
A probabilistic quantification of the anthropogenic component
of twentieth century global warming

T. M. L. Wigley • B. D. Santer

Received: 19 November 2011 / Accepted: 31 October 2012 / Published online: 8 November 2012

� Springer-Verlag Berlin Heidelberg 2012

Abstract This paper examines in detail the statement in

the 2007 IPCC Fourth Assessment Report that ‘‘Most of the

observed increase in global average temperatures since the

mid-twentieth century is very likely due to the observed

increase in anthropogenic greenhouse gas concentrations’’.

We use a quantitative probabilistic analysis to evaluate this

IPCC statement, and discuss the value of the statement in

the policy context. For forcing by greenhouse gases

(GHGs) only, we show that there is a greater than 90 %

probability that the expected warming over 1950–2005 is

larger than the total amount (not just ‘‘most’’) of the

observed warming. This is because, following current best

estimates, negative aerosol forcing has substantially offset

the GHG-induced warming. We also consider the expected

warming from all anthropogenic forcings using the same

probabilistic framework. This requires a re-assessment of

the range of possible values for aerosol forcing. We pro-

vide evidence that the IPCC estimate for the upper bound

of indirect aerosol forcing is almost certainly too high. Our

results show that the expected warming due to all human

influences since 1950 (including aerosol effects) is very

similar to the observed warming. Including the effects of

natural external forcing factors has a relatively small

impact on our 1950–2005 results, but improves the corre-

spondence between model and observations over

1900–2005. Over the longer period, however, externally

forced changes are insufficient to explain the early twen-

tieth century warming. We suggest that changes in the

formation rate of North Atlantic Deep Water may have

been a significant contributing factor.

Keywords Global warming � Probabilistic calculations �
Climate � Human influences � Solar forcing � NADW �
Aerosol forcing

1 Introduction

This paper assesses the IPCC statement that ‘‘Most of the

observed increase in global average temperatures since the

mid-twentieth century is very likely [90–99 % confidence]

due to the observed increase in anthropogenic greenhouse

gas concentrations’’ (IPCC 2007, p. 10; italicized text as in

original), and with the general issue of the consistency

between modeled and observed changes in global-mean

temperature. The IPCC statement is based primarily on an

expert assessment of a large number of climate ‘‘finger-

print’’ studies, but few details of this assessment process

are given in the IPCC report. The statement is similar to but

stronger than one given in the IPCC Third Assessment

Report, which used the word ‘‘likely’’ (66–90 % confi-

dence) rather than ‘‘very likely’’ (IPCC 2001).

The 2007 statement represents a central finding of the

IPCC report. The scientific basis for this finding, however,
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has been questioned in Congressional testimony by Patrick

Michaels.1 If Michaels’ criticism were correct, this would

have serious implications for our understanding of the

magnitude of the response of the climate system to

anthropogenic forcing. Concerns have also been raised

about the somewhat imprecise wording of the statement,

such as the interpretation of the word ‘‘most’’ (Allen 2011;

Curry and Webster 2011).

We begin by deconstructing the statement in order to

make its meaning more precise, a necessary precursor to

testing its veracity. The IPCC has been careful to define

words like ‘‘very likely’’ in quantitative terms (see above),

but the words ‘‘most’’, ‘‘increase’’ and ‘‘mid-twentieth

century’’ have not been rigorously defined. For ‘‘most’’, a

pedantic definition might be ‘‘more than 50 %’’ (see, e.g.,

Allen 2011), but this is not in accord with common usage.

Dictionary definitions for ‘‘most’’ include phrases like

‘‘nearly all’’, ‘‘greatest possible amount’’, ‘‘the majority

of’’, etc. These definitions indicate that ‘‘most’’ is often

interpreted to mean substantially more than 50 %. We

avoid this definitional dilemma here by quantifying the

magnitude of the human contribution to global warming in

probabilistic terms. In the sense that ‘‘most’’ defines a

threshold, the probabilistic results can be interpreted rela-

tive to any chosen threshold.

In IPCC assessment reports, ‘‘increase’’ is frequently

quantified using the least-squares linear trend over some

specified time period—where the increase is the trend in �C/

year multiplied by the number of years. There are, however,

alternative ways to define ‘‘increase’’, which will be discussed

below. The term ‘‘mid-twentieth century’’ is also slightly

ambiguous. Here, we assume mid-twentieth century to be the

year 1950. An additional problem, pertinent because the

quoted statement appears in the Working Group 1 ‘‘Summary

for Policymakers’’, is just how a policymaker might make use

of a statement that refers only to the greenhouse-gas (GHG)

component of anthropogenic emissions.

In the following, we confirm the IPCC statement

regarding the GHG component of anthropogenic warming,

and show that this statement is probably too conservative.

In addition to the ‘‘GHG only’’ component of warming, we

also consider the total effect of all anthropogenic emis-

sions, where GHG warming is partly offset by the cooling

effect of sulfate aerosols. Our method for assessing the

‘‘GHG only’’ and ‘‘total anthropogenic’’ components

of observed global-mean surface warming produces

probabilistic estimates of these components. Probabilities

are based on model results, and account for uncertainties in

aerosol forcing, the climate sensitivity, and ocean mixing

in an internally consistent way.

Because 2005 is the last year for which temperature and

radiative forcing data are given in the IPCC Working

Group I Fourth Assessment report (henceforth ‘‘AR4’’), we

assume that the IPCC’s 2007 statement refers to the

1950–2005 interval. Global-mean near-surface temperature

data from the groups monitoring these temperatures are

shown in Fig. 1, with all data sets zeroed to the Jan. 1946

to Dec. 1954 mean (i.e., centered on 1950). Although our

primary concern is with the 1950–2005 interval, we also

consider changes over 1900–2005. Linear trends over these

two time intervals are shown in Table 1, together with their

estimated standard errors. Table 1 also shows results for

intervals ending in 2010, the last common data set year at

the time this research was initiated.

To determine the expected changes in global-mean

temperature over 1900–2005 and 1950–2005, we perform:

(1) a small set of simulations to provide approximate

bounds on the expected changes; and (2) a comprehensive

probabilistic analysis using a range of values for the cli-

mate sensitivity and the magnitude of aerosol forcing. The

probabilistic analysis also considers uncertainties in ocean

heat uptake.

Our first analyses (Sect. 2) provide an initial look at the

range of possible temperature changes resulting from

uncertainties in the climate sensitivity and aerosol forcing.

For the climate sensitivity (i.e., the equilibrium global-

mean warming for a CO2 doubling) we consider values of

1.5, 3.0 and 6.0 �C. The range 1.5–6.0 �C corresponds

approximately to the 90 % confidence interval (C.I.) based

on the likely uncertainty range given in the AR4; see

Fig. 1 Observed global-mean temperature changes from the

HadCRUT3v, HadCRUT4, GISS and NOAA/NCDC data sets. The

data used are monthly-mean values, zeroed over Jan. 1946 through

Dec. 1954, and smoothed with a 120-month, 63-term Gaussian filter

1 P.J. Michaels: ‘‘A rational discussion of climate change: The

science, the evidence, the response’’. Hearing before the Subcom-

mittee on Energy and Environment, Committee on Science and

Technology, House of Representatives, 111th Congress, Second

Session, November 17, 2010. Serial No. 111–114, pp. 85–99.

Available at: http://frwebgate.access.gpo.gov/cgibin/getdoc.cgi?db

name=111_house_hearings&docid=f:62618.pdf.
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Wigley et al. (2009). For total aerosol forcing we provide

(in Appendix 1) a new analysis of the uncertainty leading

to a 90 % C.I. of ±0.57 W/m2, with a central estimate (for

the year 2005) of -1.10 W/m2. The aerosol sensitivity

analysis gives an upper bound for indirect aerosol forcing

that is substantially lower than the AR4 estimate.

In Sects. 3 and 4, we carry out a set of probabilistic

analyses accounting for uncertainties in the climate sensi-

tivity, ocean mixing and aerosol forcing. For each case, this

requires a total of 19,375 simulations. We first discuss

different ways to quantify change, and then focus on the

use of a robust trend estimate. Results using the total linear

trend are given in Appendix 2. Our probabilistic results are

presented as cumulative distribution functions (cdfs) for

temperature changes over 1900–2005 and 1950–2005.

