different GCMs (see Figure 1a). Then two temperature
projections have been selected from ten for our assessment
of global macroeconomics impacts of climate change in the
21st century (Figure 1b).

3. The Climate – Macroeconomic Model
As a basis for our simple global climate–macroeconomic
model we choose a standard AK model of endogenous eco-
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nomic growth [Barro and Sala-i-Martin, 2003]. We first
briefly describe the standard model (yet without climate impacts) and then supplement it with certain climate damage
function.
The production function of the global economy (i.e., the
GWP) in the standard AK model is chosen to be linear in
capital,
𝑌 = 𝐴𝐾
(1)
where 𝑌 is the (global) output, 𝐴 is the technology level,
and 𝐾 is the (global) stock of capital understood in a broad
sense (including physical, human and social capital).
The capital dynamics equation is
𝐾˙ = 𝑠𝑌 − 𝛿𝐾

(2)

where 𝑠 is the savings rate and 𝛿 is the depreciation rate.
By substituting Eq. (1) into Eq. (2) we get a linear ODE
𝐾˙ = [𝑠𝐴 − 𝛿] 𝐾
The solutions of the model grow exponentially in time:
𝐾(𝑡) = 𝐾0 exp [𝛾0 𝑡]
𝑌 (𝑡) = 𝑌0 exp [𝛾0 𝑡]
where 𝐾0 and 𝑌0 are initial values of capital and output,
respectively, and
𝛾0 = 𝑠𝐴 − 𝛿
(3)
is the growth rate of the economy.
We now introduce climate impacts into the model. Assuming that a fraction 𝑑(𝑇 ) of global output dependent on
the current state of global climate system (represented in our
model by global mean surface air temperature 𝑇 (𝑡) known
from GCM simulations, see Sec. 2) is lost because of adverse impacts of anthropogenic climate change, we get the
effective global output 𝑌eff in the form
𝑌eff (𝑡) = (1 − 𝑑 (𝑇 (𝑡))) 𝐴𝐾 (𝑡)

(4)

The function 𝑑(𝑇 ) appearing in Eq. (4) is called the climate
damage function. Two of many proposed alternative forms
of climate damage functions will be specified below in Sec. 4,
and it will be shown that long-term macroeconomic projections may be very sensitive to the form of 𝑑(𝑇 ).
Now 𝑌 should be replaced by 𝑌eff in Eq. (1), and we come
to a modified capital dynamics equation taking into account
the climate damage:
𝐾˙ = [(1 − 𝑑 (𝑇 (𝑡))) 𝑠𝐴 − 𝛿] 𝐾

(5)

Provided that temperature projections 𝑇 (𝑡) are known from
GCMs (Sec. 2), Eq. (5) can be solved in a closed form. The
final result for effective output is provided by a formula
[︂
]︂
∫︁ 𝑡
(︀ (︀ )︀)︀
𝑌eff (𝑡) = (1−𝑑 (𝑇 (𝑡))) 𝑌0 exp 𝛾0 𝑡−𝑠𝐴 𝑑 𝑇 𝑡′ ) 𝑑𝑡′ (6)
0

where integration over time should be performed numerically.

Figure 1. Global mean surface air temperature projections for the 21st century computed for different RCPs and
different GCMs (vertical axis — ∘ C): (a) ten temperature
projections (two RCPs (RCP4.5 and RCP8.5), five GCM
for each RCP) and (b) two temperature projections selected
from ten for the assessment of global macroeconomics impacts of climate change in the 21st century: the “best-case”
projection (RCP4.5, MRI-CGCM model) and the “worstcase” projection (RCP8.5, HADGEM2-ES model).

