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Abstract

Estimates of the global economic impacts of observed climate change during the 20th cen-
tury obtained by applying five impact functions of different integrated assessment models
(IAMs) are separated into their main natural and anthropogenic components. The estimates
of the costs that can be attributed to natural variability factors and to the anthropogenic inter-
vention with the climate system in general tend to show that: 1) during the first half of the cen-
tury, the amplitude of the impacts associated with natural variability is considerably larger
than that produced by anthropogenic factors and the effects of natural variability fluctuated
between being negative and positive. These non-monotonic impacts are mostly determined
by the low-frequency variability and the persistence of the climate system; 2) IAMs do not
agree on the sign (nor on the magnitude) of the impacts of anthropogenic forcing but indicate
that they steadily grew over the first part of the century, rapidly accelerated since the mid
1970’s, and decelerated during the first decade of the 21st century. This deceleration is
accentuated by the existence of interaction effects between natural variability and natural
and anthropogenic forcing. The economic impacts of anthropogenic forcing range in the
tenths of percentage of the world GDP by the end of the 20th century; 3) the impacts of natu-
ral forcing are about one order of magnitude lower than those associated with anthropogenic
forcing and are dominated by the solar forcing; 4) the interaction effects between natural and
anthropogenic factors can importantly modulate how impacts actually occur, at least for mod-
erate increases in external forcing. Human activities became dominant drivers of the esti-
mated economic impacts at the end of the 20th century, producing larger impacts than those
of low-frequency natural variability. Some of the uses and limitations of IAMs are discussed.

Introduction

Integrated assessment models (IAMs) have been widely used for estimating the potential
costs of climate change over the 21* and later centuries and for advising policy regarding the
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desirability of alternative mitigation and adaptation portfolios. However, these models have
seldom been applied to the 20th century to examine the impacts of climate change which have
already occurred. An exception is Tol[1] who recently applied the FUND model in its national
version for estimating the impacts of climate change during the 20th century using observed
global temperatures averaged over 5-year periods. His main findings are that while the global
average impact over the century was positive, regional and temporal differences are important:
most countries benefited from climate change until 1980, but since then the impacts for poor
countries have been negative and positive for the rich. The largest negative impacts occur in
water and human health.

However, even when filtering out part of the high-frequency variability in observed global
temperatures (e.g., by averaging over periods as in Tol[1], running means or filters), the under-
lying climate change signal is still distorted by the intrinsic low-frequency variability of the cli-
mate system, such as long-term oscillations in global temperatures. Moreover, the different
contributions of natural and anthropogenic forcing factors to this signal cannot be identified
[2-4]. A better understanding of what the economic impacts of the observed climate during
the 20th century could have been and of the relative importance of their anthropogenic and
natural drivers can provide relevant information for policy-making, socioeconomic research
and the society at large. The results presented here are also of interest to the IAM community,
as they illustrate the importance of the interaction effects between different impact drivers
(i.e., natural variability, natural and anthropogenic forcings). In particular, low-frequency nat-
ural variability oscillations can significantly modulate the impacts that would correspond to
the observed increases in anthropogenic forcings alone. Depending on their phase and on
the magnitude of the interaction effects, the final impacts can be considerably damped or
amplified.

Furthermore, a large part of the recent discussion about IAMs has focused on the behavior
of their impact functions for large increases in warming and the possible occurrence of cata-
strophic events[5,6]. Much less attention has been devoted to the uncertainty of these impact
functions for small increases in global temperatures, such as observed temperatures in the 20th
century or those that are commonly projected to occur during the next few decades. Moreover,
the importance of interaction effects of impacts from natural and anthropogenic forcing pro-
duced by the nonlinearity of climate impacts has up to our knowledge not been studied yet.
Our time-horizon is especially suitable for examining climate change impacts with IAMs
impact functions since the observed changes in temperature during this period are well within
the limit of 3°C for which these functions have been calibrated. The analyses presented here
contribute to the IAM:s literature by exploring the multi-model uncertainty for small to mod-
erate increases in warming.

The structure of this paper is as follows. The next section describes the data, scenarios and
methods that are used in this study. The third section presents and discusses the estimated
costs of climate change over the 20th century and their decomposition in natural and anthro-
pogenic factors. Section four concludes.

Data and methods

Climate and radiative forcing databases

We use the HadCRUT3 global surface temperature anomalies time series[7], available at https://
figshare.com/s/d8ed9e731989f819d828. We take into account the following indices which are
commonly considered to be the most important natural sources of inter-annual global and
hemispheric climate variability[8-11]: the Southern Oscillation Index (SOI) from the National
Center for Atmospheric Research (NCAR; https://figshare.com/s/d8ed9e731989{819d828) as a
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proxy for El Nifio/Southern Oscillation; the North Atlantic Oscillation (NAO) from Climatic
Research Unit (CRU; https://figshare.com/s/d8ed9e731989f819d828); the Atlantic Multidecadal
Oscillation (AMO) from the National Oceanic and Atmospheric Administration (NOAA;
http://www.esrl.noaa.gov/psd/data/timeseries/ AMO/); and the Pacific Decadal Oscillation
(PDO) from the Joint Institute for the Study of the Atmosphere and Ocean (JISAO; https://
figshare.com/s/d8ed9e731989f819d828).

