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Despite a strengthening consensus that the increase in anthropogenic emissions of
greenhouse gases is partially responsible for the observed increase in global temperature
since the mid-20™ century, scientific debate continues on several issues, including the relative
size of individual causes of climate change such as sulphate aerosols (Kaufmann ez al., 2011),
the El Nino-Southern Oscillation (Compo and Sardeshmukh, 2010; Tung and Zhou, in press),
black carbon (Bond et al., in press), the existence of climate feedbacks on the global carbon
cycle (Piao et al., 2008; Barichivich et al., 2012), and whether increases in carbon dioxide
precede or follow global warming (Shakun et al., 2012; Parennin et al., 2013). Here, we test
for causality between radiative forcing and temperature using multivariate time series models
and Granger causality tests that are robust to the non-stationary (trending) nature of global
climate data. We find that both natural and anthropogenic forcings cause temperature change
and also that temperature causes greenhouse gas concentrations. Additionally, though the
effects of greenhouse gases and volcanic forcing are robust across model specifications, we
cannot detect any effect of black carbon on temperature, the effect of changes in solar
irradiance is weak, and the effect of anthropogenic sulphate aerosols may be only around half

that usually attributed to them (Boucher and Pham, 2002).



One approach to detecting and attributing climate change involves estimating time series
models of the relation between temperature and relevant forcing variables (e.g. Stone and
Allen, 2005; Stern, 2006; Lean and Rind, 2008; Beenstock et al., 2012; Canty et al., 2012).
The validity of these models depends critically on the time series properties of the variables
and the model residuals (Stern and Kaufmann, 2000). Specifically, the time series for many
forcings are non-stationary, and may be stochastically trending (Stern and Kaufmann, 2000)
— only the changes in the variable are stationary - which invalidates the naive application of
classical static regression analysis. However, it is very hard to identify the actual data
generating process, and therefore the statistical properties of the time series, because
available tests have low statistical power to discriminate among alternatives and the
temperature series, in particular, are noisy due to internal variability (Stern and Kaufmann,

2000).

Alternatively, robust Granger causality tests that do not depend on the statistical
properties of the time series (Toda and Yamamoto, 1995) may offer a more reliable approach
to attributing climate change to specific forcings. A time series variable x (e.g. radiative
forcing) is said to Granger cause variable y (e.g. surface temperature) if past values of x help
predict the current level of y given all other relevant information. These hypotheses can be
tested by estimating a multivariate time series model, known as a vector autoregression
(VAR), for x, y, and other relevant variables. The VAR models the current values of each
variable as a linear function of their own past values and those of the other variables. Then
we test the hypothesis that x does not cause y by evaluating restrictions that exclude the past

values of x from the equation for y and vice versa.

To identify causal relations between radiative forcing and temperature and explore
uncertainty about the effects, we compile annual global time series data for temperature and
an expanded set of radiative forcings from 1850 to 2011, create several scenarios for the
relative size of uncertain forcings, and test for Granger causality between the radiative
forcing and temperature series using Toda and Yamamoto’s (1995) robust Granger causality

test.

The scenarios for the relative size of the forcings allows us to explore the considerable
uncertainty regarding the effects of black carbon and anthropogenic sulphate emissions
(Forster et al., 2007). Bond et al., (in press) find that the radiative forcing due to black carbon
is likely to be much greater than previously estimated. However, this new estimate has a wide

confidence interval that also includes zero. We investigate this uncertainty by evaluating



scenarios for a range of values for the radiative forcing of black carbon and sulphate aerosols.
The standard scenario (indicated as BC=1, S=1) assumes that the radiative forcing of black
carbon and anthropogenic sulphate aerosols in 1990 is 0.31 Wm™ (Meinshausen et al., 2011)

and -1.42 Wm? (Boucher and Pham, 2002), respectively.