Results for GHG forcing alone and for all anthropogenic

forcings are given in Sect. 3. The cdf results confirm the

results of our initial sensitivity analysis. Probabilistic

results for combined anthropogenic and natural (solar plus

volcanic) forcings are provided in Sect. 4.

In Sect. 5 we assess the claim by Michaels that the IPCC

statement is incorrect, and show that this claim is without

merit. The Conclusions section provides a brief summary

and discussion of our results.

The IPCC statement we have referred to is for GHG

forcing alone. Just what does it mean to make a statement

about only part of the overall anthropogenic forcing? A

useful analogy here is with a bank account, where deposits

can be taken as equivalent to GHG forcing, and with-

drawals correspond to aerosol forcing. Our main climate

concern is with the net effect of both greenhouse gases (the

deposits) and aerosols (the withdrawals), just as the pri-

mary concern with a bank account is how much money is

actually in the account. Knowing only what the deposits

are is of little value in budgeting. We consider these issues

further in the Conclusions.

2 Sensitivity analyses

In comparing model and observed temperature changes, the

key model uncertainties are in the imposed external forcings

(mainly in the forcing due to aerosols) and the model

response to these forcings (the ‘‘signal’’). Response uncer-

tainties arise primarily through uncertainties in the climate

sensitivity and uncertainties in ocean heat uptake. In addi-

tion, in both the real world and in complex coupled Atmo-

sphere/Ocean General Circulation Models (AOGCMs), the

noise of natural internally generated variability introduces

additional uncertainties in estimates of the climate-response

signal.

In this section we compare observed near-surface tem-

perature changes with model results for a range of specific

climate sensitivities (1.5, 3.0 and 6.0 �C) and for low, mid

and high aerosol forcing. We also consider the zero aerosol

forcing case, corresponding to GHG forcing alone. Ocean

heat uptake uncertainties are addressed in the next section.

Since our focus is on the effects of anthropogenic forcing,

we do not consider natural external forcing factors (solar

and volcanic) in these initial analyses.

Our model simulations use a relatively simple climate

model that facilitates an assessment of uncertainties. Since

Table 1 Linear trends in global-mean, monthly-mean near-surface temperature data over four different intervals

Interval HadCRUT3va NOAA/NCDCb GISSc HadCRUT4d

1/1900–12/2005 0.0714 (0.0043) 0.0719 (0.0038) 0.0627 (0.0035) 0.0694 (0.0040)

1/1900–12/2010 0.0744 (0.0040) 0.0753 (0.0036) 0.0673 (0.0034) 0.0731 (0.0038)

1/1950–12/2005 0.1157 (0.0097) 0.1137 (0.0088) 0.1059 (0.0086) 0.1001 (0.0107)

1/1950–12/2010 0.1174 (0.0083) 0.1173 (0.0074) 0.1129 (0.0075) 0.1069 (0.0092)

1/1900–12/2005 0.757 (0.046) 0.762 (0.040) 0.664 (0.037) 0.736 (0.043)

1/1900–12/2010 0.825 (0.045) 0.836 (0.040) 0.747 (0.038) 0.811 (0.042)

1/1950–12/2005 0.648 (0.054) 0.637 (0.049) 0.593 (0.048) 0.560 (0.060)

1/1950–12/2010 0.716 (0.050) 0.715 (0.045) 0.689 (0.046) 0.652 (0.056)

The top four data rows show trends in �C/decade. Numbers in parentheses are the estimated standard errors (accounting for temporal auto-

correlation). In the bottom four rows, the trend results and their standard errors are expressed in terms of the total linear trend in �C; i.e., the trend

in �C/year multiplied by the number of years over which the trend is calculated. If annual data are used, the trends are virtually identical. Because

of the smaller sample sizes, however, standard errors are larger; by a factor of 2.0–2.2 times for trends starting in 1900, and 1.5–1.7 times for

trends starting in 1950. All trends are highly statistically significant. The number of decimal places shown is for comparative purposes only and

does not represent the inherent accuracy of the results
a Brohan et al. (2006), Jones and Wigley (2010)
b Smith and Reynolds (2005), Smith et al. (2008)
c Hansen et al. (1999, 2001, 2006)
d Morice et al. (2012), median estimate
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this model is fully deterministic, it has no internal vari-

ability—so we automatically circumvent any ‘‘contamina-

tion’’ of the model signal by internally generated noise.

The model we rely on is version 5.3 of the MAGICC

coupled gas-cycle/upwelling-diffusion energy balance

model (Wigley et al. 2009). Further details of the model

structure and its ability to accurately emulate results from

AOGCMs used in the AR4 are given in Meinshausen et al.

(2011).

The effects of climate sensitivity and aerosol forcing

uncertainties for temperature changes from 1900 are

illustrated in Fig. 2. For climate sensitivity uncertainties,

IPCC estimated the likely range (66 % C.I.) to be

2.0–4.5 �C. If the probability density function (pdf) is

assumed to be log-normal, the corresponding 90 % C.I. is

1.5–6.0 �C (Wigley et al. 2009).

The IPCC-estimated sensitivity range is not based on

model information alone, but also on empirical estimates of

the climate sensitivity. Model climate sensitivity values

estimated from AOGCMs are generally consistent with the

empirical estimates. For the roughly two dozen models

comprising the AR4/CMIP3 data base, the sensitivity range

is 1.9–5.9 �C (Meehl et al. 2007). Meinshausen et al.

(2011) give a similar climate sensitivity range (1.8–6.3 �C)

based on fitting MAGICC to the same AOGCM results.

These ranges are consistent with our assumed 90 % C.I.

For GHGs, we consider CO2, CH4, N2O, tropospheric

and stratospheric ozone, thirty different halocarbons

(CFCs, HCFCs, HFCs and SF6), and stratospheric water

vapor. For aerosols, we examine the forcings (and their

attendant uncertainties) related to the following factors: the

direct (clear-sky scattering) effects of sulfate aerosols;

organic and black carbon aerosols from fossil fuel burning

(including black carbon on snow); aerosols from biomass

burning; nitrate aerosols; and mineral dust aerosols. We

also account for uncertainties in the indirect effects of

aerosols on clouds. Our baseline forcing values (i.e., cen-

tral estimates) for both GHGs and aerosols are the values

given in the IPCC AR4 (see Table 4 in Appendix 1).

The central total forcing in 2005 for the aerosol com-

ponents given by IPCC is -1.10 W/m2. As noted above,

we use the same central value, but we estimate a smaller

90 % C.I. of ±0.57 W/m2, giving lower and upper C.I.

bounds of -0.53 and -1.67 W/m2 (see Appendix 1). The

corresponding IPCC 90 % C.I. is asymmetric with a

substantially larger range (1.72 W/m2, compared with

1.14 W/m2). Our range is consistent with the range for

sulfate aerosol forcing given by Stott et al. (2006) based on

optimal detection analyses, viz. -0.4 to -1.4 W/m2, and

with other estimates based on observational constraints

(Andronova and Schlesinger 2001; Knutti et al. 2002,

2003; Forest et al. 2006).

The most important result from Fig. 2 is in the central

panel, which shows results for the mid aerosol forcing case

(the IPCC central estimate). From 1950 onwards, the

observed and model changes are in very close agreement.

(We use NOAA/NCDC data in Fig. 2 and in our illustra-

tions below as representative of the observations.) From

1950 to the mid 1970s there is virtually no change in

global-mean temperature in both the observations and the

model results, independent of the assumed climate sensi-

tivity. For the model results this is because positive

greenhouse gas forcing over this period was largely offset

by net negative aerosol forcing. This explanation for the

warming cessation over 1950 to the mid 1970s was first

proposed over two decades ago (Wigley 1989) and is

supported by more recent analyses (see, e.g., Stott et al.

2006). After the mid 1970s there is pronounced warming as

GHG forcing begins to dominate. Visually, the best

agreement between model and observations is for a climate

sensitivity of close to 3.0 �C, the IPCC/AR4 best estimate.