The radiative forcing series used in this paper are from NASA[12]; available at http://data.
giss.nasa.gov/modelforce/). The initial year is 1880 and it is used to represent preindustrial cli-
mate forcing, which implies that the values of all radiative forcing variables in that year are
zero. We use the following variables (in W/m?): well mixed greenhouse gases (REGHG; carbon
dioxide (CO2), methane (NH4), nitrous oxide (N20); chlorofluorocarbons (CFCs)); tropo-
spheric ozone (O3); stratospheric water vapor; solar irradiance (SOLAR); land use change;
snow albedo; black carbon; reflective tropospheric aerosols (RAER) and; the indirect effect of
aerosols. As in previous studies[4,13] the total radiative forcing (TRF) is defined as the sum of
all the radiative forcing variables mentioned above (both natural and anthropogenic).

Global temperature scenarios generation

The detection and attribution of climate change has been an area of intense research that has
proven to be of interest for a wide range of applications including climate modeling, risk and
impact assessment, mitigation and adaptation studies, economics and policy making[14]. The
separation of the anthropogenic warming signal from the natural variability in global tempera-
tures has received significant attention during the last decades, leading to the development and
adaptation of a variety of statistical and physical modeling approaches to tackle this task[4,13-
18]. Although these studies are characterized by strong methodological differences[19], most
of them have concluded that global temperature and the total radiative forcing series share a
common secular trend. This trend is caused by anthropogenic forcing as a major contributor
to the observed warming, and natural variability is characterized as a stationary process.

The existence of this common secular trend allows separating this warming signal from
observed global temperature series. For constructing the scenarios used in this paper we apply
a simple regression model to detrend observed global temperatures as follows:

T, = o+ BTRF, + u, (1)
From which the following quantities can be obtained:

t, =T, — BTRF, = o+ u, (2)

t' =, + B(TRE, — REGHG — RAER) (3)

where T is the observed global temperature series, « is the intercept, f is an estimate of the
transient climate response[4,20], and u, are the regression residuals. The coefficients in all
three equations are the same and are estimated using the first regression. This simple regres-
sion-based method has shown to be adequate for decomposing global temperatures into

its anthropogenic and natural components[4,21], although other methods could be used
instead[15,22]. Eqs (2) and (3) are used to detrend and partially detrend observed global tem-
peratures, respectively. These time series, depicted in Fig 1, provide alternative climate sce-
narios as input for running the selected IAMs. The first scenario, £, from (Eq 2), represents
natural variability under a stationary climate where all external radiative forcings are held
constant at their preindustrial values (preindustrial scenario). This preindustrial scenario is
similar in concept to the preindustrial control run (piControl) in the Fifth Phase of the
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Fig 1. Global temperature scenarios. Observed global temperatures (blue), ?; (preindustrial anthropogenic
forcing; red) and Tt (preindustrial forcing; green) for the period 1880-2010.

doi:10.1371/journal.pone.0172201.9001

Climate Model Intercomparison Project (CMIP5; http://cmip-pcmdi.llnl.gov/cmip5/index.
html) conducted for the Fifth Assessment Report of the IPCC[14]. As described by Taylor

et al.[23], the climate responds not only to external forcing (attributable both to natural and
anthropogenic factors), but it also shows variations that are solely due to internal interactions
due to the complex nonlinear climate system. Control runs are carried out to explore this
natural “unforced” variability and, for this purpose, all external forcing factors are held at
their preindustrial values[14]. The preindustrial values of the external forcing factors are
commonly represented by their values on a particular year in the second half the 1800s or
some average over this period[23,24]. The second scenario, ?j from (Eq 3), represents the
evolution of global temperatures holding the main anthropogenic forcing factors (GHG and
RAER) constant at their preindustrial values, but allowing all other forcing factors to vary
according to the observed records (natural forcing scenario). Note that most of the time-
series based attribution studies include only GHG and RAER forcing to represent the
observed anthropogenic forcing[4,17,18]. In principle, this approximation could lead to an
overestimation of the natural forcing since it excludes only the main anthropogenic forcing.
However, the combined radiative forcing of all the other anthropogenic factors (i.e., O3,
stratospheric water vapor, land use change, snow albedo, black carbon, and the indirect effect
of aerosols) is very small (average value of -0.07W/m?) and has practically no effect in the
resulting estimated temperatures (the largest difference is -0.05°C). The third scenario, rep-
resented by (Eq 1), corresponds to the observed temperature records.
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Impact functions

IAMs are frequently used for advising climate policy and are one of the few available methods
for analyzing the economic impacts of climate change at the global level in an internally consis-
tent manner[25,26]. As described below, here we use five impact functions from different
IAMs in order to explore the potential consequences that climate change could have already
had during the 20™ century and to decompose these impacts into their natural and anthropo-
genic components. Estimating the potential costs of climate change is a challenging task for
several reasons. Among the most important are: the wide range of activities, natural and
human systems that can be affected by climate change and that need to be included in the
assessment of its potential costs[27]; the existence of significant gaps in information, knowl-
edge and methodologies[6,28,29] and; the limited understanding and capacity to model
human anticipation and reaction to climate change impacts, such as investments in adaptation
[30]. In general, adaptation has been modelled implicitly through the calibration of the impact
functions included in the model. Very few exceptions explicitly model adaptation (i.e., AD-
DICE[31]). In both cases, adaptation measures are aggregated at the regional level and no
explicit microeconomic modeling to represent investment dynamics, and decision making of
economic actors is included. As has been shown in the literature, the impacts of climate change
can be modified by the agent actions at the micro scale[32-34]. This is one of the most chal-
lenging aspects to include in the impact functions of IAMs and contributes to the large uncer-
tainty that characterizes the estimates of the costs of climate change[30]. Given the large
complexity of the systems and interactions these models are designed to represent, [AMs are
inevitably related with epistemic uncertainty, simplifications and omissions as well as some ad
hoc and subjective constructs[6,27,29,35-37]. At best, these models can approximate a repre-
sentation of the current fragmented and incomplete knowledge regarding climate change sci-
ence and economic impacts from climate change. Furthermore, as has been discussed in the
literature, validation and verification of models of complex open systems is problematic and