Based on these values, anthropogenic forcing (greenhouse gases, sulphur emissions, and
black carbon) is low until 1970 after which it increases sharply (Figure 1a). Natural forcings
are dominated by large volcanic eruptions (Figure 1b). In the last decade, total anthropogenic
and natural forcing is fairly constant due to a decline in natural forcing and a slight slowing in
the growth of the anthropogenic forcing. This might explain the relative hiatus in global
temperature increase in this period (Kaufmann et al., 2011). Similarly, both atmospheric
temperature and ocean heat content show an increase starting around 1970 and a slowing
during the last decade (Figure 2). Alternative scenarios (BC =0,S =1and BC=3,S =1)
assume that black carbon either makes no contribution to global warming or has three times
the standard effect, or (BC = 0, S = 0.5) assumes that black carbon has no effect and
anthropogenic sulphate aerosols have only half their default cooling effect. The curve for this
final scenario (Figure la) is smoother than the others and almost monotonic and appears

visually to fit the history of global temperature (Figure 2) better.

Limited observations mean that we cannot test all forcing variables separately. Therefore,
some aggregation is needed. To allow for uncertainties in the strength of forcings and for the
fact that greenhouse gases might be endogenous to temperature while other forcings are
exogenous, we test three levels of aggregation (Tables 1 and 2). For Models I and II, total,
anthropogenic, and natural radiative forcing (RFTOT, RFANTH, and RFNAT) are computed
by summing their components and these aggregates are used in the regression models. We
also test the total effect of anthropogenic and natural forcing in the most disaggregated
model, Model III, by imposing joint restrictions that exclude all of the anthropogenic or all of

the natural forcings.

We run all tests on the full sample (1850-2011) and a 1958-2011 sample. 1958 marks the
start of on-going direct measurements of atmospheric CO, that are probably more reliable
than the earlier data derived from ice cores. However, this sample results in a very short time
series, which may weaken the reliability of results. For the 1958-2011 sample, we also test
models that include ocean heat content. The oceans store most of the increase in heat due to

increased radiative forcing, therefore models that omit ocean heat content are misspecified



(Stern, 2006) and bias statistical estimates of the climate sensitivity (Stern, 2006; Mascioli et

al.,2012).

Model I, which aggregates all forcings, shows unambiguously that radiative forcing
causes temperature but not vice versa (Table 1). Model II, which disaggregates total forcings
into anthropogenic and natural forcings, highlights the uncertainty about the strength of
forcings. Contrary to some recent studies (Pasini et al., 2012; Attanasio, 2012), natural
forcing causes temperature in all scenarios. Conversely, anthropogenic forcing causes
temperature (at the 5% level) only when we assume that the black carbon forcing is zero and
the sulphur forcing is weak (BC = 0, S = 0.5). A couple of other results also suggest that
anthropogenic forcings cause temperature, but only at the 10% significance level. For most of
the Model II scenarios, there is little evidence that temperature Granger causes anthropogenic

forcing.

Model III shows the importance of disaggregating the forcings. Greenhouse gases and
anthropogenic sulphate aerosol cause temperature in all but one of the samples each but we
cannot find a causal effect for black carbon, which is consistent with Kaufmann ez al. (2011).
Volcanic aerosols (RFVOL) are highly significant in all samples while solar irradiance

(RFSOL) is much less significant or totally insignificant depending on the sample.

Model III also shows that temperature causes greenhouse gases. We investigate this result
further by disaggregating greenhouse gases into the temperature sensitive carbon dioxide and
methane and the other non-temperature sensitive gases — nitrous oxide and CFC’s. Results
(not reported) indicate that temperature Granger causes carbon dioxide and methane, but
temperature has no causal effect on the other non-temperature sensitive greenhouse gases.
The two-way causal relation between temperature and carbon dioxide is consistent with the
recent findings of a synchronous change of atmospheric CO, and Antarctic temperature since

the last glacial maximum (Parrenin et al., 2013; Kaufmann and Juselius, in press).

The sum of the coefficients associated with lagged temperature in the vector
autoregression model is positive, which suggests that a warming climate changes carbon
flows to and from the atmosphere such that on net, a warming climate increases the flow of
carbon to the atmosphere. This summation is not always a reliable indicator of either the
short- or long-run effect (Wilde, 2012), but this result is consistent with findings that
temperature has a positive short-run feedback effect on the atmospheric concentration of

carbon dioxide (Kaufmann et al., 2006) and that the rate of increase of atmospheric CO, is



positively correlated with global temperature and is higher during El Nino events and lower

following major volcanic eruptions such as Mount Pinatubo (Keeling et al., 2005).