The biggest discrepancy between model expectations

and observed changes is in the early twentieth century,

where the model warming is much less than observed,

Fig. 2 Simulated and observed global-mean temperature changes

from 1900 for anthropogenic forcing with different magnitudes of

aerosol forcing and climate sensitivity. The ‘‘Mid’’ aerosol forcing

case corresponds to the best-estimate forcings given in the IPCC AR4.

Each panel shows results for climate sensitivities of 1.5, 3.0 and

6.0 �C. 1.5–6.0 �C is the 90 % C.I. corresponding to the IPCC AR4

likely range of 2.0–4.5 �C. Observed data, from NOAA/NCDC, are

annual means relative to 1946–1954. Model data are zeroed on 1950.

The decadal variability evident in the high aerosol forcing case is due

to fluctuations in SO2 emissions
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irrespective of the selected combination of aerosol forcing

and climate sensitivity. Some studies suggest that natural

forcings (primarily solar) can explain most of this early

twentieth century warming. However, results for natural

forcing from three AOGCMs examined by Stott et al.

(2006, their Fig. 5) show only modest warming over

1915–1945, ranging from 0.1 to 0.2 �C. This is noticeably

less than the estimated observed warming (Fig. 1). Fur-

thermore, the models examined by Stott et al. used solar

forcing estimates with an early twentieth century secular

trend that is now thought to be too large (see below).

Foukal et al. (2004, 2006) have also shown that solar

forcing is highly unlikely to explain the early twentieth

century warming.

A possible alternative explanation explored by Wigley

and Raper (1987), following the suggestion of Bjerknes

(1964), is that this warming was, at least partly, due to a

change in the Atlantic Meridional Overturning Circulation

(AMOC)—specifically, an increase in the rate of formation

of North Atlantic Deep Water (NADW). This explanation

is supported by the pattern of early twentieth century

temperature trends (Schlesinger and Ramankutty 1994,

1995), which show a strong focus of warming in the North

Atlantic; by changes in the atmospheric Atlantic Multi-

decadal Oscillation (AMO), which have been shown to be

related to AMOC changes (e.g., Knight et al. 2005; Parker

et al. 2007; Zhang et al. 2007; Medhaug et al. 2012); and

by AOGCM simulations of internal variability (e.g., Del-

worth et al. 1993; Schaeffer et al. 2004; Zhang et al. 2007;

Medhaug et al. 2012; Menary et al. 2012). The possible

importance of AMOC changes in general, and over recent

decades in particular, has also been noted by Swanson et al.

(2009), Wu et al. (2007, 2011) and others.

Although future anthropogenic forcing may lead to

noticeable AMOC changes (Gregory et al. 2005; Schle-

singer et al. 2006; Stouffer et al. 2006, Yin et al. 2006),

AMOC changes prior to 1950 are most likely to be a

component of internally generated variability. A model like

MAGICC, which considers only the externally forced

signal, cannot produce such changes spontaneously

(although they can be imposed externally; cf. Zhang et al.

2007). Although AOGCMs can generate AMOC changes

internally, in any given model the timing of such changes

would be effectively random, and not in phase with

observations (except by chance).

There are no direct observations of NADW or AMOC

changes before 1957. Between 1957 and 2004 there are only

sporadic measurements, and these appear to be dominated

by interannual variability (Cunningham et al. 2007; Cunn-

ingham and Marsh 2010; Katsman and van Oldenborgh

2011). In the absence of reliable observational estimates of

AMOC variability, the AMOC explanation for early twen-

tieth century warming remains somewhat speculative.

That sulfate aerosol forcing might substantially offset the

warming due to increasing greenhouse gas concentrations

has been known for many years (e.g., Mitchell 1971;

Charlson et al. 1987; Wigley 1989; Santer et al. 1995). The

magnitude of this offset is uncertain, and it is these uncer-

tainties that are quantified in Fig. 2. In particular, the low

and high aerosol cases shown in Fig. 2 have some important

implications for the likely magnitude of aerosol forcing. For

low aerosol forcing, model and observed results since 1950

are still consistent, but only for the low value of the climate

sensitivity. As such a low sensitivity is unlikely, the low

aerosol forcing must also be judged unlikely. For high

aerosol forcing, there are marked differences between model

and observed results for both the full observational record

and since 1950, no matter what climate sensitivity value is

used. Since 1950, model changes in the high aerosol forcing

case are much smaller than observed; the model results

actually show marked cooling over 1950–1970. The mid

aerosol forcing results since 1950 agree well with observa-

tions, but there are marked differences prior to 1950.

There are at least three ways to interpret the post-1950

results for the high aerosol forcing case. Most directly, they

could simply imply that aerosol forcing at the high end of

the IPCC AR4 uncertainty range is very unlikely. This

possibility is explored further in Appendix 1. A second

possibility is that the sulfur dioxide emissions used in

forcing MAGICC are larger than the true (but uncertain)

real-world emissions. We consider this unlikely (see Smith

et al. 2001)—and we note that we have used the most

recent assessment of the history of SO2 emissions (Smith

et al. 2011) in our analyses.

A third possibility, following our suggestion for the pre-

1950 warming, is that, in the real world, the cooling

expected on the basis of our model results for the high

aerosol forcing case was offset by the effect of changes in

the AMOC (or by changes in some other component of

internally generated natural variability). While there are no

direct AMOC observations that can be used to investigate

this possibility, there are a number of published recon-

structions of AMO variations over the twentieth century

(Knight et al. 2005; Trenberth and Shea 2006; Parker et al.

2007; Swanson et al. 2009) that provide a useful proxy for

AMOC variability. These proxies show similar decadal

timescale AMO changes prior to 1950, which supports

the possibility of a significant early twentieth century

AMOC fluctuation. The AMOC proxies, however, exhibit

little consistency after 1950. There is, therefore, no clear

observational evidence for an AMOC trend over

1950–2005 that might have contributed significantly to the

warming over the 1950–2005 period—although we cannot

rule out this possibility.

Figure 3 shows results for forcing from GHG concen-

tration changes alone; i.e., in the absence of aerosol and
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land-use change effects. The simulated warming since

1950 is larger than observed unless the climate sensitivity

is 1.5 �C or less. As noted above, based on the IPCC-

estimated uncertainty range for the climate sensitivity, the

probability of this is less than 5 %. This result is in qual-

itative accord with the IPCC statement that ‘‘It is likely

[66–90 % probability] that increases in greenhouse gas

concentrations alone would have caused more warming

than observed …’’ (IPCC 2007, p. 10). However, the

probabilistic analysis in the next section suggests that

‘‘very likely’’ would have been a more appropriate qualifier

than ‘‘likely’’. Because the net cooling effect of aerosols is

beyond dispute (although, as noted, the magnitude of this

cooling is uncertain), our finding that the estimated surface

warming arising from GHG forcing alone exceeds the

observed warming is not an unexpected result.

3 Probabilistic analyses: anthropogenic forcings

We now use MAGICC to produce probabilistic estimates

of expected temperature changes over the two specified

time intervals (1950 through 2005, and 1900 through

2005). We begin by considering the effect of anthropogenic

forcings only. The effects of natural external forcings (solar

and volcanoes) are considered in the next section. We first

define pdfs for climate sensitivity, ocean heat uptake and

total aerosol forcing. There are, of course, other sources of

uncertainty, but these are relatively less important. Each

pdf is divided into a number of equal probability fractiles,

and model simulations are carried out for the full suite of

fractile combinations. These results are then combined to

produce cumulative distribution functions (cdfs) for

changes in global-mean temperature over any chosen

interval. Because of its simple structure, MAGICC allows

us to run thousands of simulations to efficiently charac-

terize the joint effects of multiple parameter uncertainties.

The choice of the number of fractiles used here is based on

sensitivity studies. We use enough fractiles to ensure robust

results for at least the 90 % C.I. estimates.