4. Macroeconomic projections for different
climate damage functions

To make quantitative macroeconomic projections in accordance with Eq. (6), we should specify values of model parameters and choose concrete parameterizations for climate
damage functions.
With regard to macroeconomic parameters, we make a
standard assumption about the depreciation rate
(𝛿=0.05 year−1 ) and also assume that in case of no climate
impacts (baseline scenario) the global economy would grow
at an annual rate of 2 percent (𝛾0 =0.02 year−1 ). In accordance with Eq. (3) this yields 𝑠𝐴 = 0.07 year−1 .
We also adopt two alternative specifications for climate
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damage functions: a weakly nonlinear function
1 − 𝑑N (𝑇 ) =

1
1 + 0.0028 (Δ𝑇 )2

proposed by Nordhaus [2008], and a strongly nonlinear function
1 − 𝑑W (𝑇 ) =

1
1 + (Δ𝑇 /20.46)2 + (Δ𝑇 /6.081)6.754

proposed by Weitzman [2012], Δ𝑇 being the temperature increase above the pre-industrial level. It should be noted that
climate damage functions proposed by Nordhaus and Weitzman almost coincide for moderate temperature increases,
but, in view of much stronger nonlinearity of the Weizmann
function, the latter provides much more severe climate damages for high temperature increases than the Nordhaus function.
The numeric integration is performed in Eq. (6) from year
2012 to year 2100 for two alternative climate damage functions (Nordhaus — Figure 2a , Weitzman — Figure 2b) and
three climate scenarios: the baseline scenario (no climate impacts, black curve on Figure 2a, b), the “best-case” temperature projection (RCP4.5, MRI-CGCM, blue curve), and the
“worst-case” temperature projection (RCP8.5, HADGEM2ES, red curve) — see Sec. 2 for details. The effective GWP
is measured in constant USD 2005, and 55 trln USD 2005 is
taken as its initial value for year 2012, in accordance with
the World Bank data.4
The computed effective GWP projections are shown on
Figure 2. The results of simulations can be summarized as
follows. In the baseline scenario (no climate impacts, zero
climate damages) GWP would reach 320 trln USD 2005 in
2100, i.e. it would be 5.8 times higher than in 2012. For the
“best-case” temperature projection (RCP4.5, MRI-CGCM)
there would be moderate climate damages for the economy,
and they would be almost identical for Nordhaus and Weizmann climate damage functions: the effective GWP would
reach about 302 trln USD 2005 in 2100, i.e. it would be
5.5 times higher than in 2012. However for the “worstcase” temperature projection (RCP8.5, HADGEM2-ES, red
curve) the climate impacts would be very different for Nordhaus and Weitzman climate damage functions. In case of
Nordhaus function, the effective GWP would reach about
244 trln USD2005 in 2100, i.e. it would be 4.4 times higher
than in 2012. In case of Weitzman function, the situation
would be much worse: the effective GWP would be equal to
121 trln USD 2005 in 2100, i.e. it would be only 2.2 times
higher than in 2012. Moreover, the effective GWP curve
would no longer be monotonous in the latter case: the effective GWP would reach its maximum of 160 trln USD 2005
in 2076 (2.9 times higher than in 2012), and then it would
start rapidly decreasing.
Therefore the results of our simulations (as of many other
recent studies in the area of economics of climate change)
reveal dramatic uncertainty of long-term global macroeconomic dynamics with respect to the choice of climate scenarios and climate damage functions.
4 See the World Development Indicators at [http://data.
worldbank.org/products/wdi].

Figure 2. GWP projections for the 21st century for different global mean surface air temperature projections and
two alternative specifications of climate damage functions
proposed by (a) Nordhaus [2008] and (b) Weitzman [2012].

5. Conclusions
In this paper we have estimated on a simple climate–
macroeconomic model the projections of GWP by the end
of the 21st century under different climate scenarios for
two different specifications of climate damage functions (a
weakly nonlinear Nordhaus function and a strongly nonlinear Weitzman function). Strong nonlinearity of the Weitzman function combined with the “worst-case” temperature
scenario yielded a very dramatic scenario of long-term global
macroeconomic dynamics: a rather slow economic growth
(as compared to other model setups considered) is stopped
in about 2075 and then the global economy starts decaying. A very high degree of uncertainty accompanying assessment of climate–socioeconomic projections, particularly
the uncertainty originating from poor knowledge of climate
damage functions for high temperature increases, and pronounced nonlinearity of the coupled system under study at
strong deviations from its current state, urgently calls for
more detailed and better justified estimations of anticipated
global, regional and sectorial climate damages.
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