As a robustness test, we repeat all tests using the GISS3 temperature data (Table 2). The
results of the causality tests are similar. The main difference is that in many cases, evidence
for the causal effects of greenhouse gases in Model III and anthropogenic forcing in Model II
is stronger for the HADCRUT4 data. The results are also similar across the two sample

periods and for models with and without ocean heat content.

The results reported here are more robust than those reported by other recent efforts to
use Granger causality to attribute the causes of climate change (Attanasio, 2012; Bilancia and
Vitale, 2012, Attanasio er al., 2012; Kodra et al., 2011). Kaufmann and Stern (1997)
pioneered the use of the Granger causality technique, developed in macroeconomics, to
attribute changes in the instrumental temperature record to anthropogenic activities and/or
natural causes. Their study took an indirect approach, testing whether the radiative forcing of
greenhouse gases and/or aerosols could explain the causal effect of Southern Hemisphere on

Northern Hemisphere temperatures they found using a bi-variate model.

This indirect approach was criticized (Triacca, 2001), and, so, recent studies take a direct
approach by testing for causality between individual forcings and temperature (Triacca, 2005;
Attanasio, 2012; Bilancia and Vitale, 2012, Attanasio ef al., 2012; Kodra et al., 2011; Pasini
et al., 2012). Nevertheless, these studies are problematic because they test the effect of
potential causes one at a time and, in many cases, use statistical methodologies that are not

appropriate for the non-stationary (trending) nature of the data.

In a test of the Granger causality between x and y, if a third variable, z, drives both x and
v, x might still appear to cause y though there is no causal mechanism that directly links the
variables. As a result, omitted variable bias (i.e. the bias in regression estimates due to
omitting z from the analysis of x and y) can affect conclusions about causality (Liitkepohl,
1982). Indeed, Kaufmann and Stern (1997) argue that their finding of causality from
Southern Hemisphere to Northern Hemisphere temperatures is spurious, caused by the

omission of greenhouse gases and anthropogenic sulphur emissions from that model.

Similarly, conclusions about causality generated by previous models may be spurious
because the time series properties of the data affect the critical values that should be used to

evaluate statistical tests of Granger causality. Several studies suggest that many of the time



series for trace gases are stochastically trending — only differencing can render them
stationary - as opposed to stationary around a constant mean, a deterministic trend, or a
deterministic trend with a one-time change (Stern and Kaufmann, 2000; Kaufmann et al.,
2013). Testing for causality among stochastically trending time series with critical values
from standard distributions overstates the likelihood of causality if the time series are not
cointegrated (Toda and Phillips, 1993). To avoid this source of confusion, some analysts
(e.g. Bilancia and Vitale, 2012; Kodra et al., 2011) remove the stochastic trend by
differencing the data. But differencing is not appropriate because it potentially eliminates

long-run effects and so can only provide information on short-run effects.

Using statistical models and methods that alleviate issues associated with omitted variable
bias and the stochastically trending time series, the results reported here show that properly
specified tests of Ganger causality validate the consensus that human activity is partially
responsible for the observed rise in global temperature and that this rise in temperature also
has an effect on the global carbon cycle. Finally, Granger causality might be able to narrow
the range of uncertainty about individual forcings in a way that ultimately improve our ability
to forecast futures changes in climate. This hypothesis is speculative and should be

investigated using Monte Carlo simulation methods.

Methods

Data Sources and Calculations of Radiative Forcing

Temperature: We use two global land-sea temperature series - HADCRUT4 (Morice et al.,
2012) and GISS v3 GLOBAL Land-Ocean Temperature Index (Hansen et al., 2010). GISS
data is only available from 1880 while HADCRUT4 is available from 1850.

Ocean heat content: We obtain data from:

http://www.nodc.noaa.gov/OC5/3M HEAT CONTENT/basin data.html

We use the 0-700m layer series, as only this data is available with unsmoothed annual

observations. Data is available from 1955 to 2011. See Levitus et al. (2012) for more details.