For climate sensitivity, we use a log-normal distribution

with a median of 3.0 �C and a 90 % C.I. of 1.5–6.0 �C, as

noted above. This is consistent with the AR4 ‘‘likely’’

range and with the expectations based on AOGCM results

alone. For our probabilistic calculations we divide this into

25 equally probable fractiles. (An odd number of fractiles

ensures that the median value is one of the fractile

midpoints.)

For ocean heat uptake, the key parameter in MAGICC is

the model’s vertical diffusivity. The assumed pdf here is

also a log-normal distribution with a median of 2.3 cm2/s

and a 90 % C.I. of 1.3–4.1 cm2/s, taken from Wigley and

Raper (2001). In Wigley and Raper, the diffusivity pdf was

divided into only five fractiles. Here we use 25 fractiles. In

the absence of any direct observations of the effective

large-scale diffusivity, this pdf is based solely on fitting

MAGICC to AOGCM data (Raper et al. 2001; see also

Meinshausen et al. 2011).

For aerosol forcing, although the various (direct and

indirect) aerosol components are considered individually in

our simulations, their uncertainties are concatenated into a

single (Gaussian) pdf with mean (in 2005) of -1.10 W/m2

and 90 % C.I. of ±0.57 W/m2 (see Appendix 1). The pdf is

divided into 31 fractiles. The total number of simulations

over the various fractile combinations is 19,375 in the ‘‘all

anthropogenic forcings’’ case. All other (non-aerosol)

anthropogenic forcings considered by IPCC are accounted

for in our analyses, using the central values given in the AR4.

Our goal here is to compare the observed surface tem-

perature increase with the model-generated cdf. As noted in

the Introduction, there are different ways to define

‘‘increase’’ (or, more generally, ‘‘change’’). A common

metric of change is the total linear trend (i.e., the linear

trend in �C/year multiplied by the interval in years).

Additionally, we have considered two other metrics: the

total change between the individual start and end years of

the study period, and a ‘‘robust trend’’ derived by differ-

encing 9-year averages around these end points. For the

observations, total change and total trend results can be less

representative because of the large interannual variability

in these data. Table 2 shows how the robust and total linear

trends differ for the observations. In the following, we

focus our discussion on the robust trend results, which are

less sensitive both to end-point effects and to changes that

are markedly non-linear. Results using linear trends as the

change metric are given in Appendix 2.

Fig. 3 Simulated and observed global-mean temperature changes

from 1900 for greenhouse-gas forcing alone, for different values of

the climate sensitivity (1.5, 3.0 and 6.0 �C). Observed data, from

NOAA/NCDC, are annual means relative to 1946–1954. Model data

are zeroed on 1950
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In the comparisons below we use observed data from

which the effects of ENSO have been removed using the

method outlined in Wigley (2000) and Santer et al. (2001).

This facilitates the comparison with model-based estimates

of temperature trends, because MAGICC produces purely

deterministic results and does not simulate temperature

fluctuations associated with ENSO (or other modes of

internal variability). The effects of ENSO removal are

shown by comparing Table 3 with Table 2. For the linear

trends, removing ENSO reduces the trend magnitudes

noticeably, especially for the 1950–2005 interval. The

effect of ENSO removal on the robust trends is consider-

ably smaller.

Cumulative distribution functions (cdfs) for temperature

changes from 1900 to 2005 and from 1950 to 2005 are

shown in Fig. 4.

We first consider results for the 56-year period from

1950 to 2005. The key result here is that for the ‘‘GHG

forcing only’’ case (Fig. 4a), which relates directly to the

2007 IPCC statement. Over this interval the observed

(NOAA/NCDC) robust trend, with ENSO removed, is

0.610 �C (see Table 3). The median model robust trend is

0.940 �C. The probability that the model-estimated GHG

component of warming is less than the observed trend is

approximately 7 %. Using IPCC terminology, therefore, it

is very likely that GHG-induced warming is greater than the

total warming observed over this 56-year period (i.e., the

model GHG-only trend is not just greater than ‘‘most’’ of

the observed warming, but very likely greater than the full

amount of observed warming).

As noted above, there is ambiguity in the meaning of the

word ‘‘most’’ in the IPCC statement that we have focused

on here. If ‘‘most’’ means anything more than 50 % (i.e.,

for NOAA/NCDC data, a warming greater than about half

of 0.610 �C = 0.305 �C), then the IPCC statement is far

too conservative. For GHG forcing alone, the lowest

warming value over 1950–2005, in all of the 625 cases

considered (25 sensitivities and 25 diffusivities), is

0.469 �C, much greater than 0.305 �C. If, however, ‘‘most’’

means almost all, then our result is entirely consistent with

the IPCC statement and provides strong support for this

statement.

Results for the ‘‘all anthropogenic forcing’’ case

(Fig. 4b) are of equal interest, and provide information on

the overall consistency between the model-predicted

changes and observations. When one accounts for both

positive (GHG) and negative (net aerosol) forcings, the

median model expectation for the net warming over

1950–2005 (0.557 �C) is very similar to the observed

warming (0.610 �C). In the 19,375 simulations the model-

predicted warming is smaller than the observed warming in

61 % of the cases and larger than the observed warming in

39 % of the cases. This result is relatively insensitive to the

inclusion of the effects of natural solar and volcanic forcing

(see next section).

Table 2 Sensitivity of results to the use of two different metrics for

defining ‘‘change’’ (�C)

Interval Trend

type

HadCRUT3v NOAA/

NCDC

GISS HadCRUT4

1900–2005 Robust 0.788 0.778 0.737 0.801

1900–2005 Linear 0.757 0.762 0.665 0.736

1950–2005 Robust 0.608 0.613 0.576 0.518

1950–2005 Linear 0.648 0.638 0.594 0.561

For the analysis period X to Y these are: Robust trend (the difference

between the average over years X - 4 to X ? 4 and the average over

years Y - 4 to Y ? 4); and total linear trend (trend in �C/year

multiplied by Y - X ? 1). The observed linear trend values (with

estimated standard errors) are also given in Table 1. Here, trends are

computed from annual data, whereas results in Table 1 are based on

monthly data—but the trend results are virtually identical in the two

cases

Table 3 Sensitivity of results to the use of different metrics for

defining ‘‘change’’ (�C) for data with ENSO removed

Interval Trend

type

HadCRUT3v NOAA/

NCDC

GISS HadCRUT4

1900–2005 Robust 0.788 0.776 0.734 0.805

1900–2005 Linear 0.734 0.743 0.648 0.713

1950–2005 Robust 0.602 0.610 0.573 0.516

1950–2005 Linear 0.584 0.580 0.540 0.500

ENSO removal uses monthly data, but trends are computed from

annual data. See Table 2 for further details

Fig. 4 Cumulative distribution functions for temperature changes

over 1900–2005 and 1950–2005 for a GHG-only and b all anthro-

pogenic forcings. Observed data are from NOAA/NCDC, with ENSO

effects removed. All changes are estimated using the robust trend (see

text)
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From these cdfs, we can derive confidence intervals for

the model-generated surface temperature changes. One

interesting result from Fig. 4 is that the 90 % C.I. for

temperature changes over 1950–2005 is smaller for the all

anthropogenic forcings case than for the GHG-only forcing

case, in spite of the fact that the added aerosol forcing by

itself is highly uncertain. For example, the 90 % C.I.

for all anthropogenic forcings is 0.308–0.937 �C

(range = 0.629 �C) while the GHG-only 90 % C.I. is

0.582–1.397 �C (range = 0.815 �C). Allen (2011) has

suggested that the reason why IPCC chose to consider only

GHG forcing in their 2007 statement was ‘‘partly because

we have much less confidence in the magnitude of

anthropogenic aerosol-induced cooling’’. This argument is

not supported by the probabilistic results presented here—

including aerosol forcing actually reduces uncertainties in

the simulated temperature response.

The reason why adding another uncertain factor (aerosol

forcing) to the analysis reduces the overall uncertainty in

the projected temperature changes may be seen by refer-

ence to Fig. 2. This shows that model projections are more

sensitive to climate sensitivity uncertainties at low (and, by

implication, zero) aerosol forcing levels (Fig. 2a), than at

larger aerosol forcing levels (Fig. 2b, c). Adding negative

forcing reduces the total net forcing and hence reduces the

effect of climate sensitivity uncertainties. This offsets the

effect of the added aerosol forcing uncertainty, and leads to

an overall reduction in the uncertainty in the projected

temperature changes.