in general model validation and verification can create the misleading illusion that a model

is appropriate to support decision-making if its performance for reproducing current observa-
tions is deemed to be acceptable[38,39]. Good performance in reproducing the current state of
a complex open system is, at best, weakly correlated with better or more reliable projections
[40-43]. The economics of climate change, including IAM, faces the additional problem that
there is no recorded data regarding the observed welfare impacts of climate change to compare
with model outcomes. In fact, if such data would exist then there is no need to estimate past
climate impacts using IAMs as we do here. As such, what can be demanded of IAMs is not a
model that can reproduce current or past economic states, but that they reasonably represent
the state of the knowledge (and uncertainties) about estimating economic impacts of climate
change. In the light of these difficulties and those expressed in recent papers[6,29,37], it is
important to recall that the primary value of IAMs and other models of complex, open systems
is heuristic: they are useful for learning and exploring possible scenarios of how systems can
respond to different conditions, but not for producing predictions and, in a strict sense, cannot
be validated[38]. Therefore, caution should be exerted when interpreting numerical results of
IAMs, as they can give the impression of precision when they are only approximations of how
the economic system might respond to climate change that are conditional on a large set of fac-
tors and limitations as have been discussed in more detail by other studies[6,27,29].

As noted by several other studies[6,28-30,36], impact functions of TAMs are uncertain
because their empirical basis is small. These functions that estimate the GDP consequences for
temperature rise are based on statistical and modelling approaches that estimate relations
between climate conditions and impacts on a variety of sectors, including: the agricultural
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sector, coastal areas caused by sea level rise, other market sectors (especially energy use), health
risks, immaterial goods (recreation), cities, and ecosystems[44-48]. Moreover, recent literature
has focused on estimating the impacts of weather on the economy[49-51] and these results
could help providing an empirical foundation for better calibrating and specifying the impact
functions in IAMs. However, the impacts from weather shocks and climate change need not
be similar and can differ importantly[49,52]. Although some general ideas have been proposed
on how to bring climate and weather impacts together, no formal method has been devised to
do so. In the present paper, we contribute to this discussion by stressing the existence and
importance of interaction effects between natural variability oscillations and the long-term cli-
mate signal, which is one aspect needed to estimate the consequences of different changes in
climate variables. Moreover, we account for the uncertainty of the impact function by con-
ducting our estimations with a broad range of main impact functions from the IAM literature.
The damage functions of IAMs used in this paper come from the most widely used IAMs for
estimating the economic costs of climate change[44,47,53-55] and from a meta-analysis
review[28,56] that summarizes 21 of such estimates (see S1 Text, section 1). These impact
functions are global and no regional versions of impact functions are considered in this study.
In what follows the damage functions are denoted as DICE99 and DICE2007, the FUNDn3.6,
PAGE2002 and MA (for meta-analysis).

Results and discussion

In this section we present estimates of the contributions of natural and anthropogenic factors
to the estimated costs of observed global temperature during a period comprising the 20th cen-
tury. Based on the three aforementioned temperature scenarios, five economic impact scenar-
ios are defined:

1. S_OBS: The expected economic costs given the observed global temperature evolution,
obtained using T,.

2. S_NV: The expected costs associated with natural variability under a stationary climate
holding all external forcing factors constant at their preindustrial levels, obtained using 7,.

3. S_NVEF: The expected costs associated with the observed natural external forcing and inter-
nal variability, obtained using 7. This scenario is used only for estimating S_AF and S_NF
described below.

4. S_AF: The expected costs associated with the anthropogenic radiative forcing, obtained as
the difference of S_OBS and S_NVF.

5. S_NF: The expected costs associated with the natural radiative forcing, obtained as the dif-
ference of S NVF and S_NV.

Note that the impact scenarios above are composed of the combination of the contributions
of natural and anthropogenic factors. Given the nonlinear functional forms in the impact func-
tions used, interaction effects between the different components are produced. Consider as an
illustration D = f(a + b), where fis, for example, a quadratic function. In this case, D would be
equal to the sum of a>+b?, plus the interaction term 2ab. The approach for separating the con-
tributions of internal variability and anthropogenic and natural forcing described in steps 1 to
5 above preserves their interaction effects (e.g., the effects of natural variability under a station-
ary climate are not the same than under an externally forced climate due to the nonlinearities
in the damage functions).
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Fig 2. Economic effects over the 20th century according to different damage functions. Panels show (a) the economic impacts of observed
temperature (S_OBS), (b) the economic impacts associated with the effects of anthropogenic radiative forcing (S_AF), (c) the economic impacts
associated with the effects of natural radiative forcing (S_NF) and (d) the economic impacts associated with the effects of natural variability (S_NV).

doi:10.1371/journal.pone.0172201.g002

Estimates of costs from observed global temperatures

Panel a) of Fig 2 shows the estimated impacts of the observed climate during the 20th century
obtained from the 5 different IAMs impact functions. According to PAGE2002, MA and
DICE2007, by the end of the century the observed global temperature had a negative effect on
welfare. For DICE99 and FUNDnN3.6 the effect was positive. While DICE99, DICE2007, MA
and PAGE2002 suggest that the economic impacts during the last decade are small (about
-0.26% to 0.14% of global GDP), FUNDn3.6 shows considerably larger (positive) impacts
reaching about 0.8% of GDP in 2000. FUNDn3.6 equity weighting results show the highest
benefits: 1.19% in 2000 and a maximum of 1.61% in the mid-1970s. According to the FUND
model during the 20th century the poorer countries experienced greater benefits, primarily
from CO?2 fertilization, than the richer countries and therefore the equity weighted impacts