Radiative Forcing: We update to 2011 the sources used in Stern (2006) with the following

modifications:

Volcanic sulphate aerosol is based on the optical thickness data from GISS:



http://data.giss.nasa.gov/modelforce/strataer/tau line.txt

Radiative forcing is -27 times the optical thickness. See Sato et al. (1993) for discussion of

sources and methods.

Anthropogenic sulphur emissions: We use data from Smith ez al. (2011) and Klimont et al.
(2013). Radiative forcing is computed using a modification of the formula in Wigley and
Raper (1992) and values from Boucher and Pham (2002) of -0.42Wm™ for direct radiative
forcing in 1990 and -1.0Wm™ for indirect forcing in 1990, an indirect forcing of -0.17Wm™ in
1850, and a natural burden of 0.19Tg S and an anthropogenic burden of 0.47 Tg S in 1990.
The formula for indirect forcing is: R, =-0.13-0.87In(1+ A,S,/26)/In(1+ £,S,qy, /26) where
S is annual anthropogenic sulphur emissions in Tg S and 4 is the stack height term (Wigley

and Raper, 1992).

Black and organic carbon: We use the radiative forcing provided in RCP 8.5 (Meinshausen et
al.,2011). We sum the variables OCI_RF, BCI_RF, BIOMASSAER_RF, and BCSNOW_RF

to get the total effect of black and organic carbon.

We considered adjusting the temperature series for the effects of ENSO and other
oscillations. However, various series are available which are only weakly correlated,
especially in earlier years and various procedures could be used to remove the effects. Some
of these approaches (e.g. Compo and Sardeshmukh, 2010; Tung and Zhou, in press) remove
much of the variance in the data. However, these oscillations are an endogenous part of the
climate system, which might be affected by anthropogenic and natural forcing and, therefore,

their effects should not necessarily be removed from the temperature data.

Statistical Methods

To account for the effects of m additional variables z;, the simple bi-variate model used to test
for causality between two variables, x and y, described in the main text, is expanded by

estimating the following model:
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in which t indexes time, p is the number of lags that adequately models the dynamic structure
so that the coefficients of further lags of variables are not statistically significant. There are p

matrices of regression coefficients IT° , which have dimension (2 + m) X (2 + m) and o is
(2+m) vector of regression coefficients. The error terms ¢ are white noise though they may be

correlated across equations. The null hypothesis H12] = Hil =..=II" =0 implies that x does

not cause y. Rejecting this null indicates that x causes y. Similarly, rejecting

nm = H?Z =..=II" =0 indicates that y causes x.

1,2

Failure to reject the null hypothesis that x does not cause y, does not necessarily mean that
there is no causal relation between the variables. Instead, a misspecified number of past
observations, insufficiently frequent observations (Granger, 1988), too small a sample and
hence low statistical power, omitted variables bias (Liitkepohl, 1982), or nonlinearity
(Sugihara et al., 2012) can generate a type II error. Nonetheless, a linear VAR should be
appropriate for testing for causality because the response of the climate system to forcings

appears to be linear and additive on large spatial scales (Stone et al., 2009).

Toda and Yamamoto (1995) modify the standard Granger causality test on the variables in
levels so that is robust to the presence of integrated variables and non-cointegration. Their
procedure adds additional lags of the variables to the VAR model. One lag is added for each
possible degree of integration. So if variables are integrated at most of order one then one
additional lag is added and if variables are possibly second order integrated two lags are
added. These additional lags are not restricted in the Granger causality test. The test statistic
has the classic asymptotically chi-squared distribution with p degrees of freedom. Ignoring

deterministic components, the model estimated is:

p d
Y=o+ Eniyt—i +E(I)iyt—p—i e,

i=1 i=1
where y is a vector of n variables, ¢ is a vector of n white noise error terms, d is the maximal
order of integration in the data, and ¢ indexes time. We estimate the model using the
seemingly unrelated regressions estimator and imposed the restrictions on the system of

equations. We used the Schwert criterion to fix the maximal lag length for the VAR models,



which for the 1850-2011 and 1880-2011 samples is 4 lags, and for the 1958-2011 sample is 3
lags. We use the Schwartz Bayesian Information Criterion (SBC) to determine the optimal
lag length. To reduce the number of parameters to be estimated we imposed exogeneity
restrictions on RFSOX, RFBC, RFVOL, and RFSOL in the disaggregated version of the

model.