It is important to note here that, in our calculations, the

median model parameters and the assumed forcings were

all chosen completely independently of the observations.

This is therefore a truly independent test of both the model

and our best understanding of the forcings that drive the

climate system.

For the ‘‘GHG only’’ case, surface temperature changes

over the longer period from 1900 to 2005 yield results very

similar to those described above for 1950–2005 (see

Fig. 4a). As in the case of the shorter comparison period,

the probability that the model-estimated GHG warming

signal is less than the observed warming is, again, about

7 %. It is therefore very likely that GHG-induced warming

over 1900–2005 is larger than the total observed warm-

ing—as one would expect because of the substantial

cooling effect caused by aerosol forcing.

The full anthropogenic forcing results over the longer

analysis period are, however, qualitatively different from

those over the shorter period. Figure 4b shows that

roughly 78 % of the model simulations in the full

anthropogenic forcing case yield smaller warming than

the estimated observed warming over 1900–2005. This is

clearly the result of the mismatch between observed and

model-predicted anthropogenic warming prior to 1950

(see Fig. 2). As described in the next section, incorpo-

rating the effects of natural (solar plus volcanic) forcing

reduces the size of model-versus-observed temperature

trend differences, but still leaves a large early twentieth

century discrepancy.

4 Probabilistic analyses: natural plus anthropogenic

forcings

The full anthropogenic forcing case discussed above does

not consider the effects of natural external forcing factors

(volcanoes and solar irradiance changes), which must

have influenced the observations. To assess the impor-

tance of including the effects of solar and volcanic forc-

ing, we consider a single natural forcing scenario. For

volcanic forcing, we use data from Sato et al. (1993,

updated) as modified by Meinshausen et al. (2009),

extended through mid 2009 using data from Vernier et al.

(2011), and assumed constant thereafter. For solar forcing

we use a composite solar forcing series that combines

reconstructed data from Wang et al. (2005) (extending

through to 1979) with more recent observed data through

2010 from the PMOD data set (Fröhlich 2006). The Wang

et al. data have a noticeable secular trend over 1910–1940

of about 0.5 W/m2 (TOA forcing) that is probably unre-

alistic (Foukal et al. 2006, 2011), so the solar-induced

warming trend over this period in our simulations may

well be too large.

First, we estimate the effect of including natural forc-

ings by comparing observations with median model sim-

ulations over the twentieth century for both the

anthropogenic forcing case and the total (anthropogenic

plus natural) forcings case (Fig. 5). As in the previous

section, ENSO effects have been removed from the

observed data.

In Fig. 5, both sets of model results are changes rela-

tive to 1950. The four observed data series, however, have

all been shifted so that their mean over 1950–2005 (the

period over which the model and observed data are in

close agreement) is the same as that for the ‘‘anthropo-

genic plus natural forcings’’ model result. This highlights

the differences between the model and observed results

prior to 1950. For changes over 1950–2005, the inclusion

of natural forcings slightly reduces the magnitude of the

global-mean temperature change, partly because of the

cooling effect of post-1950 volcanic eruptions, but also

because of the small cooling effect at the end of the record

due to reduced solar irradiance. For changes over

1900–2005 the opposite effect occurs—the inclusion of

natural forcings leads to a larger simulated change, partly

due to the volcanically induced cooling at the start of the

record.

1094 T. M. L. Wigley, B. D. Santer

123



Figure 5 also shows that the early twentieth century

warming trend (1900–1950) is increased slightly by the

inclusion of natural forcing effects, but not by enough to

match the observed warming. Note that the size of the

model-simulated early twentieth century warming is sen-

sitive to the particular solar forcing reconstruction that is

used. All available reconstructions show similar 11-year

solar cycle variations, but different background secular

trends. The Wang et al. series that we have used has a

secular trend of about half that in the Lean (2000) dataset

that it supersedes. There is doubt, however, about whether

there is any significant secular trend over the twentieth

century (see, e.g., Foukal 2002; Foukal et al. 2006), so even

the Wang et al. forcing may over-estimate the solar-forced

warming trend.

Probabilistic results for combined anthropogenic and

natural forcings are shown in Fig. 6.

For changes over 1950–2005, the effect of including

natural forcings is relatively small. As for the anthropo-

genic forcings only case, the median model result under-

estimates the observed warming by a small amount. For

changes over 1900–2005, however, including the effects of

natural forcings noticeably improves the fit between model

and observed warming—the probability that the observed

warming exceeds the model-predicted warming is

decreased from 0.784 to 0.663 (recall that a ‘‘perfect’’

result would be 0.5).

While there is close overall agreement between model

and observed changes over 1900–2005 and (particularly)

1950–2005, there are still pronounced differences over

1900–1950 (see Fig. 5). These differences are probably due

(at least in part) to changes in the AMOC.

5 Critique of Michaels’ testimony

Michaels’ 2010 Congressional testimony (published in

2011: see footnote 1) is in conflict with the results pre-

sented here. This testimony makes the claims that

‘‘…greenhouse-related warming is clearly below the mean

of relevant forecasts by IPCC’’, and that ‘‘… the Finding of

Endangerment from greenhouse gases by the Environ-

mental Protection Agency is based on a very dubious and

critical assumption’’. The ‘‘assumption’’ referred to here is

the IPCC statement that is the primary focus of the present

paper, i.e., the statement that most of the warming since

1950 is very likely due to the human-caused increase in

greenhouse gas concentrations. Why is there this conflict?

Michaels’ criticism of the IPCC statement is based on a

statistical analysis of the contributions of different factors

to observed changes in global-mean temperature. The

starting point for this analysis is the observed temperature

trend of 0.702 �C since 1950. This trend is adjusted for

claimed data errors, leaving a ‘‘corrected’’ observational

trend of 0.468 �C (see Electronic Supplementary Material).

Michaels then makes two critical assumptions: (1) that the

‘‘corrected’’ observed trend is the response to the full suite

of anthropogenic forcings; and (2) that the GHG-only

response can be isolated by subtracting from the ‘‘cor-

rected’’ observed trend an estimate of the trend arising

from non-GHG forcings.

The only non-GHG components considered in Michaels’

analysis are the effects of changes in stratospheric water

vapor (which are erroneously assumed to be unrelated to

Fig. 5 Estimates of global-mean temperature change from observa-

tions, compared with median model simulations of the response to

anthropogenic forcing only, and the response to forcing by combined

anthropogenic and natural factors. Model results are relative to 1950.

Observations have been zeroed to have the same mean as the

‘‘anthropogenic ? natural forcing’’ result over 1950–2005 (see text).

The plot shows annual-mean values; on a monthly timescale the

volcanically induced cooling signals are larger

Fig. 6 Cumulative distribution functions for global-mean tempera-

ture changes over 1900–2005 and 1950–2005. Results for anthropo-

genic forcing only (c.f. Fig. 4b) are compared with those for

combined anthropogenic and natural (solar plus volcanic) forcing.

The observed changes are from the NOAA/NCDC data set with

ENSO effects removed
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GHGs) and carbonaceous aerosols (black carbon). Sub-

tracting these two effects further reduces the ‘‘corrected’’

observed trend to 0.306 �C. This is Michaels estimate of

the GHG-only component of the observed warming. It is a

factor three smaller than our median estimate of the GHG

warming over 1950–2005 of 0.940 �C. Michaels’ claim

that the IPCC statement in question is incorrect rests on the

finding that his residual observed trend of 0.306 �C is only

44 % of the overall observed trend of 0.702 �C (i.e., less

than ‘‘most’’).