PLOS ONE | DOI:10.1371/journal.pone.0172201

February 17,2017

7/16



®PLOS | one

Economic impacts of climate variability and change

a) S _OBS b) S_AF
2.0 2.0
1.5
1.0
o o
0.5 a
@ @
® 0.0 2
-0.5
1.0
A5 T 7T 7T 7 1 ASTT T
1900 1920 1940 1960 1980 2000 1900 1920 1940 1960 1980 2000
c) S_NF d) S_NV
2.0 2.0
1.5 1.5
1.0 1.0
% 05 5 05]
O O
® 00 R 00
-0.5- -0.5-
-1.0 -1.0
15T T T 71— 15T T T
1900 1920 1940 1960 1980 2000 1900 1920 1940 1960 1980 2000

Fig 3. Multimodel mean of the estimated economic effects over the 20th century. Multimodel estimates of the economic impacts of observed
global temperature (S_OBS), (b) the economic impacts associated with the effects of anthropogenic radiative forcing (S_AF), (c) the economic
impacts associated with the effects of natural radiative forcing (S_NF) and (d) the economic impacts associated with the effects of natural variability

(S_NV).

doi:10.1371/journal.pone.0172201.9003

are more positive than the non-weighted average[28]. The differences in the projected impacts
mainly arise from small differences in included climate impact categories[28,56] and from dif-
ferences in how the impact functions are specified. In particular, the chosen functional form
for the impact functions has an important effect over the projected impacts and these can vary
greatly from model to model: while the functional form in DICE1999, DICE2007 and MA is
quadratic, in PAGE2002 the functional form goes from linear to cubic, and in FUND each sec-
tor has specific functional forms.

With the exception of PAGE, all other impact functions used in this paper are deterministic
and do not provide information regarding the uncertainty in the estimated costs. Nevertheless,
by using all the estimates produced by the individual impact functions a general uncertainty
interval can be calculated. Fig 3 panel a) shows the multimodel mean of S_OBS and the corre-
sponding two standard deviation intervals representing the uncertainty in this estimate. The
multimodel mean in Fig 3 panel a) shows a steady positive trend that leads to net benefits of
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about 0.30% of GDP in 2000. Note however that throughout the 20th century, the multimodel
mean value is always smaller than the standard deviation of the models’ outcomes, underlying
the very large uncertainty in these estimates (e.g., the standard deviation in 2000 was 0.56%).
For the estimates in Fig 3 all TAMs are weighted equally, implying that all of them produce
equally credible estimates.

Contributions of the natural and anthropogenic radiative forcing to the
estimated impacts

Panels a), b) and c) of Fig 2 show that the trending behavior of the estimated global economic
impacts S_OBS can only be produced by S_AF and S_NF which share a somewhat similar
nonlinear trend. However, the magnitude of the impacts produced S_NF is, for most models,
about one order of magnitude lower than those associated with anthropogenic forcing. As
clearly shown in panel d), the costs associated with natural variability describe oscillatory pat-
terns around a fixed mean that cannot account for the trend in global impacts.

According to PAGE2002, MA, DICE99 and DICE2007, the welfare impacts of anthropo-
genic forcing lie in the range of a few tenths of percent of the world GDP by the end of the
20th century (from -0.23% in PAGE2002 to 0.24% in DICE99). This figure is considerably
larger for FUNDnN3.6 which indicates benefits in the range of about 0.60% to 1.37%. It is also
worth noting that DICE2007 provides the smallest estimates of impacts, reaching only about
-0.1% at the end of the century.

It is of particular interest to quantify the interaction effects produced by the different com-
ponents of global temperatures. The implicit assumption in TAM applications is that the
estimation of the economic costs of climate change can be based on stylized temperature pro-
jections based only on anthropogenic forcing; i.e., economic impacts are linearly separable
into their components caused by different kinds of forcing. As illustrated below, this assump-
tion does not hold and can considerably bias the impact estimates. Fig 4 shows the interaction
effects, obtained as the difference of S_AF and the costs estimated using the temperature based
on anthropogenic forcing only (S4 Fig). These interaction effects are characterized by a nonlin-
ear trend that depends on the magnitude of anthropogenic forcing, natural forcing and vari-
ability and on the particular specification of the impact function. These synergistic impacts
have non-negligible magnitudes, get larger as the observed anthropogenic forcing increases
and can significantly change the evolution of impacts. The amplitudes of the interaction effects
ranges from 0.07% (MA) to 0.16% (DICE99) of GDP, and in the case of FUND the amplitudes
are 0.55% (average) and 0.73% (equity) of GDP. For all of the impact functions, the magnitude
of the interaction effects is comparable to, or are larger than, those of S_NF. The slowdown in
the anthropogenic radiative forcing experienced since the early 1990’s provides an illustration
of how much these interaction effects can modify the estimated impacts. Since the last years of
the 1990s, the estimated impacts decreased in magnitude which is in part due to the aforemen-
tioned slowdown. However, as shown by S4 Fig, this reduction was heavily reinforced by the
interaction effects, leading to a significant drop in the magnitude of the estimated impacts
since the late 1990s.