References

Attanasio, A. Testing for linear Granger causality from natural/anthropogenic forcings to
global temperature anomalies. Theoretical and Applied Climatology 110, 281-289 (2012).

Attanasio, A., Pasini, A., & Triacca, U. A contribution to attribution of recent global
warming by out-of-sample Granger causality analysis. Atmospheric Science Letters 13(1),
67-72 (2012).

Barichivich, J., Briffa, K. R., Osborn, T. J., Melvin, T. M., Caesar, J. Thermal growing
season and timing of biospheric carbon uptake across the Northern Hemisphere. Global
Biogeochemical Cycles 26GB4015 (2012).

Beenstock, M., Reingewertz, Y. & Paldor, N. Polynomial cointegration tests of
anthropogenic impact on global warming. Earth System Dynamics 3, 173-188 (2012).

Bilancia, M. & Vitale, D. Anthropogenic CO2 emissions and global warming: evidence from
Granger causality analysis. In: Di Ciaccio, A., Coli, M., Angulo Ibanez, J. M. (eds.)
Advanced Statistical Methods for the Analysis of Large Data-Sets, Springer (2012).

Bond T. C. et al. Bounding the role of black carbon in the climate system: A scientific
assessment. Journal of Geophysical Research -- Atmospheres (in press).

Boucher, O. & Pham, M. History of sulphate aerosol radiative forcings. Geophysical
Research Letters 29(9), 22-1-22-4 (2002).

Canty, T., Mascioli, N. R., Smarte, M. & Salawich, R. J. An empirical model of global
climate — Part 1: Reduced impact of volcanoes upon consideration of ocean circulation.
Atmospheric Chemistry and Physics Discussions 12,23829-23911 (2012).

Compo, G. P. & Sardeshmukh, P. D. Removing ENSO-related variations from the climate
record. Journal of Climate 23, 1957-1978 (2010).

Forster, P., Ramaswamy, V., Artaxo, P., Berntsen, T., Betts, R., Fahey, D. W., Haywood, J.,
Lean, J., Lowe, D. C., Myhre, G., Nganga, J., Prinn, R., Raga, G., Schulz, M., and Van
Dorland, R.: Changes in atmospheric constituents and in radiative forcing. In: Solomon, S.,
Qin, D., Manning, M., Chen, Z., Marquis, M., Averyt, K. B., Tignor, M., and Miller, H. L.
(eds.) Climate Change 2007 : The Physical Science Basis, Contribution of Working Group 1
to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change,
Cambridge University Press, 129-234 (2007).

Granger, C.W.J. Some recent developments in a concept of causality. Journal of
Econometrics 39, 199-211 (1988).

Hansen, J., Ruedy, R. Sato, N. & Lo, K. Global surface temperature change. Review of
Geophysics 48, RG4004 (2010).



10

Kaufmann, R. K. & Juselius, K. Testing hypotheses about glacial cycles against the
observational record. Paleoceanography. doi:10.1001/palo.20021 (in press).

Kaufmann, R. K., Kauppi, H. & Stock J H. Emissions, concentrations, and temperature: A
time series analysis, Climatic Change 77(3-4), 249-278.

Kaufmann, R. K., Kauppi, H., Mann, M. L., & Stock, J. H. Does temperature contain a
stochastic trend: linking statistical results to physical mechanisms. Climatic Change DOI
10.1007/s10584-012-0683-2 (2013).

Kaufmann, R. K., Kauppi, H., Mann, M. L., & Stock, J. H. Reconciling anthropogenic
climate change with observed temperature 1998-2008. Proceedings of the National Academy
of Sciences 108(29), 11790-11793 (2011).

Kaufmann, R. K. & Stern, D. I. Evidence for human influence on climate from hemispheric
temperature relations. Nature 388, 39-44 (1997).