A key point here is that estimating the GHG component

of the observed temperature change in this way necessarily

requires subtracting the effects of all non-GHG forcing

components. To consider only stratospheric water vapor

(which is related to GHG changes) and black carbon is

simply incorrect. One cannot, for example, neglect the

effects of aerosols that cause net surface cooling. Michaels’

neglect of these aerosol effects is puzzling, because he has

previously recognized the importance of negative forcing

caused by sulfate aerosols (see, e.g., Michaels 1992). In

any statistical signal separation exercise, it is both incorrect

and misleading to account for the warming influence of

carbonaceous aerosols, but completely neglect the cooling

influence of sulfate aerosols. Ignoring the latter effect must

lead to a serious underestimate of the GHG component of

observed surface temperature changes.

The second claim in Michaels’ testimony is that

‘‘greenhouse-related warming is clearly below the mean of

relevant forecasts by IPCC’’. As support for this statement,

AR4 AOGCM data are compared with the original

observed warming (not the ‘‘corrected’’ warming). This is

not a like-with-like comparison because the model results

considered are from historical simulations that used a wide

range of forcings. Roughly half of these simulations did not

consider the cooling effect of indirect aerosol forcing, so

the results, on average, would be biased towards trends that

are warmer than observed even if the models were perfect

(cf. Santer et al. 2011). As we have shown above, if

expected changes are estimated using a more complete

history of changes in external forcing, there is excellent

agreement between these expectations and observed

changes. (See the Electronic Supplementary Material for an

expanded discussion.)

6 Conclusions

The primary goal of this paper has been to examine and

provide a more detailed quantitative foundation for the

IPCC AR4 statement that ‘‘Most of the observed increase in

global average temperatures since the mid-twentieth cen-

tury is very likely due to the observed increase in anthro-

pogenic greenhouse gas concentrations’’. A secondary goal

has been to carry out a probabilistic analysis for the influ-

ence of all anthropogenic emissions (i.e., not just GHGs) on

global-mean temperatures. Both the ‘‘GHG only’’ and ‘‘full

anthropogenic forcings’’ analyses involve comparisons

between observed temperature changes and model expec-

tations, and so address the issue of the skill with which

models can reproduce observed changes.

In the Introduction, we discussed briefly the value of

statements about the GHG-only component of warming.

Just what is a policymaker to make of such information,

given that GHGs are only a part of the portfolio of

anthropogenic forcings? For decisions regarding both

mitigation and adaptation responses to future change, it is

important to know both the total effect of anthropogenic

emissions (as determinants for adaptation policies) and the

breakdown of this effect into the component forcing agents

(since mitigation must be done on a gas-by-gas or aerosol-

by-aerosol basis).

For modelers, statements about GHG-only (or CO2-

only) effects are of value, because they improve our

understanding of the components of climate change. Using

models to assess the net effect of all anthropogenic forc-

ings, however, is more relevant for direct comparison of

modeled and observed temperature changes. This is why

we have considered both the influence of GHG forcing

alone and the combined effect of all anthropogenic

forcings.

For our probabilistic analyses of simulated changes in

global-mean temperature, we defined pdfs for the main

factors contributing to the uncertainties in model predic-

tions: climate sensitivity, ocean mixing, and aerosol forc-

ing. For aerosol forcing, we showed that using the largest

(95th percentile) value of the indirect aerosol forcing given

in the IPCC AR4 yielded simulations with unrealistically

large cooling over most of the twentieth century. We

suggest, therefore, that the IPCC AR4 uncertainty range

overestimates this range at the high end of indirect aerosol

forcing (see Appendix 1).

Our full probabilistic analyses generated cumulative

distribution functions for temperature changes over

1900–2005 and 1950–2005, for both the ‘‘GHG only’’ and

‘‘all anthropogenic forcings’’ cases. It is the results for

GHG forcing over 1950–2005 that are directly relevant to

the IPCC statement being tested. Here, the probability that

the model-estimated GHG component of warming is

greater than the entire observed trend (i.e., not just greater

than ‘‘most’’ of the observed warming) is about 93 %.

Using IPCC terminology, therefore, it is very likely that

GHG-induced warming is greater than the observed

warming. Our conclusion is considerably stronger than the

original IPCC statement.

Although we have not considered the warming before

1950 probabilistically here, we have noted that the
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observed warming appears to be too large to be explained

by anthropogenic forcing and/or current estimates of solar

forcing. Our favored explanation, following Wigley and

Raper (1987), is that it is largely due to an increase in the

rate of formation of North Atlantic Deep Water. A con-

sequence of this model underestimate of 1900–1950

warming is that the model expectation for warming over

1900–2005 is also generally less than the observed

warming. It is likely that accounting for possible NADW

changes would improve the match.

For trends over 1950–2005, when one accounts for both

greenhouse gas and aerosol forcings, the model expectation

for the net warming is consistent with the observations.

Including the effects of solar and volcanic forcings slightly

reduces the median warming (see Fig. 6), but does not lead

to a statistically significant difference between the median

model expectation and any of the observed warming trends.

Overall, our results provide strong confirmation of the

IPCC findings, and are in close agreement with pattern-

based fingerprint analyses, such as those of Stott et al.

(2006).

Appendix 1: Aerosol forcing uncertainties

The 2005 reference-level aerosol forcings used in our

analyses and their associated uncertainties are taken from

the AR4. Table 4 summarizes this information. Although

these values were based on both observational estimates

and model results, there was no attempt by IPCC to assess

their overall consistency (or lack thereof) with observed

changes in climate. As noted in the main text, when the

temperature implications of the indirect aerosol uncertainty

range are considered, the very large 95th percentile value

for indirect aerosol forcing (-1.8 W/m2) appears highly

unlikely, unless compensated for by missing (or underes-

timated) positive forcings (or by an unusual manifestation

of low-frequency internally generated variability).

The AR4 range for indirect aerosol forcing is essentially

a compromise between observationally based studies (see

main text), which invariably give a much lower value for

Table 4 Summary of forcings from the IPCC AR4 (W/m2 in 2005)

Number Type Central

value

90 %

confidence

interval

Source

(AR4

page)

1 Total direct

forcinga
-0.5 ±0.4 4

2 Total indirect

forcing

-0.7 -0.3 to -1.8 4

3 Fossil fuel organic

carbon

-0.05 ±0.05 163

4 Fossil fuel black

carbon

?0.2 ±0.15 165

5 Biomass burning ?0.03 ±0.12 167

6 Nitrate -0.1 ±0.1 167

7 Mineral dust -0.1 ±0.2 168

8 Black carbon on

snow

?0.1 ±0.1 185

9 Total aerosol

(1 ? 2 ? 8)

-1.1 ±0.86b

10 Items 3 through 7 -0.02

11 Implied direct

sulfate aerosol

(1–10)

-0.48c

12 Total excluding

aerosolsd
?2.82 ±0.27e 4

13 Total (12 ? 9) ?1.72 ±0.89f

14 Independent best-

estimate total

?1.6 4

Total direct aerosol forcing (item 1) includes items 3 through 7

together with direct forcing from sulfate aerosols
a Sum of items 3–7 (row 10) plus direct sulfate aerosol forcing
b By quadrature using ±0.75 (i.e., half the 90 % confidence interval

range) for the uncertainty in item 2. Using ±0.4 for this range gives

±0.57
c An independent estimate of -0.4 ± 0.2 is given on p. 161 of the

AR4
d Including land use and contrails
e By quadrature
f By quadrature from items 9 and 12. AR4 gives uncertainities of

-1.0 and ?0.8, reflecting skewed uncertainty in item 2

Fig. 7 The effect on radiative forcing of assuming different values

for indirect aerosol forcing. The top three curves show total

anthropogenic forcing assuming central values for all components

other than indirect aerosol forcing. The bottom three curves show the

history of indirect aerosol forcing used in the top three curves. These

curves are based on the best-estimate of indirect aerosol forcing in

2005 (-0.7 W/m2), and on assumed 2005 forcings of -1.1 and

-1.8 W/m2. All three curves use the recently derived history of SO2

emissions from Smith et al. (2011). SO2 emissions changes prior to

1860 are assumed to be negligible
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the upper bound (e.g., around -1 W/m2 in Stott et al.