The multimodel mean of S_AF indicates that the human contribution to the observed
warming during the 20th century produced net benefits in the world average. The benefits
increased from about 0.08% at the beginning of the century to about 0.19% of GDP in 2000
after reaching about 0.33% in the 1990’s (Fig 3 panel b). As before, the uncertainty is quite
large: the multimodel mean is always smaller than the standard deviation of the models’
outcomes.
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denotes that interaction effects are not included.
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The contribution of S_NF to the overall impacts is depicted in panel c) of Fig 2. The magni-
tude of the impacts is considerably lower than that of S_AF, amounting to at most 0.1% during
the century, with the exception of FUNDnN3.6 in which the highest values of S_NF are in the
range of 0.3% to 0.5%. With the exception of DICE2007, the increases in natural forcing
observed since the mid-20th century make S_NF contribute in the same direction as S_AF to
the estimated total costs. This is consistent with climate physics: irrespective of their origin,
increases in radiative forcing simply add up, leading to larger climate transient response and
equilibrium temperatures[20]. The effects of natural forcing are dominated by the eleven-year
cycle in solar forcing. The correlation between the impacts attributed to natural forcing factors
with solar forcing is very large and positive for DICE99, DICE2007, MA and FUNDnN3.6 rang-
ing from 0.62 to 0.91, while for PAGE2002 this correlation is -0.84.

The multimodel mean shows that the impacts of S_NF where practically zero until the
1940s. In the second half of the century natural forcing (mainly solar) produced small but
increasing benefits reaching around 0.04% of GDP in 2000 (Fig 3c¢).

Estimates of costs obtained from the preindustrial scenario

All of the impact functions indicate that the natural variability alone can lead to impacts that
are comparable in magnitude to those that can be attributed to anthropogenic factors until the
last three decades of the 20th century, and are much larger than those that can be associated
with the observed natural forcing (Fig 2d). The main difference is that the natural variability
impacts follow low-frequency oscillations instead of sustained trends. The impacts under the
preindustrial scenario can be associated with some of the main modes of interannual climate
variability. As shown in S3 Table, S_NV is highly and significantly correlated with AMO and
to a lesser extent with SOI, PDO and NAO. The magnitude of these correlations is broadly
similar for the estimates obtained using the PAGE2002, MA, DICE99 and DICE2007 impact
functions (about 0.70, 0.30, 0.20 and 0.24 in absolute value for AMO, SOI, PDO and NAO,
respectively), although the signs are different depending on the specification of the impact
functions. Only in the case of DICE2007 the impacts of natural variability are strictly negative,
while for DICE99 they are mostly negative and for PAGE2002 and MA they are mainly posi-
tive. These non-monotonic impacts are dominated by the low-frequency variability and large
persistence of the climate system.

Linear regression models using AMO, SOL, PDO and NAO as explanatory variables were
estimated, but only the first two (AMO and SOI) were found to significantly contribute to
explain the variability of the estimated costs. The following specification was found to be statis-
tically adequate for most of the IAMs estimates (see S4 and S5 Tables for parameter estimates
and misspecification tests):

S_NV, =c+aS_NV,

it—1

+ 6,AMO, 4 6,AMO,_, + ySOI, + &, (4)

where S_NV;, are the estimated costs for model i = 1,. . .,5. This regression model has a similar
specification to those in previous studies[4] for global temperature series. In all cases AMO
and SOI are highly significant, except for the estimates obtained with FUNDn3.6 where only
AMO is significant.

For most IAMs, the estimated regressions explain about 60% of the variance of the impacts
associated with natural variability. Furthermore, AMO and SOI generate important fluctua-
tions from the mean of S_NV;;: a one standard deviation shock to AMO produces a cumulative
long-run response of about 0.60 times the standard deviation of S_NV; (positive for DICE99
and DICE2007, negative for PAGE2002 and MA) while a shock of one standard deviation to
SOI generates a long-term response 0.45 times the standard deviation of S_NV}, (negative for
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DICE99 and DICE2007, the opposite occurs with PAGE2002. See S6 Table). For FUNDn3.6 a
one standard deviation shock in AMO produces a response of 0.39 (average) and 0.77 (equity)
times the standard deviation of S_NV;,. These long-run responses are calculated by scaling the
coefficients of the explanatory variables in (Eq 4) by 1/(1-a).

The multimodel mean of S_NV is mainly negative and shows a low-frequency oscillatory
pattern similar to AMO (correlation coefficient of 0.60) varying in a range of -0.08% to 0.17%
of GDP during the 20th century. It is worth noticing that the standard deviation of the models’
outcome is on average almost 3 times larger than the multimodel mean, indicating the large
uncertainty in this estimate. Furthermore, S_NV shows that until the last three decades of the
20th century, natural variability was the main source of economic impacts. Since then, the
main driver of impacts is anthropogenic forcing.

Sectoral decomposition of impacts

According to the sectoral decomposition of the estimated impacts obtained by FUNDn3.6 (S1
Text, section 2), anthropogenic forcing in agriculture accounts for most of the economic bene-
fit in the past century (S1 Fig). Benefits attributable to the anthropogenic forcing are also
found for the energy sector, while this forcing imparted a trend in the economic losses in
human health and water resources. The model strongly suggests that the contribution of
anthropogenic forcing to the estimated number of deaths per thousand people is dominant in
the case of diarrhoea, respiratory diseases and malaria (S2 Fig).

Discussion

This paper adds to the recent discussion regarding IAMs by investigating the differences in the
estimates obtained from model to model for small increases in temperatures. Even though the
estimates of the global economic impacts of climate change used as benchmarks to calibrate
IAMs are in broad agreement[28,56], IAMs impact functions do not agree in the sign nor the
magnitude of the impacts for small changes in temperature (S3 Fig). These differences are
largely due to how the impact function is specified, in particular the functional form that is
chosen and if the dynamics of impacts are modeled[5,30]. In the case of FUNDn3.6 and
DICE99 the observed warming has brought benefits to global welfare, while according to
DICE2007, MA and PAGE2002 the opposite is true. With the exception of FUNDn3.6, which
estimates the magnitude of the impacts in about 1% of GDP at the end of the 20th century, the
rest of the IAMs considered value the impacts in only a few tenths of percent.