Keeling, C. D., Piper, S. C., Bacastow, R. B., Wahlen, M., Whorf, T. P., Heimann, M. &
Meijer, H. A. Atmospheric CO, and *CO, exchange with the terrestrial biosphere and oceans
from 1978 to 2000: Observation and carbon cycle implications. In: Ehleringer J. R., Cerling,
T. & Dearing, M. D. (eds.) A History of Atmospheric CO2 and Its Effects on Plants, Animals,
and Ecosystems, Ecological Studies 177, Springer.

Klimont, Z., Smith, S. J., and Cofala, J. The last decade of global anthropogenic sulfur
dioxide: 2000-2011 emissions, Environmental Research Letters 8,014003 (2013).

Kodra, E., Chatterjee, S., & Ganguly, A. R. Exploring Granger causality between global
average observed time series of carbon dioxide and temperature. Theoretical and Applied
Climatology 104(3-4),325-335 (2011).

Lean,J. L. & Rind, D. H. How natural and anthropogenic influences alter global and regional
surface temperatures: 1889 to 2006. Geophysical Research Letters 35,1.18701.

Levitus, S., Antonov, J. L., Boyer, T. P., Baranova, O. K., Garcia, H. E., Locarnini, R. A.,
Mishonov, A. V., Reagan, J. R., Seidov, D., Yarosh, E. S. & Zweng, M. M. World ocean heat
content and thermosteric sea level change (0-2000 m), 1955-2010, Geophysical Research
Letters 39(10), L10603 (2012).

Liitkepohl, H. Non-causality due to omitted variables. Journal of Econometrics 19, 367-378
(1982).

Mascioli, N. R., Canty, T. & Salawitch, R. J. An empirical model of global climate — Part 2:

Implications for future temperature. Atmospheric Chemistry and Physics Discussions 12,
23913-23974 (2012).

Meinshausen, M., Smith, S. ef al. The RCP GHG concentrations and their extension from
1765 to 2300. Climatic Change 109, 213-241 (2011).

Morice, C. P., Kennedy, J. J., Rayner, N. A. & Jones, P. D. Quantifying uncertainties in
global and regional temperature change using an ensemble of observational estimates: The
HadCRUT4 dataset. Journal of Geophysical Research 117, D08101 (2012).

Parrenin, F., Masson-Delmotte, V., Kohler, P., Raynaud, D., Paillard, D., Schwander, J.,
Barbante, C., Landis, A., Wegner, A., & Jouzel, J. Synchronous change of atmospheric CO2
and Antarctic temperature during the last deglacial warming. Science 330, 1060-1063 (2013).



11

Piao, S., Ciais, P., Friedlingstein, P., Peylin, P., Reichstein, M., Luyssaert, S., Margolis, H.,
Fang, J., Barr, A., Chen, A., Grelle, A., Hollinger, D. Y., Laurila, T., Lindroth, A.,
Richardson, A. D. Vesala, T. Net carbon dioxide losses of northern ecosystems in response to
autumn warming. Nature 451(7174),49-53 (2008).

Pasini, A., Triacca, U. & Attanasio, A. Evidence of recent casual decoupling between solar
radiation and global temperature. Environmental Research Letters 7,034020 (2012).

Sato, M., Hansen, J. E., McCormick, M. P. & Pollack, J. B. Stratospheric aerosol optical
depth, 1850-1990. Journal of Geophysical Research 98(D12),22987-22994 (1993).

Shakun, J. D., Clark, P. U., He, F., Marcott, S. A., Mix, A. C., Liu, Z., Otto-Bliesner, B.,
Schmittner, A. & Bard, E. Global warming preceded by increasing carbon dioxide
concentrations during the last deglaciation. Nature 484, 49-55 (2012).

Smith, S. J., van Aardenne, J., Klimont, Z., Andres, R. J., Volke, A. & Delgado Arias S.
Anthropogenic sulphur dioxide emissions: 1850-2005, Atmospheric Chemistry and Physics
11, 1101-1116 (2011).

Stern D. I. An atmosphere-ocean multicointegration model of global climate change.
Computational Statistics and Data Analysis 51(2), 1330-1346 (2006).