2006), and estimates derived from forward calculations,

which range up to -4 W/m2 for total sulfate aerosol

forcing (Anderson et al. 2003). Why, then, is -1.8 W/m2

for indirect aerosol forcing highly unlikely? We can answer

this question by performing another set of sensitivity

studies where we consider only the effects of indirect

forcing uncertainties. To do so we assume that all anthro-

pogenic forcings except indirect aerosol forcing are given

their central values, and consider a range of values for the

reference (2005) indirect forcing amount.

If the AR4 95th percentile value of -1.8 W/m2 is

accepted rather than the best estimate (-0.7 W/m2), then

the total anthropogenic forcing in 2005 would be reduced

by 1.1 W/m2 (i.e., 1.8 minus 0.7) relative to the estimates

of total forcing in Table 4 (rows 13 or 14). In other

words, total anthropogenic forcing in 2005 would be

reduced to 0.62 W/m2 using the row-13 result, or to only

0.5 W/m2 if we use the central AR4 total forcing value

(row 14). (The MAGICC estimate for this case is 0.52 W/

m2, see Fig. 7). The implied historical development of

total anthropogenic forcing then would show negative

forcing until the late twentieth century, and the implied

global-mean temperature record would show no net

warming at all over the twentieth century (see Fig. 8)—

indeed, it would show a considerable cooling from 1860

until the early 1970s. In the absence of large, currently

unknown positive forcings, or a very large contribution

from internally generated variability to observed warming,

these are extremely unlikely results, so one must conclude

that a negative indirect aerosol forcing as large as

1.8 W/m2 is also extremely unlikely (i.e., probability

much less than 1 %).

If the 95th percentile for indirect aerosol forcing given

in the AR4 is so improbable, then we need to produce an

improved estimate of the uncertainty in aerosol forcing to

use in our probabilistic calculations. For total aerosol

forcing using the AR4 uncertainty ranges for individual

components, the 90 % confidence range, by quadrature, is

±0.86 W/m2 (see Table 4). This is based on an uncertainty

range of ±0.75 W/m2 for indirect forcing (i.e., half the

90 % confidence interval range). Changing the 95th per-

centile value for indirect forcing from -1.8 to -1.1 W/m2

produces more realistic histories of past forcing and tem-

perature change (see Figs. 7, 8). Note, however, that even

-1.1 W/m2 would require high end values for the positive

forcing components. If the indirect aerosol forcing uncer-

tainty is reduced to ±0.4 W/m2 (i.e., a 90 % range of -0.3

to -1.1 W/m2) then the overall aerosol forcing uncertainty

(i.e., the 90 % confidence interval) is reduced to ±0.57 W/

m2. This is what we assume for our probabilistic

calculations.

Appendix 2: Linear trend results

In the main text we have presented results using the robust

trend as the metric for change. Here we give results using

the linear trend. Figure 9, the equivalent of Fig. 4, shows

cdfs for temperature changes over 1900–2005 and

1950–2005 for (a) GHG forcing only and (b) full anthro-

pogenic forcing. Figure 10, the equivalent of Fig. 6, com-

pares results for anthropogenic forcing with those for

anthropogenic-plus-natural forcing over (a) 1900–2005 and

(b) 1950–2005.

Consider Fig. 9 first. For GHG forcing only, the linear

trend results are very similar to those using the robust

trend. They show, as before, that the observed warming

over either period is very likely less than that expected

from GHG forcing. The probability that this is so is about

93 %.

For full anthropogenic forcing, the linear trend results

are qualitatively the same as the robust trend results. Over

1950–2005, the observed warming trend is slightly greater

than the model expectation: a probability of 57 % for the

linear trend compared with 61 % for the robust trend. Over

1900–2005 the observed trend is substantially greater than

the model expectation: a probability of 87 % for the linear

trend compared with 78 % for the robust trend. Compared

with the 1950–2005 results, the larger model versus

observed difference over 1900–2005 is due to a much

larger observed warming in the early twentieth century

than the model expectation. We have attributed this

Fig. 8 The effect on global-mean temperature of assuming a large

value for indirect aerosol forcing (viz. -1.8 W/m2 in 2005, the 95th

percentile value according to the IPCC AR4) compared with

temperatures for the central indirect forcing estimate (-0.7 W/m2)

and a less extreme maximum of -1.1 W/m2. Results assume a central

value for the climate sensitivity (3.0 �C). Temperature changes are

relative to 1765
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additional warming, at least in part, to an increase in the

AMOC.

That the model-observed discrepancy over 1900–2005

cannot be attributed to natural (solar plus volcanic) external

forcing is demonstrated in Fig. 10a. If the linear trend is

used as the change metric, the cdf for anthropogenic

forcing is virtually the same as that for anthropogenic-plus-

natural forcing: adding in natural forcing has almost no

effect on model estimates of linear trend over 1900–2005.

In both the anthropogenic only and anthropogenic-plus-

natural forcing cases, the probability that the observed

warming is greater than the model expectation is high,

Fig. 9 Cumulative distribution

functions for temperature

changes over 1900–2005 and

1950–2005 for a GHG-only and

b all anthropogenic forcings.

Observed data are from NOAA/

NCDC, with ENSO effects

removed. All changes are

estimated using the total linear

trend. This Figure should be

compared with Fig. 4 in the

main text

Fig. 10 Cumulative

distribution functions for

global-mean temperature

changes over 1900–2005 and

1950–2005. Results for

anthropogenic forcing only (c.f.

Fig. 9) are compared with those

for combined anthropogenic and

natural (solar plus volcanic)

forcing. The observed trend is

from the NOAA/NCDC data set

with ENSO effects removed. All

changes are estimated using the

total linear trend. This Figure

should be compared with Fig. 6

in the main text
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about 87 %. This is in contrast to the robust trend result

where adding in natural forcing improved (slightly) the

trend fits between model and observations. These results

are further illustrated in Fig. 11.

Over 1950–2005 (Fig. 10b), observed warming is also

greater than the model expectation, both for anthropogenic

forcing only (probability of 57 %) and for anthropogenic-

plus-natural forcing (79 %)—but note that neither of these

model-observed differences is statistically significant. Add-

ing in the effects of natural forcing increases the trend dis-

crepancy between model and observations. This is the case

for both the linear trend and robust trend change metrics.

This does not, however, mean that the overall fit is degraded

by adding in the effects of natural forcing. Table 5 shows

correlations between median model results for both forcing

cases and the four observed temperature time series. Over

both 1900–2005 and 1950–2005 the correlations are

improved by the addition of natural forcing.

Figure 11 complements Fig. 10 and shows the median

model time series for the responses to anthropogenic and

anthropogenic-plus-natural forcing, together with the

observed (NOAA/NCDC) data (with ENSO removed). It

can be seen that the model trends over 2000–2005 are very

similar for both forcing cases, and that the observed trend

is substantially greater.
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Fröhlich C (2006) Solar irradiance variability since 1978. Space Sci

Rev 125:53–65. doi:10.1007/s11214-006-9046-5

Gregory JM, Dixon KW, Stouffer RJ, Weaver AJ, Driesschaert E,

Eby M, Fichefet T, Hasumi H, Hu A, Jungclaus JH, Kamenko-

vich IV, Levermann A, Montoya M, Murakami S, Nawrath S,

Oka A, Sokolov AP, Thorpe RB (2005) A model intercompar-

ison of changes in the Atlantic thermohaline circulation in

response to increasing atmospheric CO2 concentration. Geophys

Res Lett 32:L12703. doi:10.1029/2005GL023209

Fig. 11 Median model results for anthropogenic forcing only and

anthropogenic-plus-natural forcing, compared with observed (NOAA/

NCDC) data. Model results are relative to 1950. Observations have

been zeroed to have the same mean as the ‘‘anthropogenic ? natural

forcings’’ result over 1950–2005. This Figure is similar to Fig. 5 in

the main text, but includes the linear trend lines

Table 5 Correlations between median model results and observed

annual-mean temperatures (with ENSO removed)

Interval Forcing HadCRUT3v GISS NOAA/

NCDC

HadCRUT4

1900–2005 Anthropogenic 0.789 0.813 0.805 0.769

Anthro ?