Despite the uncertainty in impact functions estimates, some robust results are obtained.
First, the magnitude of the impacts over the last three decades is unprecedented over the last
century. Only in the case of DICE99 the magnitude of the impacts attributable to natural vari-
ability are larger than those of the anthropogenic forcing at end of the 20th century. Second,
the decomposition of the estimated impacts of observed global temperature reveals that at the
end of the 20th century anthropogenic forcing became the dominant driver of the estimated
economic impacts, producing similar or larger impacts than those of low-frequency natural
variability. Anthropogenic impacts increased over the period of analysis in a non-monotonic
way, slowly for the first part of the 20th century, accelerating significantly after the 1970s and
reducing their rate of increase after the 1990s when a slowdown in global warming started
[4,13,57,58]. Third, it is shown that the interaction effects can notably modulate the estimates
of the economic impacts of climate change. If these effects are not considered as is common
practice, the estimated costs of climate change can be biased. Fourth, the contribution of natu-
ral forcing to the total estimated impacts is about one order of magnitude lower than that of
the anthropogenic forcing or that of the internal interannual variability. The main driver of
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the impacts associated with natural factors is solar forcing, which imprinted its 11-year cycle
and a slight positive trend. Fifth, in the intra- and inter-decadal scales the amplitude of the
impacts associated with natural variability is considerably larger than that produced by anthro-
pogenic factors during the first half of the century. These non-monotonic impacts are mostly
determined by the low-frequency variability modes and persistence of the climate system.

Conclusion

As is common in climate change science and modeling, IAMs have important limitations and
are fraught with uncertainty. Nevertheless, these models are valuable tools for supporting deci-
sion making and for exploring the potential economic consequences of climate change. This
paper illustrates the large uncertainty in the impact functions projections for small increases in
warming, such as that of the observed warming period and those that are projected to occur in
the short- and medium-terms. Given the common use of positive discount rates, the impacts
in the near and medium future can have a significant weight on the present value estimates of
climate change costs. Investigating the differences in IAMs impact functions and improving
their calibration for small increases in warming would help providing better estimates of the
economic costs of climate change. The results of this paper point to the importance of interac-
tion effects which are currently ignored in IAMs projections of the costs of future climate
change. Most IAMs produce temperature projections based exclusively on anthropogenic forc-
ing, implicitly assuming that the different natural and anthropogenic contributions to the cli-
mate change costs are linearly separable. Given the nonlinearity of impact functions this is not
the case and as is shown in this paper the interaction effects can be large, potentially biasing
the estimates if ignored. The consequences of this assumption for the estimates of future cli-
mate change costs will be addressed by the authors in a forthcoming paper.

Supporting information

S1 Fig. Estimated economic effects over the 20th century per sector. (a) agriculture, (b)
water resources, (c) energy and (d) health.
(TIF)

S2 Fig. Estimated deaths per million people during the 20th century per disease. Deaths
caused by (a) impacts associated to observed global temperature change (S_OBS), (b) impacts
associated to the effects of anthropogenic radiative forcing (S_AF), (c) impacts associated to
the effects of natural radiative forcing (S_NF) and (d) impacts associated to the effects of natu-
ral variability (S_NV).

(TIF)

S$3 Fig. Estimated economic effects for the 20th century per IAM. (a) PAGE2002, (b)
DICE99, (c) DICE2007, (d) MA, (e) FUNDn3.6 average and (f) FUNDn3.6 equity.
(TIFF)

S4 Fig. Estimated economic effects due to anthropogenic forcing with and without interac-
tion effects. (a) estimates for PAGE, DICE2007, DICE99 and MA. (b) estimates for
FUNDn3.6 average and FUNDn3.6 equity. NI denotes that interaction effects are not
included.

(TIF)

S1 Table. Parameter values of the damage functions in the DICE99 and DICE2007 models.
(DOCX)

PLOS ONE | DOI:10.1371/journal.pone.0172201 February 17,2017 13/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0172201.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0172201.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0172201.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0172201.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0172201.s005

@° PLOS | ONE

Economic impacts of climate variability and change

S2 Table. Parameter values for the economic and non-economic sectors for EU and
regional weights from PAGE2002.
(DOCX)

§3 Table. Correlation coefficients between the estimated impacts from the preindustrial
scenario and AMO, SOI, NAO and PDO.
(DOCX)

$4 Table. Regression models for S_NV;, based on key variability modes and the persistence
of impacts.
(DOCX)

S5 Table. Misspecification testing for the models for S_NV;; based on key variability modes
and the persistence of impacts.
(DOCX)

S6 Table. Long-run response of estimated impacts to one standard deviation shocks to
AMO and SOI as a percentage of GDP.
(DOCX)

$1 Text. Supplementary information about impact functions and additional results.
(DOC)

Author Contributions
Conceptualization: FE RSJT WJWB.

Formal analysis: FE RS]T WJWB.
Investigation: FE RSJT WJWB.
Methodology: FE RSJT WJWB.

Writing - original draft: FE RSJT.

Writing - review & editing: FE RSJT WJWB.

References
1. Tol RSJ. The economic impact of climate change in the 20th and 21st centuries. Clim Change. 2013;
117: 795-808.

2. WuZ, Huang NE, Wallace JM, Smoliak B V., Chen X. On the time-varying trend in global-mean surface
temperature. Clim Dyn. 2011; 37: 759-773.

3. Swanson KL, Sugihara G, Tsonis AA. Long-term natural variability and 20th century climate change.
Proc Natl Acad Sci U S A. 2009; 106: 16120-3. doi: 10.1073/pnas.0908699106 PMID: 19805268

4. EstradaF, Perron P, Martinez-Lépez B. Statistically derived contributions of diverse human influences
to twentieth-century temperature changes. Nat Geosci. 2013; 6: 1050—1055.