Stern, D. I. & Kaufmann, R. K. Detecting a global warming signal in hemispheric
temperature series: a structural time series analysis. Climatic Change 47, 411-438 (2000).

Stone, D. A., Allen, M. R., Stott, P. A., Pall, P., Min, S.-K., Nozawa, T., &Yukimoto, S. The
detection and attribution of human influence on climate. Annual Review of Environment and
Resources 34, 1-16 (2009).

Stone, D. A. & Allen, M. R. Attribution of global surface warming without dynamical
models. Geophysical Research Letters 32,1.18711 (2005).

Sugihara, G., May, R., Ye, H., Hsieh, C.-H., Deyle, E., Fogarty, M., Munch, S. Detecting
causality in complex ecosystems. Science 338, 496-500 (2012).

Toda, H. Y. & Phillips, P. C. B. The spurious effect of unit roots on vector autoregressions:
an analytical study. Journal of Econometrics §9,229-255 (1993).

Toda, H, Y. & Yamamoto, T. Statistical inference in vector autoregressions with possibly
integrated processes. Journal of Econometrics 66,225-250 (1995).

Triacca, U. On the use of Granger causality to investigate the human influence on climate.
Theoretical and Applied Climatology 69, 137-138 (2001).

Triacca, U. Is Granger causality analysis appropriate to investigate the relationship between
atmospheric concentration of carbon dioxide and global surface air temperature? Theoretical
and Applied Climatology 81(3-4), 133-135 (2005).

Tung, K.-K. & Zhou, J. Using data to attribute episodes of warming and cooling in
instrumental records. Proceedings of the National Academy of Sciences (in press).

Wigley, T. M. L. & Raper, S. C. B. Implications for climate and sea level of revised IPCC
emissions scenarios. Nature 357,293-300 (1992).



12

Wilde, J. Effects of simultaneity on testing Granger-causality — a cautionary note about
statistical problems and economic misinterpretations. Institute of Empirical Economic
Research, University of Osnabriick, Working Paper 93,

Acknowledgements:
We thank Paul Burke, Robert Costanza, Zsuzsanna Csereklyei, and Shuang Liu for their

useful comments.



"HINVAY Sunndwods ur XOSAY pue DAY 10 SIUAIIFFO00 JAIT

SOLIBUSDS SANRWINY “LOLAI=HINVAI+LYNAY "LYNAI=TOSAI+TOALY "(1=09) HINVAI=DGII+XOSII+DHOAY douRIpell 1e[0S = TTOS
‘[0SOIaR JIUBI[OA = TOA ‘U0qied yoe[q = O ‘oreydns orwadodoryiuy = XS ‘Sosed asnoyuaalin) = DO ‘Surdio) aanerpey = JY Injerodwa [, = JINAL
‘uonesned ou Jo sisayodLy [[nu oy Suryoofar 10y sonfea-d are sain3ig

91000 £000°0 esc00 DHDAY sosnes JINH.L
dNHL
1€10°0 8L90°0 IC10°0 | @sned "JOSdd % "TOAdd
01’0 8¢IT°0 08¢0 dINHL 9sned "JOSdd
1,L00°0 0L¥0°0 €100 dINH.L S9sned "TOAdd
dINAL asned
68000 06000 78000 | D94 % "XOSdd ‘OHOJ
S90t°0 00L9°0 78890 dINHL sesned gAY
0000 09v0°0 L81€0 dINHL S9sned XOSdd
12200 92000 €000°0 dINHL Sesnes DHOJY
TOSHY "TOALY ODddd XOSdd DHODAY #LOAIOAVH 11 [PPOIN
Y8160 | 1990 | vC8I'0| 8eke€0| ¥ISE0| SIOSO| ¥0C9'0| SELLO| T1€600| <9L00| LEIT'O| TITIO HINVAY sosned JINH.L
€0c00 | TTI100 | LICOO| S9100| 80000 | 20000 | €€000| LOOOO| 8£CO00| ¥OI0O0O| S6C0°0| €600 dINHL Sosned [VNAY
90000 | €8900| 6¥9C0 | 6¢800| €1000| v6CC0| 96I€0| 9¢81'0| L6C00 | 06vV9°0 | L9¥I'0| SC6I0 dINHL Sesned HINVAY
LVNAY HINVAY +1L.OYOAVH 'II [PPOIN
66190 | 16050 89650 | CESSO| ¥eeS 0| 99180 | €8S80 | 88E80 | 9¢8C0 | 165C0 | 8vvr'0| SLYEO LOLJY sosned JINH.L
S¥000 | 01000 ] SSO00| T€000| 85000 | T0000| SO000| €0000| 80000| #0000 | 8+000| 12000 dINHL sesned LOLdY
LOLAY vLOIOAVH ‘T [°POIN