natural

0.846 0.875 0.848 0.852

1950–2005 Anthropogenic 0.903 0.885 0.910 0.886

Anthro ?

natural

0.913 0.925 0.914 0.929

Over 1900–2005, the correlation between model anthropogenic and anthro-

pogenic-plus-natural results is 0.895. The correlation over 1950–2005 is 0.905

1100 T. M. L. Wigley, B. D. Santer

123

http://dx.doi.org/10.1002/wcc145
http://dx.doi.org/10.1029/2005JD006548
http://dx.doi.org/10.1002/wcc22
http://dx.doi.org/10.1175/2011BAMS3139.1
http://dx.doi.org/10.1175/2011BAMS3139.1
http://dx.doi.org/10.1029/2005GL023977
http://dx.doi.org/10.1029/2002GL015474
http://dx.doi.org/10.1088/2041-8205/733/2/L38
http://dx.doi.org/10.1007/s11214-006-9046-5
http://dx.doi.org/10.1029/2005GL023209


Hansen J, Ruedy R, Glascoe J, Sato M (1999) GISS analysis of

surface temperature change. J Geophys Res 104:30997–31022.

doi:10.1029/1999JD900835

Hansen JE, Ruedy R, Sato M, Imhoff M, Lawrence W, Easterling D,

Peterson T, Karl T (2001) A closer look at United States and

global surface temperature change. J Geophys Res 106:23947–

23963. doi:10.1029/2001JD000354

Hansen J, Ruedy R, Glascoe J, Sato M (2006) GISS analysis of surface

temperature change. Proc Natl Acad Sci 103:14288–14293

IPCC (Intergovernmental Panel on Climate Change) (2001) Climate

change 2001: the physical science basis, contribution of working

group I to the third assessment report of the intergovernmental

panel on climate change. In: Houghton JT, Ding Y, Griggs DJ,

Noguer M, Meehl G, van der Linden PJ, Dai X, Maskell K,

Johnson CA (eds) Cambridge University Press, Cambridge, UK

IPCC (Intergovernmental Panel on Climate Change) (2007) Summary

for policymakers. In: Solomon S, Qin D, Manning M, Chen Z,

Marquis M, Averyt KB, Tignor M, Miller HL (eds) Climate

change 2007: the physical science basis, contribution of working

group I to the fourth assessment report of the intergovernmental

panel on climate change. Cambridge University Press, Cam-

bridge, UK, pp 1–18

Jones PD, Wigley TML (2010) Estimation of global temperature

trends: what’s important and what isn’t. Clim Change

100:59–69. doi:10.1007/s10584-010-9836-3

Katsman CA, van Oldenborgh GJ (2011) Tracing the ocean’s

‘‘missing heat’’. Geophys Res Lett 38:L14610. doi:10.1029/

2011GL048417

Knight JR, Allan RJ, Folland CK, Vellinga M, Mann ME (2005) A

signature of persistent natural thermohaline circulation cycles in

observed climate. Geophys Res Lett 32:L20708. doi:10.1029/

2005GL024233

Knutti R, Stocker TF, Joos F, Plattner G-K (2002) Constraints on

radiative forcing and future climate change from observations

and climate model ensembles. Nature 416:719–723

Knutti R, Stocker TF, Joos F, Plattner G-K (2003) Probabilistic

climate change projections using neural networks. Clim Dyn

21:257–272

Lean J (2000) Evolution of the Sun’s spectral irradiance since the

Maunder Minumum. Geophys Res Lett 27:2425–2428

Medhaug I, Langehaug HR, Eldevik T, Furevik T, Bentsen M (2012)

Mechanisms for decadal scale variability in a simulated Atlantic

meridional overturning circulation. Clim Dyn 39:77–93. doi:

10:1007/s00382-011-1124-z

Meehl GA, Stocker TF, Collins WD, Friedlingstein P, Gaye AT,

Gregory JM, Kitoh A, Knutti R, Murphy JM, Noda A, Raper

SCB, Watterson IG, Weaver AJ, Zhao Z-C (2007) Global

climate projections. In: Solomon S, Qin D, Manning M, Chen Z,

Marquis M, Averyt KB, Tignor M, Miller HL (eds) Climate

change 2007: the physical science basis, contribution of working

group I to the fourth assessment report of the intergovernmental

panel on climate change. Cambridge University Press, Cam-

bridge, UK, pp 747–845

Meinshausen M, Meinshausen N, Hare W, Raper SCB, Frieler K,

Knutti R, Frame DJ, Allen MR (2009–supplementary informa-

tion) Greenhouse-gas emission targets for limiting global

warming to 2�C. Nature 458:1158–1162

Meinshausen M, Raper SCB, Wigley TML (2011) Emulating coupled

atmosphere–ocean and carbon cycle models with a simpler

model, MAGICC6—part I: model description and calibration.

Atmos Chem Phys 11:1417–1456

Menary MB, Park W, Lohmann K, Vellinga M, Palmer MD, Latif M,

Jungclaus JH (2012) A multimodel comparison of centennial

Atlantic meridional overturning circulation variability. Clim Dyn

38:2377–2388. doi:10.1007/s00382-011-1172-4

Michaels PJ (1992) Global warming: beyond the popular vision. In:

Majumdar SK, Kalkstein LS, Yarnal B, Miller EW, Rosenfeld

LM (eds) Global climate change: implications, challenges and

mitigation measures. The Pennsylvania Academy of Science,

Pennsylvania, pp 100–116

Mitchell JM Jr (1971) The effect of atmospheric aerosols on climate

with special reference to temperature near the Earth’s surface.

J Appl Meteorol 10:703–714

Morice CP, Kennedy JJ, Rayner NA, Jones PD (2012) Quantifying

uncertainties in global and regional temperature change using an

ensemble of observational estimates: the HadCRUT4 data set.

J Geophys Res 117:D08101. doi:10.1029/2011JD017187

Parker DE, Folland CK, Scaife AA, Knight JR, Colman A, Baines P,

Dong B (2007) Decadal to multidecadal variability and the

climate change background. J Geophys Res 112:D18115. doi:

10.1029/2007JD008411.‘

Raper SCB, Gregory JM, Osborn TJ (2001) Use of an upwelling-

diffusion energy balance climate model to simulate and diagnose

A/OGCM results. Clim Dyn 17:601–613

Santer BD, Taylor KE, Wigley TML, Penner JE, Jones PD, Cubasch

U (1995) Towards the detection and attribution of an anthropo-

genic effect on climate. Clim Dyn 12:77–100

Santer BD, Wigley TML, Doutriaux C, Boyle JS, Hansen JE, Jones

PD, Meehl GA, Roeckner E, Sengupta S, Taylor KE (2001)

Accounting for the effects of volcanoes and ENSO in compar-

isons of modeled and observed temperature trends. J Geophys

Res 106:28033–28059

Santer BD, Mears C, Doutriaux C, Caldwell P, Gleckler PJ, Wigley

TML, Solomon S, Gillett NP, Ivanova D, Karl TR, Lanzante JR,

Meehl GA, Stott PA, Taylor KE, Thorne PW, Wehner MF,

Wentz FJ (2011) Separating signal and noise in atmospheric

temperature changes: the importance of timescale. J Geophys

Res 116:D22105. doi:10.1029/2011JD016263

Sato M, Hansen JE, McCormick MP, Pollack JB (1993) Stratospheric

aerosol optical depth, 1850–1990. J Geophys Res 98:22987–

22994

Schaeffer M, Selten FM, Opsteegh JD, Goosse H (2004) The

influence of ocean convection patterns on high-latitude climate

projections. J Clim 17:4316–4329

Schlesinger ME, Ramankutty N (1994) An oscillation in the global

climate system of period 65–70 years. Nature 367:723–726

Schlesinger ME, Ramankutty N (1995) Is the recently reported 65- to

70-year surface-temperature oscillation the result of climatic

noise? J Geophys Res 100:13,767–13,774

Schlesinger ME, Yin J, Yohe G, Andronova NG, Malyshev S, Li B

(2006) Assessing the risk of a collapse of the Atlantic

thermohaline circulation. In: Schellnhuber HJ, Cramer W,
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