5. Weitzman ML. On Modeling and Interpreting the Economics of Catastrophic Climate Change. Rev
Econ Stat. 2009; 91: 1-19.

6. Pindyck RS. Climate Change Policy: What Do the Models Tell Us? J Econ Lit. 2013; 51: 860-872.

Brohan P, Kennedy JJ, Harris |, Tett SFB, Jones PD. Uncertainty estimates in regional and global
observed temperature changes: A new data set from 1850. J Geophys Res. 2006; 111: D12106.

8. Trenberth KE. Signal Versus Noise in the Southern Oscillation. Mon Weather Rev. 1984; 112: 326-332.

9. Enfield DB, Mestas-Nufiez AM, Trimble PJ. The Atlantic Multidecadal Oscillation and its relation to rain-
fall and river flows in the continental U.S. Geophys Res Lett. 2001; 28: 2077-2080.

10. Hurrell JW. Decadal trends in the north atlantic oscillation: regional temperatures and precipitation. Sci-
ence. 1995; 269: 676-9. doi: 10.1126/science.269.5224.676 PMID: 17758812

PLOS ONE | DOI:10.1371/journal.pone.0172201 February 17,2017 14/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0172201.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0172201.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0172201.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0172201.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0172201.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0172201.s011
http://dx.doi.org/10.1073/pnas.0908699106
http://www.ncbi.nlm.nih.gov/pubmed/19805268
http://dx.doi.org/10.1126/science.269.5224.676
http://www.ncbi.nlm.nih.gov/pubmed/17758812

@° PLOS | ONE

Economic impacts of climate variability and change

11.

12

13.

14.

15.

16.
17.

18.

19.

20.

21.

22,

23.

24,

25.
26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

37.

Wolter K, Timlin MS. Measuring the strength of ENSO events: How does 1997/98 rank? Weather.
1998; 53: 315-324.

Hansen J, Sato M, Kharecha P, von Schuckmann K. Earth’s energy imbalance and implications. Atmos
Chem Phys. Copernicus GmbH; 2011; 11: 13421-13449.

Estrada F, Perron P, Gay-Garcia C, Martinez-Lépez B. A Time-Series Analysis of the 20th Century Cli-
mate Simulations Produced for the IPCC’s Fourth Assessment Report. PLoS One. 2013; 8: 1-10.
Stocker TF, Qin D, Plattner GK, Tignor M, Allen SK, Boschung J, et al. IPCC, 2013: climate change
2013: the physical science basis. Contribution of working group | to the fifth assessment report of the
intergovernmental panel on climate change. Cambridge University Press; 2013;

Hasselmann K. Optimal Fingerprints for the Detection of Time-dependent Climate Change. J Clim.
19983; 6: 1957-1971.

Tol RSJ, de Vos AF. Greenhouse statistics-time series analysis. Theor Appl Climatol. 1993; 48: 63-74.

Tol RSJ, De Vos AF. A Bayesian Statistical Analysis of the Enhanced Greenhouse Effect. Clim Change.
Kluwer Academic Publishers; 1998; 38: 87—112.

Kaufmann RK, Stern DI. Evidence for human influence on climate from hemispheric temperature rela-
tions. 1997; 388: 39-44.

Estrada F, Gay C, Sanchez A. A reply to “Does temperature contain a stochastic trend? Evaluating con-
flicting statistical results” by Kaufmann R. K. et al. Clim Change. 2010; 101: 407—414.

Schwartz SE. Determination of Earth’s Transient and Equilibrium Climate Sensitivities from Observa-
tions Over the Twentieth Century: Strong Dependence on Assumed Forcing. Surv Geophys. 2012; 33:
745-777.

Estrada F, Perron P. Detection and attribution of climate change through econometric methods. Boletin
la Soc Matematica Mex. 2014; 20: 107-136.

Huber M, Knutti R. Anthropogenic and natural warming inferred from changes in Earth’s energy bal-
ance. Nat Geosci. Nature Research; 2011; 5: 31-36.

Taylor KE, Stouffer RJ, Meehl GA, Taylor KE, Stouffer RJ, Meehl GA. An Overview of CMIP5 and the
Experiment Design. Bull Am Meteorol Soc. American Meteorological Society; 2012; 93: 485—-498.

Miller RL, Schmidt GA, Nazarenko LS, Tausnev N, Bauer SE, DelGenio AD, et al. CMIP5 historical sim-
ulations (1850—2012) with GISS ModelE2. J Adv Model Earth Syst. 2014; 6: 441-478.

Nordhaus WD. Integrated Economic and Climate Modeling. SSRN Electron J. 2011;

Parson EA, Fisher-Vanden K. Integrated assessment models of global climate change. Annu Rev
Energy Environ. Annual Reviews; 1997; 22: 589-628.

van den Bergh JCJM, Botzen WJW. A lower bound to the social cost of CO2 emissions. Nat Clim
Chang. Nature Research; 2014; 4: 253-258.

Tol RSJ. The Economic Effects of Climate Change. J Econ Perspect. 2009; 23: 29-51.

Stern N. The Structure of Economic Modeling of the Potential Impacts of Climate Change: Grafting
Gross Underestimation of Risk onto Already Narrow Science Models. J Econ Lit. 2013; 51: 838—859.

Estrada F, Tol RSJ, Gay-Garcia C. The persistence of shocks in GDP and the estimation of the poten-
tial economic costs of climate change. Environ Model Softw. Elsevier Ltd; 2015; 69: 155-165.

de Bruin KC, Dellink RB, Tol RSJ. AD-DICE: an implementation of adaptation in the DICE model. Clim
Change. Springer Netherlands; 2009; 95: 63-81.