¢g0=S [=S =S [=S| S0=S =S [=S [=S]| §0=S =S [=S =S
0=D0d]| €=04 | 0=D04d | I=09d[0=D049d| ¢€=04d| 0=D0d | I=D04|0=D04d | €¢=04d] 0=D049d | =04 SOLIBUIDS QATIRUIAY
EN ON ON JUIIUOD) JBOH UBIIQ
1102-8561 110C-0581 ordureg

PLOADAVH :$159, Lifesne) 1iuets | Aqe],

el




SOPOY J[qeLIBA IOJ | QR 99 "uonesned ou jo sisayjodAy [[nu ayj Sunosfar 10j sonjea-d are s

4410 <9000 85000 DHDAY sosnes JINH.L
dINHL
Sv00°0 87100 LC10°0 | @sned "JOSdd % "TOAdd
0r6C 0 14440 L96T°0 dINHL 9sned "JOSdd
1000 ¥1¥00°0 [4410)0) dINH.L S9sned "TOAdd
dINAL asned
96100 12600 €600°0 | D94 % ‘XOSdd ‘DHODAY
6vLS 0 LS86°0 L68E°0 dINHL sesned gAY
€£000 £€990°0 (44440 dINHL S9sned XOSdd
€880°0 v1v0°0 #0000 dINHL Sesnes DHOJY
"10SdY "TOAJY D94 XOSA4d DHDAY €SSID "I [PPOIN
VLS6'0 | SOCE0 | LLLOO| €SST'O| ¥L9E€0 | LLI9O| S6SYV' 0| 9L890| €9vC0 | S691°0| 8¥y9C0 | TO8CO HINVAY sosned JINH.L
€000°0 | 00000 | L0O0O0OO| <O000| 00000 | 00000[ 00000| 00000| 99100 | 8LOOO| 6LI00 | 0€I00 dINHL Sosned [VNAY
¢r00'0 | SOCY0| 06870 | €79¢0| LBOOO | I8SO| 8LZ90| 96850 | €8500| 8LOLO| 1€9C0| €9v€0 dINHL Sesned HINVAY
LVNAYT HINVAY €SSID "I [PPOIN
68SL°0 | 00290 | OLLLO| LOILO| LBC6O| TIv80 | LBP6'0| IvI6 0| 0S6¥ 0| 6Crr0| CTL690| 09850 LOLJY sosned JINH.L
10000 | 00000 | €000°0| T0000| 00000 | 00000 | 00000| 00000 60000| 90000 ] €v000| <TCOOO dINHL sesned LOLdd
LOLAY €SSID ‘T [°PON

¢0=S [=S =S [=S| S0=S =S [=S [=S| ¢0=S =S I=S =S
0=0d)| €=0d| 0=04d | I=D0d|]0=04d| €=04d| 0=04d| I1=D04d|0=0d| €¢=D04d| 0=09d | 1=04d SOLIBUIOS 9ANBUIdY
SOX ON ON JUUOD) JBOH UBIDQ
110C-8S61 110C-0881 ordureg

€SSIO :SISHL, Ayesne)) PIueIL) *7 d[qe L

1




15

Figure 1. Anthropogenic and Natural Forcing 1850-2011
Radiative forcing of zero is given by greenhouse gases in 1850 with no aerosols. a. Total
anthropogenic forcing under our four scenarios and global temperature. b. Total

anthropogenic and natural forcing under the four scenarios.
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Figure 2. Global Temperature and Ocean Heat Content 1850-2011
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