Kahn ME. The Climate Change Adaptation Literature. Rev Environ Econ Policy. Oxford University
Press; 2016; 10: 166—178.

Kurukulasuriya P, Mendelsohn R, Hassan R, Benhin J, Deressa T, Diop M, et al. Will African Agriculture
Survive Climate Change? World Bank Econ Rev. Oxford University Press; 2006; 20: 367—388.

Costinot A, Donaldson D, Smith C. Evolving Comparative Advantage and the Impact of Climate Change
in Agricultural Markets: Evidence from 1.7 Million Fields around the World. J Polit Econ. University of
Chicago PressChicago, IL; 2016; 124: 205-248.

Schneider SH. Integrated assessment modeling of global climate change: Transparent rational tool for
policy making or opaque screen hiding value-laden assumptions? Environ Model Assess. 1997; 2: 229—
249.

Tol RSJ, Fankhauser S. On the representation of impact in integrated assessment models of climate
change. Environ Model Assess. 1998; 3: 63-74.

Ackerman F, DeCanio SJ, Howarth RB, Sheeran K. Limitations of integrated assessment models of cli-
mate change. Clim Change. 2009; 95: 297-315.

PLOS ONE | DOI:10.1371/journal.pone.0172201

February 17,2017 15/16



@° PLOS | ONE

Economic impacts of climate variability and change

38.

39.

40.

41.

42,

43.

44,
45.

46.

47.

48.

49.

50.

51.

52.

53.

54.
55.

56.

57.

58.

Oreskes N, Shrader-Frechette K, Belitz K. Verification, Validation, and Confirmation of Numerical Mod-
els in the Earth Sciences. Science (80-). 1994;263.

Stainforth DA, Allen MR, Tredger ER, Smith LA. Confidence, uncertainty and decision-support rele-
vance in climate predictions. Philos Trans A Math Phys Eng Sci. 2007; 365: 2145-61. doi: 10.1098/rsta.
2007.2074 PMID: 17569656

Knutti R, Furrer R, Tebaldi C, Cermak J, Meehl GA. Challenges in combining projections from multiple
climate models. J Clim. 2010; 23: 2739-2758.

Notz D. How well must climate models agree with observations? Philos Trans R Soc A Math Phys Eng
Sci. 2015; 373: 20140164.

Weigel AP, Knutti R, Liniger MA, Appenzeller C. Risks of model weighting in multimodel climate projec-
tions. J Clim. 2010; 23: 4175-4191.

Kumar A. Finite Samples and Uncertainty Estimates for Skill Measures for Seasonal Prediction. Mon
Weather Rev. 2009; 137: 2622—-2631.

Nordhaus WD, Boyer J. Warming the world: economic models of global warming. MIT press; 2003.

Tol RSJ. Estimates of the Damage Costs of Climate Change. Part 1: Benchmark Estimates. Environ
Resour Econ. 2002; 21: 47-73.

Tol RSJ. Estimates of the Damage Costs of Climate Change, Part Il. Dynamic Estimates. Environ
Resour Econ. 2002; 21: 135—-160.

Hope C. The marginal impact of CO2 from PAGE2002: An integrated assessment model incorporating
the IPCC’s five reasons for concern. Integrated Assessment. 2006.

Stern N. STERN REVIEW: The Economics of Climate Change—Part |. Cambridge Univ Press. 2007;
1-54.

Dell M, Jones BF, Olken BA. What Do We Learn from the Weather? The New Climate—Economy Litera-
ture. J Econ Lit. 2014; 52: 740-798.

Schlenker W, Roberts MJ. Nonlinear temperature effects indicate severe damages to U.S. crop yields
under climate change. Proc Natl Acad Sci U S A. National Academy of Sciences; 2009; 106: 15594-8.

Deschénes O, Greenstone M. Climate Change, Mortality, and Adaptation: Evidence from Annual Fluc-
tuations in Weather in the US. Am Econ J Appl Econ. 2011; 3: 152—185.

ESTRADA F, TOL RSJ. Toward Impact Functions for Stochastic Climate Change. Clim Chang Econ.
2015; 6: 1550015.

Nordhaus WD. A question of balance: Weighing the options on global warming policies. Yale University
Press; 2008.

Nordhaus W, Sztorc P. DICE 2013R: Introduction and User ‘ s Manual with. 2013; 1—-102.

Anthoff D, Tol RSJ. Climate policy under fat-tailed risk: an application of FUND. Ann Oper Res. 2014;
220: 223-237.

Tol RSJ. Correction and Update: The Economic Effects of Climate Change t. J Econ Perspect. 2014;
28: 221-226.

Gay-Garcia C, Estrada F, Sanchez A. Global and hemispheric temperatures revisited. Clim Change.
2009; 94: 333-349.

Kaufmann RK, Kauppi H, Mann ML, Stock JH. Reconciling anthropogenic climate change with
observed temperature 1998-2008. Proc Natl Acad Sci U S A. 2011; 108: 11790-3. doi: 10.1073/pnas.
1102467108 PMID: 21730180

PLOS ONE | DOI:10.1371/journal.pone.0172201

February 17,2017 16/16


http://dx.doi.org/10.1098/rsta.2007.2074
http://dx.doi.org/10.1098/rsta.2007.2074
http://www.ncbi.nlm.nih.gov/pubmed/17569656
http://dx.doi.org/10.1073/pnas.1102467108
http://dx.doi.org/10.1073/pnas.1102467108
http://www.ncbi.nlm.nih.gov/pubmed/21730180

